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I. INTRODUCTION

This review is concerned principally with a discussion of the molecular struc-
ture of adrenocortical steroids and the possible nature of the chemical events
that produce the biological activities of these substances. In order to give a
proper account of the matter, it will be necessary first to review the recent work
on the nature of the biological activities of adrenocortical steroids (pages 320-
354). Because of the enormous amount of work that has been done over the last
fifteen years or so, this review will be incomplete, but an attempt will be made to
give sufficient references to reviews and certain crucial papers to enable those
unfamiliar with the field to make acquaintance with the recent literature. On
the other hand, the huge volume of work on synthetic analogues of the steroid
hormones is quite essential to the main subject of this review and is contained
largely in chemical journals which are not the habitual reading matter of many
pharmacologists. I have therefore attempted to give as complete a review as
possible of this work although many of the references are rather short and con-
densed communications. The excellent review of Fried and Borman (252) deals
very fully with the synthetic analogues that had been studied up to 1958; I shall
attempt to cover the more recent work and also to relate it as far as possible to
earlier work. The search of the literature was finished in May, 1960, but a certain
number of more recent papers have been considered which are of outstanding
interest.

The main biological activities of the adrenocortical steroids are usually divided
into two main classes, those affecting the intermediary metabolism of carbohy-
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drate, protein, and fat, which are associated with the remarkable suppression of
certain inflammatory processes, and those affecting the distribution and excre-
tion of water and electrolytes. The adrenal cortex, however, is also capable of
synthesizing, and probably of secreting, steroid sex hormones of the three main
classes although the functional significance of these secretory products is not
fully understood. Since our ideas of the molecular events underlying the biological
actions of the principal adrenocortical steroids are greatly influenced by studies
of the structure-activity relationships of steroid sex hormones and their synthetic
analogues, a fairly complete review will be given of the recent and early work in
the field of androgens and gestagens, and a limited review of similar studies on
steroid estrogens. No attempt has been made to give a complete review of the
estrogens because the very large number of synthetic and natural nonsteroidal
estrogens suggests that the structural requirements for this type of activity are
much less strict than for the other classes of steroid hormones, and at present
poses an insoluble problem to would-be interpreters.

In interpreting the existing literature it should be emphasized that a great
majority of the papers deal with routine biological assays carried out on large
numbers of compounds supplied by the synthetic chemist. The assays are de-
signed mainly to detect compounds of possible therapeutic interest. It is usually
difficult or impossible to compare the results obtained by one group of workers
with those of another. The majority of workers carrying out such assays are well
aware of this. In criticizing this aspect of the literature, no slight is intended on
the many industrious workers who have provided the enormous and valuable
body of information that is presently available, but the criticism must be made
lest those unfamiliar with this field should be misled into thinking that the rela-
tive activities of different steroids reported in the literature have more than a
limited pragmatic value in the discussion of the structure-activity relationships
of this class of substances. Despite this difficulty, certain arguments can safely be
employed which take us a long way towards an understanding of the molecular
events underlying the biological activities of the steroids.

Up to 1952 it was held that with the exception of the estrogens, the structural
requirements for the biological activities of steroids were extremely strict. What
were considered relatively slight modifications of their structures seemed in-
variably to produce the abolition or a very considerable reduction of their bio-
logical activity. It is now clear that these views were unnecessarily pessimistic,
even on the evidence available at the time, but it is fair to observe
that the profitability of exploring the effects of major structural alterations to
steroid molecules was realized only after the demonstration by Fried and his
group (252) that 9a-halogenated adrenocortical steroids possessed much greater
biological activities than the natural substances to which they were related. This
realization has led to the production of large numbers of synthetic steroids with
greatly enhanced biological activities and with extremely interesting variations
in the balance of their different effects. This is true for all classes of steroid hor-
mones, although there is as yet only one type of steroid analogue of estradiol in
which the enhancement of biological activity is of the same order as has been ob-
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tained with many different types of analogues in the fields of the corticoids,
androgens, and gestagens.

In order to give a full discussion of these structure-activity relationships, how-
ever, it is first necessary to consider the biology of the steroid hormones.

II. BIOLOGICAL CONSIDERATIONS

A. The nature of the adrenocortical secretions

1. The chemustry of the secretory products. The subject was last reviewed in de-
tail in 1954 by Hechter and Pincus (310) and it is not necessary to add greatly
to their account for the purposes of this review, except to point out that recent
comparative work has shown that the products recognized as the principal hor-
mones of the adrenal cortex in mammals have now been demonstrated to be
present in a wide variety of vertebrate species. Fontaine (242a, 242b) and Phillips
in particular have pioneered the study of these steroids in fish, birds, and reptiles
and this work has been confirmed and extended by others. Cortisol and
corticosterone were found in the blood plasma of three species of Cyclostomata,
eight species of Elasmobranchii, and three species of Teleost: (353, 547, 548). In
one large sample (8,868 ml) of pooled plasma from spawning Sockeye salmon,
Phillips, using a number of chromatographic criteria, identified aldosterone in a
concentration of 0.12 ug/100 ml (547). Less convincingly, he was able to show
that the interrenal tissue and head-kidneys of killifish incorporated tritiated
progesterone (16-*H-progesterone) into cortisol and aldosterone on incubation of
the isolated tissues (547, 549). The functional significance of these steroids in
fish is at present unknown; it may well be similar to that in mammals, since their
concentration in peripheral plasma undergoes a 4- to 5-fold increase during the
spawning migration of the Sockeye salmon (353, 589). Ulick and Solomon (751)
showed that adrenal tissue from Rana catesbeiana synthesized aldosterone from
progesterone in vitro. Hisaw and his group (91) isolated very small amounts of
material tentatively identified as estradiol and progesterone from 6.552 kg of
ovaries from an invertebrate, the starfish.

Our present evidence suggests that the principal adrenocortical steroid hor-
mones, t.e., cortisol, corticosterone, and aldosterone, are found in the blood of a
wide variety of vertebrate species and may well prove eventually to be present
in all of them. There is no obvious evolutionary trend in the proportions of the
two principal glucocorticoids, cortisol and corticosterone, that are found in these
different vertebrate species, nor is there any obvious relationship between these
proportions and the dietary or environmental habits of the species that have been
examined. One remains with the concept that the normal functions of these two
corticoids are probably essentially the same in the different species, and that their
proportions in the adrenocortical secretion are a matter of biochemical accident
(see also 479). Changes in these proportions may be produced by prolonged over-
dosage with adrenocorticotrophic hormone (ACTH) (397).

The possible significance of the androgens, estrogens, and progesterone and
other steroids that are probably secreted by the adrenal cortex of most mammals
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is still a matter of debate (e.g., 32a, 768). The structure-activity relationships of
these classes of steroids will be discussed from the point of view of throwing light
on the problem of the intimate mode of action of steroids in general, and not be-
cause the biological importance of the secretion of these compounds by the ad-
renal cortex is at present known to be at all great.

2. The regulation of adrenocortical secretion. It is still agreed that the secretion
of the glucocorticoids cortisol and corticosterone, is largely or entirely under the
controlling influence of the adrenocorticotrophic hormone (ACTH) of the an-
terior pituitary gland. It is necessary to emphasize that the speed of the reactions
of this regulating system is considerable (e.g., 629, 712, 717). Thus the adrenal
cortex shows a detectable response to the close injection of ACTH in animals
within seconds (310), and its secretion rate falls to between a tenth and a twen-
tieth of that usually found during an acute experiment within 20 to 30 minutes of
carrying out hypophysectomy in the rabbit (310). Similarly, the ingestion of 9a-
fluorocortisol or 9a-fluorocortisone produces a more than 50 % fall in the con-
centration of cortisol in the peripheral plasma of young male volunteers within
1.5 hours. Since this is little, if any, greater than the normal half-life of cortisol
in the plasma of men, it is clear that the inhibitory effect of this rapidly absorbed
and extremely potent steroid on the secretion of ACTH must have been ex-
tremely rapid (cf. 77, 230, 762).

Another important development in recent years has been the steady growth of
the idea that emotional factors of various kinds probably play the major part in
causing fluctuations of adrenocortical secretion rate in man, monkeys, and possi-
bly other species. It is probable that very severe burns, and large doses of certain
agents such as bacterial pyrogens, histamine, and peptones, cause a brisk release
of ACTH that is independent of any emotional concomitants (629, 649); but it is
extremely doubtful whether any of the physical stimuli which are commonly
supposed to be “stresses’ are effective in causing the increased secretion of ACTH
at all. Thus, severe exercise, cold, and fasting produce little or no effect on the
secretion and metabolism of cortisol in man unless they are part of a situation
that provokes emotion. On the other hand, strong emotion in the absence of any
recognizable physical stimuli or “stresses’’ regularly causes maximal increases in
the secretion rate of cortisol and in its concentration in peripheral blood. These
emotional factors have been demonstrated most thoroughly and strikingly by
Thorn (327) in man and by Mason (478) both in monkeys and in man. It seems
most likely that the emotion that is most effective in producing these effects on
the secretion of ACTH is best described as ‘‘competitive anxiety,”” that is to say,
anxiety of the type and severity that calls forth the desire to overcome adverse
circumstances or the challenge of competitors (82, 228, 244, 477, 478; cf. 491). It
is difficult to overemphasize the importance of these findings for adrenocortical
physiology. In the first place, all previous experiments on conscious animals pur-
porting to demonstrate that physical “stress” affected the secretion rate of the
adrenal cortex are thrown open to considerable doubt since they all involved the
exposure of the animals to unpleasant and threatening experiences. In the second
place, our whole concept of the adrenal cortex as a gland the secretions of which
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regulate an as yet undiscovered metabolic process that affects the metabolism of
carbohydrate, protein, and other substances is thrown into confusion by the
suggestion that the most important natural stimulus to the activity of the gland
is psychological in character. The magnitude of the increases in secretion rate
that have been observed is far too large to be neglected. Thus, the increases in
the concentrations of cortisol in plasma and in the excretion rate of metabolites
of cortisol that are seen during such relatively common and mild periods of
anxiety as being given an oral examination or interview for a senior position are
such as are seen otherwise only in patients with severe Cushing’s syndrome.
Much further work is needed to elucidate the question of what part this phe-
nomenon might play in psychosomatic disease.

The regulation of the secretion of aldosterone is still a matter of considerable
controversy. It is probable that ACTH plays a minor and possibly negligible
part but the nature of the hormone or hormones controlling the secretion of
aldosterone is still in doubt (see 43, 44a, 457, 665). The work of Bartter and his
colleagues has shown clearly that the plasma concentration of sodium is not the
variable directly affecting the regulatory system and that some function of the
extracellular fluid volume and possibly of plasma potassium concentration is
probably the effective stimulus. The subject will not be considered further here
since there are numerous reviews available (43, 231, 296, 457, 731, 736, 809) and
the present state of this field throws little or no light on structure-activity rela-
tionships.

B. The nature of adrenocortical insuffictency

1. The general characteristics. The nature of adrenocortical insufficiency is
very germane to any discussion of the actions of adrenocortical steroids. In the
first place, the adrenalectomized animal is usually the test object of biological
assays of such steroids, and the assays depend upon the reversal or amelioration
of some feature of the syndrome of insufficiency. In the second place, the char-
acteristics of this syndrome may give some clue to the nature of the biological
functions of these steroids. In actual fact, the syndrome of adrenocortical in-
sufficiency is extremely complicated and needs much further study. Those parts
of the earlier literature that are not explicitly mentioned here are referred to in
earlier reviews (see 629).

The removal or destruction of the adrenal glands results in a condition of weak-
ness, inability to withstand fasting or other relatively mild adversities, and death
after a relatively short interval. The concentration of sodium and chloride in the
extracellular fluid falls; that of potassium in both extracellular and intracellular
fluids rises; the volume of extracellular fluid falls; the concentration of glucose in
the blood falls; and the concentration of liver glycogen falls. A feature of the
syndrome that was emphasized by Thomas Addison in his famous monograph on
Addison’s disease and which has received closer attention in recent years is the
weakness of the action and fall in weight of the heart, the low blood pressure, and
the inability of the circulatory system to respond to situations calling for an in-
creased cardiac output (see 78, 109, 285a, 561a). The cause of death in adrenal in-
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sufficiency is usually attributed to the sum of the effects described above but re-
mains somewhat mysterious. Thus, adrenalectomized dogs are maintained in
seemingly good health by daily intramuscular injections of cortisone acetate
(0.93 mg/kg per day) as judged by their behavior, appetite, and blood urea con-
centrations. On the other hand, the concentrations of sodium, potassium, and
chloride in their blood plasma are those characteristic of adrenal insufficiency
and the animals may collapse and die suddenly immediately after a meal or
playful fights with their companions. Such animals show raised concentrations of
potassium in their plasma and electrocardiographic changes characteristic of
hyperkalemia. If the dose of cortisone acetate is raised to 1.86 mg/kg per day, the
plasma electrolytes are maintained at normal concentrations and sudden collapse
and death of this sort are avoided (704). On the other hand, it is well known that
adrenalectomized animals, especially rats and dogs, can be maintained in ap-
parently good health, and with normal concentrations of sodium, potassium,
chloride, and urea in their blood plasma, by daily treatment with deoxycorticos-
terone or by simply substituting isotonic saline for water in their drinking bottles,
but that they will collapse and die rapidly when fasted or subjected to cold or a
mild infection (¢f. 105, 106).

Before 1950 or thereabouts, it was thought by some that the adrenocortical
secretions acted mainly or exclusively on the excretion of sodium and potassium
by the kidney, and upon the metabolic conversion of protein to carbohydrate in
the liver. In 1950, Sayers in his magnificent review (629) suggested that the ac-
tions of the adrenocortical steroids were more far-reaching than this and in-
volved most or all tissues of the body. This ‘‘ubiquitous” action of these hormones
was postulated to depend upon or be associated with their ‘“utilization’ by the
tissues concerned. It was postulated that this ‘“utilization” lowered the plasma
concentration of the hormone or hormones which in turn released the anterior
pituitary (or hypothalamus) from the inhibitory influence of the steroids on the
secretion of ACTH. It soon became clear that situations which provoked an in-
creased secretion rate of the adrenal cortex in man and experimental animals
produced in fact an increased concentration of these hormones in the peripheral
plasma and that there was little or no evidence of their increased “utilization”
in such situations in the sense implied by Sayers. Recent work has, however,
tended to emphasize the extrarenal actions of adrenocortical steroids on the dis-
tribution of fluid and electrolytes; their actions on the heart and blood vessels;
their local actions on inflammatory reactions and on growing tissues in culture;
and most important of all, the “permissive” or ‘“‘supportive’” function of these
hormones (224, 355, 356). The last-mentioned topic is best considered here since
it underlies all the later discussion of the biological activities of these steroids.

It is still commonly supposed that the adrenocortical hormones have the func-
tion of regulating certain processes in the same way that sympathetic nerves can
be said to ‘“control” the contraction of arteriolar smooth muscle, or the antidiu-
retic hormone to ‘regulate” the reabsorption of water by the kidney. Ingle
showed that the experiments upon which such conclusions were based admitted
another concept of the actions of these hormones, and in subsequent work he
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carried out a new type of experiment which, in fact, demonstrated that his new
concept was nearer the truth (356). He adrenalectomized his animals and then
kept them on a constant replacement dose of adrenocortical extract or steroids.
While on this regime, a number of the animals were then subjected to the natural
stimulus and the usual response measured; the other animals continued on the
regime to serve as controls. Every response that was examined which had pre-
viously been supposed to be subject to the regulatory action of the glucocorticoids
of the adrenal cortex (cortisol and corticosterone) was shown by this type of ex-
periment to depend upon the presence of this type of steroid but to be under the
regulation of some other system. Thus, the animals on a constant daily dose of
cortisone or adrenal extract showed a perfectly normal response to the stimulus
or “stress” although they were deprived of their adrenal glands and hence were
unable to increase their endogenous supplies of adrenocortical hormones.

