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ENDOCRINE CONTROL OF GROWTH 

ADRENAL AND GONADAL STEROIDS 

by 

Eckehart Wiedemann, M.D. 

I. INTRODUCTION 

Among the steroid hormones secreted by the adrenal cortex and 

the gonads, the glucocorticoids, androgens and estrogens exert substantial 

influence on somatic growth and maturation, whereas the mineralocorticoids 

and progesterone play no significant roles in this regard. The effect 

of the glucocorticoids on growth is essentially inhibitory and becomes 

apparent only under pathological conditions or during prolonged administration 

of pharmacological doses of these hormones to children or young animals 

whose growth potential has not yet been exhausted. On the other hand, 

the effect of the androgens and estrogens in promoting maturation 

and growth is quite obvious during puberty and adolescence. 

The role of the steroid hormones in the hormonal regulation of 

growth is overshadowed by the dominating influence of the major growth 

promoting hormone, pituitary growth hormone. Investigation of the 

mechanisms by which steroid hormones affect growth, therefore, requires 

consideration of their interrelationship with pituitary growth hormone. 

Growth hormone pathophysiology is discussed in detail in other chapters 

of this book. However, the basic concepts of GH regulation of growth 

deserve to be recalled here. GH secretion is regulated by the hypothalamus 

through release into the hypophysial portal system of the GH release 

inhibiting hormone, somatostatin, and at least one GH releasing factor.
1 

' 
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Growth hormone stimulates DNA, RNA, and protein synthesis and cell 

replication in numerous tissues. Biological effects of physiological 

growth hormone concentrations have been demonstrated in vitro on several 

tissues including skeletal muscle, 2 adipose tissue, 3 and bone marrow. 4 

Surprisingly, however, such prime targets of in vivo growth hormone 

action as the skeletal tissues (bone and cartilage) do not respond 

to growth hormone per se; their postnatal growth appears to be dependent 

on stimulation by somatomedins, a group of plasma polypeptides generated 

under the stimulus of growth hormone in the liver and apparently exerting 

negative feedback inhibition on growth hormone secretion. Theoretically, 

steroid hormones could interact in this sequence of events: (1) with 

growth hormone secretion either at the hypothalamic or pituitary level, 

or (2) with somatomedin generation and/or secretion, or (3) with growth 

hormone and/or somatomedin action at the target tissue level. 

II. GLUCOCORTICOIDS 

A. General Remarks 

In man, the major glucocorticoid secreted by the adrenal cortex 

is cortisol (hydrocortisone), whereas in the rat and in birds it is 

corticosterone. Cortisone is inactive as such, but is rapidly converted 

to hydrocortisone in vivo and its effect is therefore exactly equivalent 

to that of cortisol. Synth~tic glucocorticoids such as prednisone, 

prednisolone, methylprednisolone, triamcinolone and dexamethasone 

differ from the natural ones and among themselves mainly in their 

plasma and tissue half-lives and in the relative potency of their 

glucocorticoid, mineralocorticoid and anti-inflammatory activities. 
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Although the name glucocorticoid implies that these hormones 

regulate carbohydrate metabolism, they have in fact profound effects 

on every aspect of metabolism. Virtually every tissue in the body 

1s a target for glucocorticoid action, 5 •6 and the observed glucocorticoid 

effects are so numerous and diverse that no single theory of glucocorticoid 

action can account for all of them. Nevertheless enormous progress 

has been made in the past decade 1n our understanding of the mechanism 

of action of steroid hormones at the cellular level. 7 Many glucocorticoid 

effects depend on binding of the steroid to specific glucocorticoid 

f d . . 8,9 receptors oun 1n numerous t1ssues. The hormone-receptor complex 

binds to the cell nucleus where it influences RNA and protein synthesis. 

Thus, many metabolic effects result from enzyme induction by glucocorticoids. 

However, many other steroid effects, including their anti-inflammatory 

action, lysosomal membrane stabilization, etc., are still not understood. 

Major glucocorticoid effects on intermediary metabolism include 

decreased glucose uptake by most tissues, 10 increased gluconeogenesis 

in liver and kidney, increased lipolysis, and increased protein catabolism 

1n muscle, skin, adipose tissue and other tissues. Thus, the general 

metabolic state induced by glucocorticoids is one of catabolism which 

does not favor somatic growth. 

B. Glucocorticoid Effects on Growth 

1. Glucocorticoid deficiency 

Early experiments have shown that adrenalectomized animals stop 

. 11 b h b . . . . grow1ng, ut t at growth may e restored by adm1n1ster1ng 1ncreased 

amounts of sodium chloride. 12 Similarly, children with Addison's 

disease display essentially normal growth if given sufficient salt 
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. 1 . 'd 13 or m1nera ocort1co1 s. These observations suggest that glucocorticoids 

are not in themselves essential to growth. 

2. Glucocorticoid excess 

a. Animal experiments 

1. Growth inhibition. Four decades ago, Ingle et al first noticed 

14 the failure to gain weight of rats treated with adrenal cortical extract. 

Shortly thereafter, Wells and Kendall observed significant retardation 

of growth and bone maturation in weanling rats treated with 1 mg per 

d f . h . . 1 15 ay o e1t er cort1costerone or cort1so . Since then, the growth in-

bitory effect of natural as well as synthetic glucocorticoids has been 

confirmed by numerous investigators. While in most rat experiments cortisol 

was employed at a dose greater than 25 mg/kg body weight, much lower 

doses are sufficient to suppress growth, particularly in very young 

. 1 H d 116 b d ' "f" . h'b" . f h an1ma s. en erson et a. o serve s1gn1 1cant 1n 1 1t1on o growt 

in weanling rats given as little as 0.3 mg of cortisone per body weight 

per day, a dose equivalent to about 0.5 mg of corticosterone per day 

per 100 gm body weight. This is not much more than the normal secretory 

rate of corticosterone in the rat and thus is close to the physiological 

range. Older rats are less steroid sensitive and require considerably 

larger doses for inhibition of somatic growth than would be expected 

on the basis of their increased body weight or their greater body 

surface area. 

n. Growth after discontinuation of glucocorticoid administration. 

Growth performance after cessation of glucocorticoid therapy depends 

on the age of the animals as well as on dose and duration of therapy. 

Thus, injection of the relatively massive single dose of 1 mg cortisone, 
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corresponding to about 200 mg/kg, into neonatal rats produced permanent 

h d 
. 17 growt retar at1on. On the other hand, the total arrest of growth 

induced by twice daily administration of 0.7 mg of cortisone acetate 

for three days in young rats weighing 50 to 60 gm was completely reversible 

and was characterized by a period of markedly accelerated growth 

("catch-up growth") compared to control animals after cessation of 

"d . . . 16 stero1 adm1n1strat1on. No catch-up growth was seen after discontinuation 

of the drug in 150 gm rats treated with 5 mg of cortisone acetate 

per day for 5 days, even though the post-therapy plasma growth hormone 

concentration was significantly higher than in untreated control rats 

18 of the same age. 200 gm rats who had stopped grow1ng while receiving 

3 mg daily for 6 weeks likewise failed to catch up with their untreated 

controls during the following 7 weeks. 19 

iii. Role of food intake. Although cortisol-treated rats tend 

to reduce their food intake, 20 growth retardation cannot be solely attributed 

to diminished dietary intake since several investigators have demonstrated 

reduced growth in cortisone-treated rats in comparison with pair-fed 

control animals. 20 •21 •22 

b. Clinical observations 

Children with endogenous hypersecretion of cortisol, or those 

being treated with pharmacological doses of glucocorticoids, show growth 

retardation that is in many ways analogous to the phenomena observed 

1n the animal experiments. 

i. Growth inhibition due to endogenous hypercortisolism (Cushings's 

syndrome). Shortness of stature or deceleration of the growth rate 

is a prominent feature in virtually every child with Cushing's syndrome, 
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d . f h .. t 13,23-31 an 1s o ten t e present1ng symp om. After remission of hyper-

cortisolism, resumption of growth is the rule, provided the epiphyses are not . -
23-27 31 27 30 25 yet closed. ' --Catch-up growth occurs frequently ' but not always. 

The accumulated data suggest, but are too limited to prove, that lack 

of catch-up growth occurs in relatively older children, or after prolonged 

duration or more severe hypercortisolism. 

ii. Growth inhibition due to glucocorticoid therapy. Growth inhibion 

1n children treated with pharmacological doses of glucocorticoids is 

a vexing problem in pediatric practice. Although some of the disorders 

treated with steroids have a tendency to impair growth by themselves, 

growth inhibition as a direct consequence of glucocorticoid therapy 

has been established beyond doubt. 

Therapy with natural glucocorticoids. 
32 Blodgett et al, in an 

extensive study of the effects of cortisone in children, noted the tendency of 

both growth rate and skeletal maturation to decrease within a few weeks 

after onset of therapy. The minimum dose required to reduce growth 

2 rate in children without endocrine abnormality was 45 mg/m /day. 

In good agreement with these findings, Van Meter et al saw no growth 

inhibition in 13 asthmatic children treated with an average dose of 

2 33 . 
40 mg/m /day (range 18-57) for more than 6 months, and Falliers 

34 et al reported generally satisfactory growth in children receiving 

mean daily doses of 50-60 mg/m2 . Thus, since the cortisol secretory 

rate is approximately 12 mg/m2/day35 and cortisone is approximately 

20% less potent than cortisol, the risk of growth inhibition exists 

with chronic administration of a dose corresponding to at least three 

times the normal daily endogenous cortisol production. 
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Therapy with synthetic glucocorticoids. The synthetic gluco-

corticoids offer no advantage over the natural ones with regard to the 

. . of growth.31,34-42 1mpa1rment In fact, substantial evidence 

indicates that they produce growth inhibition at considerably lower 

glucocorticoid-equivalent doses than cortisol when administered on 

a daily basis either as a single dose or in multiple doses. For prednisone, 

the minimum growth suppressive daily dose as derived from experience 

with asthmatic children was found to be 5.1 mg/m2/day35 or 6 mg/m2/day. 34 

Van Meter et al observed that prednisone and methylprednisolone are 

5 and 6 times as potent as cortisone, respectively, as therapeutic 

agents in asthma, but 10 times as potent as growth inhibiting agents. 36 

Very similar ratios for cortisone and prednisone can be calculated 

from data presented by Falliers et a1. 34 37 Laron and Pertzelan treated 

six girls with congenital adrenal hyperplasia alternately with cortisol, 

methylprednisolone and 6-alpha-fluoroprednisolone at equivalent dose 

levels as evidenced by equal suppression of urinary 17-ketosteroid 

excretion. While both synthetic glucocorticoids suppressed growth 

velocity below that expected for age, cortisol permitted normal growth 

and even catch-up growth. In another study, 9 children, whose growth 

had stopped while they were on minimum effective doses of prednisone 

for control of asthma, nephrosis or juvenile rheumatoid arthritis, 

b . . f h . h d d . 1 A H . . · 38 egan grow1ng aga1n a ter t ey were sw1tc e to a1 y CT 1nJect1ons. 

Intermittent and alternate-day glucocorticoid therapy. 

The greater growth inhibitory potency of the synthetic cortisol analogs 

is at least in part attributable to their longer blood and tissue 

half-life which results in relatively smaller diurnal fluctuations 

-, 
/ 
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normal children. Blodgett et a1 32 showed that administration of 

as little as 4 to 20 mg of cortisone per meter square per day reduced 

the already retarded growth of hypopituitary child~en, whereas the 

growth inhibitory dose of cortisone in normal children is approximately 

45 mg per meter square per day. Similarly, complete cessation of 

growth was observed when cortisone acetate was added to the treatment 

regimen of two panhypopituitary patients who were growing on growth 

hormone therapy; growth resumed after the discontinuation of the gluco-

. "d 50 
cort~co~ . Ot:l the other hand, Hall and Olin52 detected no difference 

in the growth rates of 10 patients with pituitary dwarfism treated 

with human gro~h hormone alone, and 10 patients who received concom,itant 

repla,cement doses of cortisone acetate. 

