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Summary-The adrenal cortex is the site of the synthesis of steroid hormones such as the glucocorticoid 
cortisol and the mineralocorticoid aldosterone. The pathway of biosynthesis of these steroids from 
cholesterol involves a sequence of transformations using cytochrome P-450 enzymes which varies within 
the adrenal cortex as a result of the differential localization of enzymes within the zones. 

The hypothesis presented here is that as a result of the arrangement of the vasculature in the adrenal 
gland, high concentrations of steroids may be expected to accumulate and may have autoregulating 
effects. These may include the following: 

(1) the normal morphological and functional zonation of the adrenal cortex may be regulated by 
gradients of steroids in the adrenal cortex; 

(2) destruction of cytochrome P-450 enzymes on interaction with certain steroids which act as 
pseudosubstrates may form part of the pathogenesis of some steroidogenic enzyme deficiencies. Under 
normal conditions, the individual cytochrome P-450s are not rate-limiting for steroidogenesis. Under 
some pathological conditions, individual cytochrome P-450 enzyme activities may become rate-limiting, 
with consequent overproduction of precursor steroids, leading to mineralocorti~oid or androgen excess. 

REGULATION OF STEROIDOGENESIS 
BY STRUCTURE 

The regulation of the structure of the mammalian 
adrenal cortex is an intrinsic component of the 
regulation of the synthesis of the adrenocortical 
steroid hormones. Adrenocortical structure is in- 
volved in the regulation of the synthesis of the 
mineralocorticoid, glucocorticoid and androgenic 
steroids secreted by the adrenal, under both normal 
and pathological conditions. 

The rate of secretion of any particular ad- 
renocortical steroid is determined by the product of 
its rate of synthesis, per unit volume of adreno- 
cortical tissue, and the volume of adrenocortical 
tissue involved in its synthesis; this may not comprise 
the entire cortex but may consist of one or more zone 
or parts of zones. In turn, the rate of production of a 
given adrenocortical steroid is determined by the 
product of 

(1) the total rate of synthesis of all steroids in the 
part of the cortex invotved in its synthesis and 

(2) the proportion of total steroid output that the 
steroid represents within this part. 

The rate of tota steroidogenesis is determined by 
the rate of supply of cholesterol to the cytochrome 
P-450 that cleaves its side-chain to yield preg- 
nenolone. The rate of flux through the rate-limiting 
step determines the rate of synthesis of the sum of the 
steroid products, but does not determine the rate of 
synthesis of any individual steroid. 

The relative activities of the enzymes of the 
steroidogenic pathway beyond the formation of 
pregnenolone determine the pattern of steroido- 

genesis, i.e. they determine which steroids are 
produced and in what ratio. 

A mechanism for regulation of steroidogenesis is the 
volume of the zones 

We have proposed that a major mechanism for the 
long-term regulation of adrenocortical steroido- 
genesis is the regulation of the volume of the various 
zones [I]. This level of regulation of steroidogenesis 
has frequently been overlooked. The volume of the 
zona glomerulosa is a major factor for the long-term 
regulation of aldosterone synthesis, and the volume 
of the inner zone (zona reticularis or fetal zone) is of 
major importance for the regulation of adrenal 
androgen synthesis. To some extent the volume of 
the zona fasciculata is also of importance for the 
regulation of glucocorticoid synthesis, but here the 
volume of the cortex as a whole is the important 
morphological factor. 

Width is regulated by gradient, volume indirectly by 
feedback 

Whereas it is zonal volume which is the determin- 
ing morphological factor in control of steroido- 
genesis, we propose that volume as such is not the 
parameter that is under primary regulation. Rather, 
zonal width is likely to be the primary regulated 
factor, if the gradient model of zonation is correct, as 
discussed below. Zonal volume would be regulated 
indirectly by the combination of (1) the regulation of 
the growth and size of the adrenal cortex as a whole 
and (2) by regulation of zonal width by regulation 
of the rate of synthesis of the gradient substance(s). 
An individual hormone, e.g. ACTH, could be in- 
volved in both of these processes. 
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THE VASCULAR SYSTEM AND THE 
GRADIENT HYPOTHESIS 

Zmes result from an e~oiron~n~~ in~uence 

It was first proposed by Greep and Deane in 1949 
that gradients created by the adrenal cortex’s un- 
usual pattern of capillaries may be involved in zona- 
tion, and that the division of the cortex into the 
mineralocorticoid- and glucocorticoid-secreting 
zones may be the result of a requirement for different 
local cellular environments for the synthesis of the 
different steroid hormones, as provided by the cen- 
tripetal capiliary system [2]. Discussing regeneration 
of the zones from the zona ~lom~r~osa after adrenal 
enucleation, they write: “These observations. . _ 
raise again the basis for that zonation. Apparently, 
cortical cells originating from the peripheral region, 
whether in normal organogenesis or after enuclea- 
tion of the gland, have different functions at various 
levels from the surface. Is the formation of ll- 
oxygenated hormones [glucocorticoids] dependent 
upon the presence of desoxycorticosterones 
[mineralocorticoids] in the blood bathing the cells? 
Does the formation of the desoxycorticosterone-like 
hormones require more oxygen, more foodstuffs and 
fewer waste products than the formation of li- 
oxygenated ho~ones? Or. . . does the age of the 
cell in some way in~uence the nature of its product?” 
Although differing in detail, current concepts of the 
origination of functional zonation are very close to 
these original ideas. 

A gradient across the capillary bed 

We and others have hypothesized that ad- 
renocortical cells produce a gradient of a substance 
or substances in the bloodstream which alter ad- 
renocortical cell function and morphology to create 
the zonation of the adrenal cortex[l, 3-15]. The 

concept is illustrated in Fig. I. This hypothesis is 
presented as an attempt to integrate a wide range of 
adren~ortical cell biology. 

Steroids reach high concentrations within the adrenal 
cortex 

Adrenal arterial plasma steroid concentrations 
are, of course, those of the general peripheral cir- 
culation, whereas very high concentrations of 
steroids are found in the adrenal venous effluent. 
Glucocorticoid concentrations in adrenal venous 
plasma are of the order of 60 PM [ 14). 

Steroids may form a gradient 

The substances forming a gradient across the 
capillary bed are postulated to be steroids secreted 
by the adrenocortical cell. It is simpler to construct a 
model for zonation if the gradient substance is as- 
sumed to be a steroid, particularly a glucocorticoid. 
The postulate of steroids as the constituent of the 
gradient is a specific concept within the general 
hypothesis that zonation results from the action of a 
substance secreted by adrenocortical cells creating a 
gradient across the capillary bed. However, several 
aspects of the hypothesis do depend on the gradient 
substances being responsive to stimulation by 
ACTH. 

THE ZONA GLOMERULOSA 

Part of the physiological regulation of the syn- 
thesis of the mineralocorticoid aldosterone is the 
regulation of the volume of that part of the adrenal 
cortex involved in its synthesis. This volume, to a 
good approximation, is the volume of the zona 
glomerulosa, since there is reasonable evidence that 
the synthesis of this steroid is confined to this zone. 