One can hardly over-emphasize the importance of this concept of adrenocorti-
cal physiology. The only serious modification to the original hypothesis that has
been found necessary up till the present is that it is now clear that the full re-
sponse to a large stimulus or ‘“‘stress’ is often obtained only with large constant
doses of hormone, while the full response to smaller stimuli can be obtained when
the animals are kept on relatively low doses. It should be added that this concept
applies at present only to the glucocorticoids and has not been demonstrated con-
vincingly for the mineralocorticoids. It suggests that the glucocorticoids may not,
in fact, have a “regulatory” function at all in the sense that is usually applied to
hormones in general. They seem at present rather to play the part of an “endog-
enous vitamin,” needed in differing amounts for the optimal response of the
organism to different environmental conditions and different physiological states
(356). At present, it seems that the normal metabolic machinery of the animal
exists in the adrenalectomized animal and is sufficient for growth and
reproduction as long as the animal is protected from extreme conditions or harm-
ful agents. The close parallel between these hormones and the vitamins will be
obvious, but an important difference exists. Unlike vitamin-deficient animals,
adrenalectomized animals maintained on isotonic saline solution grow at a normal
rate and tolerate moderate excesses of diet reasonably well. This suggests that
the adrenocortical steroids are not essential for specific metabolic reactions in the
way that the majority of the vitamins or their conversion products are known to
be.

The second important general feature of adrenocortical insufficiency is that no
therapy other than the glucocorticoids themselves has been found to protect the
deficient animal from the lethal effects of extreme environmental conditions, or
harmful agents (e.g., 617, 629). There is at present no essential response or meta-
bolic pathway that is common to all these situations which can surely be identi-
fied as being specifically dependent upon the presence of glucocorticoids.

2. The disturbance of fluid and electrolyte distribution in adrenal insufficiency.
The electrolyte and fluid disturbances found in adrenal insufficiency are clearly
due in part to a failure of the kidney to retain sodium in the normal way (306,
452). On the other hand, it was not quite so clear that a renal defect would
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explain the rise in plasma potassium concentration. Conway and Hingerty (159)
found that the known disturbance of potassium and magnesium concentrations
(48) was largely or entirely due to a failure of the kidney to excrete these ions
in a normal way. Thus, the concentrations of each ion were greatly elevated in
both the plasma and muscles of adrenalectomized rats.

A prolonged controversy has occurred over the exact nature and magnitude of
the disturbance of extrarenal factors affecting the distribution of fluid and electro-
lyte that have been postulated to occur in adrenal insufficiency. This subject has
been studied very fully by Woodbury (810, 810a, 811). It seems likely
that adrenal insufficiency in rats is characterized by a decreased intracellular
concentration both of sodium and of nondiffusible solutes (154, 155, 159), but
many workers have tried to establish that insufficiency is accompanied by a shift
of sodium from the extracellular to the intracellular compartment of body water
(242, 269, 328, 458, 686, 788) together with a shift of water in the same direction
(306, 328). Rolf and his colleagues (596), however, were unable to confirm these
findings and pointed out that comparisons of the loss of sodium to the exterior
with the apparent loss from the extracellular compartment were suspect due to
the methods used for estimating the volume of the extracellular compartment.
They found that when this volume was estimated by using continuous infusions of
sucrose to obtain a steady-state, the calculated loss of sodium from the extracellu-
lar fluid was not significantly different from the loss of sodium in the urine and
feces measured directly.

Flanagan et al. (242), however, found that the excretory loss of sodium was too
small to account for the calculated loss of sodium from the extracellular fluid, and
found that there was no observable increase in the intracellular concentration of
sodium in the soft tissues, in effect a confirmation of Conway and Hingerty’s
findings (159). Since bone contains a very large fraction of the total sodium in the
mammalian body [up to 40% (520)], they suggested that the missing sodium
might be taken up by bone in adrenocortical insufficiency. White and Rolf (788)
were unable to show that bone was in fact responsible; as with muscle, there was
a fall in the sodium content of bone in adrenocortical insufficiency. While accepting
the criticisms of Rolf and his group of the conclusions based on measurements
of extracellular volume, it is fair to note, nevertheless, that certain studies which
are not open to this criticism suggest that adrenocortical insufficiency leads to
large shifts of electrolytes and water between the extracellular and intracellular
fluids, and that these shifts are reversed by the administration of adrenocortical
steroids.

Woodbury (810) and Friedman (260, 261) found that the concentrations of
electrolytes in the plasma of nephrectomized rats were altered by adrenalectomy
and that the alterations were reversed by deoxycorticosterone. These effects were
rapid, and were not due to excretion or absorption of sodium from the gut (810).
Both groups found that adrenalectomy caused a fall and deoxycorticosterone
caused a rise in the concentration of sodium in the plasma of nephrectomized
rats, but only Friedman and his group found that the rise in the plasma concen-
tration of potassium that normally follows nephrectomy was increased by adren-
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alectomy (¢f. 361). Much more convincing, however, are the careful studies of
Swingle and his group on adrenalectomized dogs (706, 707, 709,710,712, 713, 714,
715). These authors showed that adrenalectomized dogs which were allowed to
go into crisis after the withdrawal of maintenance therapy could be restored to
normal health and vigor within 12 to 48 hours by the administration of potent
sodium-retaining steroids such as 2a-methyl-9a-fluorocortisol while fasting.
During recovery they continued to excrete variable but often large amounts of
sodium in the urine. Nevertheless, the concentrations of sodium, potassium, and
urea in their plasma were restored to normal concurrently with their return to
vigor and strength. It is clear that the restoration of normal extracellular con-
centrations of these ions must have been due largely to internal redistribution of
water and electrolytes.

Mendelsohn and Pearson (485) studied the withdrawal of cortisone from seven
adrenalectomized human patients. They found that retention of water in the
extracellular compartment was the principal consequence and that the fall in
the plasma concentration of sodium was not significantly different from that ex-
pected from the dilution of this compartment by the retained water. There was
no significant increase in the rate of sodium loss in the urine, and the urine flow
fell to low values.

The weight of evidence suggests at present that important internal shifts of
water and electrolyte occur in adrenocortical insufficiency and that they can be
reversed by sodium-retaining steroids.

The interpretation of the effects of adrenal insufficiency is made extremely
difficult in all spheres of metabolism by the protean nature of the systemic dis-
turbance, particularly of the circulatory system. Nowhere is this more
pronounced than in the field of electrolyte and water movements. For instance,
it is clear that the predominant phenomena are a failure to conserve sodium by
the kidney and an inability to excrete water loads (e.g., 265) but it was pointed
out by Harrop long ago that the adrenalectomized animal was killed as rapidly
by an excessive intake of sodium chloride as by an inadequate intake (see 629).
Further work will be required to explain the complexities of certain observations
(e.g., 174) and the interaction of the effects of steroids and of antidiuretic hor-
mone (176, 594, 807).

3. The effects of adrenal insufficiency on intermediary metabolism. The period
following Sayers’s review (629) has been dominated by a large number of studies
attempting to demonstrate an action of glucocorticoids on isolated systems,
usually specific enzymes. Most of these have been reviewed by Hechter (308a)
who came to the conclusion that none of these findings satisfied the criteria that
would be required to establish that the physiological functions of these hormones
were due to a simple and definite interaction with one or several enzyme reactions.
In the present review, our attention will be confined to a few seemingly crucial
observations in this field and some references to other reviews of it.

It is valuable first to recall Umbreit’s paper (754) in which he pointed out that
homogenates of kidneys from adrenalectomized animals showed a reduced ability
to oxidize a wide variety of substrates with the striking exception of succinate.
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Since this was the only oxidation which did not depend upon the presence of
adenosine nucleotides, he examined the oxidation of the other substrates after
fortification of the homogenates with adenosine triphosphate (ATP). The rates
of oxidation of all tested substrates, except proline, by homogenates of kidneys
from adrenalectomized rats were not different after fortification from those ob-
tained with tissue from intact rats (754, 755). In other words, the kidneys showed
a deficiency of adenylic acid derivatives but no real deficiency of the enzyme sys-
tems that had previously been thought to be affected by adrenalectomy.

The situation is much more complicated when chronic effects are studied or
when the whole animal or intact but isolated tissues are used. Thus, one suspects
strongly that most of the many effects on enzyme systems of adrenalectomy are
secondary to the systemic disturbance, even though many of them fit attractively
into our present knowledge of the metabolic pattern of adrenocortical insuffi-
ciency (18, 263, 483, 597, 753, 757, 764).

An extremely important modification of previous ideas on the nature of adreno-
cortical insufficiency has been suggested, however, by the work of Winternitz
et al. (808). The classical studies of Long and his colleagues (see 453, 808) had
suggested that the depletion of liver glycogen in fasted adrenalectomized ani-
mals was due to a deficiency in the conversion of noncarbohydrate material into
carbohydrate, 7.e., in gluconeogenesis, and that this material was in fact largely
or wholly protein. Long and his group have now shown that the conversion in
vivo of a large number of nonnitrogenous precursors to glycogen is greatly di-
minished in adrenalectomized rats. These included glucose, pyruvate, lactate,
malate, fructose, and glycerol. Since the rate of removal of these precursors from
the blood after intravenous infusion was not diminished in adrenalectomized
animals, they have suggested that the adrenalectomized animals metabolized a
larger proportion of the precursors by other metabolic pathways which are in-
hibited by glucocorticoids in intact animals. They suggested that the principal
pathway in these experiments might have been the pentose phosphate cycle, and
that the main action of cortisol might be to inhibit some reaction in this cycle.
Long et al. (453a) have recently reviewed this field very succinctly and laid great
emphasis on the fact that cortisol produces effects on carbohydrate metabolism
which are dissociated from effects on protein catabolism when the animals are
fed ; these effects are absent in the eviscerated animal, suggesting that the primary
effect of the glucocorticoids is on the liver and not on the peripheral tissues (see
below).

4. The cardiovascular system in adrenocortical insuffictency. The weakness of
the pulse and the smallness of the heart in patients with Addison’s disease were
emphasized strongly by Thomas Addison in his famous monograph. The earlier
work was reviewed by Sayers (629) and by Brown and Remington (109). The
latter authors have reinvestigated the popular theory that the adrenalectomized
dog suffers from cardiovascular collapse which is due mainly to a diminished re-
sponse of the arterioles to noradrenaline and sympathetic constrictor fibers.
Previous work suggested that animals in or near to crisis showed: (a) a raised or
normal venous pressure; (b) a lowered mean systemic and pulse pressure; (c)
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a lowered cardiac output; (d) a pooling of blood in the splanchnic area (cats);
(e) a failure of both the systemic arterial pressure and of small vessels observed
under the microscope in the meso-appendix to respond in the normal way to in-
jections or infusions of noradrenaline and adrenaline; (f) an increased hemato-
crit due to a decreased plasma volume (cf. 272); (g) raised concentrations of po-
tassium, magnesium, and urea and lowered concentrations of sodium, chloride,
and bicarbonate in the blood plasma.

Levine and his colleagues showed that the decreased ability of adren-
alectomized animals to do muscular work is largely or entirely secondary to
circulatory failure (285a, 561a). It is still widely believed, nevertheless, despite
Ingle’s analysis of this phenomenon (see 285a, 358, 359, 360), that it is one of the
consequences of the disorder of carbohydrate metabolism found in such animals.
Levine’s group showed that the maximum rate of work that could be obtained
by repetitive stimulation of the gastrocnemius of the dog bore exactly the same
relationship to the blood pressure in both intact and adrenalectomized dogs.
When the muscle failed in the adrenalectomized dog, it was resuscitated im-
mediately by raising the blood pressure with infusions of saline and noradrenaline.
Similarly, a slip of the diaphragm, that had failed in an adrenalectomized rat
during repetitive stimulation, became responsive immediately after it had been
excised and put into a bath of oxygenated Locke-Ringer solution.

Brown and Remington (109) emphasized, however, that previous authors in-
vestigating responses to noradrenaline and adrenaline had assumed that it was
reasonable to make comparisons of these responses at different mean arterial
blood pressures, and had neglected the part played by the heart in such re-
sponses. In order to reassess these studies, they gave intravenous injections of
noradrenaline, adrenaline, and nicotine to intact dogs and to dogs which had
been adrenalectomized 10 to 12 hours before the experiments, and in which the
blood pressures at the start of the experiment were brought to the same value by
reducing the dose of morphine used in the anaesthesia of the adrenalectomized
dogs and by bleeding the intact dogs. During the course of circulatory failure,
the peripheral resistance in the hind leg was much the same in both groups of
dogs. Furthermore, the injection of noradrenaline produced a larger increase in
this peripheral resistance in the adrenalectomized dogs than in the controls,
even though the average increase in mean systemic arferial pressure was less
than in the controls.

The earlier simple interpretations of Levine and others of the circulatory
collapse of adrenocortical insufficiency are rendered somewhat doubtful by this
work (see 109, 826), and previous results could be explained largely in terms of
the consequences of a low mean systemic arterial pressure from whatever cause.
Nevertheless, it remains true, as Levine emphasized, that the circulatory in-
adequacy of the animal suffering from adrenocortical insufficiency is a major and
possibly dominating feature of the syndrome and that further work on it is badly
needed.

5. Summary of recent views on adrenocortical insufficiency. The most striking
result of the work of the last ten years has been the extent to which further analy-
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sis of this complicated deficiency syndrome has failed to pin-point any single
tissue or metabolic pathway as the principal or sole site of action of the adreno-
cortical hormones, while many phenomena previously attributed to the
‘“‘ubiquitous’ role of these hormones have been shown to be secondary to circu-
latory or other disturbances. The three outstanding changes in current thought
on the matter would seem to be (a) the demonstration of the importance of the
circulatory inadequacy in many phenomena previously attributed to metabolic
abnormalities; (b) the demonstration of the supportive or ‘“permissive” role of
the glucocorticoids in all the responses investigated so far that had previously
been thought to be dependent upon a regulatory function of the glucocorticoids;
and (c) the demonstration that the diminution of liver glycogen is not due simply
to a failure of gluconeogenesis from nitrogenous substances.

C. The classification of the biological actions of adrenocortical steroids

Before proceeding further it is necessary to give a brief consideration of the
usual classification of the biological activities of steroid hormones and their
synthetic analogues. It is probably impossible to please everyone in this so that
at the outset I must emphasize that I am concerned with the complexities of
the biological actions of these substances only insofar as they will help in the
discussion of the structure-activity relationships of steroids. The terms to be
employed in the subsequent argument are used purely for their convenience and
do not imply any suppositions about the nature of the biological activities that
are under discussion.

Steroids which cause a fall in the ratio of the concentrations of sodium and
potassium in the urine of adrenalectomized animals, or which produce a definite
positive sodium balance in such animals will be referred to as sodium-retaining
steroids (see 190). This type of action will be called sodium-retaining activity.
It is usually associated with a definite action increasing the urinary excretion of
potassium but this action is probably at least partly due to a different mechanism
from that leading to the similar overall effect of glucocorticoids (499). It will be
seen later that the overlap of the actions of glucocorticoids and sodium-retaining
steroids on electrolyte metabolism is considerable.

Steroids which have a definite activity in the liver glycogen assay (534a) will
be called glucocorticoids. It may reasonably be assumed that all or most of them
will also possess the other types of biological activities that are possessed by
cortisol or cortisone on inflammatory processes, cytological phenomena, and
intermediary metabolism. They will probably all tend to produce a negative
nitrogen balance and an associated negative balance of potassium, phosphate,
calcium, and water (148, 224, 356, 735). But they will not necessarily show the
weak sodium retaining activity of cortisol; it may be much greater than that of
cortisol, much less, or actually reversed so that a negative sodium balance is
caused. “Glucocorticoid” or ‘“‘glycogenic’’ activity will refer solely to an action
in the liver glycogen assay as customarily performed, and “anti-inflammatory
activity” will refer to an action in the type of assay that is based on the inhibi-
tion of the formation of granulomata in response to a foreign or irritant material
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such as cotton wool, asbestos, turpentine, or croton oil unless otherwise specified
(see 316, 583). Such anti-inflammatory activity is nearly always associated with
similar activity in the suppression of the inflammatory phenomena of the so-
called collagen diseases, and the inflammatory response of certain hypersensi-
tivity reactions, but the activity in the granulomatous reactions is often much
greater than that in the latter type of inflammation.

Steroids with definite activity in the usual tests for progestational activity
which employ a direct endometrial response in an estrogen-treated animal will
be referred to as gestagens or as having progestational activity. Other types of
activity, such as the inhibition of gonadotrophin secretion or the antagonism of
the endometrial or vaginal actions of estrogens, will not be included in these
terms unless mentioned specifically. Steroids which cause an increase in the
uterine weight of ovariectomized, hypophysectomized or immature animals will
be called estrogens or steroids having estrogenic activity.

Steroids capable of increasing the weight of the prostate and seminal vesicles
of immature or castrate animals will be called androgens or said to have andro-
genic activity. The same terms will be used for steroids capable of increasing the
weight or size of the combs and wattles of immature or castrate birds.