Reversal of-corticosteroid-induced growth inhibition by growth 

hormone administration has also been reported. In two children who 

had been receiving large doses of corticosteroids for years and were 

g:rowing at a retarded rate, growth rates increased two to three-fold 

53 when human growth hormone was added to their treatment schedule. 

Ho~ever, Morris and her colleagues, 54 in a detailed study of the metabolic 

effects of human growth hormone in corticosteroid treated children, 

noticed a striking preponderance of the glucocorticoid action. Complete 

metabolic balance studies in 8 prednisone-treated children revealed 

impaired response to large doses of HGH with minimal nitrogen and 

no phosphorus retention. Six children treated with 10 to 20 mg of 

prednisone per day for asthma, nephrosis or rheumatoid arthritis were 

given large doses of HGH (40 - 120 mg per week) for 4 to 8 months, 

and showed no improvement in their retarded rates of growth. These 

l' 
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findings are analogous to the already mentioned results of Henderson 

and Loeb in weanling rats treated with a combination of cortisol and 

51 growth hormone . 

D. Glucocorticoid Effects on Growth Hormone Secretion 

Suppression of growth hormone secretion as a possible mechanism 

of glucocorticoid-induced growth inhibition emerged shortly after 

the introduction of the radioimmunoassay for growth hormone. A considerable 

amount of data accumulated during the past 15 years indicates that 

glucocorticoids do suppress growth hormone secretion in adult subjects 

but much less so, if at all, in children. 

1. Adult subjects 

a. Effect of glucocorticoid administration 

Frantz and Rabkin reported a dose-related inhibition of the plasma 

growth hormone response to insulin-induced hypoglycemia in adult subjects 

54 a on long-term glucocorticoid therapy. Treatment of normal subjects 

with 200 mg cortisol per day for 2 days also reduced the growth hormone 

response whereas intravenous infusion of 100 200 mg cortisol, 1 

to 2 hours prior to insulin tolerance testing, had no effect. Similar 

f . d" d b h . • 55,56,57 
~n ~ngs were reporte y ot er ~nvest~gators. A progressive 

decrease of growth hormone responsiveness was also demonstrated 

d .. h . . h d h 57 
ur~ng c ron~c treatment w~t examet asone. Short-term treatment 

with dexamethasone (9 mg/day for 2 days) also significantly reduced 

the growth hormone response to insulin-induced hypoglycemia in young 

male subjects compared to the results obtained in the same subjects 

. d h d . . . 56 
pr~or to examet asone a m~n~strat~on. However, in the same study 

the identical dexamethasone pretreatment did not reduce the growth 

II 
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hormone response to arginine infusion in other young males. 56 While 

the divergent responses to the two stimuli cast some doubt on any inferences 

from results of stimulation tests on growth hormone secretory rates, 

reduction of the growth hormone production rate by glucocorticoid 

treatment was actually demonstrated by Thompson et a1 58 in four normal 

women who had been treated with 60 mg of prednisone per day for 7 

days. Less clear-cut reductions of the GH secretion rate were also 

seen in women treated with a single dose of 60 mg of prednisone on 

58 alternate days. 

b. Effects of endogenous hypercortisolism 

In adult subjects with Cushing's syndrome, decreased growth hormone 

responsiveness to various stimuli is an almost constant feature. 

As compiled in Table I, growth hormone response to insulin-induced 

hypoglycemia was impaired in 38 of 41 untreated adult patients with 

• • h• 1 d• 55,57,59-65 p1tu1tary Cus 1ng s 1sease. Several of these patients 

also failed to respond to the growth hormone provocative stimuli of 

vasopressin, pyrogen, L-Dopa, and arginine administration. Although 

some investigators have attributed the blunted growth hormone response 

;1-

. 59 63 of patients with Cushing's disease to a primary hypothalamic dysfunct1on, ' 

the evidence is very strong that it is indeed due to hypercortisolism 

65 
per se. Subnormal growth hormone responses were noted in 12 of 

13 tested patients with pituitary-independent Cushing's syndrome (Table 

I). Moreover, correction of excessive cortisol production usually 

restores normal GH responsiveness. Thus, GH response was normal 1n 

16 out of 21 patients, whose Cushing's disease was cured either 

by bilateral total adrenalectomy or by successful transsphenoidal 

'.J 
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exc1s1on of an ACTH-secreting pituitary microadenoma. Likewise, growth 

hormone levels after an insulin challenge were normal in 4 of 5 

patients cured of Cushing's syndrome by resection of adrenal tumors. 

Although growth hormone secretion rates have not been measured in 

Cushing's syndrome, reduced growth hormone secretion can be inferred 

66 from a study by Stiel et al. These authors sampled blood every two 

hours for 36 hours in 6 patients with Cushing's syndrome and did not 

find any of the normally occurring spontaneous plasma GH peaks that 

were seen in each of their healthy control subjects. 

2. Children 

a. Effect of glucocorticoid administration 

In contrast to adult patients, most studies 1n children have 

revealed a remarkable resistance of plasma growth hormone levels 

to glucocorticoid suppression. Morris et a142 found similar growth hormone 

concentrations, both in the basal state and after insulin-induced hypoglycemia, 

1n 23 asthmatic children receiving moderate daily doses of prednisone 

as in 10 asthmatic children who had not received steroids for at least 

8 months. Moreover, in 12 of the treated children neither basal 

nor insulin-stimulated growth hormone levels changed significantly 

two weeks after steroid withdrawal. In another study, 6 of 9 children 

on high-dose, intermittent prednisone therapy had normal growth hormone 

responses to insulin hypoglycemia, and the 3 who failed to respond 

h . . 1 d 1 . . . f . 44 to t 1s st1mu us ha norma responses to arg1n1ne 1n us1on. However, 

with very high glucocorticoid doses, some reduction of the GH response 

has been observed. In 14 children treated with a single dose of 30 

to 60 mg prednisone on alternate days, the plasma GH peak after insulin 
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hypoglycemia was significantly less when the test was done 4 hours· 

after prednisone ingestion than when it was done 28 hours after 

the drug. 45 Lack of circadian variation of plasma glucocorticoid 

levels may also reduce growth hormone responsiveness, since GH elevations 

after hypoglycemia were obliterated in 7 children with congenital 

adrenal hyperplasia treated with a replacement dose of the very long-

39 acting steroid, methylprednisolone acetate. 

b. Effect of endogenous hypercortisolism 

There are only sporadic data in the literature concern1ng growth 

hormone secretion in children with Cushing's syndrome. However, only 

. . 27 28 61 67 
3 of a total of 8 patients reported by 4 groups of 1nvest1gators . ' ' ' 

showed subnormal responses to an insulin challenge. One of these 

patients, moreover, was massively obese and diabetic28 and another 

had an abnormal response only 8 years, but not 3 years, after onset 

f h . d' 27 o 1s 1sease. 

3. Animal studies 

The results of the few studies in animals of glucocorticoid effects 

on growth ho~one secretion have been somewhat contradictory. In the 

only investigation of circulating growth hormone levels in corticosteroid-

treated rats, plasma growth hormone concentrations measured by two 

different radioimmunoassay& remained normal· in cortisol-treated animals~8 

Pecile and Mueller22 measured the growth hormone content of rat pituitary 

glands by the rat tibia bioassay. Cortisol treatment of rats had 

no effect on unstimulated glands. However, in contrast to the pair-

fed controls, insulin-induced hypoglycemia did not cause growth hormone 

depletion in pituitaries of treated rats. Pituitary stalk-median eminence 

tf 
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extracts from cortisol treated animals had a much reduced capacity 

of depleting bioassayable pituitary growth hormone in recipient animals 

when compared to extracts from normal rats. Cortisol-treated recipient 

rats responded normally with a depletion of bioassayable growth hormone 

when injected with hypothalamic extracts from normal rats. These 

results suggest that glucocorticoid administration reduces growth hormone 

secretion in the rat by inhibiting the production of a hypothalamic 

growth hormone releasing factor. These data are at variance with 

the results of Birge et al who studied growth hormone release by rat 

h . . . . . b d . . 68 em1p1tu1tar1es 1ncu ate 1n v1tro. Addition to the incubation 

medium of cortisol at a concentration of 0.5 ~g/ml significantly 

reduced growth hormone release in this system. In the rhesus monkey, 

infusion of mass1ve quantities of cortisol or dexamethasone into the 

right atrium was ineffective in inhibiting the growth hormone release 

. . h . . . . . 1" h 1 . 69 1n response to e1t er vasopress1n 1nJeCt1on or 1nsu 1n ypog ycem1a. 

E. Glucocorticoid Effects on Serum Somatomedin Activity 

The effect of glucocorticoids on serum somatomedin activity has 

attracted only little attention. Most investigations have been carried 

out with various in vitro bioassays for somatomedin activity. The 

results of such studies need to be interpreted with caution since 

physiological doses of glucocorticoids have been found to inhibit 

a number of metabolic processes in cartilage in vitro, including the 

sulfate uptake on which the bioassays are based. Thus, the presence 

of high concentrations of glucocorticoids in the serum samples assayed 

can cause depression of cartilage sulfate uptake independent of any 

change of serum somatomedin activity in the sample. 

;..; 

' " 
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1. Clinical studies 

a. Children 

Using the relatively insensitive porc~ne cartilage disk bioassay 

for somatomedin activity, Van den Brande recorded low somatomedin 

activity .in a patient with Cushing's s.yndrome which rose into the 

70 normal range after treatment and catch-up growth. On the other 

hand, D'Ercole et al detected normal values with a human placental 

71 membrane radioreceptor assay in 3 children with Cushing's syndrome. 

Furlanetto et al reported even slightly elevated concentrations of 

serum somatomedin C in three patients with Cushing's disease by a 

"f" d" • 72 
spec~ ~c ra ~o~mmunoassay. In spite of the poor growth performance 

of many children on chronic glucocorticoid therapy, there has as yet 

been no comprehensive study correlating growth velocity, growth hormone 

secretion and somatome~in activity in such children. In children 

with end-stage renal disease, Saenger et al observed a striking increase 

of rat cartilage bioassayable serum somatomedin activity from clearly 

subnormal levels prior to renal tansplantation to normal levels after 

successful transplantation, even though each of the 9 children was 

put on chronic immunosuppressive therapy with prednisone at doses 

2 73 of 1.7 to 20 mg/m /day after the procedure. Post-transplant serum 

somatomedin activity was significantly correlated with growth velocity 

for bone age and with.creatinine clearance but not with the daily 

prednisolone dose, suggesting that moderate doses of prednisolone 

exert no major influence on serum somatomedin activity.73 Treatment 

of ACTH-deficient hypopituitary dwarfs and of children with congenital 

adrenal hyperplasia52 •73bwith replacement doses of glucocorticoids 

Jb 

_v 
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compromised neither growth velocity nor serum somatomedin activity. 

On the other hand, Elders et al reported that both acute and chronic 

administration of massive doses of methylprednisolone and prednisone 

were followed by relatively marked reductions of serum somatomedin 

activity in seven nephrotic children. Following an intravenous bolus 

injection of methylprednisolone sodium succinate, 2 mg/kg intravenously, 

there was a marked decrease of serum sulfation stimulating activity 

as measured by an embryonic chick cartilage assay. Lowest activity 

was observed after 5 hours. In children receiving a single dose of 

2 mg of prednisone per kg body weight every other day, serum sulfation 

stimulating activity was significantly lower 6 hours after administration 

than 30 hours after administration of the dose. 49 

b. Adult subjects 

In adult patients with untreated active Cushing's disease serum 

somatomedin activity measured either by the rat cartilage bioassay 

or by the human placental membrane receptor assay is norma1. 74 In 

3 of 4 adult males treated with dexamethasone, 6-12 mg per day for 

7-13 days for neurosurgical reasons, serum somatomedin activity was 

30-60% higher during treatment .than during control periods. 75 One 

healthy and one acromegalic adult male received prednisolone, 60 mg 

per day for 6 days, under total metabolic balance conditions. In 

both subjects, serum somatomedin activity was slightly, but significantly, 

higher during treatment than during control periods. In a third subject, 

studied under similar conditions, cortisol, 120 mg per day for 12 

days, caused no significant change of somatomedin activity. Intravenous 

bolus injections of 50 or 500 mg of cortisol phosphate produced an 

11 
I 
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immediate sharp drop of apparent sulfation stimulating activity in serum. 