Diag~mmat~c representation of a steroid gradient 
across the capillary bed of the adrenal cortex 

blood flow 
-1 

I Zona 1 Zona Zone Medulla 
glomerulosa fasciculata 

I 
reticularis 

Fig. 1. Diagrammatic representation of a steroid gradient across the capillary bed of the adrenal cortex. 
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The zona glomerulosa is the site of aldosterone 
synthesis 

It was realized in the 1940s that the width of the 
zona glomerulosa varied with the state of the salt and 
water balance of the animal and it was concluded that 
this zone of the cortex was responsible for the 
secretion of a hormone involved in regulation of 
these functions [16]. Deoxycorticosterone (DOC) 
had been isolated and was believed to be the salt- 
retaining steroid hormone. Only in the 1950s was the 
physiological salt-retaining hormone, aldosterone, 
isolated and characterized [ 161, and in vitro experi- 
ments conclusively established that the mechani- 
cally separated zona glomerulosa was the only site 
of synthesis of this steroid in the cortex [ 171. So far as 
can be established using microdissection techniques, 
there is a correspondence between the zona 
glomerulosa and the aldosterone-secreting zone 
[ll, 17-191. 

Aldosterone secretion results from the presence of 
a cytochrome P-450 species with corticosterone 
methyl oxidase (CMO) activity. It has been thought 
that CM0 results from the activity of a separate 
cytochrome P-450 (P-450,,,); but there is evidence 
that CM0 is actually an activity of cytochrome 
P-450,,, [20,21]. The presence of a particular lipid 
or other cofactor may be required to confer CM0 
activity on cytochrome P-450,,,. In the absence of 
this factor, cytochrome P-450,,, y s nthesizes corti- 
costerone, l%hydroxydeoxycorticosterone and 18- 
hydroxycorticosterone from deoxycorticosterone, 
but not aldosterone [22,23]. Here, the term “CM0 
activity” will be used to indicate the activity of 
cytochrome P-450,,, acting together with whatever 
accessory factors are required for aldosterone syn- 
thesis. Regulation of CM0 activity differs from 
regulation of 1 l&hydroxylase activity. CM0 
activity is increased on exposure of adrenocortical 
zona glomerulosa cells to elevated medium [K’] 
whereas 11 P-hydroxylase activity, but not CMO, is 
increased after incubation with ACTH or other 
agents which raise intracellular cyclic AMP 

[3,4,241. 
The other significant difference in cytochrome 

P-450 content between the zones is the absence of 
17cu-hydroxylase in the glomerulosa and its presence 
in the fasciculata, except in those species (principally 
the rat and some other rodents) that lack 17a- 
hydroxylase throughout the adrenal cortex 
[18, 19,25,26]. C,,,,,-Lyase is also present only 
in the inner zones; this enzymatic activity is 
probably catalyzed by the same cytochrome P- 
450 [27, 281. 

Zona glomerulosa is always on the arterial side of the 
capillary bed 

The zona glomerulosa is always present only on 
the extreme arterial side of the capillary bed. This is 
true in several unusual situations other than the 
normal gland. 

(1) In the human adrenal gland, a cuff of cortex 
surrounding the central vein penetrates the medulla. 
The blood supply in the cuff is from a plexus that 
surrounds and supplies the wall of the central vein. 
Capillaries radiate outwards from this plexus supply- 
ing the cortical cuff. A zona glomerulosa occurs on 
the arterial side of the capillary bed [ 141. 

(2) Accessory adrenal glands are miniature glands 
consisting only of adrenal cortex, no medulla being 
present, and are frequently present as developmental 
abnormalities in some strains of animals [29]. They 
are normally small, but are capable of dramatic 
growth when the animal is adrenalectomized; when 
accessory glands are present, the usually lethal 
process of adrenalectomy is survived. When ac- 
cessory adrenal glands are large enough to show an 
internal structure, the capillary bed is seen to have its 
normal structure with the zona glomerulosa on the 
arterial side [30]. 

(3) Adrenocortical tissue that has regenerated 
from tissue fragments also shows a glomerulosa on 
the arterial side of the capillary bed [3 11. This zone 
reforms after most of the regenerative growth is 
completed. During regenerative growth, structure is 
disorganized, and zonation of the adrenocortical 
tissue is not apparent. 

(4) When adrenocortical tissue is transplanted 
into the anterior eye chamber, the grafts may revas- 
cularize from the iris and thus receive their blood on 
one surface of the graft only. A zona glomerulosa is 
seen to form along this surface [32]. 

In these unusual circumstances functional, as 
opposed to morphological zonation, has not been 
investigated, although in certain cases it may be 
inferred that aldosterone secretion is intact. 

The glomerulosa-fasciculata boundary determined by 
the gradient 

If zonation of CM0 activity and other glomeru- 
losa-specific functions is the result of a gradient of 
steroids across the adrenocortical capillary bed, then 
presumably the gradient steroid reaches a critical 
concentration at the zona glomerulosa/zona fasci- 
culata boundary, supplying a signal to suppress the 
expression of glomerulosa-specific functions in the 
zona fasciculata. 

It has long been observed that the relative width of 
the zona glomerulosa and the zona fasciculata is 
under regulation by ACTH. Administration of 
ACTH, while causing hypertrophy of the entire 
cortex, causes a diminution in the width of the zona 
glomerulosa[29]. This observation led to the 
“transformation field” hypothesis in which the bor- 
ders of the glomerulosa and fasciculata (and also 
fasciculata and reticularis) were hypothesized to 
be changeable, with the width of the fasciculata 
increasing at the expense of the other zones to 
supply an increased demand for adrenocortical 
steroids[29]. This is similar to the concept, still 
sometimes encountered. that the zona glomerulosa 
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is an “undifferentiated” reserve zone for the 
“differentiated” fasciculata. This concept is un- 
tenable in the light of the highly specialized functions 
of the zona glomerulosa and its unique enzyme 
activities. Nevertheless, it does appear that the 
movement of the border between the glomerulosa 
and the fasciculata under the action of ACTH is an 
important regulatory mechanism for homeostasis of 
mineralocorticoid output. 

When the width of the adrenal cortex as a whole 
increases during long-term growth under the action 
of ACTH, the width of the glomerulosa must 
decrease in order to maintain a constant volume of 
the zone. ACTH stimulates the production of the 
gradient steroid (e.g. corticosterone), raising the 
concentration of the steroid in the gland and causing 
a change in the shape of the gradient across the 
capillary bed. The distance from the capsule at which 
the concentration of steroid becomes sufficient to 
signal suppression of glomerulosa-specific functions 
will decrease, and thereby the width of the glomeru- 
loss will decrease. 