The term “anabolic steroid” or “anabolic activity’’ is now almost universally
used for compounds that increase the weight of the levator ant of the castrate rat.
Despite the convenience and wide use of this term, its connotations are so mis-
leading that it is almost a public duty to avoid using it until such time as these
connotations have been justified by sound experimental work. Those unfamiliar
with this field should realize that the term arose from the desire to find sub-
stances which retained the truly anabolic activity of typical androgens such as
testosterone while lacking their virilizing effects. Such substances might be of
great use in promoting the healing of wounds and muscular regeneration after
surgery or wasting diseases. A proper assay for anabolic activity has not yet
been achieved in a form which would provide an economical screening test for
such substances on a large scale. Following the demonstration by Eisenberg and
Gordan (see 198) that the levator ant of the rat responded to testosterone by an
increase in its weight, it has become customary to regard such activity as “ana-
bolic”’ in the general sense. This supposition has never been firmly stated or
proved to be true, but has been tacitly implied for so long and has received so
little public challenge that the term has become firmly entrenched. The only
justification for allowing the term at all is that activity in this assay can be
dissociated from androgenic activity itself by certain chemical modifications of
the steroid molecule. From the purely pragmatic point of view, it is an action
which is different from and not dependent upon androgenic activity as defined
here. In order to emphasize this point, such activity will be referred to as “levator
activity.” This is not to deny that there is good biological and biochemical
evidence that many typical androgens do in fact have a general anabolic effect in
certain species under certain conditions and that this is known to extend both to
kidney tissue (423, 424) and the general skeletal musculature (see 437).
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D. The biological actions of sodium-retaining steroids

1. Actions on the kidney. The early work mentioned above in the discussion of
the electrolyte disturbance of adrenocortical insufficiency established clearly
that at least part of the actions of adrenocortical steroids was upon the renal
excretion of electrolytes. Neher (515) has written a useful review of the work
before 1957.

Following the demonstration that aldosterone was a genuine secretory product
of the adrenals of dog, monkey, and rat (310, 664, 665), much attention has been
devoted to clarifying the nature and magnitude of its action upon the kidney.
Numerous studies have shown that aldosterone produces an increased excretion
of potassium and a decreased excretion of sodium by the kidney, which is due
to an action on tubular reabsorption and not upon glomerular filtration rate or
other extratubular effects (43, 174, 457, 499, 517, 602a, 654). The effect is similar
to that of deoxycorticosterone (176, 270, 293, 294) and the potency of this
steroid in man relative to deoxycorticosterone is comparable to that in animals,
although not as great as in the rat (480, 679, 736). Swingle and his group (710)
came to the conclusion that aldosterone exerted all its effect upon the renal
handling of electrolytes and that even in large doses it did not produce the
internal redistribution of water and electrolytes by extrarenal actions which was
so pronounced with steroids such as the 9a-fluorosteroid analogues. In most of
these studies, the effects of aldosterone in dogs or in man began to be observable
within 1 to 2 hours of starting an intravenous infusion.

Ganong and Mulrow (268) found that intraaortic injections of aldosterone in
the dog in doses of 2 to 10 ug produced an observable change in sodium and
potassium excretion within 5 to 30 minutes. Barger et al. (39) used one renal
artery as the route of injection and obtained unilateral changes in the renal
excretion of sodium and potassium with low doses of aldosterone or 9a-fluoro-
cortisol. These began within 40 to 60 minutes and reached their peak after a
further 100 minutes. Both steroids produced an effect on potassium excretion in
normal and adrenalectomized dogs, but a fall in sodium excretion was obtained
only in the adrenalectomized animals. Furthermore, the increase in potassium
excretion in the adrenalectomized dogs occurred only 40 minutes after the de-
crease in sodium excretion had become significant. They concluded, in agreement
with Mills et al. (499), that aldosterone and 9a-fluorocortisol were not influencing
the excretion of these two ions by acting on a simple Na/K exchange mechanism.
Two critical attempts to locate the tubular site of action of aldosterone and
deoxycorticosterone have been made, but these have given opposed results. In
one, the stop-flow method suggested that aldosterone acted on the distal tubule
in the dog (758). Nicholson, however (521), found that renal arterial infusions of
racemic sodium tartrate, which damage the proximal tubule, completely
abolished the renal response to aldosterone and deoxycorticosterone on the side
of the infusion, while damaging the distal tubule, by retrograde infusion of
mercuric chloride via the ureter, left the response to these steroids unchanged.



332 BUSH

Despite the uncertainties of the stop-flow method, Nicholson’s conclusion is not
unassailable. Thus, for instance, the effect of different sodium loads would be
expected to make a large difference to the response (104, 170) and to the relative
importance of the proximal and distal tubules.

An important source of complication in the renal response to salt-retaining
steroids has been demonstrated by Nelson and August (517) who found that
patients with edema from various causes showed a much larger salt retention
than normally found with aldosterone and deoxycorticosterone, and yet failed
to show the normal increase in potassium excretion. Several workers have
emphasized that deoxycorticosterone, both in man and in the dog, produces a
considerable increase in the rate of water excretion by the kidney (112, 236,
293, 294), an effect which is partly, and probably largely, due to diminished
tubular reabsorption *(293, 294). Water diuresis has previously been considered
more characteristic of typical glucocorticoids than of salt-retaining steroids.

An extremely interesting analysis of the effects of cortisol and of aldosterone
in man has been made by Mills et al. (499). They found that in the afternoon
cortisol caused a retention of sodium that was approximately balanced by an
equivalent increased excretion of potassium and was associated with no change
in the excretion of hydrogen ion. In contrast, both aldosterone and deoxycorti-
costerone caused a moderate increase in the excretion of hydrogen ion (see
616a), and the sum of the increases in hydrogen ion and potassium was equivalent
to the decrease in sodium excretion. At night cortisol caused a fall in hydrogen
ion excretion which was balanced by a further increase in potassium excretion.
When hydrogen ion secretion was blocked by administration of acetazoleamide,
all three steroids caused an increase in potassium excretion and a retention of
sodium that were approximately equivalent.

Attempts to obtain effects of adrenalectomy and of steroids on isolated par-
ticles from homogenates of rat liver and kidney gave rather inconclusive results
(652). It should be remembered, however, that the renal handling of sodium and
water is a highly complicated process involving all parts of the renal tubule and
the glomerulus and renal blood vessels.

When we consider the sodium-retaining activity of steroids which are mainly
notable for their potent glycogenic activity, a number of complications arises
(see, e.g., 443, 506). It was shown early by Thorn et al. (733) that deoxycorti-
costerone and corticosterone produced definite sodium retention in dogs, while
cortisone and cortisol produced a moderate increase in sodium excretion. It is
now clear that the weak sodium-retaining action of steroids like cortisol is easily
obscured by their effects on other factors which tend to cause an increase in
sodium excretion. The clearest demonstration of this has been given by Johnson
(375) who showed first that the sodium excreting effect of cortisol could be
reduced considerably by reducing the water load given during an assay; and
second, that the effect of corticosterone, which has considerable activity both in
sodium retaining and liver glycogen assays, varies with the dose. Kagawa and
Van Arman (383) found that cortisol caused sodium retention over the first 300
minutes and increased sodium excretion in the second 300 minutes in adrenal-
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ectomized rats. In order to overcome these interfering effects, Simpson and Tait
devised the assay based upon alterations in the Na/K concentration ratio in
urine of adrenalectomized rats (663). Even with deoxycorticosterone, some
workers have found that very low doses cause an increased rate of sodium excre-
tion in the urine (243) or that animals given a hypertonic load of sodium chloride
respond to deoxycorticosterone with an increase in sodium excretion (e.g., 293).

Clear-cut evidence that different types of pharmacological activity are being
observed in the sodium-retaining actions of glucocorticoids has been provided
by Borman et al. (89), who found that the log-dose plots of the sodium-retaining
activity of 9a-chlorocortisol acetate and of deoxycorticosterone were parallel,
while the plots for 9a-fluoro- and 9a-bromocortisol acetates were not (see also
418). This finding and those of Mills et al. (499) make it difficult to believe that
the sodium-retaining action of some glucocorticoids, even when pronounced, is
pharmacologically similar to the same action of “pure’’ sodium-retaining steroids
like deoxycorticosterone. This is not to say that even weakly sodium-retaining
steroids such as cortisone cannot be shown to have clear-cut actions on renal
tubular reabsorption of sodium under certain conditions (e.g., 585). On the other
hand, even such a potent salt-retaining steroid as 9a-fluorocortisol has been
shown to cause increased sodium excretion in adrenalectomized dogs when given
in large doses (444).

2. Extrarenal and other actions of sodium-retaining steroids. Two features of
the sodium-retaining steroids need emphasis. First, Borman et al. (89) showed
that in the growth-survival assay in adrenalectomized rats 9a-bromocortisol
acetate was a good deal more active than 9a-fluorocortisol acetate, although the
latter was much more active in the sodium-retaining assay. This is in contrast
with earlier work which tended to show a strong correlation between these two
types of activity (see 122b, 629). The second is that the extrarenal effects of
aldosterone and deoxycorticosterone appear to be much weaker relative to their
renal effects than those of the sodium-retaining steroids which also possess
strong glucocorticoid activity (706, 710). Another important difference is that
the blood pressure and vigor of adrenalectomized dogs are maintained even in
the presence of severe reductions of the plasma concentrations of sodium and
chloride by glucocorticoids with weak sodium-retaining activity such as pred-
nisone, while sodium-retaining steroids, such as aldosterone, fail to restore
either the blood pressure, vigor, or the electrolyte concentrations in the plasma
of fasting adrenalectomized dogs which have been allowed to go into crisis (710).
On the other hand, aldosterone and deoxycorticosterone appear to be far more
active than cortisone in maintaining a normal Na/K concentration ratio in the
saliva of sheep (282), showing that they are not devoid of extrarenal activities
of certain kinds.

Extrarenal actions of deoxycorticosterone on other tissue are far more difficult
to assess. Woodbury and Koch (811) pointed out that both aldosterone and
deoxycorticosterone cause a rise in the ratio of intracellular/extracellular concen-
trations of sodium in muscle even though the concentration of sodium in plasma
is increased by the steroids, but that this may well be secondary to the con-
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siderable loss of potassium that is also caused (236, 417). Ferrebee et al. (236)
were, in fact, able to prevent the increase of intracellular sodium concentration
caused by the chronic administration of deoxycorticosterone to rats by adminis-
tering large supplements of potassium with the diet.

Berger et al. (51, 151, ¢f. 167) showed that in the dog deoxycorticosterone had
no effect on the movement of potassium or sodium across the wall of the ileum
or jejunum. On the other hand, it caused a definite increase in the sodium efflux
from the colon, no effect on the sodium influx, and an increase in both the influx
and efflux of potassium. The sodium efflux bore no relation to the potassium
influx, which suggested that the steroid was not affecting a simple Na-K ion-
exchange mechanism.

Various attempts have been made to demonstrate a convincing action of
salt-retaining steroids upon isolated cells or tissues. Most of the effects appear
to be either small or inconsistent with the changes that would be expected
in vivo. There seems to have been little advance beyond the earlier literature
(see, however, 651, 730) and most of these experiments have been carried out
with concentrations of steroid that are from 102 to 10* times those found #n vivo
(e.g., 107, 298, 299, 377, 630, 645, 803). A rather more convincing effect was
obtained by Tanz et al. (726), who produced a strong positive inotropic effect on
the isolated papillary muscle of the cat heart with only 0.5 ug of 9a-fluorocortisol/
ml in the bathing fluid. Even if we make the unlikely assumption that this
potent synthetic steroid has no greater intrinsic activity than cortisol, the
effective concentration used is probably equivalent to 100 times that of cortisol
in tissue fluid in vivo (see below). Glynn (280, 281), in a detailed and valuable
study of the potassium and sodium exchanges of erythrocytes in vitro, found no
significant effects with aldosterone although the cardiac glycosides had a pro-
nounced effect upon potassium movement (see also 430, 670). On the other hand,
Kessler et al. (403) obtained definite increases in the internal sodium concentra-
tion of human erythrocytes in vivo 20 to 40 minutes after an intravenous injection
of hydrocortisone, and a rise in the pH of the plasma within 5 to 10 minutes of
the injection (cf. 499).

Further work on the action of sodium-retaining steroids lacking glucocorticoid
activity has continued to confirm the earlier conclusion that they fail to show
the protective action of glucocorticoids against a wide variety of harmful stimuli
in adrenalectomized animals (e.g., 617) and have few cytological effects in vivo
(276, 522). The concept of “stress’ has been reviewed and modified yet again by
Selye (648) who has devised an ingenious technique using a double granuloma
pouch (647) in which it is possible to show “hypercorticoidism” and ‘hypo-
corticoidism” simultaneously in different regions of the same animal. The de-
pendence of the effect of cortisol on the response to a large dose of croton oil
upon whether or not the pouch has been pretreated with small doses of croton
oil is of considerable interest, but it is difficult to accept some of the interpreta-
tions that have been offered. The most important findings in this field have been
those of Ingle and his colleagues who have found that the full-blown syndrome
produced by excessive doses of deoxycorticosterone in rats can be obtained in
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adrenalectomized rats by sufficiently intense and prolonged treatment with a
high-salt intake alone (356a; see also 629, 694, 700).

3. Antagonists to sodium-retaining sterotds. The discovery of the action of the
spiropropionyl lactones of testosterone and related steroids has led to an in-
tensified interest in steroid antagonists (140, 141, 142, 384, 386, 402, 441, 698,
699, 790; cf. 287, 513). The evidence that they act by antagonizing the actions
of aldosterone, and indeed of other sodium-retaining steroids, on the renal
tubule is good (442).

The work with the spirolactones has led to a re-examination of the antagonism
of salt-retaining steroids by naturally occurring steroids. Kagawa (381, 385)
reinvestigated the antagonism of deoxycorticosterone by progesterone and
testosterone. Both the latter steroids reduced or blocked the sodium retaining
action of 12 ug of deoxycorticosterone when given to adrenalectomized rats of
150 to 200 g body weight in doses of 2 to 20 mg. It is of note that, as with the
spirolactones, a very large dose of antagonist is required to produce an effect on
the action of small doses (by weight) of the sodium-retaining steroid. Testos-
terone had no effect at all on the urinary Na/K concentration ratio in the
absence of deoxycorticosterone, while progesterone administered alone had a
weak sodium-retaining action, 20 mg of progesterone being equivalent to 10 ug
of deoxycorticosterone acetate. The log-dose plot of the antagonistic effect of
testosterone on the Na/K concentration ratio was linear over the dose-range
that was studied while that of progesterone reached a peak at 4 mg. The interpre-
tation of these effects of very large doses of antagonists is very difficult because
of the real possibility in such cases that the active material is a metabolite of the
steroid that has been administered (see below).

The considerably increased sodium excretion caused by some of the newer
steroid analogues, especially the 16-substituted steroids (e.g., 443, 495) may in
part be due to a similar type of antagonism, but occurs in adrenalectomized
animals and must be due largely to direct renal and extrarenal actions (443).

Another type of antagonism of electrolyte effects which has been given con-
siderable prominence recently is that between sodium-retaining steroids and
cardiac-active glycosides and aglycones. Wilbrandt has published a number of
reviews (793, 795, 796) and papers (702, 791, 792, 794) on this topic (see also
630). His main findings are that strophanthoside K, a typical cardiac glycoside,
antagonizes the sodium retaining action of deoxycorticosterone in adrenalecto-
mized rats while having no effect on the potassium excretion other than that found
with the glycoside itself. A similar antagonism was found between these two
types of compound in their effects on the potential difference across the frog skin
preparation (see review of Ussing, 756). This will be considered later in this
review, but it is only fair to point out that strophanthoside K is very active in
increasing the excretion of sodium and potassium (702) which is well known to
be a complicated effect due at least in part to its extrarenal effects, particularly
on the heart and vascular system.

4. The physiological function of sodium-retaining steroids. If we consider the
“pure” sodium-retaining steroids, that is those in which glucocorticoid activity
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is absent or weak relative to their sodium-retaining activity, such as deoxy-
corticosterone and aldosterone, the weight of present evidence suggests that
most, if not all, of their activity is due to an action on the renal tubular handling
of sodium and hydrogen ions. The effects of these steroids on extrarenal factors
controlling the movement of electrolytes is far less prominent (710) and in many
cases has been shown to be due to the effects of potassium depletion and, with
large doses, of water depletion. It might not be too extreme a view to suggest
that a direct extrarenal action of these steroids on normal mechanisms of electro-
lyte transport be considered unproven until further work has been done to
clarify the position (cf., however, 51, 810, 810a).