Since the serum half-~ife of somatomedin activity is at least 3.hours 

in man, this sudden sharp decrease cannot be attributed solely to 

a decrease of somatomedin, but must have been due, at least in part, 

to the direct effect of the elevated plasma cortisol concentration 

on the cartilage segments used in the bioassay .. However, 6 hours 

after the injection of the lower dose, somatomedin activity was still 

significantly lower than baseline, although the plasma cortisol level 

had decreased to 25 ~g/dl. Such a low cortisol concentration could 

not have significantly affected the assay result. Therefore, a sudden 

sharp increase of the plasma glucocorticoid concentration can apparently 

inhibit somatomedin s~cretion in adult subjects. 

2. Animal experiments 

Clarke et al observed a greater than SO% reduction of chick cartilage 

bioassayable serum somatomedin activity in young rats who were given 

76 cortisol, 20 mg/kg/day for 10 days. In another study, serum somatomedin 

activity was significantly reduced in rats treated with 5 mg of cortisone 

acetate for 5 days. Since the depression was still significant 14 

77 days later, it could not have been due to the presence of elevated 

cortisol levels in the serum. 

F. Glucocorticoid Effects on Skeletal Tissues 

Substantial evidence has been accumulated for a direct effect 

of glucocorticoids on cartilage and bone and specific glucocorticoid 

receptors have recently been detected in isolated bone cells. 

1. Cartilage 

a. In vivo studies 

;<t 
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i. Mammalian cartilage. Administration of corticosteroids 

in rodents inhibits longitudinal bone growth. 78 , 79 , 80 Morphologically, 

80-83 
the width of the epiphyseal plates is decreased and both number 

. 82 84 86 17 and maturation of chondrocytes 1s reduced. ' ' ' The endoplasmatic 

reticulum and the Golgi apparatus, cell organelles concerned with 

protein synthesis, are underdeveloped in chondrocytes of cortisone-

. 84 86 
treated an1mals. ' Histochemically, mucopolysaccharides and chondroitin 

sulfate are reduced 1n quantity. 80 , 82 , 87- 91 Biochemically, decreased 

protein synthesis83 and reduced activities of several glycolytic enzymes 

have been demonstrated in epiphyseal cartilage taken from cortisone-

d d . b d . . 83,91 treate rats an 1ncu ate 1n v1tro. Costal cartilage of rats 

treated with glucocorticoids has a reduced rate of chondroitin sulfation. 

The effect of reduction of endogenous glucocorticoid levels has been studied 

only with regard to cartilage sulfate uptake. Sulfate uptake of xiphoid 

92 
cartilage from adrenalectomized rats was reported to be normal, suggesting 

that physiological concentrations of glucocorticoids do not depress the 

basal metabolic activity of cartilage. 

ii. Chick embryo cartilage. Studies of chick embryos treated 

93 
with glucocorticoids have also shown a decreased number of chondrocytes 

as well as inhibition of synthesis of sulfated mucopolysaccharides 

and of collagen. 94 Of particular interest is the demonstration that 

synthesis of these macromolecules is inhibited much more if cortisol 

is injected into the whole chick embryo than if it is added in vitro 

.1 . . b d. 1 94 
to cart1 ag1nous ch1ck one ru 1ment cu tures. This suggests that 

cortisol may inhibit cartilage proliferation both by direct action 
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and by suppressing the generation of growth factors (somatomedins?) 

stimulating cartilage growth. 

b. In vitro studies 

f. 7· 
-·, j 

i. Mammalian cartilage. As already alluded to above, mammalian 

cartilage slices incubated in vitro for several to many hours in rather 

simple media have been widely used to study mucopolysaccharide and 

collagen metabolism. Several investigations have demonstrated significant 

inhibition of collagen and chondroitin sulfate production when glucocorticoids 

were added to the incubation medium in vitro. Daughaday and Mariz 

showed that cortisol at a concentration of 0.9 mcg/ml in the incubation 

medium inhibited conversion of radioctively labeled proline into hydroxyproline 

and, at a concentration of 5 mcg/ml, reduced the uptake of radioactive 

lf b "1 f . 95 su ate y cart1 age rom 1ntact rats. Tessler and Salmon,
96 

likewise 

working with intact rat cartilage, demonstrated significant·inhibition 

of sulfate uptake by cortisol at the perfectly physiological concentration 

of 10-
7
M or 3.6 ~g/dl. Furthermore, they showed that the sulfation-

inhibiting activity of dexamethasone, cortisol and deoxycorticosterone 

was proportional to their glucocorticoid activity. Our own investigation 

confirms the 10-20 times greater potency of dexamethasone as compared 

to cortisol and shows that cartilage from hypophysectomized rats having 

been deprived of stimulatory hormonal influence· is rather less sensitive 

to glucocorticoid action than normal cartilage (Table 2). Taken together, 

these results indicate that cartilage growth inhibition is an integral 

part of glucocorticoid action. Moreover, they suggest that glucocorticoids 

participate 1n the physiological regulation of cartilage growth. 
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ii. Chick embryo. Sulfate uptake by chick embryo cartilaginous 

bone rudiments incubated in vitro is also reduced by addition of glucocorti

'd 94,97-101 
COl. S. The inhibitory effect of cortisol on these rudiments is even more 

pronounced than its effect on rat cartilage. Concentrations corresponding 

to the low physiological range significantly depress sulfate uptake in 

. 98 100 101 short-term exper1.ments. ' ' Additional strong evidence for a 

direct growth-inhibitory action of cortisol comes from the demonstration 

by Reynolds that very low concentrations of cortisol significantly reduce 

the weight and length gain of cartilagenous chick bone rudiments cultured 

for 6 to 8 days in a chemically defined medium. 102 

iii. Glucocorticoid antagonism of somatomedin action on cartilage. 

The possibility that glucocorticoids may interfere with somatomedin action 

on skeletal tissues has been studied 1.n vitro by incubating cartilage 1.n 

the presence of both serum (as a source of somatomedin) and steroids. Phillips 

1 d K 1101,103 . . d h ff '1 lf et a an eret et a 1.nvest1.gate t e e ect on cart1. age su ate 

uptake of serum to which increasing amounts of cortisol had been added. 

Increasing the concentration of serum cortisol by as much as 1,000~gjdl 

decreased only insigificantly the response of hypophysectomized rat costal 

103 
cartilage to the sulfation stimulating activity of the serum. Cartilage 

from intact young pigs was slightly more sensitive and showed a significant 

inhibition at a serum cortisol concentration of 100~g/ml Similar effects 

were obtained with corticosterone, the physiological glucocorticoid of the 

103 
rat. Studies with chick embryo cartilage produced essentially the 

same results. While the unstimulated sulfate uptake was greatly inhibited 

by rather small concentrations of cortisol, very large amounts of cortisol 

had to be added to serum before its sulfation stimulating activity 
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101 was significantly reduced. We have added glucocorticoids directly to 

the incubation medium which did or did not contain serum. As with chick 

101 . 
carilage, basal sulfate uptake of hypophysectomized rat cart1lage was 

more inhibited than stimulated sulfate uptake (Table 2). However, even in 

the presence of serum, cortisol at a concentration not much greater than 
J.i 

plasma cortisol levels during maximal stress had a significantly inhibitory 

effect. 

2. Bone 

It has long been known that both Cushing's disease and prolonged 

administration of pharmacological doses of glucocorticoids can produce 

severe bone loss. This is typically more severe in skeletal regions 

having a high content of trabecular bone, such as the ribs. and vertebrae. 

These changes not infrequently lead to vertebral compression fractures 

and rib fractures after minimal trauma. It is noteworthy that the 

incidence of symptomatic osteopenia appears to be highest among children~04 • 105 

This suggests that growing tissues, perhaps because of their greater 

cell turnover, are more susceptible to the action of steroid hormones. 

Histological studies of bone biopsy specimens have led to the conclusion 

that corticosteroid-induced bone loss results both from decreased 

b f . d . d b i 106' 10 7 one ormat1on an 1ncrease one resorpt on. Decreased bone 

formation apparently is a direct effect of glucocorticoids on osteo-
. I 

blast function. Specific glucocorticoid receptors.have been recognized in 

cultured fetal rat bone cells. 108 Peck and associates have demonstrated ~· 

striking inhibition by cortisol in physiological concentrations of both col~ 

lagen and non-collagen protein synthesis and of uridine incorporation into 

RNA in isolated cultured bone cells. 109 Increased bone resorption, 

on the other hand, does not appear to be due to a direct stimulatory 
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effect of glucocorticoids on osteoclastic activity, since several investigators 

have, on the contrary, demonstrated inhibition of both basal and parathyroid 

hormone stimulated bone resorption by physiological concentrations 

of glucocorticoids in tissue culture. 110 •112 Rather, since serum 

parathyroid levels have been found to be elevated in patients receiving 

113 
long-term corticosteroid therap~ corticosteroid-induced bone 

resorption appears to be due to increased parathyroid hormone activity 

resulting probably from depression of intestinal calcium absorption 

. . 114-117 
by glucocort1co1ds. 

G. Conclusion 

The glucocorticoids possess potent growth-inhibitory activity. 

The degree of growth inhibition depends on the age of the subject, 

the duration and the degree of glucocorticoid excess and on the abolition 

of diurnal variation of plasma glucocorticoid levels. Growth inhibition 

apparently results from glucocorticoid action on multiple tissues, 

but, primarily from their direct inhibitory action on skeletal tissues. 

With very prolonged or severe glucocorticoid excess, reduced somatomedin 

generation and impaired growth hormone secretion may aggravate the 

inhibitory action. While clinically the effects of glucocorticoids 

on growth are readily apparent only in children with glucocorticoid 

excess, the demonstration that the essential growth tissues, cartilage 

and bone, respond to physiological cortisol concentrations in vitro 

suggests glucocorticoid participation in the physiological regulation 

of somatic growth. It is thus possible, as suggested by Loeb, that 

the growth retardation observed during severe illness or prolonged 

fever may be mediated through stress-induced hypersecretion of cortiso1.
118 

·~ 
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III. ANDROGENS 

A. General Remarks 

The adrenal and gonadal androgens will be considered together 

in this section since there are no androgens exclusively produced 

1n the gonads or the adrenals and s1nce their actions are essentially 

identical. 

1. Origin of circulating androgens 

Androgenic steroids found in the general circulation of mammalians 

include testosterone, dihydrotestostero~e (DHT), dehydroepiandrosterone 

(DHEA) and its sulfate (DHEA-S), and androstenedione. Testosterone 

is the major androgen of the gonads and is not produced by the adrenal 

cortex. Most of the circulating testosterone in the adult female 

arises by conversion from adrostenedione in non-endocrine tissues. 

DHEA, DHEA-S, and androstenedione are the major androgens of the adrenal 

gland, but trace amounts are also secreted by the gonads. Dihydrotestosterone 

reaches the circulation largely after peripheral conversion from testosterone, 

although a small quantity is also directly secreted by the testes. 

2. Biological actions of androgens 

Besides their most characteristic "androgenic" action, 119 directed 

at the accessory sex organs including penis, prostate, epididymis and seminal 

vesicles, the androgens exert substantial anabolic activity on many 

120-121 non-sexual target tissues such as skin and its appendages, 

122 123 . 124 125 skeletal muscle, bone marrow, k1dney, and salivary glands. 