Regulation of the glomerulosa-fasciculata boundary 
by sodium depletion and angiotensin 

It is somewhat difficult to distinguish an increase in 
the mass of the glomerulosa, due to a specific mito- 
genie action of angiotensin on this zone, from a 
movement inward of the boundary between the 
glomerulosa and the fasciculata or an increase in cell 
size in the glomerulosa [ 11. Chronic administration 
of angiotensin causes an increase in adrenocortical 
mass [33], and sodium deprivation, known to cause 
an increased secretion of angiotensin, results in an 
increase in the adrenocortical mitotic index [34]. 
Whereas both inner and outer zones of the adrenal 
cortex have angiotensin receptors and show steroi- 
dogenic and mitogenic effects[35-371, there are 
more angiotensin receptors in the zona glo- 
merulosa[38], and, at least in some systems, the 
steroidogenic effect of angiotensin is greater in this 
zone [35,39]. This zonation of angiotensin receptors 
might be expected to result in a greater mitogenic 
effect on the glomerulosa than on the zona fasci- 
culata. An increase in mitoses in this zone does 
indeed occur during sodium depletion [34]. How- 
ever, mitoses in the adrenal cortex occur mainly 
in a region of the outer adrenal cortex, including the 
zona glomerulosa but not confined to it, and ACTH 
administration increases mitoses in this region 
[40,41]. Sodium depletion also resulted in an 
increase in the mitotic index of the zona 
fasciculata[34]. In uiuo there may be complex in- 
teractions between angiotensin and ACTH. leading 
to over- or underestimation of the direct mitogenic 
effect of angiotensin[l]. Thus, an effect of angio- 
tensin on mitoses in the glomerulosa is not neces- 
sarily either specific or a direct action of angiotensin. 

We have pointed out that there are several 
mechanisms by which an increase in the stimulation 

of the glomerulosa by angiotensin and [K’] may lead 
to a local decrease in glucocorticoid levels in this 
zone [I]. Thus, it is possible that changes in the 
boundary between the zona glomerulosa and zona 
fasciculata under changes in plasma ion levels and 
circulating angiotensin may be regulated by changes 
in the steroid gradient across the cortex, rather than 
specific mitogenic effects on glomerulosa cells. 

Glomerulosa-fasciculata interconversion in culture 

Culture experiments support the concept of the 
conversion of cells from a glomerulosa phenotype 
to a fasciculata phenotype. We have isolated 
zona glomerulosa cells and placed them in 
culture [3,4, IO, 11,421. Treatment with ACTH 
causes loss of aldosterone synthesis (CM0 activity), 
while causing large increases in 17 a-hydroxylase 
activity [3,4, 10, 11,26,42]. 

Aldosterone-secreting tumors and nodules 

An extension of this concept to account for the 
mixed steroidogenic pattern of tumors secreting 
aldosterone has been discussed elsewhere [ 14,431. 
Briefly, disorganized growth of the cortex may give 
rise to nodules or benign tumors. When such a tumor 
has a blood supply relatively close to the arterial side 
of the capillary bed, it has the potential for secretion 
of aldosterone in those parts of the tumor. Other 
regions of the tumor that are not close to the arterial 
side of the bed will act as fasciculata cells and secrete 
cortisol. If no part of the tumor is close to the arterial 
supply, only cortisol is produced. This may result in a 
“non-functioning” nodule; such nodules are in fact 
functional, but the amount of cortisol they secrete is 
insufficient to alter the glucocorticoid balance of the 
body as a whole. On the other hand, aldosterone 
secretion by such tumors is likely to cause symptoms 
of aldosterone excess, because of the normally very 
low levels of secretion of this steroid. 

Gomez-Sanchez [44] has made the interesting 
suggestion that in glucocorticoid-suppressible al- 
dosteronism there is a failure of the normal sup- 
pression of CM0 activity by steroids in the outer 
fasciculata, resulting in a zone with both CM0 and 
17 cY-hydroxylase activities. This would account for 
the synthesis of l%hydroxycortisol and 18-oxocor- 
tisol in this syndrome [44,45]. 

THE ZONA RETICULARIS 

For those species in which the adrenal cortex 
secretes large quantities of androgenic steroids, 
there is evidence that most of the biosynthesis of 
these sterotds is localized to the zona reticularis or 
other inner zones, and thus to some extent the 
volume of these zones is a regulatory factor for 
adrenal androgen production. However, since ad- 
renal androgens may also be synthesized by the zona 
fasciculata, regulation of adrenal androgen synthesis 
by the volume of the zona reticularis is not as 
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unequivocal as regulation of aldosterone production The steroid gradient and the fasciculala-reticularis 

by the volume of the zona glomerulosa. boundary 

Is there a coincidence of morphological and functional The mechanism by which a steroid gradient might 

zonation? result in a fasciculata-reticularis transition is 

Although the association between the zona reti- 
speculative [l, 9, 1 S]. As for the glomerulosa-fasci- 

cularis and adrenal androgen synthesis has been 
culata boundary, there may be a critical point in the 

popular for some time, it is not clear that there is a 
steroid gradient that results in transition from fasci- 

simple correspondence between the region of the 
culata to reticularis. Presumably, the adrenocortical 

adrenal cortex that secretes adrena androgens and 
cell has a mechanism for sensing the increased 

the morphological zona reticularis. A major obstacle 
steroid concentration, resulting in changes in 

to such a simple association is that a zona reticularis 
enzyme levels characteristic of the zona reticularis. 

occurs in species that do not secrete appreciable 
Adrenarche, as has been previously suggested [Y], 

quantities of adrenal androgens, such as the rat, cow, 
may be the result of the increasing size of the adrenal 

and many other species. The different enzyme levels 
cortex during childhood, perhaps simply reflecting a 

in the inner zones result in a greater rate of adrenal 
higher chronic level of stimulation with ACTH, with 
eventual achievement of a critical size where the 

and many other species. In androgen-secreting spe- 
cies, the different enzyme levels in the inner zones 

concentration of the gradient substance in the inner 

result in a greater rate of adrenal androgen synthesis 
cortex is sufficient to cause the development of the 

relative to that of the zona fasciculata, or to that of 
reticularis. This development could become self- 

the definitive zone in the fetal cortex. This has been 
sustaining in the following way. ACTH may stimu- 

shown directly by separate culture of the fasciculata 
late an increase in adrenocortical size; stimulate an 

and the reticularis, and of the definitive and fetal 
increase in the highly ACTH-de~ndent 17cr- 

zones [46-48]. Cells from the zona reticularis or the 
hydroxylase and the C ,,,20-lyase activities; and cause 

fetal zone in culture initially produced greater quan- 
a decrease in the 3&HSD level in the inner cortex 

tities of dehydroepiandrosterone sulfate (DHEAS), 
via the sensing of the gradient steroids. Thus ACTH 

and 6”,3@hydroxy and sulfated steroids generally, 
will stimulate mostly DHEA(S) and less glucocorti- 

than the zona fasciculata or the definitive zone. Zona 
coids by the reticularis. The lack of glucocorticoid 

fasciculata cells do secrete adrenal androgens but 
response will tend to increase ACTH secretion by 

not at the same rate as reticularis cells [46]. 
the pituitary, and so complete a positive feedback 
cycle. Consequently, it may be proposed that quite 
small initial changes in ACTH secretion may result 

Zonatiun of 3~-hydroxysteroid dehydrogenase (3@- in large changes in the reticularis and adrenal 

HSD), su~otra~ferase, and 17a- hydroxylase androgen synthesis. 