When we consider the sodium-retaining steroids which also possess considerable
glucocorticoid activity, there is a strong indication that most authors tend to
correlate the strength of their extrarenal actions on the distribution of electro-
lytes and water with their sodium-retaining activity in standard assays. This
might suggest that the extrarenal receptors responsible for these actions were in
some way similar to the renal receptors for sodium-retaining steroids. Before
accepting this, however, it is important to remember that the glucocorticoid
activity of such steroids is also much greater than that of the natural steroid
hormones, such as cortisol, or even of analogues such as prednisolone (1,2-
dehydrocortisol). There is also the possibility that the receptors for such syn-
thetic analogues, while being responsible for extrarenal actions which resemble
those of the natural steroid hormones, are in fact quite unrelated to the receptors
for the natural steroid hormones.

In considering the structure-activity relationships of sodium-retaining steroids,
therefore, we shall pay most attention to their renal actions which resemble, and
may actually be due to the receptors for, aldosterone and similar “pure’’ sodium-
retaining steroids. The only extrarenal structures on which a clear and definite
action of ‘“pure” sodium-retaining steroids has been demonstrated are those such
as the amphibian skin, the goldfish gill (651), the mammalian sweat glands, the
mammalian colon, and the sheep salivary gland (282), all of which are specialized
for excretory or conservatory functions similar to those of the renal tubule.

E. The biological actions of glucocorticoids

1. The actrons of glucocorticoids on the whole animal and on organs and tissues.
This field has been the subject of numerous reviews in recent years and once
again papers which are of relevance to the question of understanding the struc-
ture-activity relationships of the glucocorticoids have been selected for the
account which follows. The influence of such steroids on carbohydrate me-
tabolism (105) has been discussed by Thorn (734a, 735), by Frawley (247) and by
Renold et al. (568). Good general reviews emphasizing the organic chemistry
and synthesis of these steroids have been given by Wettstein (786, 787). A very
valuable review of the effects of various agents, including steroid hormones, on
enzyme systems in vivo and in vitro is that by Knox et al. (422). Roberts and
Szego (587) have discussed in detail the interactions of different types of steroids,
including the glucocorticoids, in their effects on the reproductive organs and
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tissues. When considering these articles, however, one would re-emphasize the
complications of many current concepts that result from the theory of the
permissive action of adrenocortical steroids (224, 356).

Considerable progress has been made in the analysis of the eosinopenic action
of glucocorticoids although the phenomenon is still not completely understood.
Since this type of action is still occasionally used for assaying glucocorticoids
(e.g., 737) it is worth remarking that the effect of cortisone on the blood eosino-
phil count is less in adrenalectomized than in normal animals (17), and is followed
by a drop in the eosinophil count in the spleen (650; ¢f. 776). It is now well
known that eosinopenia is caused in adrenalectomized animals by many forms
of ‘“stress” and by adrenaline, histamine, and other drugs (227, 746). These
eosinopenic effects are prevented by antihistamines (¢f. 13) while the eosinopenic
action of cortisone is not prevented in this way (711). It might be valuable to
find out whether this type of assay for glucocorticoids could be made more
specific and reliable by using adrenalectomized animals treated with antihis-
tamines, since it is an extremely sensitive and simple assay.

The effects of steroids and adrenalectomy on the mitotic activity of skin have
been made by Ghadially and Green (274, 275). As with other types of action of
glucocorticoids, the effects of steroids can be produced with other agents in
adrenalectomized animals, and the effect of adrenalectomy disappears after a
time (274). Roberts et al. (584) found that cortisone reduced mitosis in the liver
of the mouse, but had no effect on mitosis in the intestinal epithelium.

Despite the emphasis by Long and his colleagues that glucocorticoids can
produce effects on glycogen production independently of actions on protein
metabolism, and that actions on protein metabolism probably oecur later than
those on the concentrations of blood glucose and of liver glycogen (453a), the
actions of these steroids on protein and nitrogenous metabolism remain striking
and important (18, 45, 87, 88, 150, 201, 224, 262, 285, 301, 455, 456, 524, 540,
567, 586, 640, 653, 812).

Whether or not these effects are secondary to an effect on a crucial reaction in
carbohydrate metabolism, one of the most important facts is the finding of
Engel (224) that none of the steps in the conversion of protein in the plasma to
nonprotein nitrogen in the plasma of nephrectomized rats was affected by the
administration of adrenal extract, although this extract or cortisone increased
the rate of accumulation of nonprotein nitrogen in such animals. He therefore
concluded that the effect of the steroid was on some step leading to the mobiliza-
tion of protein from the peripheral tissues, a conclusion in agreement with the
findings of Roberts (586) and of Fritz (262; also 773). All the studies on other
phases of protein catabolism have time-courses which would fit this interpreta-
tion, i.e., they could well be secondary to such an effect. Both Schwartz et al.
who studied the effects of adrenal steroids on dipeptidase activity in diaphragm
(640), and Rosen et al. who observed enormous increases in the activity of
hepatic glutamic-pyruvic transaminase, concluded that these phenomena came
on too slowly to be considered a direct effect of cortisol on the enzymic reactions
themselves (598, 599, 600, 640).
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The nature of these effects is not clear. In the case of tryptophan peroxidase,
it has been found by Knox and his group that the injection of substrate into
rats induces the formation or activation of the hepatic enzyme (420, 421; ¢f.
732). Knox has also shown that the induction of tyrosine-a-ketoglutarate trans-
aminase by the administration of L-tyrosine is absent in adrenalectomized rats
but is restored by treatment with cortisone, that is to say, it represents another
permissive action of glucocorticoids (449).

The three major controversies over the actions of glucocorticoids in the whole
animal are concerned with (a) the nature of the relationship between the effects
on nitrogenous and nonnitrogenous metabolism; (b) whether the effect on
nitrogenous metabolism is mainly one of protein catabolism or of the inhibition
of protein anabolism, or a mixture of both; (¢c) whether the action of the steroids
is exerted on the peripheral tissues or on the liver, a problem with many re-
semblances to the similar dispute over the renal and extrarenal actions of sodium-
retaining steroids.

Many of the gross effects of these steroids suggest that they inhibit protein
synthesis, particularly the inhibition of mitosis and cellular growth in many
types of tissues (33, 45, 114, 117a, 201, 371a, 395, 440, 554, 658; cf. 584). How-
ever, the effectsof these steroids on lymphocytolysis and involution of the thymus
would at first sight suggest the opposite interpretation (34, 113, 747a, 774). The
same is true of some studies on the incorporation of isotopically labelled amino
acids into tissue protein (262, 540, 812). The experiments of Fritz (262), how-
ever, show that there is a movement of protein from peripheral tissues to the
liver under the influence of cortisone, and also suggest that the more recently
synthesized protein in the muscles is mobilized earliest. However, the majority
of experiments in this field do deal, as Long suggested (453a), with rather late
and extremely complicated metabolic changes which may well be entirely second-
ary to a direct effect of these steroids on nonnitrogenous metabolic pathways.

One cannot, however, be quite so sure about Long’s proposal (453a) that the
direct metabolic action of these steroids is upon the liver, and that peripheral
actions are secondary to this hepatic effect. Thus, for instance, effects can be
produced on both carbohydrate and protein metabolism in the eviscerated
animal (e.g., 88) and the fact that these effects are not as large as in the intact
animal is not a serious criticism of these findings. Similarly, there are definite
cytological and anti-inflammatory effects (e.g., 31; see below) which occur
in vivo with local application of steroids in doses which are too small to produce
systemic effects. The same doubts exist over the effects of these steroids on lipid
metabolism (19, 102, 146, 311, 362, 755).

On the other hand, numerous studies on the carbohydrate metabolism of
patients with Cushing’s syndrome, and of the effects in vivo of cortisone and
similar steroids in other mammalian species, tend to confirm Long’s picture of
the primary importance of the effects of glucocorticoids on nonnitrogenous
metabolism. Thus, many workers have found that glucocorticoids raise the
plasma concentration of pyruvate and decrease pyruvate tolerance (247, 248,
277, 312, 404, 454), and others have demonstrated effects of cortisone and similar
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steroids on glucose metabolism which cannot easily be explained as secondary
to, or even associated with, major changes in the metabolism of nitrogenous
substances. Numerous workers have also found that the synthesis in vitro of
glucose and glycogen from lactate or pyruvate by liver slices which have been
taken from animals treated with glucocorticoids is much greater than by slices
of livers from untreated animals (19, 425, 569).

The exact nature of the “steroid diabetes” that can be produced with gluco-
corticoids is still not clear. In the first place, the subject is complicated by species
differences, the guinea pig being very sensitive, and the cat and the rat being
rather insensitive to this type of effect of glucocorticoids (363; ¢f. 695). In the
second, the evaluation of experiments on the whole animal is made difficult
by the number of pathways that may be involved, and by temporal changes in
the nature of the response (e.g., 46, 357, 559, 644). On the other hand, the older
idea that the glycosuria caused by glucocorticoids in many species, including
man, was due largely to a diminished tubular reabsorption of glucose in the
kidney seems to be invalidated by most of the more recent work which has shown
that such steroids definitely diminish glucose tolerance (264, 341, 593, 777, 779;
cf. 569, 695) ; Froesch et al. believe that the resultant rise in blood sugar coupled
with increased glomerular filtration rate is enough to explain the magnitude of
the glycosuria in man (264). The diabetogenic action of glucocorticoids is one of
the most important effects of these steroids that has been shown to be permissive
in type (355).

The relationship of the adrenal cortex to diabetes mellitus has been the subject
of several papers (229, 355, 492, 734a, 735, 771, 804). One of the most succinct
and useful reviews of the metabolic actions of adrenocortical steroids which also
gives an excellent account of this particular topic is the paper by Thorn and his
group (735). The most distinctive difference between diabetes mellitus and
steroid diabetes is the considerable increase in blood glucose that follows an
infusion of fructose into subjects with the latter condition (e.g., in Cushing’s
syndrome). Similarly, the rise in the blood concentration of pyruvate following
an infusion of glucose is normal or abnormally large in patients with steroid
diabetes, while it is reduced in diabetes mellitus (247, 311, 312).

The most important line of work on anti-inflammatory steroids has been the
firm confirmation of earlier work (see 273) that suggested that the anti-in-
flammatory effect of the glucocorticoids was part of a direct action on the
inflamed tissues and not simply a secondary consequence of any ‘“‘general”’ meta-
bolic action of these steroids (e.g., 178). A large number of papers have
confirmed this in various species for skin (68, 633, 815), the nasal mucosae (502),
and for the eye (9, 86, 292, 438). In some cases the lowered resistance to infection
that is a well-recognized hazard in the use of these steroids as systemic drugs
(see 47, 273) is also seen with local applications. However, glucocorticoids are
not effective in inhibiting all types of inflammation, and some types of inflamma-
tion (e.g., turpentine abscesses) respond to steroids in one site but not another
(677, 678). On the other hand, one must not assume that a local anti-inflam-
matory action of a steroid is due to one type of direct effect. It is now well known
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that inflammatory processes are extremely complicated, vary from species to
species and probably from tissue to tissue, and that many anti-inflammatory
agents act on different steps in the inflammatory process (273, 352, 677, 678). It
is by no means certain, therefore, that the local anti-inflammatory action of the
11-deoxy-9«, 118-dichloroprednisolones, for instance, which are inactive by the
oral or systemic route, is due to the same type of direct effect as that of cortisol
(95a, 591). It is surprising how often it seems to be forgotten that respectable
nonsteroids, such as the antihistamines, salicylates, and time-honored prepara-
tions of lead, are spectacularly effective local anti-inflammatory agents.

Earlier work on the clinical uses of cortisone and related steroids (e.g., 84,
117, 400, 734, 772, 780) has been confirmed and extended by several clinical
trials (10, 307, 482, 748), of which the most interesting is that of the British
Medical Research Council’s panel (10, 482). This group has shown that patients
with rheumatoid arthritis who have been treated for two years with prednisolone
are in better health than their controls by all clinical criteria except one. This one
exception, however, is both worrying and of great potential significance. It is the
titer of the sheep erythrocyte agglutinins that occur in the serum of patients
with this disease, which was higher in the treated patients than in the controls.
Another interesting feature of this report is the conclusion that 10 mg/day is
the highest acceptable dose for the chronic treatment of this condition with
prednisolone, and that doses of 20 mg/day led to unacceptably severe side-effects.
The recommended dose should be equivalent to about 45 mg of cortisol per day, or
just under twice the probable average secretion rate of cortisol in man, in agree-
ment with Savage’s finding that treatment with corticotrophin (ACTH) is nearly
always successful with a dosage that secures a 1.5- to 2-fold increase in the
excretion of 17-ketogenic steroids in each patient (627, 628). Savage’s results
are also interesting in confirming the longstanding suspicion that the dyspepsia
and peptic ulcers often seen in patients treated with oral cortisone and other
steroids are due to a local effect of the steroid on the alimentary mucosa or due
to its absorption by the portal route, rather than to their systemic effects.

Further work on the effects of glucocorticoids on the healing of wounds and on
small blood vessels generally confirms earlier work (273, 427, 428, 429, 629)
showing that definite local effects can be obtained with doses that do not produce
systemic effects, and that there is a definite difference between mesenchymal cells
and epithelial cells, the latter showing no inhibition of growth or division (202,
336, 344, 371a, 372, 429, 440, 535, 800). On the other hand, numerous other
agents exert similar effects, particularly in the case of small blood vessels (136,
399, 426, 486). These effects are as complicated as any other feature of the bio-
logical activity of the glucocorticoids. Thus, prednisolone administered to rabbits
immediately after local irradiation of the stomach inhibits the appearance of
gastric ulcers, whilst it increases the incidence of perforation of the ulcers if
administered after the ulcers have developed (303). Similarly, the slight pro-
tective action of cortisone against anaphylactic shock (e.g., 134, 273) is usually
measured by observing the proportion of deaths in the population of mice or
guinea pigs being used. In both these species, however, death in anaphylaxis is
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due largely or entirely to asphyxia, and the major effect of cortisone is exerted
not by inhibiting the inflammatory process of anaphylaxis but by increasing the
animals’ tolerance of anoxia (273; ¢f. 317).

A most important consideration in reviewing the anti-inflammatory activities
of different glucocorticoids is that nearly all the activities reported are based
upon assays that employ some form of artificial granuloma as the test object
(e.g., 314, 583, 591; c¢f. 646). Although part of the inflammatory process in this
type of assay may be similar in part to those of the so-called collagen diseases
(273, 730b), it is very unlikely that the resemblance is at all close. It is possibly
this which results in the activity of cortisone analogues in therapeutic applica-
tions in man being much lower than expected on the basis of their anti-inflam-
matory activities in animal assays (e.g., 85a, 248). Silber (660) concluded that
the closest parallel to the therapeutic activities of cortisone analogues is usually
given by their activities in the liver glycogen assay and not by their anti-in-
flammatory activities in the usual assays. It would be interesting to reinvestigate
the anti-inflammatory activities of cortisone-like steroids, using an animal
assay based on a delayed allergy. A few steroids have been assayed using D. A.
Long’s tuberculin sensitivity test (133), and the proliferative arthritis caused by
injections of the exudate from Murphy’s lymphosarcoma might form the basis
of a useful assay (315).

One of the most interesting metabolic actions of glucocorticoids which may
well be related to their action on the collagen diseases is on the synthesis of
polysaccharides of the type found in cartilage and in the ground substance of
connective tissue (see below). A useful review of this field has been given by
Bazin and Delaunay (49), and of the more physiological aspects by Baker and
Adams (32).