It is noteworthy that they also exert profound catabolic activity on some 

tissues, namely the thymus and, to a much lesser extent, on other 
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h . . 119 lymp at1c t1ssues. An important additional action of androgens 

is the stimulation of bone maturation. Biological assays for androgenicity 

commonly utilize the growth response of the rat ventral prostate or 

. 1 . 1 126 sem1na ves1c es, whereas the anabolic action is often measured 

. . f h 1 . 1 12 7 
by the we1ght ga1n o t e rat evator an1 muse e. However, the levator 

ani assay has been criticized as being non-specific for anabolic activity 

since it actually measures a sex-linked function. 128 An integrated 

bioassay for androgenic and anabolic activity based on 10 different 

parameters has been introduced. 129 Steinetz et al have shown that androgenic 

and anabolic properties of steroids can be dissociated by simultaneous 

administration with the steroid of anti-androgenic or anti-anabolic 

agents. Such experiments suggest that the rat levator ani muscle 

contains two distinct sets of receptors: one for androgenic and one 

f b 1
. . . 130 

or ana o 1c act1v1ty. Efforts to separate these two activities 

by chemical modifications of androgenic steroids have met with considerable 

success. However, attempts to dissociate the effect on bone maturation 

from the anabolic activity have not been successful. 

3. Mechanism of androgen action at the cellular level 

Like other steroid hormones, androgens combine with specific 

cytosol receptor proteins, and the hormone-receptor complex then enters 

11 1 . 1 . h . 131 the ce nuc eus where 1t modu ates prote1n synt es1s. Testosterone 

131 or DHT receptors have been demonstrated in accessory sex organs 

as well as in kidney, 132- 133 skeletal muscle, 133 submaxillary gland, 133 

1 134 d k. d 13 5 0 h d b b 1 f. ung, an s 1n appen ages. t er an rogens are pro a y 1rst 

converted intracellularly to testosterone or DHT136- 137 before binding 

to cytosol receptors. 
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B. Effects of Androgen Deficiency and Excess on Growth 

1. Animal studies 

Although most animal experiments have been done in rats, th~ 

rat is not a perfect~y ideal model for the understanding of statural 

growth in humans since, in the rat, the epiphyses never fuse completely 

and the rat consequently continues to grow throughout its life span, 

although at a reduced rate. Nevertheless, the basic principles of 

hormonal regulation of statural growth apply to the rat as well as to 

138 the, human. 

a. Effects of androgen deficiency 

i. Castration. Castration of the male rat is followed by a decreased 

Of h l39-146 h' h . 1 . . d bl rate growt w 1c 1s apparent y permanent s1nce 1t 1s emonstra e 

1 f h 
. 142 

as ate as one year a ter t e operat1on. Although many investigators 

h d . d d d d 1 . . . h . 139-144 ave stu 1e an ocumente on y a reduct1on 1n we1g t ga1n, the 

increase of the length of the whole body140 , 141 , 143 , 145 , 146 as well as 

the length141 , 142 , 145 , 146 and weight 143 of individual bones are also 

reduced compared to normal controls. The skeletal system 1s affected 

not only by reduction of bone growth, but also by a delay in bone 

. 147 h' h . d maturat1on ·w 1c 1s, however, not very pronounce . In fact, the growth 

retardation in general is not spectacular and has not been detected 

by all investigators. Scow et al have reported that the loss of weight 

gain resulting from castration amounts to only about 14%.
143 

The 

administration of testosterone propionate in castrated animals prevents 

this reduction indicating that it is indeed due to the loss of testicular 

143 androgens. 

The effect of castration 1s dependent both on the age at which 

.?C 
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the operation is carried out and on the diet consumed by the animals. 

Neonatally castrated rats grow at a reduced rate when compared to 

1 h h f f d 
146 contro s w o ave ree access to oo . However, in comparison to 

pair-fed sham operated controls, neonatally orchiectomized rats showed 
· .. 

neither a retardation of growth nor of bone maturation until the time of 

h . "f" f 180" 146 t e1r sacr1 1ce at the age o days. In older rats the growth 

performance of castrates and control animals is the same if both consume 

. f d. 148 . d . . h b 1 . d . a prote1n- ree 1et, 1n 1cat1ng that t e ana o 1c an growth promot1ng 

activity of androgens 1s dependent upon an adequate protein intake. 

11. Adrenalectomy. Although adrenalectomized rats given ~ietary 

salt supplements grow essentially normally, a reduction of the growth 

rate has been demonstrated after adrenalectomy under appropriate conditions. 

146 
Grunt et al compared the growth performance of prepubertally adrenalectomized. 

gonadectomized, or adrenalectomized-gonadectomized rats with sham 

operated controls. Although all adrenalectomized animals were provided 

with a mixture of 1.25% saline and 5% glucose, the adrenalectomized 

animals were growing at a reduced rate and were significantly shorter 

and lighter and had significantly shorter tibiae and humeri than the 

controls. The reduction of all of these parameters was even greater 

in adrenalectomized-gonadectomized animals. Thus, in the rat both 

testicular and adrenal androgens exert growth promoting activity and 

their effects are additive. 

b. Androgen treatment in rodents 

Both the growth retardation143 and the decreased bone maturation147 

resulting from castration of male rats can be reversed by administration 

of testosterone propionate. Furthermore, the growth promoting activity 
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of testosterone and other androgens has been demonstrated also in intact 

B h . 149,129 d 150 f 1 . d . rats. ot 1mmature an mature ema e rats ga1ne we1ght 

. . 149 150 
at an increased rate when treated with testosterone prop1onate ' or 

. 149 129 methyltestosterone. ' Length of the total body, as well as of individual 

bones, also increased at an accelerated rate. 149 This growth promoting 

effect is greater with moderate doses than with very large doses of 

androgens. 149 Joss et al reported that large doses of testosterone propionate 

(2.5 or 6 mg/kg) and methyltestosterone (75 or 150 mg/kg) not only 

reduced weight gain, but also significantly accelerated bone maturation. 

Bone maturation was also advanced in female infant mice treated with 
• 

either testosterone or DHEA. 151 Studies by Howard in mice have uncovered 

an interesting, age-dependent dissociation of the androgenic and bone-

maturation promoting potency of these two steroids. Whereas in infant 

m1ce DHEA had only 42% of the potency of testosterone on bone.maturation,
151 

both androgens were of equal potency in this regard in 4 week old 

. 152 1 1 153,154 m1ce. Intact ma e rats, both young and adu t, appeared 

to be no less sensitive than females to the growth promoting action 

of testosterone. As might be expected, androgen-deficient rats are 

more susceptible to the growth promoting effect of androgens. Therefore, 

in immature rats very small doses of testosterone propionate produce 

similar changes in intact and castrate animals; whereas in adult rats, 

4 times as large a dose is required to produce the same proportional 

h . h . . .. 1 154 c ange 1n t e 1ntact rat as 1n the castrate an1ma . 

2. Clinical observations 

a. Androgen Deficiency 

Observations in several disorders have shed light on the effect 
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on growth of testicular and adrenal androgen deficiency. In congenital 

h . 155 . 1 1 1 1 . . anorc 1a, test1cu ar androgens are comp ete y ack1ng s1nce the 

time of birth, whereas in patients with prepubertal surgical castration 

(eunuchs) 13 and in patients l.rith isolated LH or LH-FSH deficiency, 156- 159 

normal testosterone concentrations for age prevail throughout infancy 

and childhood. 158 Finally, in idiopathic delayed puberty androgen 

levels fail to rise normally at the appropriate age, but do eventually 

rise to normal adult levels. In all of these conditions, adult stature 

. 1 13,155-159 1s norma . However, in the first three mentioned disorders, 

eunuchoid body proportions develop if androgen therapy is not started 

b f d . 1 b t 155' 159 e ore or ur1ng ear y pu er y. As shown by Ainsley-Green 

et al, 1n a large series of cases, prepubertal growth is perfectly 

1 . b . . 1 h. 155 norma 1n oys w1th congen1ta anorc 1a. Replacement therapy with 

testosterone started at the correct time induces a normal pubertal 

growth spurt with normal secondary sex characteristics and with normal 

b 
. 155 

one maturat1.on. In isolated LH deficiency, growth is also normal 

"1 h . f d b t 156-158 unt1 t e t1me o expecte pu er y. Puberty, however, fails 

to occur; neither sexual maturation nor an adolescent growth spurt 

take place in untreated patients. In affected subjects, testosterone 

is always low whereas adrenal androgen concentrations are normal relative 

158 
to chronological age and high ·relative to bone age. This is in 

contradistinction to idiopathic delay of puberty in which adrenal 

androgen concentrations are low relative to chronological age but 

normal relative to the retarded bone age of these subjects. 158 This 

observation suggests that low levels of adrenal androgens are responsible 

. f f h . d. . d 1 158 
1.n part or the delayed bone age and the short stature o t ese l.n 1v1 ua s. 
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b. Androgen excess 

Testicular androgen excess in childhood occurs with true precocious 

160 puberty and with Leydig cell tumors. Aside from premature sexual 

development, these disorders are characterized by an increased rate 

of growth, increased muscular development, and accelerated bone maturation. v 

Consequently, these children initially grow faster than their age 

peers but stop growing at an earlier age because of premature epiphyseal 

fusion. If left untreated, the ultimate height of these patients 

1s reduced. 

Excessive adrenal androgen production in children results from 

certain tumors 
161 of the adrenal cortex and from congenital adrenal 

hyperplasia. Although, because of the lower biological activity of the 

adrenal androgens, the symptoms of androgen excess tend to be less 

pronounced than with increased testosterone production, accelerated 

growth and bone maturation and short adult stature are typical of 

dl62 . d 1 dl63 . 1 d 1 h 1 . untreate or 1na equate y treate congen1ta a rena yperp asLa. 

c. Treatment with androgens and anabolic steroids 

1. Testosterone and methyltestosterone. Stimulation of endogenous 

testosterone secretion by injection of human chorionic gonadotropin 

and administration of- testosterone itself or of methyltestosterone 

have frequently been used to stimulate growth in children with growth 

retardation associated with retarded bone age and sexual immaturity. 

The general experience has been that this treatment greatly accelerates 

both growth rate and bone maturation. 164- 169 When given to younger 

children (less than 9 years old), bone maturation tends to proceed at a 

faster rate than the growth rate resulting in reduced ultimate height. 165 
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. 166-169 Treatment of older patients usually does not reduce f1nal stature. 

In the only controlled, although retrospective, study, patients were 

only treated if their chronological age was 12 years or older and 

their bone age was 10 years or less. 169 Treated patients showed somewhat 

b h f h h . d 1 169 etter growt per ormance t an t e1r untreate contro s. 

Testosterone has not only been used to stimulate growth in children 

and adolescents, but also to reduce the growth rate and ultimate height 

b 170-172 of excessively tall oys. The rationale for this treatment is the 

expectation that high doses of testosterone may accelerate bone maturation 

more than growth velocity and thereby lead to an earlier cessation of 

growth and, consequently, a reduction of predicted adult height. Zachmann 

172 et al reported that treatment of 29 boys with a long-acting testosterone 

preparation at a dose of 500 mg/m2/month reduced the predicted final 

height by an average of 5.4 em, although the growth velocity was actually 

accelerated even further during treatment. Bone age advanced at nearly 

twice the normal rate, namely 1.8 years per year. Best results were seen 

in the subjects with the youngest bone ages. 

ii. Anabolic steroids. Many synthetic androgen congeners with a 

relatively greater anabolic than androgenic potency than testosterone 

have been tested in human subjects. Several of these have been found to 

increase the growth velocity and ultimate height in various forms of 

growth retardation if used at the right time and right dose. Favorable 

173-176 results have been reported with the use of fluoxymesterone, 

177 178 . 179-191 norbolethone, norethandrolone, and part1cularly oxandrolone. 