It is clear that in the human, other primates, and 
some other species there is an association between Summary 

the development of large glands with distinct inner 
zones (the fetal zone in fetal life, and the zona 

Thus, there appears to be a single parenchymai 
cell type in the adrenal cortex, exhibiting phenotypic 

reticularis in maturity) and adrenal androgen modulation according to the position of the cell 
synthesis [14,49]. The important enzymatic features within the adrenal vascular system. 
of functional zonation in the inner zones in the 
human adrenal cortex are low 3@HSD, and high 
DHEA sulfotransferase, 17cu-hydroxylase and 

BIOLOGY OF PSEUDOSUBSTRATE EFFECTS 
IN ADRENDCORTICAL CELLS IN 

C,,,2Jyase activitiesE9, W-571. In the guinea pig CULTURE 

there also appears to be zonation of C ,7,2,,-lyase and 
DHEA sulfotransferase [19.57-591. Synthesis of 

If a steroid gradient is involved in regulation of 

androgens in the human adrenal cortex results from 
adren~ortica1 zonation, adrenocortical cells must 

primarily from the ratio of these critical 
be able to sense their position in the steroid gradient, 

enzymes [ho]. 
and thus their position within the cortex. Two 
mechanisms for this sensing are possible: there may 

Association of inner zones with androgen synthesis in 
be steroid receptors, analogous to receptors in 

the fetus and in adrenarche 
peripheral tissues, but clearly having the property of 
requiring much higher concentrations for saturation 

In humans. the synthesis of adrenal androgens is and activation; alternatively, adrenocortical cells 
associated with the development of prominent inner may use cytochrome P-450-pseudosubstrate inter- 

zones in fetal life and in maturity but not in child- actions to regulate zonation. 
hood. Between birth and adrenarche DHEAS levels Several of the cytochrome P-450 enzymes in- 

are very low, coinciding with the lesser development volved in steroidogenesis in the adrenal cortex are 
of the zona reticularis in this period [14]. 17cr- destroyed on interaction with pseudosubstrate 
Hydroxylase and C,,.,,,-lyase activities are aiso low steroids. ~seudosu~trates are com~unds which 
before adrenarche, and then increase [9,6 I-633. bound by cytochrome P-450 enzymes like substrates 
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but which cannot be hydroxylated because of steric 
or chemical reasons [ l&64,65]. We have studied 
pseudosubstrate effects in several cytochrome P-450 
enzymes (cytochrome P-450, ,@, cytochrome P- 

45Oc,,. and cytochrome P-450,,,) in cultured 
bovine and human adrenocortical cells. From these 
studies and work in other laboratories, the following 
generalizations may be made about pseudosubstrate 
effects in cytochrome P-450 enzymes, which dis- 
tinguish pseudosubstrate effects from other modes of 
regulation of these enzymes. 

Characteristic time-course of loss of activity 

Loss of activity begins immediately on adding the 
pseudosubstrate steroid to the cells, but is not usually 
complete before - 24 h [8, 11, 13,66,67] (Fig. 2). 

Pseudosubstrates do not act uia receptors 

Several lines of evidence indicate that the action of 
pseudosubstrates is one of a direct action on the 
cytochrome P-450 enzyme, and is not via the action 
of a protein receptor which mediates changes in gene 
activity. Pseudosubstrate effects do not require pro- 
tein synthesis [67]; pseudosubstrate structure is not 
related to receptor binding affinity, but rather in- 
dicates that pseudosubstrates interact with the 
enzyme substrate site [8, 13,671; and the concen- 
trations of pseudosubstrates required are much 
greater than would be expected for saturation of the 
known forms of receptors [8, 131 (Fig. 3). 

Pseudosubstrate effects do not result from inhibition of 
the enzyme 

Loss of activity does not result from reversible 
inhibition of the enzyme. Pseudosubstrates are poor 
inhibitors of enzyme activity when added to cultures 
together with substrate [8. 13,671. 

Time (hl 

Fig. 2. Time course of loss of 21-hydroxylase activity. 

i,j, , , , 
I” 0 0.5 5 
I 50 

-5 Concentration of androstenedione 
+M) 

Fig. 3. Effect of substrate concentration (androstenedione) 
on 21-hydroxylase activity. 

Enzyme activity does not recover after removal of 
pseudosubstrate 

No recovery of enzyme activity is seen when the 
pseudosubstrate is removed from cultures after 
exposure; but enzyme activity may be restimulated 
on exposure to a suitable inducer such as 
ACTH [67]. 

Inhibitors and antioxidants protect enzyme against the 
pseudosubstrate effect 

Inhibitors of the cytochrome P-450 enzymes 
generally protect against loss of activity in the 
presence of pseudosubstrates [ 10, 11,13,68-701. 
Presumably one or more of the following mechan- 
isms are involved: preventing the pseudosub- 
strate from binding at the substrate site; prevent- 
ing the formation of destructive oxidants 
[IS, 64,651; or inhibiting the peroxidase activity 
of the enzyme (see below). 

Degradation of rhe protein moiety of the cytochrome 
P-450 

Although the actual change in the cytochrome 
P-450 enzyme which results in loss of activity is not 
known, the protein moiety of the enzyme is observed 
to be degraded, when examined by Western 
blotting 1711, perhaps as a result of the action of 
proteases which recognize damaged proteins [72]. 

Damage by peroxidation 

If superoxide is formed by the cytochrome P-450 
species when attempted metabolism of pseudosub- 
strates occurs and normal hydroxylation cannot take 
place [64,65,73], superoxide or its products could 
damage the enzyme. If superoxide initiates lipid 
peroxidation, damage to cytochrome P-450 enzymes 
may result from peroxidase activity of cytochrome 
P-450 [64,65,73]. 
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POSSIBLE PATHOLOGICAL EFFECTS OF 
PSEUDOSUBSTRATE EFFECTS 

Regardless of the possible regulatory roles of 
pseudosubstrate interactions in zonation, 
pseudosubstrate effects may be involved in experi- 
mental and human syndromes of cytochrome P-450 
enzyme deficiency, with resultant overproduction of 
deoxycorticosterone (DOC) or androgens. 

Since steroids are often present in high concen- 
trations in steroidogenic tissues, the possibility that 
loss of 2 1 -hydroxylase or 11 P-hydroxylase through 
interaction with steroid pseudosubstrates can occur 
in vivo should be considered. Because progesterone 
and 17~hydroxyprogesterone are intermediates in 
steroidogenesis, it is difficult to assess intracellular 
concentrations of these steroids; however, for 
androstenedione it is possible to assess whether 
intra-adrenal concentrations would be high enough 
to have pseudosubstrate activity in vivo. The con- 
centration of androstenedione in adrenal venous 
blood is 3-28 pg/dl [ 141. Allowing for 50% dilution 
with blood to the medulla that has not passed through 
the cortical capillary bed [ 141, the concentration of 
androstenedione in the inner region of the cortex 
may be 0.2-2 FM. This is within the range of con- 
centrations of androstenedione that cause loss of 
21-hydroxylase activity in cultured bovine ad- 
renocortical cells and human adrenocortical 
cells [ 131. The concentration of cortisol required to 
produce loss of 11 fi-hydroxylase in culture experi- 
ments (- 10 PM) is high relative to concentrations in 
peripheral blood but is well within the range of 
glucocorticotd concentrations found in adrenal 
venous blood (-60 PM) [14]. Thus, the potential 
exists for intraadrenal glucocorticoids to depress 
11 /?-hydroxylase, as a physiological or pathological 
met hanism . 

Pathological effects of 11 p- hydroxylase-pseudosub- 
strate interactions: excess DOC 

There are examples of experimental 11/j- 
hydroxylase deficiency in which pseudosubstrate 
effects appear to be involved. In these cases, 
deficiency of 1 I fi-hydroxylase leads to excess DOC 
production with consequent hypertension. It is pos- 
sible that similar processes could be involved in 
certain forms of human hypertension in which the 
adrenal cortex may be involved. 