2. Actions of glucocorticotds on 1isolated tissues and on enzyme systems. It is
convenient to group together these two fields of study. It is in these two fields
that we expect to find the clearest demonstrations of the absence or presence of
specific and direct actions of humoral agents. The first clear demonstration of an
action <n vitro of adrenocortical steroids on well-defined enzyme systems is
probably that of Hayano and Dorfman (308), who showed that deoxycorticos-
terone, cortisone, and other steroids inhibited the action of p-amino acid oxidase
on a number of substrates and, in less detail, that the same was true of tyrosinase,
urease, ascorbic acid oxidase, and transaminase. Since then, many other enzymes
have been studied in this way (see companion papers to 308). In all cases it
appears that the effects that have been obtained either require very large con-
centrations of steroid for their appearance, or else bear little resemblance to
in vivo phenomena in the relative effectiveness of different steroids in producing
them (e.g., 166, 373, 512). Engel and Scott (225a) have drawn the important
conclusion that the relative activity of different steroids in many of these effects
in vilro is governed mainly by their free energies of adsorption to a hexane/water
interface (504), in other words, by their unspecific properties as surface-active
agents. That the same type of unspecific action may be at the bottom of many
studies in vitro is suggested by the fact that it is usually found in such studies
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that a wide range of steroids is active in producing the phenomenon under
observation (e.g., 81; see also 273, 629) and that the steroids which are active
come from many or all types of steroid hormone; the findings in fact are inter-
esting from the pharmacological point of view but make little or no physiological
sense. Much of the earlier and even recent work is subject to the criticisms of
Umbreit (754, 755) (see above).

A few studies, however, are not subject to these criticisms. Among these the
most interesting is probably the demonstration by Overell et al. (533) that
cortisol and prednisolone in concentrations of 0.01 ug/ml or above inhibit strongly
the uptake of glucose by isolated strips of mouse skin #n vitro. Deoxycorticos-
terone and a number of other steroids, including estradiol, testosterone and
progesterone, were less than 14 times as active as cortisol.

It is not easy to assess the physiological importance of the action of gluco-
corticoids on the uptake of sulphate by connective tissues that has been reported
by several groups of workers (149, 432, 789). In both rat and chick
tissues cultured n vitro, the uptake of radioactive sulphate is inhibited by various
glucocorticoids in concentrations around 1 to 2 X 10—+ M. Whitehouse and
Lash (789) have made the interesting observation that the synthesis of poly-
saccharide itself is not inhibited by the steroids, but simply the sulphation process
that leads to the formation of chondroitin sulphate and similar substances. The
phenomenon shows, however, several peculiar divergences from what would be
expected if this action were the basis of the biological actions of glucocorticoids
in vivo, or even the basis of their anti-inflammatory activity. Thus, a variety of
cortisone-like steroids, including 6a-methylcortisol and prednisolone, were
found to be active by Whitehouse and Lash (789), but 6a-methylprednisolone
was inactive. Similarly, Clark and Umbreit (149) found that cortisone and
deoxycorticosterone inhibited, while cortisol stimulated the uptake of radio-
active sulphate by rat cartilage ¢n vitro. Cortisone was, however, effective only
at a concentration of 0.25 X 10— M. Despite the very attractive possible con-
nection between this work and the effect of glucocorticoids on the ground-
substance of connective tissues in the “collagen diseases,” one must regretfully
conclude that these actions in vitro of such steroids cannot be regarded yet as of
proven physiological significance.

A very large number of papers has appeared describing changes in the activity
of enzymes that are demonstrated by assays in vitro, but in which the steroid is
effective only in vivo. The majority of such work has been on enzymes concerned
with steps in the Embden-Meyerhof pathway of carbohydrate metabolism, and
while interesting provides little or no evidence as to whether these changes are
direct or secondary effects of glucocorticoids (20, 263, 401, 437, 483, 501, 775).
However, Civen and Knox (146) in an important paper showed that the activity
of tryptophan pyrrolase in the liver of rats can be increased either by induction
with tryptophan in the diet or by giving cortisol. By using pyridoxine-deficient
rats, they were able to show that the effect of cortisol on the enzyme was not a
simple induction of the enzyme by an action of the steroid leading to an increased
supply of substrate to the liver.
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Perhaps the best example of the use of ludicrously large concentrations of
steroid hormone in an experiment in vitro is the reported antagonism of hista-
mine-induced contractions of isolated guinea pig tracheal muscle by cortisol
hemisuccinate in a concentration of 1 to 2 mg/ml (435).

F. The biological actions of steroid sex hormones

1. The biological actions of estrogens. The interpretation of the structure-ac-
tivity relationships in this field is extremely difficult because of the large number
of nonsteroid substances which are extremely active (e.g., 716). This may well
be correlated with the fact that the vast majority of substances with this type of
activity are phenols. A brief account of some of the recent work is, however,
necessary.

The activity of estrogens is nearly always assayed by means of their action on
the uterus, usually taking the increase in the weight of this organ as the measure
of the response. In a number of detailed studies, Huggins and Jensen have shown
how complicated this response is (347, 348, 349, 350). First, the log dose-response
curve of steroid estrogens with oxygen-containing substituents at positions 6 or
16 is quite different from those of other types of steroid estrogens in that it has a
much smaller slope and reaches a maximum or plateau only at very high doses.
More typical estrogens give curves with a sharp rise from a definite threshold
dose, reaching a plateau at low doses. The atypical estrogens they called “impeded
estrogens’’; these steroids are also peculiar in that they antagonize the increase in
uterine weight caused by typical estrogens. They also pointed out that many
typical androgens cause an increase in uterine weight; this, however, is histo-
logically quite distinct from that of estrogens and is further distinguished by the
fact that it is not antagonized by progesterone. They have also shown that many
steroids produce estrogen-like effects upon the vagina of rats (347), but that very
few of these compounds produce the full-blown histological changes with keratin-
ization of the vaginal epithelium that is caused by administering a typical
estrogen.

The activity of estrogens in changing the metabolism of lipids, particularly
as shown by a rise in the plasma concentration ratio phospholipid/cholesterol,
has recently been the subject of many investigations (161, 196, 197, 503, 561,
564, 590). Because of their possible use in the study or treatment of atheroma,
efforts have been directed towards the synthesis of substances possessing this
action but devoid of the actions of estrogens on primary and secondary sexual
tissues. It is not known how this effect is produced nor what relationship it
bears to the other extrasexual actions of estrogens, such as on the metabolism
of other types of steroid by the liver (747), on the histology of skeletal muscle
(422a), on the blood pressure of the rat (692), on the biochemistry of the adrenal
cortex (e.g., 342, 389, 767), and on the effects of thyroid hormones (189).

Although estrogens affect most tissues of the body, many recent studies have
attempted to discover the earliest recognizable changes that are produced in the
uterus by estrogens. These have been remarkable for their emphasis on the uptake
of water and certain solutes by the uterus and the vascular and cytological
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changes that might be responsible for this. Holden in 1939 (377) observed that
the uterus became hyperemic within 1 to 2 hours of giving estrogen to the im-
mature rat, and Williams in 1948 (801) confirmed this and showed that while
progesterone enhanced this effect of estrogen it had no effect on its own. Kalman
and his colleagues found that the uptake of albumin labelled with I*%! by the rat
uterus #n vivo was noticeably increased within 1 hour of injecting ethinyl estra-
diol, and that the uptake of water and sodium had reached their maximum within
4 hours (391, 392). They found that the uptake of chloride and potassium was
both smaller and later than that of sodium, and concluded that the phenomenon
was not due simply to an increased rate of ultrafiltration of plasma from the uter-
ine capillaries. Hechter and his colleagues, however, found that estrogen caused an
increase in the extravasation of dyes from the uterine capillaries and that estra-
diol produced no effect on the penetration of labelled p-xylose or a-aminoiso-
butyrate into the uterine cells (300, 309).

Following up earlier work on the rapid changes in water content and g-glu-
curonidase activity of the uterus that were caused by estrogens (see 587, 675),
Spaziani and Szego have obtained strong evidence that one of the earliest effects
of estrogens is to cause a release of histamine from the uterus (673, 674, 675).
They were able to produce the maximum uptake of water by the uterus that
could be obtained with estrogen by intrauterine injections of histamine or of the
histamine-releasing agent, compound 48/80. Cortisol did not prevent the fall
in the uterine concentration of histamine due to estrogen but did prevent the
usual uptake of water; similarly it prevented the uptake of water caused by
histamine or 48/80. Two out of four antihistamines that were tried prevented the
effect of estradiol on the uptake of water by the uterus. The time-course of these
effects and the magnitude of the histamine release caused by estradiol (17 % of
the content of the control uterus) are sufficient to account for this effect of estra-
diol entirely in terms of its histamine-releasing action, and the authors suggested
that the early effect of estrogens upon the uterus may in fact be mediated by
histamine. However, Spector and Storey (676) have been able to extract from
the uteri of estrous rats a substance which causes the emigration of leucocytes
from the blood vessels of rat skin and which might be a mediator of the action of
estrogen on the uterus itself; this substance, however, is unlike histamine in
other respects.

Other works on the actions of estrogens cannot be considered here in detail.
Attempts to demonstrate early actions of estrogens on uterine enzyme systems
have led to many interesting results (see, e.g., 503a) but they are mostly subject
to the same considerations as apply to similar experiments with glucocorticoids
(e.g., 781) with the exception of the work of Talalay and Williams-Ashman on the
catalysis of the transhydrogenation of pyridine nucleotides by estrogens (724,
802; see below).

2. The biological actions of gestagens. Earlier work has been reviewed by Roberts
and Szego (587) and there is little to report that affects seriously the considera-
tion of structure-activity relations in this class of sex hormones. Many new
progesterone analogues with enhanced activity, particularly activity by the oral
route (e.g., 199, 234, 235, 413, 626), have been synthesized. The effectiveness of
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progesterone and deoxycorticosterone in maintaining pregnancy in the spayed
rat has been analyzed by Alexander et al. (4). They made the very interesting
observation that survival of fetuses was greatly increased in the spayed rat by
incising the uterus so that the amniotic sacs were not subjected to intrauterine
pressure. This work suggests that the principal action of progesterone in main-
taining pregnancy is upon the factors determining intrauterine pressure in the
later stages of pregnancy (e.g., 636), and not upon those determining the efficiency
of the placenta in its metabolic and nutritive functions.

While the assay of gestagens is still largely carried out using the Clauberg
method as modified by McPhail (463), a number of other types of biological ac-
tivities has been investigated in recent years, particularly those connected with
fertility (571, 620, 621). However, in an assay using the occurrence of pregnancy
in a mixed population of rats as the ‘“response,” Saunders (620) found that
diminution of the pregnancy rate by synthetic steroids was correlated much
more closely with their estrogenic activity than with their progestational ac-
tivity.

Amphenone, a compound known to reduce the secretion rate (per weight of tis-
sue) of corticosterone and cortisol by the adrenal cortex (749,767), has a progesta-
tional action in vivo as judged by a secretory reaction of the endometrium.
This quasi-progestational action has been investigated by Tullner (749), who has
shown that it does not occur in adrenalectomized rabbits maintained on a con-
stant dose of cortisone;this suggests that it is due to the progestational effect
of one or more adrenocortical precursors that are secreted during treatment with
amphenone.

As with several other types of steroid, progesterone and other gestagens in
very large concentrations (100 to 400 pg/100 ml) have been shown to have
effects upon the contractions of the isolated papillary muscle of the cat heart
(603) and to affect the beating of the isolated perfused heart (15, 603). It causes
a reduction in the amplitude of contraction; this may be masked in the perfused
heart by a more slowly appearing bradycardia, and the effect is greatly reduced
by adding serum to the perfusion fluid, probably because progesterone is strongly
bound by albumin and other serum proteins (167b, 612, 632).

3. The biological actions of androgens. The field has been dominated by the
search for compounds with a high so-called ‘“myotrophic/androgenic’ activity
ratio, that is, for the ideal ‘‘anabolic’’ steroid (365, 592, 623, 624). The earlier
work of Kochakian on the renal effects of androgens (423, 424) has been followed
up by Hewitt (326), who has found that very low doses of testosterone propionate
will protect the kidneys of castrate mice against the tubular necrosis that is
caused by small concentrations of chloroform. Many androgens prevent the full
degree of atrophy of the adrenal cortex that is caused by hypophysectomy or by
large doses of cortisone (see 108). On the other hand, the secretion of ACTH in
man and in rats appears to be inhibited by androgens (103, 108, 825). The evi-
dence in man (108) may, however, be complicated by the effects of androgens on
the metabolism of thyroid and adrenocortical steroids (232, 747); the evidence in
the rat is less affected by this possible criticism.

The effects of androgens on metabolic reactions have been studied in a number
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of papers (160, 165,437, 526,563, 718). Contrary to expectations based on clinical
findings, testosterone was found to reduce the blood concentration of cholesterol
and the incidence and severity of atheromatous lesions in rabbits on a high cho-
lesterol diet (160). Ranney and Drill (563) found that a wide variety of androgens
reduced or prevented the fatty infiltration of the liver caused by giving ethionine
to rats. This was correlated with their levator activity and quite independent of
their androgenic activity. Androgens also potentiate the hypoglycemic action
of insulin and protect animals against diabetogenic agents. This work was de-
veloped by Houssay and has now been extended to man (719).

Lindner (450) has shown that in many species the testis of the immature
animal secretes mainly the weak androgen, androst-4-ene-3,17-dione; at puberty
the secretion of testosterone begins to increase so that it becomes the main
secretory product. The concentration of testosterone in the peripheral blood of
man is low, but it is present in very low concentration in the blood of women as
well (527). The wide variety of actions possessed by androgens is most strikingly
demonstrated by the interesting work of Talalay and his colleagues (see 472),
who have shown that a number of androgens and similar inactive steroids will
induce the formation of enzymes capable of utilizing such steroids as the sole
source of carbon in Protozoa such as Pseudomonas spp. An important feature of
the actions of androgens is that the truly anabolic effect of testosterone (i.e., a
definite positive change in nitrogen balance) begins only at a time when all but
traces of the effective dose of the steroid have been metabolized and excreted by
the body (779a).

G. Specificity and overlap in the biological actions of steroids

1. Glucocorticoid activity. There is very little evidence that the majority of
steroids with pronounced estrogenic, androgenic, or gestational activity have
any activity at all in the liver glycogen assay. It is clear, however, that a large
number of steroids exist which possess both glucocorticoid and sodium-retaining
activity. However, the most striking fact is that the very potent and chemically
simple sodium-retaining steroid, deoxycorticosterone, is inactive in the standard
liver glycogen assay. Similarly, glucocorticoid activity is possessed by a large
number of synthetic steroids which have either no sodium-retaining action or
the effect of increasing the excretion rate of sodium.

On the other hand, Fried (250) has pointed out that the synthetic steroid,
9a-fluoro-118-hydroxyprogesterone, is like a ‘“‘skeleton key’” to many of the
receptors for steroid hormones. It thus possesses considerable glucocorticoid,
sodium-retaining, and progestational activities.

2. Sodium-retaining activity. No serious claim has been made that typical
androgens possess sodium-retaining activity, and the same is true for estrogens,
although the latter of course have profound effects on the movement of water
and salts in the primary and secondary sexual tissues. Certain gestagens, includ-
ing progesterone itself, have a weak but definite sodium-retaining activity (23,
250). On the other hand, this is complicated in some compounds by an action
which antagonizes the sodium-retaining activity of deoxycorticosterone in
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certain dose ranges, and which is almost certainly exerted on the renal tubule
(381, 431). The sodium-retaining activity of glucocorticoids has already been
discussed. One would emphasize again that these two types of activity can be
dissociated completely in many synthetic steroids, and that the two substit-
uents which are responsible for the appearance of the maximum glucocorticoid
activity in the matural steroid hormones, namely the 118- and 17a-hydroxyl
groups, reduce the sodium-retaining activity of the root steroid, deoxycorticos-
terone, 20- to 50-fold.

3. Estrogenic activity. The vast majority of glucocorticoids, sodium-retaining
steroids, androgens, and gestagens show no estrogenic activity in terms of their
effect on uterine weight and histology. Many steroids produce effects on the
histology of the vagina and its desquamated products, but close analysis of these
actions shows that they are nearly all different from the full picture produced
by estrogens (349). On the other hand, certain androgens, especially the A%:¢-383-
hydroxysteroids, come very close to producing a typically estrogenic effect on
the vagina of the rat and the mouse (e.g., 171).

Some recent synthetic steroids based on estr-5,10-ene-3-one undoubtedly
possess significant estrogenic activity at the same time as possessing very weak
androgenic or levator activity, and quite considerable progestational activity.
These findings are, however, subject to some of the reservations given later,
which make it impossible to state definitely that such steroids themselves interact
with the receptors for estrogenic activity. The number of steroids, often with
enormous potency as gestagens, androgens, or corticoids, which possess no estro-
genic activity is much more impressive than the small number of synthetic
steroids which possess estrogenic actions in addition to other types of action.
This is all the more striking when one considers the very large number of non-
steroids which are potent estrogens.