Fluoxymesterone. Fluoxymesterone was reported to accelerate 

growth rate more than bone maturation, both in children with constitutional 

J! 
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173 173 175 short stature and in gonadal dysgenesis. , Johanson et al 

treated 26 girls with this condition and observed significant increment 

in growth rates during the first year of therapy regardless of the 

patient's karyotype. Adult he~ghts achieved by the fluoxymesterone-

treated patients were significantly greater than those of a control group ~~· 

treated with estrogens only. 175 

Oxandrolone. Oxandrolone has only 1/4 of the andorgenic effect 

of methyltestosterone as measured by the increase in weight of the ventral 

179 prostate and seminal vesicles induced in immature castrated rats, . 

whereas its anabolic action in the human far exceeds that of methyl-

180 testosterone. It has, therefore, been widely used for the treatment 

of uncomplicated growth failure such as constitutional delay of puberty 

181-188 . 189 190 and constitutional short stature, ovarian dysgenes1s, , 

. d" 1 d f" 183,184 1" 191 d h d . . pr1mor 1a war 1sm, mongo 1sm, an growt retar at1on assoc1-

d . h . d" 181,185,192 ate w1t organ1c 1sease. Like fluoxymesterone, oxandrolone 

proved clearly effective in improving the growth performance of children 

and adolescents with gonadal dysgenesis. Rosenbloom and Frias noted a two 

to eightfold increase of the growth rate over the entire period of 4 to 

189 
34 months of treatment with oxandrolone in 9 girls with XO karyotype. 

Osseous maturation was less than expected for either chronological or 

189 statural age at onset of therapy. In a larger group of patients 

with Turner's syndrome, Moore et a1190 also observed significantly in-

creased growth velocity without excessive skeletal maturation during 

the first year of treatment compared to pretreatment control periods. 

The mean adult heignt in 9 XO patients was significantly greater than 

the mean adult height of an estrogen-treated control group. Interestingly, 
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in 5 mosaic patients, adult height was not significantly different from 

the mean untreated mosaic adult height. Improved growth rates without 

loss or with gain of ultimate height were also generally observed in 

idopathic growth failure (constitutional short stature or constitutional 

181 184 185 188 - . . 191 delay of adolescence), ' ' ' as well as 1n mongol1sm and other 

. 181 185 types of growth fa1lure. ' It is noteworthy that the most unfavor-

able result, namely acceleration of bone maturation in excess of improve-

ment of growth velocity, combined with a decrease in predicted mature 

height, was noted in a series in which 7 of 9 children had bone ages less 

186 
than 10 years. These results are consistent with an earlier observa-

tion by Bettman et a1185 that oxandrolone therapy had no deleterious effect 

on predicted mature height in children whose bone age was at least 9 

years. However, in the only study employing a matched control group, 

no significant difference was observed in linear growth or skeletal 

187 maturation between 9 oxandrolone-treated and 8 untreated children. 

iii. Combination therapy with androgens and HGH. Both fluoxymesterone 

and oxandrolone have been used in combination with human growth hormone 

in the treatment of idiopathic hypopituitary dwarfism. During a 6-month 

period of combined treatment with HGH and fluoxymesterone in 12 patients, 

the mean growth rate was significantly greater than during a 6-month 

period on HGH therapy alone, and bone maturation advanced at the same 

rate during both periods. 192 In a smaller series of patients with idio-

pathic hypopituitarism, combination of oxandrolone and HGH also produced 

a better growth response than either medication alone. 193 Bone age was 

still significantly delayed after 3 or more years of study in all patients. 

Interestingly, oxandrolone therapy alone resulted in doubling of the 

33 
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prestudy growth rates in these children. The authors, therefore, recom-

mended a treatment schedule utilizing alternate HGH and oxandrolone 

therapy as a means of conserving short HGH supplies. 

C. , Role of Androgens in Puberty 

Both the adrenal and the gonadal androgens play very important roles 

in puberty. In spite of the qualitatively similar actions of adrenal 

and gonadal androgens, their physiological functions before and during 

puberty are different because their secretion is regulated independently 

by different mechanisms. 

1. Role of adrenal androgens in initiation of puberty 

Substantial evidence suggests that the adrenal androgens play a key 

194 
role in the initiation of puberty. Both cross-sectional195- 198 

and longitudinal199 , 200 studies in children and adolescents have clearly 

demonstrated that plasma levels of adrenal androgens rise several years 

before the maturation of the hypothalamic-pituitary-gonadal axis. In 

. healthy subjects, this process begins with an increase of DHEA levels 

at age 6-8 years in girls and 8-10 years in boys. In subjects with 

196 delayed puberty the rise of DHEA occurs later whereas in premature 

pubarche or adrenarche the adrenal androgen levels are significantly 

elevated in comparison to normal children of identical chronological 

age. 196 , 200- 202 In spite of normal testosterone and estradiol levels, 

children with primary adrenal insufficiency have very low levels of 

196 200 adrenal androgens ' and often undergo puberty rather late. In 

untreated subjects with isolated LH deficiency, a~renal androgen concen-

trations are normal for chronological age, although testosterone is 

alwyas low.
158 

A normal rise of the adrenal androgens is also observed 

"') ,/ . 
)0 
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in girls with gonadal dysgenesis at the time of expected puberty. 203 

Furthermore, such patients have been shown to develop the normal pattern 

of pulsatile LH secretion at an age when puberty should normally take 

204 
place. Conversely, untreated children with congenital adrenal 

ws hyperplasia develop the normal adult LH secretory pattern prematurely. 

All of these observations suggest that the increased adrenal androgen 

secretion somehow reduces the sensitivity of the hypothalamic ganado-

stat to feedback inhibition by the gonadal hormones. DHEA or androsten-

diane presumably acts at the level of the hypothalamus either directly or 

after transformation into estrogens. Support for the latter possibility 

can be adduced from animal studies by Parker and Mahesh who induced 

precocious ovulation in immature female rats by administration of DHEA 

and showed that this was due to partial conversion of the DHEA to estradio1.
206 

Further experimental evidence for a role of the adrenal androgens in the 

initiation of puberty comes from the demonstration by Gorski and Lawton 

that adrenalectomy in female rats between the ages of 18 and 20 days 

207 
significantly delays the opening of the vagina. 

2. Role of testosterone in the pubertal growth spurt 

Numerous clinical studies during the past decade have clearly 

established the coincidence of the adolescent growth spurt, at least in the 

. 196 197 199 208. male, with the pubertal rise of plasma testosterone concentrat1on. • ' • 

Butenandt et a1209 have observed a significant correlation between 24-hour 

integrated plasma testosterone concentration and growth rate in boys 

of pubertal age. As mentioned above, in testosterone-deficiency states 

such as congenital anorchia, prepubertal castration and isolated 
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gonadotropin deficiency, an adolescent growth spurt does not occur 

spontaneously but can be induced by treatment with testosterone. 155- 158 

Zachmann and Prader have shown that smaller initial testosterone doses 

2 followed by a gradual increase to 100-150 mg/m /month, lead to an imita-

tion of the normal pubertal growth spurt in<such children. 209 Indirect 

support for the role of testosterone in the growth spurt comes from the 

failure to detect any significant change in plasma growth hormon~ levels 

during the course of puberty (vide infra). Growth hormone does, however, 

contribute to the growth spurt since untreated male patients with isolated 

GH deficiency grow only about 20 em during puberty211 , 212 instead of the 

212 
normal 30 em. Tanner et al have determined that this reduced height 

gain is almost entirely due to reduced growth in leg length, whereas 

. . h . h . ff d 212 s1tt1ng e1g t 1s not a ecte • This would suggest predominant 

212 
s~imulation of vertebral growth by androgens. 

D. Interaction of Androgens With Other Hormones Affecting Growth 

1. Synergistic action with growth hormone 

a. Animal studies 

In 1944, Simpson et al found that testosterone propionate was with-

out effect on the growth rate of hypophysectomized male or female rats, 

although it reversed the arrest of bone maturation seen in untreated 

30 

213 hypophysectomized rats. On the other hand, in hypophysectomized rats ~ 

treated with both growth hormone and testosterone propionate, body 

weight and skeletal dimensions increased significantly more _than in 

213 hypophysectomized rats treated with growth hormone alone. Although 

Scow and Hagen later reported that testosterone alone or testosterone 

plus growth hormone did not stimulate growth of skeletal muscle in 
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213 hypophysectomized rats treated with growth hormone alone. Although 

Scow and Hagen later reported that testosterone alone or testosterone 

plus growth hormone did not stimulate growth of skeletal muscle in 

214 hypophysectomized rats except in the levator ani muscle, Steinetz 

et a1215 confirmed the growth hormone synergistic effect of androgens. 

They demonstrated that neighter testosterone propionate nor the anabolic 

steroid methandrostenolone enhanced body weight in hypophysectomized 

rats, but the combination of either steroid with growth hormone induced 

greater weight gain than administration of the same dose of growth 

hormone alone. 

b. Clinical studies 

Numerous clinical observations and investigations also strongly 

support a synergistic action of androgens and growth hormone in the 

promotion of linear growth and sexual maturation. In many patients with 

isolated growth hormone deficiency, the beginning of puberty is usually 

1 d 1 d 211,216,217 i f h 1 . 1 211,216,217 great y e aye , n terms o c rono og1ca age, 

211 although not in terms of bone age and pubertal development frequently 

commences within a few months after initiation of treatment with human 

216 growth hormone. A parallel to this was reported in an animal model. 

Treatment of genetically growth hormone deficient dwarf mice with ovine 

growth hormone stimulated spermatogenesis in male animals and ovarian 

development in females. 218 209 219 Zachmann, Prader, and Ainsley-Green ' 

studied the effect of testosterone treatment in boys with pubertal bone 

age who had either testosterone deficiency alone due to isolated growth 

hormone deficiency or congenital anorchia or who had testosterone deficiency 

plus growth hormone deficiency due to idiopathic or organic hypopituitarism. 
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In the former group of patients, testosterone treatment alone induced 

both sexual maturation and a pubertal growth spurt comparable to a 
\ 

group of healthy control subjects. However, in the patients with 

combined growth hormone and testosterone deficiency, testosterone admin-

istration alone was without significant effect whereas a combination of 

testosterone and HGH treatment resulted in normal growth and maturation. 

2. Androgen antagonism of glucocorticoid action 

While glucocorticoids exert catabolic activity on many tissues, 

122 
androgens have the 9pposite effect, particularly on skeletal muscle. 

Albright
220 

pointed out that testosterone administration has an 

ameliorating effect on Cushing's disease. This was confirmed by Bartter 

et a1
221 

and by Teabeaut et a1. 222 While testosterone has been clearly 

shown in animal experiments to affect corticosterone synthesis in the 

223-224 . 224 adrenal cortax, 1ts breakdown in the liver and ACTH secretion 

by the pituitary, 225 these effects are not sufficient to explain the 

antagonism of glucocorticoid action. Experimental evidence suggests 

that this antagonism takes place at the level of target cells themselves, 

where testosterone has been shown to inhibit glucocorticoid binding to 

t i 226,227,228 receptor pro e ns. 

E. Androgen ~ffect on Growth Hormone Secretion 

1. Plasma growth hormone response to pharmacological secretory stimuli •• 

A considerable body of evidence strongly suggests a positive 
• 

correlation between the magnitude of the plasma growth hormone response 

to certain stimuli and the level of androgen secretion or production in 

human subjects. The increase of plasma growth hormone after insulin-

induced hypoglycemia is less in prepubertal children than in adults.
229 
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Children with precocious puberty were shown to have a significantly 

greater growth hormone response to hypoglycemia than normal children 

230 
of the same chronological age. Conversely, patients with delayed 

231-234 puberty have reduced plasma growth hormone responses which 

b 1 f h f b 231, 234 f ecome norma a ter t e onset o spontaneous pu erty or a ter 

b t . d . b d . ni . f h h . . d . 231 pu er y 1n uct1on y a m1 strat1on o uman c or1on1c gona otrop1n. 

Furthermore, several authors have demonstrated normalization of these 

b 1 wth h d . . h 231 , 233 su norma gro ormone responses ur1ng treatment w1t testosterone. 

Increased responses were seen within 1 day
233 

or 2 days after a single 

232 
injection of testosterone propionate, after 5 days of daily injections 

of small doses of testosterone propionate, 231 and after 3 months of 

232 intramuscular replacement doses of testosterone. Testosterone admin-

istration does not affect stimulated growth hormone secretion in normal 

229 adult male subects. 