Androgen effects 

In 1953, Skelton reported that administration of 
an androgen, methylandrostenediol, produced 
hypertension in rats 1741. Androgen-induced hyper- 
tension was found to be dependent on the presence of 
the adrenal glands, at least for its initiation [75,76]. 
The finding that methylandrostenediol and its pro- 
duct, methyltestosterone, blocked 1 l&hydroxylase 
by competitive inhibition, indicated that the resul- 

tant overproduction of DOC was the cause of the 
hypertension [77]. However, it was also shown that 
11 /3-hydroxymethyltestosterone, not a competitive 
inhibitor of 1 l/3-hydroxylase but rather a pro- 
duct of this enzyme activity, also caused 
hypertension [78,79]. Moreover, there was a sub- 
stantial decline in adrenocortical mitochondrial 
cytochrome P-450 content in the androgen-treated 
animals, indicating an actual loss of cytochrome 

P-4501 ,a, rather than simple inhibition [78,79]. 
Administration of a potent inhibitor, metyrapone, 
did not produce this loss of cytochrome P-450 in the 
mitochondria [78,79]. 

Rather than inhibition of 1 lp-hydroxylase as the 
cause of androgen-induced hypertension, it appears 
that a pseudosubstrate effect is responsible. In cul- 
tured bovine adrenocortical cells, l lp-hydroxylated 
androgens, such as 1 l&hydroxytestosterones and 
11 P-hydroxyandrostenedione, were shown to be 
pseudosubstrates for 1 l@hydroxylase [83, as well 
as the non-l 1 P-hydroxylated forms, such as 
testosterone, 17a-methyltestosterone, and an- 
drostenedione [8,80]. The loss of adrenal weight 
seen in androgen-induced hypertension is perhaps 
the indirect result of the cytochrome P-450-pseu- 
dosubstrate interaction. 

An involvement of androgens acting as pseu- 
dosubstrates in human syndromes of DOC over- 
production is not clear. However, it has been pro- 
posed that in classical simple virilizing and nonclas- 
sical 2 1-hydroxylase deficiency, excess adrenocor- 
tical androstenedione production can lead secon- 
darily to loss of 11/Y&hydroxylase and excess DOC 
production by a pseudosubstrate mechanism, parti- 
cularly under continued ACTH stimulation [81]. A 
positive feedback cycle could be established as illus- 
trated in Fig. 4. Intradrenal androstenedione is likely 
in the range of concentrations that depress lip- 
hydroxylase in cell culture experiments (l- 
10 PM) [S, 141. 

Glucocorticoid effects 

An example of a pathological depression of 1 1 /3- 

hydroxylase, probably mediated by glucocorticoids 
acting as pseudosubstrates, is the defective ll& 
hydroxylation in the adrenal glands of animals im- 
planted with ACTH-producing tumors [82]. Under 
chronic, excessive ACTH stimulation, as can occur 
in animals with ACTH-secreting tumors, the amount 
of DOC secreted by the fasciculata can become high 
enough to satisfy the mineralocorticoid requirement 
of the animal [83,84]. The glomerulosa may then 
become limited to foci under the capsule, no longer 
forming a continuous layer [ 14,851. This indicates 
that under the combined effect of the chronic over- 
stimulation with ACTH and lack of glomerulosa 
stimulation, the critical point in the gradient has 
moved outward to reach the capsule itself. 

Additionally, 1 Ifi-hydroxylase has been reported 
to be low in the normal zona reticularis [SS, 861. 
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Fig. 4. Hypothesis for positive feedback cycle in DOC synthesis by adrenal cortex. 

Puf~~~og~a~ effects of 2 l- hydroxylase-pseudos~b- 
strates 

Since androstenedione does not suppress 17- 
hydroxylase or C,,,,,-Iyase activities [ 13,671, the 
achievement of a sufficient concentration of andros- 
tenedione in the inner part of the cortex may sup- 
press g~ucocorticoid formation while continuing to 
allow its own synthesis. A positive feedback cycle 
could be established whereby androstenedione sup- 
presses 21-hydroxylase activity, causing decreased 
glucocorticoid production; lowered glucocorticoid 
production rates increase secretion of ACTH by the 
pituitary; ACTH then stimulates steroidogenesis, 
leading to more androstenedione secretion. This 

hypothesis is illustrated in Fig. 5. 

Certain forms of 2 l- hydroxylase deficiency 

A hypothesis for the behavior of 2 l-hydroxylase in 
some forms of 2 I-hydroxyiase deficiency is that an 
altered primary sequence of the enzyme leads 
to an increased susceptibility to pseudosubstrate 
effects [13]. A change in primary sequence could 
lead to an enhanced susceptibility to loss of activity 
in the presence of pseudosubstrates in several ways; 
the following is not an exhaustive list. First, there 
could be decreased affinity for normal substrate, 
17a-hydroxyprogesterone, with unchanged affinity 
for androstenedione, resulting in a greater ratio of 
non-productive to productive cycling. Second, there 
could be a change in the enzyme substrate site 

resulting in an enhanced tendency for normal sub- 
strate to act as a pseudosubstrate; for example, the 
substrate may bind such that the distance between 
substrate and heme oxygen is greater, leading to an 
impairment of oxygen transfer. Third, cytochrome 
P-450,,, could have an enhanced tendency to suffer 
damage during non-productive cycling, such as a 
decreased ability to accept electrons from cytoch- 

ACTH t 

/ 

I Adrenal cortex 

pr*g n+of one t e 1 

-androstenedione 

Hypothesis for positive feedback cycle in some forms of 
21-hydroxylase deficiency 

Fig. 5. Hypothesis for positive feedback cycle in some 
forms of 21-hydroxylase deficiency. 



Steroids and adrenocortical function regulation i 169 

rome bS, which has been postulated to discharge 
destructive oxygenating complexes in non-produc- 
tive cycling [ 15,641. Fourth, an altered confor- 
mation of the enzyme might result in a change in the 
orientation of the protein in the membrane, with 
indirect effects on the ability of the enzyme to 
interact with pseudosubstrates or to be damaged by 
the interaction. 

An altered susceptibility to pseudosubstrate 
effects would provide an explanation for the ap- 
parent distribution of the enzyme in the adrenal 
cortex in the simple viriiizing and non-classical forms 
of 2 1 -hydroxytase deficiency. In these forms, enzyme 
activity appears to be relatively intact in the zona 

glomerulosa but, to varying degrees, deficient in the 
zona fasciculata-reticularis. Because of the exis- 
tence of gradients of steroids in the adrenal cortex in 
oiuo, as discussed above, an altered 21 -hydroxylase 
molecule might have an unusually short half-life due 
to the higher concentrations of pseudosubstrate 
steroids in the inner zones, such that to varying 
degrees there is deficiency of the enzyme in these 
zones, while having a normal half-life in the outer 
cortex, where pseudosubstrate steroid concentra- 
tions may be much lower or absent. This applies 
particularly to a pseudosubstrate synthesized by the 
17cu-hydroxylase pathway, which is absent in the 
zona glomerulosa [ 10,261. 

Ack~ow~e~~ement~Work from the author’s laboratory 
was supported by grants AG-00936 and AC-06108 from 
the National institute on Aging and grant CA-32468 from 
the National Cancer institute. 

I. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

REFERENCES 

Hornsby P. J.: The regulation of adrenocorticaf func- 
tion by-control of growth and structure. In Adrenal 
Cortex (Edited bv D. C. Anderson and J. S. D. Winter). 
Butterworth, Ldndon (1985) pp. i-3 1. 
Greep R. 0. and Deane H. W.: Histological, cyto- 
chemical and physiological observations on the 
regeneration of the rat’s adrenal gland following 
enucfeation. Endocrinology 45 (1949) 42-50. 
Hornsby P. J., O’Hare M. J. and Neviffe A. M.: 
Functional and morphological observations on rat 
adrenal zona glomerufosa cells in monolayer culture. 
Endocrinology 95 (1974) 1240-125 1. 
Hornsby P. J. and O’Hare M. J.: The roles of potassium 
and corticosteroids in determining the pattern of 
metabolism of C3Hldeoxycorticosterone by monolayer 
cultures of rat adrenal zona gfomerufosa cells. Endo- 
crinology 101 (I 977) 997-1005. 
O’Hare M. J., Eflison M. L. and Neviffe A. M.: Tissue 
culture in endocrine research: perspectives, pitfalls 
and potentials. Curr. Topics exp. Endocr. 3 (1978) 
I-56 

Neviffe A. M. and O’Hare M. J.: Aspects of structure, 
function, and eathologv. In The Adrenal Gland 
(Edited by V. f-ii. T. Jar&s). Raven Press, New York 
( 1979) pp. l-65. 
Kahri A. I., Voutifainen R. and Safmenpera M.: 
Different biological actions of corticosteroids, corti- 
costerone and cortisof, as a base of zonaf function of 
adrenal cortex. Acta endocr., Copenh. 91 (1979) 
X29-337. 
ffornshy P. J.: Regulation of cytochrome P-450-sup- 

9. 

IO. 

Il. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19 

20. 

21. 

22. 

23. 

24. 

25. 

ported I I P-hydroxyfation of deoxycortisof by steroids, 
oxygen, and antioxidants in adrenocortical cell cul- 
tures. J. biol. Chem. 255 (1980) 4020-4027. 
Anderson D. C.: Hypothesis: the adrenal androgen- 
stimulating hormone does not exist. Lancef 2 (19X0) 
454-456. 
Criveffo J. F., Hornsby P. J. and Gill G. N.: Mety- 
rapone and antioxidants are required to maintain 
aldosterone synthesis by cultured bovine adrenocorti- 
cal cells. Endocrinology 111 (1982) 469-479. 
Criveflo J. F., Hornsby P. J. and Gill G. N.: Suppression 
of cultured bovine adrenocorticaf zona glomerulosa 
cell afdosterone synthesis by steroids and its preven- 
tion by antioxidants. ~~d~ri~o~ogy 113 (1983) 23S- 
242. 
Gill G. N., Criveffo J. F., Hornsby P. J. and Simonian 
M. H.: Growth, function, and development of the 
adrenal cortex: insights from cell culture. Cold Spring 
Har. Conf. Cell Proliferarion 9 (1982) 461-482. 
Hornsby P. J.: Regulation of 21-hydroxylase activity 
by steroids in cultured bovine adrenocorticaf ceffs: 
possible significance for adrenocorticaf androgen syn- 
thesis. Endocrinology 111 (1982) 1092-I 101. 
Neviffe A. M. and O’Hare M. J.: The Human Adrenal 
Cortex. Pathology and Biology--An Integrated Ap 
proach. SpringeilVerfag. Be& (1982). - . 
Hornsbv P. J. and Criveflo J. F.: The role of lioid 
peroxidation and biological antioxidants in the fu&- 
tion of the adrenal cortex. Part 2. Molec. Cell. Endocr. 
30 (1983) 123-147. 
Tait J. F. and Tait S. A.: Recent perspectives on the 
history of the adrenal cortex. The Sir Henry Dale 
lecture for 1979. J. Endocr. 83 (1979) 3P-24P. 
Giroud C. J., Stachenko J. and Vknning E. H.: 
Secretion of afdosterone by the zona gfomerufosa of 
the rat adrenal glands incubated in v&o. fioe. Sot. 
exp. Biol. Med. 92 (1956) 154-157. 
Stachenko J. and Giroud C. J. P.: Further observations 
on the functional zonation of the adrenal cortex. Can. 
J. Biochem. 42 (1964) 1777-1785. 
Miao P. and Black V. H.: Guinea pig adrenocorticaf 
cells: in oirro characterization of separated zonaf cell 
types. 1. Cell Bioi. 94 (1982) 241-252. 
Wada A., Okamoto M., Nonaka Y. and Yamano T.: 
Afdosterone biosynthesis by a reconstituted cytoch- 
rome P-450,,,, system. Biochem. biovhvs. Res. 

.r 

Commun. 119 (1984) 365-371. . ’ 
Yananibashi K.. Hanui M.. Shivefv J. E.. Shen W. H. 
and Gall P. F.: The synthesis of ‘afdostkone by the 
adrenal cortex. Two zones (fascicufata and glomeru- 
fosa) possess one enzyme for 1 1 @-, IS-hydroxyfation, 
and afdehyde synthesis. J. biol. Chem. 261 (1986) 
3556-3562. 
Finkefstein M. and Shaefer J. M.: Inborn errors of 
steroid biosynthesis. Physiol. Reu. 59 (1979) 353-375. 
Kramer R. E., Gallant S. and Brownie A. C.: The role 
of cytochrome P-450 in the action of sodium depletion 
on afdosterone biosynthesis in rats. 1. biol. Chem. 254 
(1979) 3953-3958. 
John M. E., John M. C.. Simpson E. R. and Waterman 
M. R.: Regulation of cytochrome P-450,,, gene 
expression by adrenocorticotropin. 1. biol. Chem. 260 
(1985) 5760-5767. 
Harkins J. B., Nelson E. B., Masters B. S. S. and Bryant 
G. T.: Preparation and properties of microsomaf 
membranes from isozonaf cells of beef adrenal cortex. 
End~rinology 94 (1974) 897-905. 

26. Criveffo J. F. and Gill G. N.: Induction of cultured 
bovine adrenocorticaf zona gfomerufosa cell 17- 
hydroxyfase activity bv ACTH. Molec. Cell. Endocr. 
3b (1983) 97-107: . 