4. Androgenic activity. The androgenic activity possessed by typical gluco-
corticoids is certainly small. Despite the numerous statements that therapeutic
doses of anti-inflammatory glucocorticoids are often virilizing in women (see,
e.g., 84, 85; see 482, 627, 628), it is probably more correct to conclude that their
androgenic activity is either negligible or indirect. Up to 5% of a dose of cortisol
is metabolized to 17-ketosteroids which are themselves weakly androgenic and
many of the virilizing effects of cortisone could also be due in part to secondary
effects, such as alterations in the metabolism of androgens or synergy with them.
There is certainly no convincing case showing that glucocorticoids themselves
interact with the receptors for androgens.

On the other hand, there are several progestational steroids, including pro-
gesterone itself, which have some weak androgenic effects, although progesterone
has a general catabolic action in man (e.g., 194, 431). It is probable but not certain
that these steroids are interacting with the receptors for natural androgens.
This field needs further study because of the existence of a long-continuing
controversy over the clinical use of synthetic gestagens. Thus, numerous deriva-
tives of the 17a-alkyl-19-nortestosterone type have been produced with very
low androgenic activity in the usual assays. However, the majority of clinicians
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still hold that definite virilizing effects are found in a large proportion of women
who have been treated with these agents. The similar controversy over so-called
“anabolic”’ activity has been discussed above.

5. Progestational activity. While there are many weak androgens with pro-
nounced progestational activity (see Tables 5, 6) there are few, if any, very
active androgens with more than small progestational activities. Certain steroids
which have structural features of the glucocorticoids have low progestational
activity. Apart from certain 9a-fluorosteroids, however (250, 467), these com-
pounds either have no glucocorticoid activity at all or else are subject to the
reservations given below. They possess usually a 17a-acetoxyl group (see also
198, 216).

6. Antagonistic interactions between steroids and other agents. A large number
of antagonistic interactions of steroids has been described. Roberts and Szego
(587) treated fully the very complicated effects that have been observed on the
primary and secondary sexual tissues.

Since then, a number of simple antagonisms between androgens and estrogens
and between gestagens and estrogens have been studied, and a number of new
types of compounds with inhibitory or antagonistic actions have been discovered.
A number of these investigations (e.g., 204, 349) suffer from the defect that the
two agents have been administered as a mixed solution or suspension at one
site; because of the solubility properties of steroids, this procedure must be
avoided at all costs when looking for truly antagonistic actions. Edgren (204)
found that large doses of androgen inhibited the vaginal cornification caused by
estrogens but that gestagens and corticoids had no effect on this response; the
negative findings in this case can be accepted despite the above criticism. It
seems clear that the uterine growth response to estrogens is inhibited by the
majority of gestagens (205, 206, 207, 349) but the effect of androgens on this
response depends upon the conditions of the experiments and on whether the
histological characteristics of the response are taken into account (207, 348, 350,
587). Jackson and Robson (369) found that local application of methylcholan-
threne prevented the cornification of the mouse vagina by small doses of estra-
diol, the response of the seminal vesicle of the castrate rat to androgen, and the
progestational response of the rabbit endometrium to deoxycorticosterone. It
also prevented the mucification of the vagina of the mouse during pregnancy or
following the administration of progesterone.

Saunders (619) observed that estrogens have no antagonistic action on the
response of the seminal vesicles, ventral prostate, or levator ani of the castrate
rat to androgens. On the other hand, the reduction in growth-rate that is caused
by estrogens is reduced or prevented by androgens.

Potent antiandrogen actions have been found by Dorfman and others with
1- and 2-methyloestrone, 1,2-dimethyloestrone (366), a dodecahydrophenan-
threne derivative (191), and with two 108-fluoro-19-nortestosterone derivatives
(494). Studies of the possible antagonism by glucocorticoids of the endometrial
effects of progesterone in the rat (608) and in the mouse (760) gave conflicting
results.
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There is little convincing evidence at present that any compound has been
found with a definite antagonistic action towards glucocorticoids, in the sense
that is usually understood by pharmacologists. Thus, Wilson and Tishler (805)
mentioned that allodihydrocortisone (17,21-dihydroxyallopregnane-3,11,20-
trione) antagonized the anti-inflammatory effect of cortisone in rats, but there
is no supporting evidence and no indication of whether single or separate sites
of injection were employed. Similarly, Adams et al. (2) found that 21-acetoxy-
12a,17a-dihydroxypregn-i-ene-3,20-dione prevented the effect of cortisone
acetate on liver glycogen in a dose about sixteen times that of cortisone itself.
Again, there is no mention of the use of separate or single sites of injection, and
their finding remains unconfirmed. McGuckin and Mason (460) looked for an
antagonistic action of 16a,17a-epoxy-21-hydroxypregn-4-ene-3,11,20-trione
towards cortisone in the liver glycogen assay but found none. There are, how-
ever, suggestions that androgens do diminish or prevent the weight loss that is
commonly seen during treatment with large doses of cortisone-like steroids while
having no effect on their anti-inflammatory activity (e.g., 371a). Marshall et al.
(474) found that various 7-oxo- derivatives of A*®-38-hydroxysteroids had
antagonistic actions towards cortisone. In view of the instability of these com-
pounds, and doubt about their method of administration, these findings require
confirmation. It is highly unlikely that the discovery of a definite cortisone-
antagonist would remain unknown or unconfirmed for very long in view of its
potential importance in research and therapeutics.

Another interesting antagonism is that between heparin and glucocorticoids.
Quite apart from the earlier interesting findings of Thomas (730b) that heparin
inhibited the effect of cortisone on the Shwartzman reaction, it has been found
that the eosinopenic and lymphocytopenic effects of cortisone are antagonized
by heparin (302). That this antagonistic action is exerted at some stage fairly
remote from the initial step in the action of cortisone is suggested by the finding
that heparin is effective if injected up to 2.5 hours after the cortisone.

The only class of corticoid hormones to which steroid antagonists appear to
be have been demonstrated at all convincingly is that of the sodium-retaining
steroids. These antagonists are the spirolactone derivatives of testosterone and
19-nortestosterone which were discussed earlier in this article (384, 386, 402, 441,
442). These steroids have no effect upon sodium-excretion in adrenalectomized
animals or in human patients with Addison’s disease (441, 442) and as far as the
crude response of the whole organism is concerned they appear to be true an-
tagonists. The only cause for doubting this is the very large dose that is needed
for effective action. This is of the order of 1 to 10 X 10? times the effective dose of
the compound antagonized (e.g., 386). Much less easy to evaluate are the findings
of Sturtevant that a number of steroids antagonize the hypertensive action of
deoxycorticosterone and lower the blood pressure of rats rendered hypertensive
by previous treatment with deoxycorticosterone and a high-salt diet (689, 690,
692, 693, 696, 697, 701). These effects are of relatively small magnitude and were
obtained with estrogens, androgens, and “anabolic” steroids or their closely re-
lated analogues. Similar findings with two nonsteroid substances (dihydroxy-
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stilbenenitriles) seem even more questionable in view of the admitted toxicity of
such substances (691).

A large number of nonsteroid estrogens and antagonists to estrogens are now
known. These are of little help in understanding structure-activity relations
among the steroids themselves and will not be discussed here.

H. The significance of spectficity and overlap of the biological activities of steroids

At first sight this subject appears to be extremely confusing. Many pharma-
cologists are, in fact, tempted to throw up their hands in horror and assume that
the field of steroids is too difficult to be analyzed with profit at present. The situa-
tion is not actually quite as bad as all that, as long as one takes into account the
semantic difficulties which arise in a field in which assays are carried out in the
whole animal, and in which the responses that are measured take anything from
6 hours to 16 days for their completion. It is impossible in such a situation to
avoid calling the responses by names which convey far more precision than they
really possess. Those familiar with drugs giving responses which are rapid and
which can be obtained with isolated tissues are aware of the difficulty of making
firm statements about structure-activity relations, or of identifying particular
types of receptors for such drugs. It is obviously much more difficult when the
whole animal is involved, but practical requirements force us to call such re-
sponses by names which have the same implication as those used to describe
the faster and more clear-cut effects of drugs with simpler actions.

In defining the types of activity under consideration, the reviewer has there-
fore based most of the discussion which follows on one type of assay for each
type of biological activity, in each case the one which comes nearest to being the
necessary type of activity for that class of biological activities. At least by doing
this one finds that the commonest assays are being considered, and hence the
ones for which there is the largest amount of information available. It is now a
commonplace that the known “‘effects” of steroids, and of many other types of
hormone, probably all represent the results of long and complicated chains of
events. The direct action of the steroid at its target organ, tissue, or molecular
structure is what really interests us in most discussions of structure-activity rela-
tions; we want to know the first link of this chain of events and we want to know
about it in molecular or chemical terms. Despite the existence of many interesting
and suggestive leads, there is as yet no steroid for which it is certain that any par-
ticular type of cell or structure is its first target of action; nor is there any cer-
tainty whether one or several types of receptor are involved.

Nevertheless, much can be inferred about the structure-activity relations of
steroid hormones and their analogues if certain facts are taken into account. First
of all, the overlapping actions of steroids are not much more extraordinary than
those found in other classes of pharmacologically active substances when the
magnitude of the overlap is examined. Thus, aldosterone has a glucocorticoid
activity approximately equal to that of corticosterone, but its sodium-retaining
activity is approximately 400 times that of corticosterone (23, 663, 679). Simi-
larly, many compounds described as having weak estrogenic activity are in fact
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only Y40 or {00 as active as estradiol (e.g., 69, 171, 347, 366, 367, 407, 465,
560, 759). When in addition one remembers that steroids are notoriously difficult
to purify and that the synthesis of steroid analogues nearly always involves a
large number of chemical reactions, in some cases microbiological, it becomes less
surprising that certain steroids are reported to have biological activities in the
range of 0.1 to 1.0 % of that of a natural steroid with a different type of activity.
Finally, it will be seen below that the metabolic alterations that are undergone
by steroids play a significant and often considerable part in determining the
magnitude and even the range of their biological activities. Although this argu-
ment can be overdone, it is by no means negligible in certain cases. Thus, for
instance, it is now clearly established that testosterone is converted to estradiol
to a small but significant extent (30, 607a). Chemically, this conversion is of
marginal interest, but because of the very high molar biological activity of
estradiol compared with that of testosterone, it is undoubtedly of significance. It
is important, however, to assess the weight of this argument quantitatively in
each case (see below).

Finally, we must consider the inadequacy of statements which are based entirely
upon one type of assay. While the comparison of structure-activity relations among
steroids of moderate or large potencies within one class of biological activitiesisbest
made on the basis of one well-established type of bioassay, it does not follow that
the discussion of overlapping activities should be conducted similarly, especially
when low potencies are being considered. Thus, for instance, a weak activity in
depressing the blood pressure of rats treated with deoxycorticosterone would be
expected of a wide variety of agents other than steroids [and indeed is found
(689)]. Similarly, many steroids and some nonsteroids may cause an increase in
the weight of the uterus of a spayed or immature mouse or rat or have “anti-
inflammatory’’ actions; before such effects are classifiable certainly as “estro-
genic,” or “anti-inflammatory,” it is necessary to examine their histological and
functional characteristics.

I. Dissociation of the biological effects of steroids

The question of the dissociation of the different types of activities of steroid
hormones is closely related to that of the specificity and overlap of their actions.
All three topics bear on a discussion of the chemical nature of the receptors for
these agents, and of whether or not their receptors are the same or different in
the various tissues which are affected by them. It is impossible to answer
questions such as these until unequivocal evidence has been obtained that the
“effects” seen in different tissues and organs are indeed due to a ‘“direct action”
of the agent on the tissue concerned. Thus, for instance, it is known that insulin
in concentrations close to or identical with those found to be effective #n vivo pro-
duces effects on many different isolated mammalian tissues which are similar to,
or accounted for by, those it produces on these organs in vivo (see 602). It is
justifiable to conclude that receptors for insulin probably exist in all these tissues.
No such clear evidence is available for steroid hormones and their analogues be-
cause of the lack of effects in vitro which would explain convincingly their actions
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in vivo. Nevertheless, some evidence does exist which suggests that certain effects
of steroids are most probably due to receptors in the tissues in which these effects
are observed.

The only way of showing by means of tests in vivo that local receptors exist is
by demonstrating a clear-cut local action of the agent with doses which produce
little or no effect on other tissues. Dissociation of the effects obtained by systemic
administration of the agent, while often seeming to be very suggestive, is always
open to doubt because of the numerous factors which determine the distribution
of the agent in the body. It has been emphasized elsewhere that the steroids are
especially prone to be affected by such factors (124a) because of their markedly
varying solubility properties, their strong tendency to associate with specific
or nonspecific substances of high molecular weight (504, 505, 612, 632), and the
importance of metabolic reactions in determining their elimination from the or-
ganism. The following pieces of evidence seem to be strong enough to suggest that
certain steroids do in fact interact with receptors in more than one tissue or type
of cell.

Sufficiently low doses of aldosterone and of 9a-fluorocortisol when injected
into one renal artery produce their usual effects on sodium excretion by the
kidney supplied by that artery while having no effect on the opposite kidney
(39). On the other hand, aldosterone quite definitely has a moderate potency in
causing an eosinopenia and in causing a deposition of liver glycogen (679). There
is no evidence that the latter two actions are dependent upon the first, and, apart
from its improbability, the demonstration of a local renal effect makes it un-
necessary to consider that the first effect might be dependent upon either of the
latter effects. Again, 9a-fluorocortisol and other 9a-fluorocorticoids produce
changes in the electrolyte and fluid distribution of the adrenalectomized dog in
crises that occur in the absence of, in fact in spite of, any change in renal ex-
cretion (707, 709). However, the best evidence for the existence of both renal and
extrarenal receptors for sodium-retaining steroids has been obtained with syn-
thetic steroid analogues which are not secreted in vivo (709). Aldosterone is at
present notable for its lack of extrarenal effects on electrolyte and fluid distribu-
tion (710).

Similarly, many local anti-inflammatory and cytological effects of cortisol
and similar steroids can be obtained in the absence of any of the systemic effects
seen with oral or parenteral administration. The majority of such local actions
have the same histological and histochemical characteristics as those produced by
systemic administration (33, 193, 273, 427, 428, 429, 629, 747a). Although it is
not certain whether the liver glycogen response is due to a direct action
of glucocorticoids on the liver itself, it can be obtained with doses that cause
little or no anti-inflammatory effect. However, early claims of the demonstration
of a direct glycogenic action of adrenocortical extract on liver slices in vitro (143a)
were not confirmed by subsequent work in the same laboratory (50b).

It is only fair to add that most workers in the field would consider this approach
too critical. They would agree that Sayers’s theory of the ‘“ubiquitous role” of the
adrenocortical steroids (629) is not tenable today in its original form, but they
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would accept the idea that a very large number of types of cell possess receptors
for both glucocorticoids and sodium-retaining steroids. To the reviewer, this
seems undoubtedly to be a sensible working hypothesis, but apart from the one
or two clear pieces of evidence considered above there seems to be considerable
room for further work before it can be established firmly. Certainly, few would
disagree that the evidence is insufficient to demonstrate the existence of a definite
number of recognizable classes of receptor for these two types of steroid hormones.

An important topic in this field is the question of the possibility of dissociating
the undesirable ‘‘side-effects” from the therapeutically useful anti-inflammatory
effects of cortisone-like steroids. There is no doubt that the sodium-retaining
effects of such steroids can be reduced or eliminated by chemical modifications,
while their glucocorticoid and anti-inflammatory effects are retained or enhanced
(5, 8, 16, 63, 64, 65, 116, 509, 578, 667, 681, 727, 728, 737). It is unlikely that this
dissociation is due to the effect of the chemical modifications upon factors such
as the distribution or elimination of such analogues; it is almost certainly the
result of differences in the interactions of these steroids with the two or more
types of receptor that are involved in the two gross effects under consideration.
On the other hand, the vast majority of the cortisone-like steroids show little or
no dissociation of their glycogenic and anti-inflammatory activities. This is true
for many hundreds of compounds with activities ranging from 0.1 to 200 times
that of cortisol itself (Table 1). One or two compounds, however, do show sig-
nificant and regular alterations in the ratio of these two activities. In the case of
the 9«,118-dihalogeno-11-deoxyprednisolones, a complete dissociation has been
obtained, but their anti-inflammatory activity is obtained only with local appli-
cation, a finding which is subject to reservations. Among a number of analogues
the removal of the 21-hydroxyl group reduces the glycogenic activity of the ana-
logue much more than it reduces its anti-inflammatory activity. Probably the
most striking effect of this sort is seen with 17a-acetoxy-21-deoxy-9a-fluoro-6a-
methylprednisolone (467, 633, 683), although, again, the evidence drawn from lo-
cal anti-inflammatory activity (633) is of questionable interpretation. Therange of
solubility properties possessed by the known 21-deoxysteroids which show this
partial dissociation of activities seems to be too great for the dissociation to be
entirely explicable in terms of differences in their distribution or metabolic elimi-
nation, but further investigation of this point is urgently needed. Even if such
factors turned out to be the main reason for the dissociation of activities, a fuller
understanding of them might well lead to the synthesis of analogues with thera-
peutic advantages.