2. Spontaneous growth hormone secretion 

Plasma growth hormone responses to pharmacological stimuli such 

as insulin-induced hypoglycemia, do not necessarily reflect the growth 

hormone secretion rate under physiological conditions in the same sub-

jects. The same may be said about baseline plasma growth hormone levels 

which have been shown to remain unchanged during the various stages of 

pubertal development and not to correlate with pla·sma testosterone concen

trations.235 The various attempts to estimate the latter are therefore 

of great interst. Finkelstein et a1
236 

calculated growth hormone secre-

tory rates by determining the concentration of growth hormone in plasma 

samples obtained at 20-minute intervals over a 24-hour period while the 

subjects were kept at bed rest. Normal adolescents secreted significantly 
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more growth hormone than prepubertal children or adult subjects. By 

237 contrast, Thompson et al determined integrated plasma growth hormone 

concentrations in subjects whose blood was continuously sampled by a 

constant withdrawal pump which did not interfere with the subject's 

normal daily activities. Under these more physiological conditions, 

integrated growth hormone levels were not significantly different be-

tween adolescent and pre-adolescent boys although in both groups they 

· "f" 1 h" h h · 1 d lt 1 Butenandt et a1, 210 
were s~gn~ ~cant y ~g er t an ~n norma a u ma es. 

using either the multiple sampling or constant withdrawal technique, 

also failed to detect any significant difference in integrated growth 

hormone levels between pre-pubertal boys and normal adolescents at the 

height of the growth spurt. Moreover, integrated plasma testosterone 

and growth hormone levels were not significantly correlated whereas 

the growth rate showed·a significant correlation with integrated plasma 

testosterone levels. Thus, it seems justified to conclude from all 

of these studies that rising androgen levels during puberty may increase 

responsiveness of the growth hormone secretory mechanism to certain 

very potent stimuli without significantly affecting the growth hormone 

secretory rate under physiological conditions. 

F. Androgen Action on Skeletal Tissue 

1. Androgen effects on bone. 

a. In vivo effects.-

The in vivo stimulatory 

and maturation has been mentioned. 

effect of androgens on bone growth 

237 Riggs et al observed a decrease of 

bone resorbing surfacesby microradiography in patients with post-
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menopausal osteoporosis after short-term (2-4 months) or long term 

(26-42 months) therapy with oxandrolone. In a double-bind study, 

239 
Chesnut et al demonstrated prevention of bone loss in osteoportic 

women by treatment with the anabolic steroid methandrostenolone. 

b. In vitro effects. 

Experiments with organ cultures suggest that natural androgens 

affect mammalian and bird bone differently. In contrast to the in vivo 

anti-bone-resorptive action of anabolic steroids in humans, neither 

testosterone and dihydrotestosterone nor dehydroepiandrosterone in-

hibited bone resorption in fetal rat bones cultured in vitro, although 

physiological concentrations of glucocorticoids produced such an effect 

111 in the same system. On the other hand, direct effects of dehydroepi-

androsterone sulfate and testosterone have been demonstrated by Puche 

d R h . k b . f 1 b 1 . d . . 240-242 an omano on c 1c. em ryo ronta ones cu t1vate 1n v1tro. 

Both steroids stimulated periosteal hyperplasia, synthesis of osteoid 

tissue and alkaline phosphatase activity in frontal bone rudiments of 

12-day-old chick embryos, and promoted calcification in 13-day-old frontal 

bones. Although the androgen concentrations employed were several orders 

of magnitude above physiological levels, a linear dose-response relation-

ship and the dependence of the androgen effect on the age of the bone 

rudiments support a physiological role of these androgens in chick embryo 

bone growth. 

2. Androgen effect on cartilage 

a. In vivo effects. 

: f 
)f, 

The radiosulfate uptake of cartilage of rats treated with testoster-

243-244 244 one propionate was studied both in vivo and in vitro. Collins 

and Anilane243 demonstrated a dose-related increase of in vivo cartilage 
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radiosulfate uptake, both in hypophysectomized and in normal immature 

male rats treated with daily injections of testosterone propionate for 

7 days. Doses too small to cause a significant change in body weight 

were effective. Similar results were obtained by Salmon et a1244 in 

hypophysectomized rats with much larger doses of the hormone administered 

for only two days prior to sacrifice. In vitro sulfate uptake of 

cartilage taken from hypophysectomized, but not from intact rats, 

treated with testosterone, testosterone propionate or the anabolic 

.d h d 1 1 . . f. tl . d 244 H stero1 noret an ro one, was a so s1gn1 1can y 1ncrease • owever, 

elimination of endogenous testosterone by castration of either immature 

244 or adult male rats did not reduce in vitro cartilage sulfate uptake. 

Whether castration affects in vivo cartilage sulfate uptake is unknown. 

b. In vitro effects 

The sulfate uptake in vitro of hypophysectomized rat costal cartil-

age segments is not affected by addition of testosterone to the-medium 

in concentrations ranging from 0.1 to 1.0 mcg/ml, either in the absence 

244 or presence of 20% hypophysectomized rat serum. We have confirmed 

these findings and have found that the 4 other major androgens, dihydro-

testosterone, dehydroepianderosterone, and its sulfate, and androstene-

dione in concentrations corresponding to 1 to 10,000 times normal plasma 

levels, also fail to influence in vitro cartilage sulfate uptake 

irrespective of the presence or absence of normal serum in the incubation 

medium (unpublished results). 
I 

2. Androgen Effect on Serum Somatomedin Activity 

The greater effect of administered testosterone in rats on in vivo 

than on in vitro sulfate uptake, and the lack of effect of androgens 

.. 
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added in vitro indicate that these hormones act on cartilage indirectly, 

perhaps by augmenting the generation of somatomedin. Measurements of 

serum somatomedin activity have not been reported for androgen-deficient 

or androgen-treated animals nor for children treated with natural andro-

gens or anabolic steroids. We have studied the effect of testosterone 

on serum somatomedin activity in acromegalic and growth hormone deficient 

d 1 b . 245 a u t su Jects. In two acromegalic subjects, administration of testoster-

one propionate, SO mg/day, or of testosterone enanthate, 200 mg every 

third day, for 12 days, did not significantly affect serum somatomedin 

activity although several anabolic androgen effects, such as reduced 

245 
urinary hydroxyproline and calcium excretion, were clearly present. 

In two hypopituitary males, testosterone enanthate, 400 mg i.m. every 

4-6 days, did likewise not affect serum somatomedin activity, but 

completely blocked the increase of serum somatomedin activity normally 

245 observed in such patients during treatment with human growth hormone. 

These findings stand in marked contrast to the results in two healthy 

adult male volunteers who received 100 mg of testosterone propionate 

i.m. daily for 12 days, and who showed highly significant elevations of 

serum somatomedan activity on this treatment compared to pre- and 

2~ post-treatment control periods. Although an explanation for these 

discrepancies is not readily at hand, it may be argued that the lack of 

androgen stimulation of somatomedin activity in acromegalies may have 

been due to the use of lower doses and to lower sensitivity of such 

patients who are constantly exposed to high concentrations of the strongly 

anabolic growth hormone. The blockade by testosterone of somatomedin 

induction by growth hormone in hypopituitary subjects is quite similar 
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to the action of estogen (vide infra) and may, in fact, represent an 

estrogen effect resulting from aromatization of the injected testoster-

one. The demonstration that bioassayable serum somatomedin activity, 

like plasma androgen levels and unlike plasma growth hormone concentrations, 

. . fi 1 . d b 243 ' 248 . . h d s~gn~ . cant y ~ncreases uring pu erty is cons~stent w~t an ro-

genic stimulation of somatomedin generation. Longitudinal or cross-

sectional studies correlating plasma androgen levels with serum somatomedin 

activity could shed further light on this possibility, but have not been 

reported. Androgenic control has been clearly established for two peptides 

displaying some similarities with the somatomedins, namely nerve growth 

factor and epidermal growth factor125 ' 249 both of which were first iso-

lated from the mouse submaxillary gland, but are also present in the human. 

G. Conclusions 

Both gonadal and adrenal androgens play cardinal roles in the regu-

lation of growth and maturation. While testosterone is mainly responsible 

for the adolescent growth spurt, the adrenal androgens appear to initi-

ate puberty and to contribute to the adolescent growth spurt, particularly 

in girls. In contrast to the glucocorticoids, no direct androgen action 

on mammalian skeletal tissues has been demonstrated. Some observations 

suggest that androgens may promote skeletal growth by increasing serum 

somatomedin activity. 

.,,J 
-~ 1 
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IV. ESTROGENS 

A. General Remarks 

-· 1. Natural and synthetic estrogens 

Estradiol is the principal biologically active estrogen in both 

sexes. Estrone and estriol are of m~nor importance. Iri the human, 

estrogen levels are very low and equal in both sexes from infancy 

to about 8 years, and are derived mainly from peripheral conversion 

of adrenal androgens. With the beginning of puberty, increasing amounts 

of estrogen are secreted by the gonads; however, in the adult male 

approximately 75% of circulating estradiol is derived from aromatization 

of testosterone and androstenedione 1n peripheral tissues, particularly 

liver ~nd adipose tissue. Numerous steroidal and non-steroidal compounds 

with estrogenic action have been synthesized. Of the former group, 

ethinyl estradiol and mestranol, and of the latter group, stilbestrol 

and diethylstilbestrol have been most widely used for therapeutic 

purposes. 

2. Estrogen target organs 

The female accessory sex organs are the ma1n targets of estrogen 

action. However, numerous other tissues are also affected including 

the mammary glands, skeletal tissue, liver, thymus, brain, pituitary 

gland and adrenal cortex. The mechanism of action of estrogens at 

the cellular level is the same as that of other steroid hormones. Specific 

cytosol estrogen receptors have been demonstrated in all of the mentioned 

250 tissues except bone as well as in myocardium, lung and testicular 

interstitial tissue. 
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B. Effects of Estrogen Deficiency and Estrogen Excess in Growth 

1. Animal studies 

a. Effects in rodents 

i. Ovariectomz. Ovariectomy of either immature or adult: female 

rats results in an increased rate of growth documented by an increase 

. b d . h . 15,19,20,251-253 . . 1 - d 1n o y we1g t ga1n wh1ch 1s not on y due to Increase 

t . d . . f d. . 251 b . l . d wa er retent1on or epos1t1on o a 1pose t1ssue, ut 1s a so assoc1ate 

with reduced skeletal growth, i.e., diminished increase of length 

of individual bones and of total body length. 15 •19 •20 •251 These effects 

can be prevented by administration of estrogens. Thus, gonadectomy 

1n the female produces the opposite effect on growth as gonadectomy 

1n the male. Consequently, male and female rats gonadectomi~ed at 

. 19 20 
very young ages, grow at exactly the same rate. ' 

ii. Estrogen administration. Inhibition of growth 1n young. rats 

treated with an extract from ur1ne of pregnant rats was first demonstrated 

by Spencer et al in 1931. 254 Numerous investigators have subsequently 

confirmed the reduction of growth in 

rats, 258 •262- 264 treated either with 

young rats, 255- 261 as well as of adult 

1
255-257,259,261,262 natura or syn-

,,, 
!{) 

thetic estrogens such as stilbestrol or diethylstilbestrol. 257•
258

•
261

•
263

•
264 

The inhibitory estrogen effect is not confined to soft tissue mass, 

but involves also the bones, since not only the increase of body weight 

. 255 258 260 261 
but also of body length is diminished by estrogen treatment. ' ' ' 

Reduction of weight gain has also been demonstrated in immature rabbits 

d . h d. 1265 d . . f 1 . d . t t d treate w1t estra 10 an 1n 1mmature ema e m1.ce an 1.n cas ra e 

male mice treated with various natural or synthetic estrogens.
266 

"• 

... ~-

.. 
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b. Effects in ruminants 

Castration has been used s1nce ancient times as a means to facilitate 

fattening of domestic fowl and cattle. In recent years, it has been 

demonstrated that addition of estrogens to the feed accelerates the 

weight gain of cattle267 •268 and sheep, 268 •269 but not of pigs. 270 

It has been claimed that estrogen feeding not only 1ncreases the weight 

. 267 269 but also the prote1n content of the carcass. ' It thus appears 

that considerable differences of estrogen action exist in different 

. spec1es. 

c. Role of appetite and food intake 

Since estrogen-treated rodents consume less food than their normal 

control animals, the question arose early if reduced food intake alone 

provided a sufficient explanation for the reduced weight ga1n of animals 

treated with estrogen. Various pair-feeding experiments have not 

b . 1 . . 262 d h f 1 d een qu1te cone us1ve. Me1tes reporte t at ema e rats treate 

with diethylstilbestrol grew at the same rate as pair-fed controls, 

and Sullivan and Smith259 obtained parallel growth curves in young 

male rats receiving estradiol benzoate and in pair-fed controls. 