27. Nakajin S.. Shinoda M. and Half P. F.: Purification and 
properties of 17a-hydroxyfase from microsomes of pig 



1170 PETER J. HORNSBY 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

adrenal: a second Cl, side-chain cleavage system. 
Biochem. biophys. Res. Commun. 111 (1983) 512- 
517. 
Kominami S., Shinzawa K. and Takemori S.: 
Purification and some properties of cytochrome P-450 
specific for steroid 17a-hydroxylation and C,,+& 
bond cleavage from guinea pig adrenal microsomes. 
Biochem. biophys. Res. Commun. 109 (1982) 916- 
921. 
Bachmann R.: Die Nebenniere. In Handbuch der 
mikroskopischen Anatomic des Menschen, Vol. 6: 
Blutgefiiss- und Lymphgefiissapparar. Innersekretoris- 
the Drusen, Part 5 (Edited by W. Bargmann). 
Springer-Verlag, Berlin (1954) pp. l-952. 
Gruenwald P.: Embryonic and postnatal development 
of the adrenal cortex, particularly the zona glomeru- 
losa and accessory nodules. Anat. Rec. 95 (1946) 
39 I-400. 
Ingle D. J. and Higgins G. M.: Autotransplantation 
and regeneration of the adrenal gland. Endocrinology 
22 (1938) 458470. 
Coupland R. E.: Factors affecting the survival of the 
adrenal medulla and associated cortical cells in the 
anterior chamber of the rabbit’s eye. J. Endocr. 15 
(1957) 162-170. 
Marx A. J., Deane H. W., Mowles T. F. and Sheppard 
H.: Chronic administration of angiotensin in rats: 
changes in blood pressure, renal and adrenal histo- 
physiology and aldosterone production. Endocrinology 
(1963) 329-335. 
Race G. J. and Green R. F.: Studies on zonation and 
regeneration of the adrenal cortex of the rat. Archs 
Path. 59 (1955) 578-585. 
Hyatt P. J., Bhatt K. and Tait J. F.: Steroid biosynthesis 
by zona fasciculata and zona reticularis cells purified 
from the mammalian adrenal cortex. J. steroid Bio- 
them. 19 (1983) 953-960. 
McKenna T. J., Island D. P.. Nicholson W. E. and 
Liddle, G. W.: Angiotensin stimulates cortisol biosyn- 
thesis in human adrenal cells in oitro. Steroids 32 
(1978) 2315-2320. 
Gill G. N., Ill C. R. and Simonian M. H.: Angiotensin 
stimulation of bovine adrenocortical cell growth. Proc. 
natn. Acad. Sci. U.S.A. 74 (1977) 5569-5573. 
Brecher P., Tabacchi M., Pyun H. Y. and Chobanian 
A. V.: Angiotensin binding to rat adrenal capsular cell 
suspensions. Biochem. biophys. Res. Commun. 54 
(1973) 1511-1518. 
Muller J.: Steroidogenic effect of stimulators of al- 
dosterone biosynthesis upon separate zones of the 
adrenal cortex. Eur. J. clin. Inoest. l(l970) 180-187. 
Machemer R. and Oehlert W.: Autoradiographische 
Untersuchungen iiber den physiologischen Zellumsatz 
und die gesteigerte Zellneubildung der Nebenniere 
der ausaewachsenen Ratte nach Behandlune, mit 
ACTH.Endokrinologie 46 (1964) 77-91. - 
Pavet N.. Lehoux J.-G. and Isler H.: Effect of ACTH 
on’ the proliferative and secretory activities of the 
adrenal glomerulosa. Acra endocr., Copenh. 93 (1980) 
365-374. 
Hornsby P. J., O’Hare M. J. and Neville A. M.: Effect 
of ACTH on biosynthesis of aldosterone and corti- 
costerone by monolayer cultures of rat adrenal zona 
glomerulosa cells. Biochem. biophys. Res. Commun. 
54 (1973) 1554-1559. 
Symington T.: The adrenal cortex. In Endocrine 
Pathology, General and Surgical (Edited by J. M. B. 
Bloodworth, Jr). Williams&Wilkins, Baltimore (1982) 
pp. 419-230. 
Gomez-Sanchez C. E.: 18-Hydroxycortisol and 18- 
oxocortisol, steroids from the transitional zone. 
Endocr. Res. 10 (1984) 609-615. 
Ulick S., Chu M. D. and Land M.: Biosynthesis of 

46 

47 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

18-oxocortisol by aldosterone-producing adrenal tis- 
sue. J. biol. Chem. 258 (1983)’ 5498-5502. 
O’Hare M. J.. Nice E. C. and Neville A. M.: Reeula- 
tion of androgen secretion and sulfoconjugation i’l the 
adult human adrenal cortex: studies with primary 
monolayer cell cultures. In Adrenal Androgens 
(Edited by A. R. Genazzani, J. H. H. Thiissen and P. K. 
Siiteri). daven Press, New York (198Oj pp. 7-25. 
Simonian M. H. and Gill G. N.: Reeulation of the fetal 
human adrenal cortex: effects of aYdrenocorticotropin 
on growth and function of monolayer cultures of fetal 
and definitive zone cells. Endocrinology 108 (198 1) 
1769-1779. 
Simonian M. H. and Capp M. W.: Reversed-phase 
high-performance liquid chromatography of steroid 
3-sulfates and the corresponding unconjugated 
steroids. J. Chromatogr. 287 (1984) 97-104. 
Schiebinger R. J., Albertson B. D., Barnes K. M.. 
Cutler G. B., Jr. and Loriaux D. L.: Developmental 
change in rabbit and dog adrenal function: a possible 
homologue of adrenarche in the dog. Am. J. Physiol. 
240 (198 1) E694-E699. 
Dawson I. M. P., Pryse-Davies J. and Snape I. M.: The 
distribution of six enzyme systems and of lipid in the 
human and rat adrenal cortex before and after ad- 
ministration of steroid and ACTH, with comments on 
the distribution in human foetuses and in some natural 
disease conditions. J. path. Bacr. 81 (1961) 181-186. 
Cavallero C. and Chiappino G.: Histochemistry of 
steroid-3/3-ol dehydrogenase in the human adrenal 
cortex. Experienria 18 (1962) 119-120. 
Cameron E. H. D., Jones T., Jones D.. Anderson A. B. 
M. and Griffiths K.: Further studies on the relationship 
between C19- and C21-steroid synthesis in the human 

adrenal gland. J. Endocr. 45 (1969) 215-230. 
Jones T., Groom M. and Griffiths K.: Steroid biosyn- 
thesis by cultures of normal human adrenal tissue. 
Biochem. biophys. Res. Commun.38(1970)355-361. 
Cooke B. A. and Taylor P. D.: Site of dehydroepian- 
drosterone sulphate biosynthesis in the adrenal gland 
of the previable foetus. J. Endocr. 51(197 1) 547-556. 
Sakhatskaya T. S. and Altukhova V. I.: Formation of 
dehydroepiandrosterone sulfate and hydrocortisone in 
the definitive and fetal adrenal cortex of human 
fetuses. Sou. J. deu. Biol. 4 (1973) 46-50. 
Kennerson A. R., McDonald D. A. and Adams J. B.: 
Dehydroepiandrosterone sulfotransferase localization 
in human adrenal glands: a light and electron micro- 
scopic study. J. clin. Endocr. Metab. 56 (1983) 786- 
795. 
Adams J. B.: Control of secretion and the function of 
Cl9-delta 5-steroids of the human adrenal gland. 
Molec. Cell. Endocr. 41 (1985) l-17. 
Hyatt P. J., Bell J. B. G., Bhatt, K. and Tait, 3. F.: 
Preparation and steroidogenic properties of purified 
zona fasciculata and zona reticularis cells from the 
guinea-pig adrenal gland. J. Endocr. 96 (1983) l-14. 
Jones T. and Griffiths K.: Ultramicrochemical studies 
on the site of formation of dehydroepiandrosterone 
sulphate in the adrenal cortex of the guinea-pig. J. 
Endocr. 42 (1968) 559-565. 
Hornsby P. J. and Aldern K. A.: Steroidogenic enzyme 
activities in cultured human definitive zone ad- 
renocortical cells: comparison with bovine ad- 
renocortical cells and resultant differences in adrenal 
androgen synthesis. J. clin. Endocr. Metab. 58 (1984) 
121-130. 