With the steroid sex hormones and their synthetic analogues, there is far
stronger evidence that receptors for them exist in many tissues. This is clear from
the local application of estrogens and androgens to the vagina of many species
(347, 348, 350), and of minute doses of estrogens and gestagens to segments of
the uterus that have been isolated by ligatures (see 675). Similarly, androgens
and estrogens produce effects confined to the skin (33), and androgens produce
enlargement of the capon’s comb (507) when these compounds are applied locally
in very small doses. It could reasonably be held that the clear-cut demonstration
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of widespread receptors for steroid sex hormones is a justification for accepting
the hypothesis that the same is probably true of the receptors for glucocorticoids
and sodium-retaining steroids.

In the case of major types of activity, the dissociation of the biological activi-
ties possessed by natural steroid hormones is fairly easily understood in terms of
the presumed natural receptors for these types of activity. However, even with
such major types of activity, the assumption that interaction or lack of interac-
tion with natural receptors is the cause of the dissociations that are seen is only an
assumption until proven by a detailed analysis. When the biological activity in
question is a minor one, or one which has not been subjected to detailed analysis,
this assumption is particularly doubtful. With extensive chemical modifications
it becomes likely that steroid (or other) analogues interact with receptors which
are not affected by the natural steroid hormones. Thus, for instance, one cannot
be sure that the receptors for the “lipid-shifting” activity of such analogues as
16-methylestr-5,10-en-178-0l-3-one are the same as those for the “lipid-shifting”
activity of estradiol itself (cf., e.g., 196, 562, 761).

III. THE INTERPRETATION OF THE RESULTS OF BIOLOGICAL ASSAYS
OF STEROIDS

The complications that arisc in the interpretation of biological assays of
steroids have been discussed in detail elsewhere. When assays are carried out
using slow responses in the whole organism, their design has a very considerable
influence on the relative importance of the numerous factors that determine the
magnitude of the response (124a, 559, 660, 661, 737).

Many of the factors involved have been discussed above. Briefly, most steroids
are relatively insoluble substances, but their solubility in water and their parti-
tion coefficients between water and nonpolar solvents or lipids vary very con-
siderably. Hydroxylic steroids can be esterified to yield a variety of lipid-soluble
esters which are very poorly soluble in water and usually very slowly absorbed
after subcutaneous or intramuscular injection. In general, the larger the molecular
weight of the monocarboxylic acid the lower the solubility and rate of absorption
of the resulting steroid ester (e.g., 271, 338, 339, 340, 607). Steroids can also be
esterified with succinic or phosphoric acid to give hemisuccinates or monosteroid
phosphates which are very soluble in water and extremely rapidly absorbed
(e.g., 729a).

Most assays for steroids are standardized so as to obtain the maximum pre-
cision, sensitivity, reproducibility, and specificity of the response that is com-
patible with a procedure that is convenient and economical. An excellent ex-
ample of this process is the paper of McPhail (463) on the Clauberg assay for
progestational steroids.

While the usual criteria of parallelism and linearity of log-dose/response curves
have been employed, the relative potencies of different steroids reported by
different groups of workers are often very different, and there are several ex-
amples of gross differences between the successive reports of the same group of
workers (e.g., 182, 500). A more important defect is that certain assay procedures
are designed so that factors other than those connected with the interaction of
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the agent with its receptors are maximized rather than minimized. Since such
factors are likely to play a greater role in the assay of steroids than in other classes
of substances which are more water-soluble, these assays convey a very dis-
torted picture of the effectiveness of certain synthetic steroids in interacting with
their receptors. Thus, for instance, Stafford and his group have usually carried
out the liver glycogen assay by giving one subcutaneous injection of the steroid
in aqueous suspension and then killing the animals and removing their livers for
analysis 7 hours later (682, 683). This assay maximizes the influence of the ab-
sorption and metabolic elimination of the steroid upon its apparent biological
activity; this influence is further increased by the use of the relatively rapidly
absorbed and metabolized steroid cortisol as the standard, while the majority
of the analogues the authors have assayed were administered in the form of their
acetates which are usually, although not invariably, more slowly absorbed (660,
661). Silber and his group on the other hand have used a similar period for the
deposition of liver glycogen but have divided their dose into hourly or hali-
hourly injections, thus minimizing the influence of the rates of absorption and
elimination of the different steroids under test (559, 660, 661). The relative po-
tency of certain analogues has differed by as much as 20- to 30-fold when assayed
by these two types of procedure. Dorfman et al. (191a) have shown that the
thymolytic potency of 14a-hydroxycortisol is 0.12 X cortisol in the rat but 1.0
X cortisol in the mouse, when given subcutaneously. When given orally in the
rat, its potency is 0.19 X cortisol. Leathem and Wolf (434) found that 9a-chloro-
cortisol acetate was eleven times as potent as deoxycorticosterone acetate in a
single dose, and of equal potency in daily doses, in the life-maintenance assay in
rats.

The effect of chemical modifications of a natural steroid upon these secondary
factors is not always predictable (659). It is fairly clear, however, that a detailed
analysis of the relative potencies of steroid hormones and their analogues needs
far closer attention to this sort of detail than can be expected in routine screening
assays. In general, amorphous suspensions or solutions in a hydrophilic oil or
solvent will be absorbed more rapidly than crystalline suspensions or solutions
in viscous hydrophobic oils or waxes (90, 618). Again, it is usually true that the
more hydrophobic the steroid the less rapidly it is absorbed parenterally. This
was very thoroughly examined and correlated with variations in biological ac-
tivity in the studies by Kochakian (423, 424) on the renotrophic actions of very
nonpolar (hydrophobic) androgens and their derivatives. It is not uncommonly
found that very hydrophobic steroids are better absorbed by the oral route than
by parenteral administration (424).

Differences in absorption can have striking effects upon assays using local
applications of steroids, such as in the local anti-inflammatory assay in which
the cotton-wool used to stimulate granuloma formation is soaked in a solution
of the steroid to be assayed. Thus, sodium prednisolone phosphate is quite in-
active in this test unless doses are used which are large enough to give a systemic
effect, because it is rapidly absorbed from the pellet (Silber, personal communica-
tion). On the other hand, the racemic synthetic dl-cortisone acetate, which has
half the activity of natural d-cortisone acetate in the liver glycogen assay (systemic
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administration) is much more active than d-cortisone acetate in the local granu-
loma assay. Sarett and his colleagues (558) pointed out that this is almost cer-
tainly due to the very low solubility of the racemate, since the activities of differ-
ent esters of d-cortisone are correlated inversely with their relative solubilities
in water (558, 583). Bush and Truelove (unpublished) found that al-
though sodium cortisol hemisuccinate, which is highly effective in the local treat-
ment of ulcerative colitis (Truelove; see 769), was well absorbed from the colon
after administration as an enema, there was little evidence of any systemic effect
as judged by the absence of any suppression of urinary excretion of dehydro-
epiandrosterone and other metabolites of adrenocortical steroids. Wade et al.
(769) obtained some suppression of adrenocortical secretion by rectal administra-
tion of cortisol but used much larger doses; this apparent reduction of the usual
systemic effect of cortisol may well have been due to the metabolic degradation
of cortisol in the colon by the bacteria normally present (769).

1V. THEORIES OF THE NATURE OF THE ACTIONS OF HORMONES

The hope that direct effects of hormones on enzyme reactions would be dis-
covered remains unsatisfied in the sense that although some direct actions have
been found #n vitro with hormones in concentrations close to those found n vivo,
there is considerable doubt as to whether these actions represent the molecular
basis for their characteristic biological activities in vivo. It is a common view of
biochemists that this type of action must be the basis of hormonal activity be-
cause the rate-limiting steps in metabolic pathways are most likely to be the
points at which regulators of metabolic activity would exert their effect. On the
other hand, physiologists and pharmacologists have always emphasized the
importance of the rate-limiting steps in metabolism caused by barriers to the
transport of substances from one part of the organism to another (see 124a).

A large number of workers in this field are now tending to search for hormonal
effects on the permeability of cellular and intracellular membranes, rather than
to pursue the search for direct effects upon enzymic reactions (172, 308a, 309a).
A considerable impetus to this return to earlier concepts has been given by the
demonstration that a large number of the effects of insulin (602) and of vaso-
pressin (7, 756) are probably due to effects upon the permeability of cells. The
work discussed earlier on the stimulation by estrogens of the uptake of water by
the uterus, the profound effects of the adrenocortical steroids on the distribution
and excretion of water and electrolytes, and the effects of steroids and
other agents on the permeability of cells to the nonmetabolizable a-aminoiso-
butyric acid (524) have all supported this trend of thought. It is still true, how-
ever, that these effects upon the permeability of cells may themselves depend
upon enzymes or upon transport systems which have many of the properties of
enzymes.

A more specific type of theory of how steroid hormones might affect cellular
permeability to ions has been developed in great detail by Wilbrandt and his
colleagues (791-796; ¢f. 638). This theory postulates that the sodium-retaining
corticoids act as lipid-soluble carriers for metal ions. It is generally supposed that
the specific permeability properties of cellular membranes for different types of
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cations are due to the existence of substances with specific affinities for these
cations. The compound thus formed is usually supposed to be hydrophobic in
character in order to enable it to penetrate the lipid membrane of the cell. A
number of naturally occurring substances have been proposed as possible carriers,
but none of them has sufficient specificity of its affinities for sodium and potassium
to account for the observed properties of cell membranes with respect to these
ions.

As stated, Wilbrandt’s theory seems to be untenable. First, there is no good
evidence that the ketol side-chain of the natural sodium-retaining steroids can
form the sort of chelates that he postulates, or that their stability or solubility
properties would be sufficient for a carrier function. Secondly, a fair number of
21-deoxy steroids are now known which have considerable sodium-retaining

Fi1c. 1. Strophanthidin
Notice the 58-hydroxyl and the 148-hydroxyl. Because of the cis A/B and C/D ring-
junctions, rings A and D are strongly bent back to the a-side (i.e., as if below the plane of
this page).

activity (e.g., compounds 117, 120); while it is possible that a small part of their
activity might be due to metabolic conversion to the related 21-hydroxysteroids,
it is very unlikely that this conversion would be sufficient in magnitude to explain
their biological activity on this basis (see below). It thus appears that the sodium-
retaining activity of steroids is not dependent upon the possession of the a-ketol
side-chain of the natural corticoids. Chelates could not be formed with simple
steroid 20-ketones. Finally, a simple feature of steroid stereochemistry has been
overlooked. It was suggested that the unsaturated lactone ring of the cardiac
glycosides has the same configuration as the supposed chelate formed by the
a-ketol side-chain of sodium-retaining steroids, and that hence it could block
receptors in cell membranes which combined with the first chelate to produce a
completely lipid soluble metal-carrier complex. Since the final complex was sup-
posed to be produced by the addition of a second chelating substance to the first
chelate, thus forming a chelate of the X.M.X. type, the theory gave a consistent
and reasonable account of the supposed competitive process. However, the stereo-
chemistry of the A/B and C/D ring junctions is quite different in the two types
of steroid; in the cardiac glycosides both these junctions are cts (i.e., 5 8-H; 14
B-OH) while in the natural steroid hormones they are both trans (i.e., 5 o-H or
A%5; 14 a-H). This means that, despite the apparent resemblance of the struc-
tural formulae as usually written, the cardiac aglycone is a bunched up molecule
with both the A- and B-rings strongly ‘“bent” back towards the a-side of the
plane of the C- and D-rings (Fig. 1). In three-dimensional structure, then, the
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cardiac aglycone molecule is quite unlike the more or less planar molecule of the
natural steroid hormones, and from what we know of the biological activities of
these steroids, it is unlikely, although not impossible, that competitive interac-
tions will occur between these two classes of steroid. At present, then, it seems
unlikely that sodium-retaining steroids act by playing the part of membrane
carriers for metal ions. The idea is even more improbable as an explanation of the
activities of other classes of steroid hormone in which no potentially chelating
groups exist in most of the active compounds of the series.

Another interesting theory is that of Willmer (802a) in which it was proposed
that the arrangement of lipid molecules of different types in cellular membranes
might be altered by the incorporation of steroid molecules into the membranes.
Using the bimolecular lipid leaflet theory of the structure of such membranes,
he suggested that steroid hormones could be incorporated into the leaflets as
pairs arranged end-to-end with their lengths roughly parallel to the fatty acid
chains of the membranes. While there is no evidence for or against such a picture,
the original theory lays considerable emphasis on the dipolar nature of most
steroid hormones and the stability this would give to an end-to-end arrangement.
It must be pointed out that monofunctional analogues of several classes of steroid
hormones have now been shown to be biologically active under circumstances in
which metabolic conversion to dipolar compounds is highly unlikely to have
occurred to any great extent (175, 347, 424; compounds 328, 344, 355, 356, 466).

A highly original theory of the mode of action of steroid hormones which does
depend upon a direct interaction with an enzyme system is that of Talalay and
Williams-Ashman and their colleagues (724).! These workers showed that a rela-
tively crude preparation of isocitric dehydrogenase from placenta was coupled
with triphosphopyridine nucleotide (TPN) and not diphosphopyridine nucleotide
(DPN) as had been previously thought by Villee, who first demonstrated that
this system was activated by minute concentrations of estradiol (763). They also
found that the preparation contained a steroid-178-ol dehydrogenase capable of
converting estradiol to estrone with either DPN or TPN as a coenzyme. They
therefore suggested that by coupling the two coenzymes with the dehydrogenase
and estradiol the system could act as a transhydrogenase according to the follow-
ing equations:

estradiol + DPN = estrone + DPNH
estrone + TPNH = estradiol + TPN

Resultant DPN + TPNH = DPNH + TPN

Talalay and his group found that this transhydrogenation was very sensitive
to the conditions employed, in particular that it was very prone to substrate in-

! Here and in the sections which follow the following abbreviations are used.
DPN': Coenzyme 1, or diphosphopyridine nucleotide.
DPNH: Reduced diphosphopyridine nucleotide.
TPN: Coenzyme 2, or triphosphopyridine nucleotide.
TPNH: Reduced triphosphopyridine nucleotide.
ADP, ATP: Adenosine diphosphate, and triphosphate.
UDPG: Uridinediphosphoglucose.
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hibition at relatively low concentrations of coenzyme and steroid. The system
was quite active with concentrations of estradiol of around 10~7 M. These authors
proposed that this action could well be the molecular basis of the action of estro-
gens and that, since other oxidation-reductions of steroid oxygen functions could
be coupled with either DPN or TPN as coenzyme, the same type of transhydro-
genation could be catalyzed by other steroid hormones. They were subsequently
able to show that transhydrogenation could indeed be catalyzed by the steroid-
3a-0l dehydrogenases (721, 722, 724a). Talalay and Hurlock later isolated
a highly purified steroid-118-ol dehydrogenase from rat liver (352a) ; this prepara-
tion was similarly effective with either DPN or TPN as coenzyme and cortisol
as the steroid, but they were unable to find conditions in which transhydrogena-
tion was achieved.

Talalay and Williams-Ashman therefore made the imaginative proposal that
at least some of the enzymes that had previously been thought to be concerned
only with the metabolic inactivation of steroid hormones, and which had little
or no coenzyme-specificity, were in fact transhydrogenating systems in which the
supposed steroid substrate was playing the role of coenzyme and the supposed
pyridine nucleotide coenzymes were in fact the substrates. Numerous objections
have been raised to the idea that this type of effect is the molecular basis of the
actions of the steroid hormones. In the first place, a large number of steroids are
now known in which the supposedly specific oxygen function that undergoes the
necessary oxidation-reduction is a secondary hydroxyl group known to be re-
sistant to oxidation in the body, or else has been converted to a tertiary hydroxyl
group with a similar resistance to oxidation. Typical examples are 17a-methyl-
testosterone (androgen), 17a-methyl- and 17a-ethinylestradiol (estrogen), 2a-
methylcortisol, 9a-fluorocortisol (124a) and other 9a-fluorosteroids, and 12a-
fluorocorticosterone (glucocorticoids). Second, Talalay and Hurlock showed that
the steroid 3a-ol dehydrogenase is slightly more active in transhydrogenation
with the androgenically inactive steroid etiocholanolone than with the active an-
drogen, androsterone. Further difficulties are discussed in the reviews by Villee
(764a) and Talalay (724a) and in the general discussions after them.