On the other hand, Day and Follis258 observed that the weight gain 

of estradiol-treated rats was still less than that of food restricted 

animals, and Glasser264 reported that pair-feeding did not entirely 

eliminate the difference in growth between stilbestrol-treated adult 

male rats and control rats. More recent investigations have revealed 

inhibitory effects of estrogen on skeletal tissues which cannot be 

explained by reduced dietary intake. Thus, Josimovich and colleagues 

demonstrated inhibition of the stimulatory effect of growth hormone 
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on tibial epiphyseal width of female hypophysectomized rats by a small 

dose of estradiol valerate which had no effect on body weight. 271 

H b .266 . . . . . . . er a1 showed cons1stent 1nh1b1t1on of 1n v1vo sulfate uptake 

by costal cartilage of intact mice by doses of various natural and 

synthetic estrogens too small to affect body weight. 

2. Clinical observations 

a. Endogenous estrogen deficiency and excess 

The study of children with estrogen deficiency or estrogen excess 

syndromes adds relatively little to the understanding of the role 

of estrogen in human growth. Growth was normal or increased in a 

few reported cases of girls having undergone prepubertal surgical 

castration. 13 
On the other hand, in patients with gonadal dysgenesis 

whose plasma estrogen levels are very low, growth is characterized 

by a gradual decline in height velocity in childhood and by absence 

272 of a pubertal growth spurt. Although growth failure in this condition 

is probably due to skeletal unresponsiveness to hormonal stimulation, 

anabolic steroids produce moderate increases of growth rate and of adult 

. 173 175 189 190 ' he1ght, ' ' ' whereas estrogen therapy does not increase growth 

1 . 1 . b d h . h 17 5' 190 '2 72 ve oc1ty or u t1mate o y e1g t. Severe hyperestrogenism 

is usually the presenting clinical feature of children with granulosa 

cell tumors of the ovary. Besides. precocious puberty and development 

of feminine body proportions, these girls usually grow faster than 

d f b h . ht 273 average an are o a ove average e1g • However, it is not clear 

whether this increased growth represents an estrogen effect since 

these tumors not infrequently secrete increased amounts of androgens. 

·• 
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b. Estrogen administration to children and adolescents 

In 1965, Goldzieher 274 introduced estrogen treatment for tall 

stature in girls in the then prevailing belief that gonadal steroids 

inhibit growth hormone secretion. Although this rationale is now 

known to be false, estrogen therapy is successful as documented by 

a large body of data from numerous investigators. Treatment with 

0 d 274-279 d" 1 1 280 . 1 d" 1 281,282 conJugate estrogens, estra 10 va erate, eth1ny estra 10 , 

283 . 274 275 and stilbestrol, whether used cont1nuously ' or cyclically 

277-283 with or without cyclical progestagen use, has, with the exception 

of one small series, 276 consistently been found to reduce predicted 

adult height in excessively tall girls. This was also observed in 

d . . h . 1 d d d 1 279-282 two stu 1es wh1c 1nc u e untreate contro s. The reduction 

of predicted height usually ranged between 3.5 and 4.5 em. In analogy 

to androgen treatment of excessively tall boys the greatest reduction 

. 280 282 
of predicted height was achieved in the youngest pat1ents, ' 

279 283 whereas in girls of bone age or chronological age greater than 13 

years, the outcome was slightly less favorable. The success of estrogen 

therapy is attributable to estrogenic stimulation of bone maturation. 

The detailed study of 40 patients by Zachmann and associates
282 

1n 

particular has demonstrated that bone age advances more rapidly during 

the initial phase of estrogen treatment (1.74 years per year of chronological 

age) than later on, and advances fastest in the patients with the 

youngest bone ages. In the various published series, bone age advanced 

276,280 between 1.3 and 2.8 years per year. Unlike androgens, estrogens 

d 
. . . 282 

o not accelerate growth veloc1ty although they promote we1ght ga1n. 

This is probably largely due to water retention, since it is lost 
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282 1n part after discontinuation of estrogen therapy. In contrast 

to androgens, estrogens cause at best a very slight nitrogen retention 

. h b. 119 1n uman su Jects. 

C. Estrogen Antagonism of Growth Hormone Action 

1. Clinical studies 

Because of the growth-inhibitory action of estrogens in rats, 

which was thought to be due to estrogenic inhibition of pituitary 

growth hormone secretion, Kirklin and Wilder284 used estrogen for 

the treatment of acromegaly. In 8 patients so treated they noticed 

symptomatic improvement, including reduction of hyperhidrosis, diminished 

headaches, regression of soft tissue swelling, and"even improvement 

of visual field cuts. Similarly favorable results were subsequently 

285-290 reported by many other authors. Many of the biochemical parameters 

of excessive growth hormone secretion were shown to return toward' 

. 288-291 
normal, including the elevation of serum phosphorus concentrat1on, 

290 292 abnormal glucose tolerance, ' and the excessive insulin response 

t 1 . . d . . . 292 o g ucose or arg1n1ne a m1n1strat1on. Metabolic balance studies 

by Schwartz et al also revealed estrogenic antagonism of growth hormone 

action on bone as evidenced by a reduction of the excess1ve urinary 

excretion of hydroxyproline and calcium and 

bone accretion rate of patients with active 

by reduction of 

291 acromegaly. 

the radiocalcium 

In another 

study, combined estrogen and human growth hormone therapy reduced 

the elevations of urinary calcium and hydroxyproline and of serum 

phosphorus, and antagonized the nitrogen retaining effect produced 

by growth hormone administration alone in three mildly osteoporotic 

. . 293 but otherwise healthy male subJects. Antagonistic effects of growth 
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hormone and estrogen on serum somatomedin activity will be discussed 

in a later se-ction. 

2. Animal experiments 

Antagonism by estrogen of a variety of growth hormone effects 

has also been demonstrated in rat experiments. 294 Lupulescou and 

271 Josimovich and colleagues observed inhibition of the stimulatory 

action of growth hormone on epiphyseal cartilage growth. Antagonistic 

behavior of the two hormones with regard to appetite in prepubertal 

female rats was reported by Wade 295 who noted that prepubertal female 

rats are refractory to the appetite-depressing actions of estradiol 

unless they have been hypophysectomized, and that growth hormone treatment 

restores appetite depression by estradiol. 

D. Estrogen effects on growth hormone secretion 

1. Clinical investigations 

Contrary to former belief, numerous investigations during the past 

15 years have unequivocally established a stimulatory effect of estrogens 

on pituitary growth hormone secretion. In human subjects, there is 

a definite sex difference in plasma growth hormone levels. While 

true baseline plasma growth hormone concentrations are the same 1n 

both sexes, 296 ambulatory levels are higher in the female. 296- 298 

299 Sleep-associated growth hormone release and plasma growth hormone 

responses to arginine administration300 or insulin-induced hypoglycemia301 

are also greater in women than in men. Moreover, integrated growth 

hormone concentrations of blood collected by a continuous withdrawal 

pump during a 24-hour period was found to be significantly greater 

. f . 302 1n emales than 1n males. Within the female sex, ambulatory growth 

5'1 
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hormone leve1s 298 as we 11 as integrated growth hormone leve1s 302 are 

greater in premenopausal than in postmenopausal women, and an apparently 

estrogen-related cyclical variation of growth hormone secretion has 

been demonstrated in normally menstruating women. While basal plasma 

growth hormone levels remain essentially unchanged throughout the 

cycle, 296 •303 ambulatory growth hormone concentrations show a definite 

. 296 304 rise during the luteal phase beginning shortly after ovulat1on. ' 

The growth hormone response to arg1n1ne and insulin stimulation is 

305 also greater during the luteal phase of the menstrual cycle. Further 

confirmation of the estrogenic augmentation of growth hormone secretion 

comes from observations in patients receiving estrogen therapy. Treatment 

of normal adult male subjects with DES or ethinyl estradiol elevates 

296 306 307 both ambulatory and basal growth hormone levels 1' . and augments 

h 1 h . . . f . 300,305 t e p asma growt hormone response to arg1n1ne 1n us1on. . The 

growth hormone response to arginine or insulin is also increased 1n 

229 308 children following pretreatment with estrogen. ' Treatment of 

309 298 309 premenopausal and of postmenopausal ' women with mestranol 

was followed by increased ambulatory growth hormone levels and women 

taking an oral contraceptive containing mestranol as the estrogen 

component had both elevated fasting amb.ulatory growth hormone levels 

and increased growth hormone responses to insulin-induced hypoglycemia. 310 

Pl . k 1302 d d . . f. 1 . d 1 otn1c et a emonstrate s1gn1 1cant y greater 1ntegrate p asma 

growth hormone levels in premenopausal women on oral contraceptives 

than in untreated premenopausal women and significantly greater integrated 

concentrations in the latter than in postmenopausal women. Treatment 

with the anti-estrogen clomiphene reduced the arginine-induced mid-

.. ,., 

, .. 
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cycle growth hormone peak in women311 and decreased both the number 

and the magnitude of growth hormone secretory episodes during both 

312 wakefulness and sleep in healthy, young adult males. 

2. Animal experiments 

Although regulation of growth hormone secretion is 1n many ways 

different in rats and humans, the effect of estrogen appears to be 

the same in both species. 313 Birge et al showed that by puberty the 

male rat has more pituitary growth hormone than the female rat, that 

estrogen treatment of the male rat 'lowers growth hormone concentration 

while at the same time causing an increase in pituitary size, and 

that castration of male rats results in levels of growth hormone that 

are indistinguishable from those of female rats. The investigations 

314 of Lloyd et al demonstrated a reduction of pituitary growth hormone 

concentration paralleled by a rise in serum growth hormone levels in rats 

treated with a single injection of DES. 

E. Estrogen Effects on Serum Somatomedins 

1. Human studies 

Almquist et a1315 observed a decrease of serum sulfation factor 

(somatomedin) activity in 2 of 6 acromegalic subjects who showed 

clinical improvement during long-term estrogen therapy, and thought 

that this might be due to estrogenic inhibition of growth hormone 

secretion. However, in 4 male acromegalic subjects studied under 

metabolic balance conditions, short-term estrogen therapy (1-3 weeks) 

with 0.5 to 1 mg ethinyl estradiol/day promptly reduced elevated sulfation 

factor levels within 2 days without significantly affecting basal plasma 

growth hormone levels. 316 Similar results were observed in another 
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acromegalic male treated with as little as 0.05 mg per day of the 

same estrogen (Schwartz, E. and Wiedemann, E., unpublished results). 

Significant reductions of serum somatomedin activity ranging from 

40-62% were also produced in each of 4 normal subjects treated with 

307 0.5 mg of ethinyl estradiol per day for 1-10 weeks. In patients 

with gonadal dysgenesis, serum somatomedin activity fell by an average 

.of 18% during a 1-week treatment period with 0.25 mg ethinyl estradiol 

d 317 B h . 1 . 316 d . l b. 307 d . per ay. ot 1n acromega 1cs an 1n norma su Jects re uct1on 

of serum somatomedin activity persisted undiminished for the entire 

duration of estrogen administration. The estrogenic action on somatomedin 

activity takes effect within a few hours in contrast, for example, 

h ff f 1 1 . 1 1 307 to t e e ect o estrogen on p asma pro act1n eve s. Following 

the intravenous injection of a bolus of conjugated estrogens, serum 

somatomedin activity decreased significantly within 2-3 hours in each 

f 5 b . d. d 307 h 1 1 . 1 1 d~·d h o su Jects stu 1e , w ereas p asma pro act1n eve s ~ not c ange 

at all. Estrogen does not only reduce normal or elevated levels of serum 

somatomedin activity, but also prevents the growth hormone-induced rise 

of serum somatomedin activity in growth hormone-deficient patients316 

and, to a lesser degree, in normal human subjects. 245 Metabolic balance 

studies have shown that estrogen at the same time prevents the increased 

ur1nary excretion of calcium and of hydroxyproline, but does not inhibit 

h . . . d d h h d . . . 316,245 t e n1trogen retent1on 1n uce by growt ormone a m1n1strat1on. 