Schiebinger R. J., Albertson B. D., Cassorla F. G., 
Bowyer D. W. and Geelhoed G. W.: The development 
changes in plasma adrenal androgens during infancy 
and adrenarche are associated with changing activities 
of adrenal microsomal 17-hydroxylase and 17,20- 
desmolase. J. clin. Invest. 67 (1981) 1177-l 182. 



Steroids and adrenocortical function regulation 1171 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

Rich B. H., Rosenfield R. L., Lucky A. W., Helke J. C. 
and Otto P.: Adrenarche: changing adrenal response 
to adrenocorticotropin. J. clin. Endcvcr. Metab. 52 
(1981) 1129-1136. 
Kelnar C. J. H. and Brook C. G. D,: A mixed lon- 
~itudinal study of adrenal steroid excretion in child- 
hood and the mechanism of adrenarche. C&n. Endocr. 
19 (1983) II?-1x. 
Hornsby P. J.: Cytochrome P-4~O/pseudosu~trate 
interactions and the role of antioxidant in the adrenal 
cortex. Endocr. Rex 12 (1986) 469-494. 
Horns&y P. J.: The role of antioxidants in the function 
of the adrenal cortex. In CRC Handbook of Biomedi- 
tine of Free Radicals and A~fio~jdan~ (E&ted by J. 
Miouel. H. Weber and A. Quintanilha). CRC’ Press, 
Boca Raton (1987). 
Hornsby P. J., Aldern K. A. and Harris S. E.: The 
function of ascorbic acid in the adrenal cortex: studies 
in adrenal cells in culture. Endocrinology 117 (1985) 
1264-1271. 
Hornsby P. .I., Aldern R. A. and Harris S. E.: Methyl- 
cholanthrene: a possible pseudosubstrate for ad- 
renocortical I7a-hydroxylase and aryi hydrocarbon 
hydroxylase. Biuchem. Pharmac. 35 (1986) 3209- 
3220. 
Hornsby P. J., Aldern K. A. and Harris S. E.: Modes of 
action of butylated hydroxyanisoIe (BHA) and other 
phenols in preventing loss of I 1 &hydroxylase activity 
in cultured bovine adrenocorrical cells. B&&em. 
Phormac. 34 (1985) 865-872. 
Hornsby P. J., Harris S. E. and Aldern K. A.: Mode of 
action of sulfoxides in preventing loss of activitv of 
I I P-hydroxylase in cultured bo?ne adrenocortical 
cells. Chem.-Biol. Interacl. 51 (1984) 335-346. 
Sheela Rani C. S. and Payne A: H.: Adenosine 3’,5’- 
monophosphate-mediated induction of 17o-hydroxy- 
Iase and CI?,X-Iyase activities in cultured mouse 
Leydig cells is enhanced by inhibition of steroid 
biosynthesis. endocrinology $18 (1986) 1222-1228. 
Perkins L., Payne A. H. and Hall P. F.: Mechanism of 
steroidogenic.des~nsiti~ation of mouse Leydig cells. 
End(~rrin~~f(lgy (Suppf.) 118 (19%) 182 (Abstracts, 
Levine R. L., Oliver C. N., Fulks R. M. and Stadtman 
E. R.: Turnover of bacterial glutamine synthetase: 
oxidative inactivatjon precedes proteolysis. Proc. 
rzatn. Acad. Sci. U.S.A. 78 (1981) 2120-2124. 
Hornsby P. J. and Crivello J. F.: The role of lipid 
peroxidation and biological antioxidants in the func- 
tion of the adrenal cortex. Part 1: A baaground 
review. Molec. CeB. Endocr. 30 (1983) t-20, 
Skelton F. R.: The production of hypertension, neph- 
rosclerosis, and cardiac lesions by methyl- 
andr~stened~ol treatment in the rat. ~ndocr~n~ogy 53 
(19.533 492-505. 

75. 

76, 

77. 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

x5. 

86. 

Molteni A., Skelton F. R., and Brownie A. C.: Effect of 
adrenalectomy on the development of androgen-in- 
duced hypertension. Lab. Invest. 23 (1970) 429-435. 
Molteni A., Brownie A. C., Nickerson P. A. and 
Skelton F. R.: Irreversibility of methylandrostenediol- 
induced hy~rt~~sion in the rat after-suspension of the 
androgen treatment. Am. J. Path. 69 (1972) f79-194. 
Rembiesa R., Young P. C. M. and Saffran M. Effect of 
17~-metbyltestosferone on steroid formation by rat 
adrenal tissue. Can. J. Hiram. 46 (1968) 433-440. 
Brownie A. C., Simpson E. R., Skelton F. R., Eliiott W. 
B. and Estabrook R. W.: Interaction of androgens with 
the adrenal mitochondrial cytochrome system. The 
intluence of androgen treatment on the levels of 
cytochrome in rat adrenal cortical mitochondria and 
on substrate-induced spectral changes. Archs. Bio- 
them. Biophys. 141 (1970) 18-25. 
Brownie A. C., Colby H. D., Gallant S. and Skelton F. 
R.: Some studies on the effect of androgens on adrenal 
cortical function of rats. Endocrinofogy 86 (1970) 
1085-LOQ2. 

Baird A., Kan K. W. and Solomon S.: Androstene- 
dione-mediated inhibition of 1 f ~-hvdroxvlation in 
monolayer cell cultures of fetal calf adienals: J. steroid 
~~~hern, 18 (1983) .581-58d. 
Kater C. E., Biglieri E. G. and Waj~hen~r~ B.: 
Etfects of continued adrenocortico~opin stimulation 
on the mineralocorticoid hormones in classical and 
nonclassical simple virilizing types OF 21-hydroxylase 
deficiency. I. chin. Endow. Metab, 60 (1985) 1057- 
IO&?. 
de Nicola A. F. and Freire F.: Mitochondrial 1 lp- 
hydroxylation and adrenal morphology in rats bearing 
a mammotrapic, ACTH-secreting pituitary tumor. J. 
sreroid Biochem. 4 (1973) 407-416. 
Nickerson P. A., Brownie A. C. and Molteni A.: 
Adrenocortj~al structure and function on rats bearing 
an adrenocortj~o~opic hormone, growth hormone, 
and prolactin-secreting tumor. Lab. fnuesf. (1970) 
368-375. 
Nickerson P. A.: Quantitative study on the effect of 
an ACTH-pr~ucing pituitary tumor on the ultras- 
tructure of the mouse adrenal gland. Am. J. Path. 80 
(1975) 295-303. 
Payet N. and Lehoux J.-G.: Effect of ACTH or zinc 
treatment on plasma aldosterone and corticosterone 
levels and on- the in vitro steroid output from ad- 
renocortical cells. Can. .I. Biochem. 60 (1982) IO58- ~ , 
1064. 
Bell J. B. G., Gould R. P., Hyatt P. J.,Tait J. F. and Tait 
S. A. S.: Properties of rat adrenal zone reticularis cells: 
preparation by gravitational ~dimentatjon. 1. Endocr. 
77 fI978) 25-41. 