In all of the above mentioned studies, estrogens were used 1n 

pharmacological doses. There are no data concerning the effect of 

physiological estrogen levels. Bioassayable serum somatomedin activity 

247 does not differ significantly between the sexes in any age group. 

5'1 
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With regard to somatomedin activity 1n states of pathological hyperestrogenism, 

substantial data are only available for patients with liver disease. 

In cirrhosis of the liver, severe depression of serum somatomedin 

activity to levels frequently indistinguishable from those of hypopituitary 

subjects has been unequivocally demonstrated by rat cartilage bioassay, 318 

h . k b b" 319,320 d b d" 321 c 1c em ryo 1oassay, an y ra 1oreceptor assay. In the 

physiological state of hyperestrogenism associated with pregnancy, 

serum somatomedin activity varies markedly between the various stages 

of gestation, and it is difficult to assess the role of the elevated 

estrogen levels because of the multiplicity of hormones secreted by 

the placenta (see Chapter I). 

2. Animal experiments 

In analogy to the interaction of estrogen and growth hormone 

1n hypophysectomized human subjects, 316 Phillips et al demonstrated 

estrogenic inhibition of the growth hormone induced rise of serum somatomedin 

. . . h h . d 322 act1v1ty 1n ypop ysectom1ze rats. Studies in our own laboratory 

(unpublished) have shown a depression of serum somatomedin activity 

paralleling a reduction of weight ga1n and reduction of in vitro cartilage 

sulfate uptake 1n immature intact male rats treated with estradiol 

valerate for a period of 15 days. In immature hypophysectomized male 

rats, estradiol valerate treatment significantly reduced the growth 

hormone-induced increase of serum somatomedin activity as well as 

the increase in weight ga1n and in vitro cartilage sulfate uptake. 

In another experiment, ethinyl estradiol had only a transient inhibitory 

effect on weight gain and no effect on serum somatomedin activity 

and in vitro cartilage sulfate uptake of hypophysectomized male rats, 
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but inhibited the increase of serum somatomedin activity, of in vitro 

cartilage sulfate uptake and of weight gain induced by subcutaneous 

implantation of spargana of Spirometra mansonoides, a cestode known 

to secrete a polypeptide mimicking the actions of growth hormone. 

3. Mechanism of estrogenic inhibition of somatomedin activity 

In patients with acromegaly, estrogen treatment does not significantly 

affect growth hormone levels, and in normal human subjects plasma growth 

hormone levels rise during administration of estrogens. Thus, the 

effect of estrogen on somatomedin is not mediated via pituitary growth 

hormone secretion. Metabolic balance studies with constant food intake 

of the subjects 316 •245 •307 show furthermore that estrogen does not 

act through a reduction of food intake. Rather, since the liver is 

the major, if not the only, site of somatomedin production (See Chapter I) 

and since somatomedin activity is low in patients with cirrhosis of 

the liver, estrogens probably interfere directly with hepatic somatomedin 

production. 

F. Estrogen Effects on Skeletal Tissues 

1. Effects on cartilage 

a. In vivo estrogen effects 

Administration of estradiol to rodents results in narrowing of 

the epiphyseal plates. This has been demonstrated by light microscopy 

. . 323 bb' 265 . . 1n 1ntact .rats ·- and ra 1ts, and by autorad1.ograph1.c studies 

. . . 324 . 1325 1.n 1.ntact m1.ce. S1.lberberg et a have demonstrated histological 

changes in chondrocytes of estrogen treated animals. Priest and Koplitz 

reported a dec.reased incorporation of sulfate into cartilage of intact 

d . h . 326 d H b .327 d . d . "1 rats treate w1.t estrogen, an er a1. emonstrate s1m1. ar 

.... 
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findings with costal cartilage of hypophysectomized m1ce treated either 

with estradiol or methallenestril. While starvation alone led to 

a decrease in cartilage sulfate uptake of intact mice, estrogen treatment 

. .f. 1 h d h . h.b. . ff . . . 327 s1gn1 1cant y en ance t e 1n 1 1t1ng e ect 1n starv1ng m1ce. 

b. In vitro estrogen effects 

In one study, addition of estradiol at the enormous concentration of 

10 ~g/ml incubation medium reduced in vitro sulfate uptake of costal 

cartilage of growing intact female mice by 33-40%, 327 However, other 

investigators could not detect any effect of estradiol 1n vitro 1n 

concentrations ranging from 0.1 to 1,000 ng/ml on sulfate uptake of 

316 hypophysectomized rat costal cartilage, either in the presence or 

absence of normal serum (unpublished results). It is therefore 

clear that estrogens do not exert any direct effect on cartilage 

sulfate uptake. 

2. Estrogen effects on bone 

a. Animal studies 

The reduction of longitudinal bone growth by estrogen has already 

been discussed. Estrogen treatment enhances endosteal ossification 

d . h 1 1 . d 325 s k· 329 d d an promotes ep1p ysea c osure 1n ro ents. uzu 1 emonstrate 

reduced bone resorption in gonadectomized mice treated with estradiol 

valerate and Orimo and colleagues reported that estrogen treatment 

diminished the effect of immobilization in the development of osteoporosis 

. . 330 . . . . ff f . d 1n 1ntact rats and 1nh1b1ted the bone resorpt1ve e ect o parathyro1 

hormone administration 1n ovariectomized rats. 331 Again, the estrogen 

effect on bone appears to be indirect since Caputo et al documented 

the failure of estrogens to inhibit bone resorption in tissue culture 

57 
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whereas physiological concentrations of cortisol were effective under 

'd . 1 d' . 111 1 ent1ca con 1t1ons. The lack of direct action of estrogen on 

bone is also consistent with the apparent absence of specific estrogen . 
250 receptors in cultured bone cells. 

b. Clinical investigations 

Estrogens have been frequently used with moderate success in 

th f . 332-338 d 1 . . h e treatment o osteoporos1s, an severa 1nvest1gators ave 

shown that this is due to estrogenic inhibition of bone resorption. 

Reduction of the excessive bone resorption has also been demonstrated 

d . . 1 d . h h . d. 339 ur1ng estrogen treatment 1n acromega y an 1n yperparat yro1 1sm. 

G. Conclusion 

Inhibition of somatic growth appears to be a physiological action 

of estrogens. This action may be mediated through somatomedins, since 

no direct estrogen effects on skeletal tissues have been demonstrated 

1n vitro, and since estrogen administration has been shown to increase 

growth hormone secretion and to decrease serum somatomedin activity, 

both in humans and in experimental animals. 
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TABLE I. Impaired GH Response to Insulin Induced Hypoglycemia 

In Adult Patients With Cushing's Syndrome 

CUSHING'S DISEASE ADRENAL TUMOR 

AUTHORS Untreated After adrenalectomy Untreated After adrenalectomy 

Hartog et al, 1964 2/2 0/1 1/1 

James et al, 1968 4/5a 4/6 

Morrow et al, 1969 2/3 0/3 3/3 1/3 

Strauch et al, 1969 4/4 - 2/2 

von Werder et al, 1971 5/5 

Demura et al, 1972 2/2b - 2/3 0/1 

Krieger, 1973 2/2c 

Hashimoto, 1975 8/8 1/2 3/3 0/1 

Tyrrell et al, 1977 - 0/9d 

Wiedemann and Linfoot, 1979 9/10 - 1/1 
-

Total: 38/41 5/22 12/13 1/5 

ain addition, one patient with ACTH secreting bronchogenic carcinoma also failed to respond. 

bin addition, 2 of 2 patients had subnormal responses to arginine and 2 of 3 to lysine vasopressin infusion. 

cBoth patients also failed to resond to vasopressin, pyrogen, and L-Dopa. 

din addition, 3 of 4 patients had normal response after correction of hypercortisolism by transsphenoidal 
removal of a pituitary microadenoma. 
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TABLE II. Effect of Glucocorticoids Added in Vitro on Basal and Serum-Stimulated Inorganic 
a 

Steroid 

Cortisol 

Prednisolone 

Dexamethasone 

Sulfate Uptake by Hypophysectomized Rat Costal Cartilage Segments. 

Concentration 
lJg/dl 

1 
10 

100 
1000 

1 
10 

100 
1000 

1 
5 

10 
100 

1000 

Basal 

io3 
96 
67 
53 

112 
94 
82 
66 

74 
65 
53 
40 
46 

SULFATE UPTAKE (% OF CONTROL) 

p 

<0.001 
<0.001 

<0.025 
<0.001 

<0.02 
<0.005 
<0. 001 
<0. 001 

Stimulated 

97 
129 

82 
82 

100 
103 

68 
88 

123 
95 
83 
69 
78 

p 

<0.05 
<0.05 

<0.001 
< 0. 001 

<0.001 
<0. 001 
<0.01 

a 
For each experiment a single 100 g hypophysectomized male rat was used. For each steriod conclusion 8-10 

I 
\.0 
\.0 
I 

0 costal cartilage segments were incubated for 42 to 72 hours at 37 C in one flask containing a simple35hemically 
defined medium without ("basal") or with 5% normal human serum ("stimulated") and with carrier-free so4 
(lJC/ml). 

.. • 
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TABLE III. Effects of growth hormone, estrogen and implantation of spargana of spomansonoides, singly and Ln 
combination, on weight gain, cartilage sulfate uptake and serum somatomedin activity of intact and 
hypophysectomized immature male rats. 

No. Initial Weight _Chan~e (%) Cartilage Serum SM 
Group Treatment of Weight Total Last 3 days Sulfate Activity 

Rats g 

EXP. I: Intact Rats 

A Control 5 122 61.5 ± 8.0 10.4 ± 2.5 
B EV 50 ~g on days 1,6,10 6 120 31.8 ± 7.0 6.4 ± 2.0 

P (B vs A) <0001 <0.02 

EXP. II: Hypophysectomize~ rats 

c Control 5 99 4.2 ± 2.7 1.7 ± 1.4 
D hGH 50 ~g/d 8 98 41.1 ±11.8 6.9 ± 4.0 
E hGH 50 ~g/d + EV 20 g/d 7 98 18.6 ± 8.6 2.7 ± 2.2 

p (E vs D) <0.005 <0.05 

EXP. III: Hypophysectomized rats 

F Control 8 90 1.8 ± 2.4 2.4 ± 3.6 
G EE 10 ~g/d i.p. 8 89 -2.8 ± 5.1 -0.1 ± 0.6 
H 4 spargana 6 91 41.9 ±15.2 9.9 ± 0.9 
I 4 spargana + EE 10 ~g/d 7 86 25.6 ± 9.3 6.4 ± 4.2 

p { (G vs F): <0.05 N.S. 
(I vs H): <0.05 <0.1 

Abbreviations: EE =estradiol; EV = estradiol valerate; hGH =human growth hormone. 

~ .• .-• 

Uptake (%) 

100 ± 12 
76 ± 9 

<0.05 

100 ± 21 
223 ± 38 
178 ± 26 

<0.05 

100 ± 15 
102 ± 13 
288 ± 20 
234 ± 16 

N.S. 
<0.02 

' . . .. 
'I 

U/ml 

1. 21 ± 1.06 
0.96 ± 0. 74 

<0.005 

0.09 ± 0.01 
0.66 ± 0.41 
0.21 ± 0.09 

<0.025 

0.26 ± 0.15 
0.21 ± 0.07 
1.31 ± 0.59 
0.73 ± 0.33 

N.S. 
<0.05 

I ...... 
0 
0 
I 
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