Villee has now succeeded in separating from the placental system three en-
zymes, two with 178-ol dehydrogenase activity. One is a strictly DPN-dependent,
and another a strictly TPN-dependent 178-ol dehydrogenase; the third is a
transhydrogenase (DPN/H/TPN) which is sensitive to activation by estradiol
in minute concentration but which has no steroid 178-ol dehydrogenase activity
(763, 764a). To the reviewer it seems that the biochemical niceties of the enzyme
system are of considerable enzymological interest (although confirmation of
Villee’s findings is needed) but that there is little at present to suggest that this
in vitro phenomenon has any bearing on the molecular basis of the actions of
estrogens or of any other class of steroid hormones.

An important obstacle to the original theory was the estrogenic activity of the
many stilbestrol derivatives, and of other estrogens, steroidal and nonsteroidal,
which have no secondary hydroxyl groups which would be capable of undergoing
oxidation-reduction with the steroid-178-ol dehydrogenase. Williams-Ashman
et al. (724a, 802) have now found that a similar transhydrogenation can be per-



360 BUSH

formed by a phenolase and by a peroxidase found in extracts of potato and mush-
room. The former involves the orthohydroxylation of the phenol followed by
catechol-o-quinone oxidation-reduction; the latter involves the formation of a
free radical. There is no doubt that these authors have made an elegant analysis
of the metabolism of various phenolic steroids by such enzymes of vegetable ori-
gin and have shown that synthetic nonsteroidal estrogens are metabolized in the
same way. Despite the fact that the concentration of peroxidase in the uterus is
increased by the action of estrogens, there is as yet no evidence that similar re-
actions are undergone by estrogens in the uterus, nor is there any evidence that
such reactions, if they exist, play any role in the uterine response to estrogenic
action (see 372a, 730a).

Another general theory of the molecular basis of the actions of steroid hormones
is that they influence the formation of enzymes rather than that they affect the
rates of enzymic reactions directly. As discussed previously, there is a large
number of results which support this supposition at first sight in that
large changes in the concentration of many enzymes have been produced by the
administration in vivo of all classes of steroid hormones. Some of them undoubt-
edly make physiological sense in that the metabolic changes produced by the
steroid could be due simply to an increase in the concentration or “effective ac-
tivity”’ of the enzyme in question. This is particularly striking in the case of the
effect of glucocorticoids on the dipeptidase of muscle (597) and on the glutamate-
pyruvate transaminase of liver (598, 599, 600). There is little doubt, however,
that these changes in enzyme concentration are in fact the consequence of other
effects of the steroid on metabolism rather than the other way about, and that in
many cases they are produced by the simple mechanism of induction by in-
creased production of their substrates. The only case in which a steroid has been
shown to increase the concentration of an enzyme in circumstances where sub-
strate-induction is apparently inadequate to explain the results is that of
tryptophan peroxidase (420, 421). It is possible that the increase in the activity
of proline oxidase of kidney produced by cortisone also falls into this class (755)
but this is not yet proven.

It is possible that the theories sketched above attempt to be too precise for the
present stage of our knowledge. It is more than probable, for instance, that many
processes exist in living organisms which cannot surely be classified as typically
enzymic or carrier-like. The present insolubility of the problem of the molecular
basis of the actions of steroids may well depend upon our incomplete knowledge
of the nature of some of these processes. What does appear to be significant is that
despite an enormous amount of work in this field, indubitably specific hormonal
effects on tissues ¢n vitro are extremely rare compared with the protean manifesta-
tions observed in vivo, and that no such effects have been found with steroids
in cell-free preparations in vitro. Those effects which have been obtained in vitro
are almost all unspecific in the sense that the relative effects of different steroids
bear no relation to their relative effects 7n vivo, and the concentrations at which
they are achieved are many orders of magnitude greater than the concentrations
found under any natural circumstances in vivo. While there is no reasonable ex-
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planation of this lack of specificity in terms of known metabolic or other
secondary factors, there are good reasons for supposing that these actions can be
explained in terms of the known physicochemical properties of steroids considered
merely as chemical agents.

V. METABOLIC FACTORS AFFECTING THE BIOLOGICAL ACTIVITIES OF
STEROID HORMONES

A. Metabolic pathways leading to the elimination of active steroids

For many years the metabolism of the steroid hormones was studied in the
hope that some features of their metabolic fate might explain their biological
activities. For the last fifteen years, however, it has been generally believed that
most of the pathways that have been discovered are essentially ‘‘detoxication’
reactions, the main biological function of which is to remove the active hormones
from the organism. Despite the stimulating theories of Talalay and his colleagues
(724, 724a) suggesting otherwise, the latter view prevails today; there are ex-
cellent reasons for this (488). As with most natural humoral agents, the steroids
are no exception to the rule that the biological activity of any pharmacological
agent is very dependent upon the processes that lead to its destruction and excre-
tion from the organism (e.g., 24). It is an essential feature of any control system
that it must be able to operate in both positive and negative directions; ‘“switch-
ing off’’ is as important as ‘“‘switching on.”” Where humoral agents are concerned,
negative influence can be effected only by the production of antagonists or by the
removal of the active agent from its site of action (see 24, 398, 448). Natural selec-
tion has apparently led to a predominance of the latter mechanism.

The study of the metabolism of steroids in the last ten years is dealt with very
thoroughly in the valuable reviews of Lieberman and Teich (448), Gallagher et
al. (267), Roberts and Szego (588), Callow (132), and of Katzman and Doisy
(398). Berliner and Dougherty (54c¢) have also discussed this field in a recent
review (54c). Although the pathways are seemingly complicated when all the
manifold stereochemical details are dwelt upon, they can now be reduced to a
surprisingly simple set of general rules. Because of this, it is no longer necessary
to consider the different classes of steroid hormones separately; instead it is
much more helpful to consider the reactions of different types of substituent
quite independently of the type of steroid in which they are found.

1. Metabolism of the 4 ,5-double bond. This double bond is found in all the major
steroid hormones, with the exception of the estrogens, in conjugation with a 3-
ketone group (Fig. 2). The vast majority of the known metabolites of all non-
benzenoid steroid hormones lack this double bond (Fig. 3), and its reduction in
the liver probably represents the rate-limiting step in the metabolic inactivation
of these hormones (742, 743). Tomkins and his colleagues have studied the re-
sponsible enzymes very thoroughly, and have found that crude preparations of
rat liver will reduce the 4,5-double bond of many A%-3-ketosteroids when a
TPNH regenerating system is present. Further purification led to the isolation of
a variety of enzymes with much greater substrate specificity, which could be
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Fi1g. 3. Four principal urinary metabolites of cortisol in man
(a) Tetrahydrocortisone; (b) tetrahydrocortisol; (c) cortolone; (d) cortol. Note the
58-hydrogen (A/B junction, cts). The 5a-epimers of (b) and (d) also occur in human urine.
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shown to be specifically dependent upon TPNH as hydrogen donor. Two types of
product result from the reduction of this bond: the 5a-(H)-steroids with a trans
fusion of the A and B rings, and the 58-(H)-steroids with a cts fusion. The re-
duction of the 3-ketone group does not occur in vivo as far as is known in the
A*-3-ketosteroids; it proceeds very rapidly and completely after the reduction of
the 4,5-double bond has occurred (742, 743). It is now known that similar reac-
tions are undergone by aldosterone (537, 750a).

The proportions of the two isomers produced by the reduction of any one
steroid probably depend largely upon the relative concentrations or ‘‘effective
activities” of the two classes of enzyme that carry out the reduction. It is known
that the enzyme giving the 5a-(H) product (‘“5a-enzyme”) is found in the
microsomes of homogenates of rat liver while the 58-enzyme is found in the cell
sap (742, 743, 744). Furthermore, the concentration or ‘“effective activity” of
the 5a-enzyme is increased greatly by the administration of thyroxine to rats
(461, 462). The same effect is probably one reason for the greatly diminished
rate of elimination of cortisol by human beings with hypothyroidism, its res-
toration to normal in these subjects by the administration of thyroxine, and its
greatly increased rate in patients with thyrotoxicosis (¢f. 124, 310b, 343, 541).
This reduction is subject to a number of sources of variation. Thus, the guinea
pig is at present unique in showing an almost complete absence of this reaction,
so that the major fraction of the recognized urinary metabolites of cortisol is
made up of steroids with the A*-3-ketone group remaining intact (118, 119).

An important general rule was proposed by Dorfman (see 132) on the ratio of
5a-(H) to 58-(H) steroids to be expected with different steroid precursors, to
the effect that in man roughly equal amounts of the two epimeric forms would
be expected from the C,y steroid hormones without 11-oxygen functions; that
about 80% of the product from an 11-oxygenated C;y steroid would be in the
5a-(H) form; and that about 95 % of the product from a C,, steroid would be in
the 58-(H) form. This rule has been confirmed on the whole, although the ratio
of 5a-(H)- and 58-(H)-metabolites of 11-deoxy-C,s steroids is subject to fluctua-
tions between ratios of 2:1 to 1:2, partly or largely under the influence of the
effect of thyroxine (310b). The recent emphasis on the 5a-(H) metabolites of the
corticoids does not detract seriously from the validity of Dorfman’s rule (125,
240a).

2. Metabolism of secondary hydroxyl and ketone groups. All secondary hydroxyl
and ketone groups must be considered as probably or at least potentially inter-
convertible unless proved otherwise. Such oxidation-reduction reactions are
extremely common in all living tissues and occur with a very wide variety of
substrates (560a, 643, 720, 721, 723, 724a). There are either a very large number
of enzymes carrying out this type of reaction with considerable substrate speci-
ficity, or else at least a fair number of such enzymes with rather low substrate
specificity. The enzymology of these reactions has been reviewed admirably by
Talalay (720, 721) who has dealt with both mammalian enzymes and those found
in micro-organisms, and by Tomkins (742) who concentrated on the enzymes of
mammalian liver. A most stimulating account of the stereochemistry of this
type of reaction in micro-organisms has been given by Prelog (560a).
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Reactions of this type are dependent upon the pyridine nucleotides for the
transfer of hydrogen. In the case of the steroids, it is usually found that even
relatively pure preparations of enzyme carry out the reaction with almost equal
facility with either DPN or TPN as hydrogen acceptor in the system (721, 741,
742). The substrate specificity of these dehydrogenases is low and it has not
been possible to isolate separate enzymes catalyzing the reaction with one or a
few steroids [cf. enzymes reducing the 4,5-double bond (741)]. An example of
this is the much studied steroid-3a-ol dehydrogenase; even the considerably
purified preparations of Talalay and Hurlock have almost the same activity with
androsterone and etiocholanolone (724a). The former steroid has the flat A/B
ring junction (trans; 5a-(H)) and an axial hydroxyl group (3a-), while the latter
has the bent A/B ring junction (cis; 58-(H)) and an equatorial hydroxyl group
(Ba-).

The kinetics of this type of reaction are determined by the redox potential of
the hydroxyl/ketone pair. I'n vivo, the ratio of ketonic and hydroxylic products
is determined largely by the redox potential of the intracellular pyridine nucleo-
tide systems and the rate at which the hydroxyl group is conjugated with
glucuronic or other acids. With relatively unhindered groups, the reaction is
rapid and the redox potentials of the ketone/hydroxyl pairs are similar (560a,
721, 724a). The three principal groups of the natural steroid hormones that are
subjected to this type of dehydrogenase are the 3-ketone group after reduction
of the 4,5-double bond (all natural corticoids, progesterone, testosterone, etc.),
the 20-ketone group (all natural corticoids, progesterone), and the 178-hydroxyl
group (testosterone, estradiol). In the case of the 3-ketone group, the reaction
proceeds almost to completion in the reductive direction, so that only a very
small percentage of the urinary metabolites of the A*-3-ketosteroids is in the
form of saturated 3-ketosteroids. This is probably due to the over-riding impor-
tance of the conjugation with glucuronic (and in some cases sulphuric) acid at
position 3 in the excretion of steroid metabolites from the hepatic cells (124d);
the formation of the 3-glucuronosides and 3-sulphates is a trapping reaction
which continuously removes the 3-hydroxysteroids as they are formed, thus
displacing the reductive reaction towards completion (¢f., however, VI A 3).

In the case of the 17- and 20-substituents, the reaction appears to reach a
ratio of products that is far closer to the equilibrium ratio determined by the
redox potential of the ketone/hydroxyl pair. This is probably because there is
normally little or no conjugation at these positions, so that the reaction is not
drawn in the reductive direction by trapping of the hydroxylic form. Thus,
about 50 % of the total quantity of known C,;-metabolites of cortisol are in the
form of 20-ketones while 50 % are the related 20-alcohols (Fig. 3) (266a). The
ratio for the metabolites of testosterone and progesterone cannot be given with
such certainty, but there is probably a rather higher percentage of metabolites
of the 178-0l and 20-ol forms than of the 17-ketone and 20-ketone forms.

As with the reduction of the 4,5-double bond, two epimers can result from
the reduction of a steroid ketone group. In man, 3a-ols make up the larger
proportion of the saturated metabolites of all the A*-3-ketosteroid hormones and
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the 36-epimers are present in very small quantities. In the rat, the opposite is
the case (132, 448, 588). Similarly, the 20a-ols are the predominant metabolites
of Cy0; and C,0; steroids in man although the 208-epimers are predominant
among the C, 05 metabolites (266a). Finally, the 178-ols are the predominant
epimers among the C,s-steroid metabolites of human urine.

In the case of the 118-hydroxyl group of the natural steroids, 7.e., cortisol,
corticosterone, and 118-hydroxyandrostenedione, however, the situation is much
more complex. In the first place, the redox potential for the 118-hydroxyl/11-
ketone pair is much larger than with any other known position in the steroid
nucleus; largely because of steric pressure in this position, the axial 118-hydroxyl
group is even less stable than typical axial groups (see 41) and is much more
easily and rapidly oxidized than any other secondary hydroxyl group in the
steroid nucleus (226a, 226b). The steric hindrance of this group is well known
and affects enzymic attack upon it even more than the attack of ordinary chemi-
cal reagents. It was first noticed by Bush (124) that while the 11-ketones pre-
dominated among all the known 11-oxygenated steroid metabolites of human
urine with the c¢is-A/B ring junction (58-(H)) (448, 588), three similar 11-
oxygenated steroids with the trans-A/B ring junction occurred only in the 118-
hydroxy form. Similarly, he found that cortisone absorbed by the oral route was
almost entirely reduced to cortisol by the time it reached the systemic blood, as
was also observed by Peterson et al. (543). Soon afterwards, Hubener et al. (345)
found that unfortified rat liver homogenates reduced cortisone to cortisol but
did not so reduce the 58-(H) steroid tetrahydrocortisone (3a,17a,21-trihydroxy-
5B8-pregnane-11, 20-dione). Subsequently it was shown that after oral absorption
in man a variety of 5a-(H)-3a-hydroxy-11-ketosteroids were readily reduced to
the related 118-ols while the related 58-(H)-epimers were excreted entirely in
their original 11-ketonic forms. Similarly, the administration of the 118-ols of
either configuration at position-5 (z.e., A/B cts and trans) led to little excretion
of the related 11-ketone in the case of the 5a-(H)-epimer and to none in the
case of the 58-(H) epimer (124c).

It was suggested that these results were most reasonably explained by the
hypothesis that among the natural steroids the main factor determining the
substrate specificity of the 118-ol dehydrogenase was the shape of the a-surface
of the molecule rather than the presence or absence of specific groups such as the
A-3-ketone group (124c; c¢f. 345). Thus both 5a-(H)-saturated steroids and
A*-3-ketosteroids with more or less flat A/B ring junctions were readily reduced
by this enzyme in vivo while the 58-(H)-saturated steroids were not. It also
appeared from the results that the hepatic system operated in vivo very actively
indeed in the reductive direction, quite contrary to the direction that would be
expected purely from the redox potential of this particular hydroxyl/ketone pair.
This has now been confirmed directly by collecting hepatic venous blood from
cats during the administration of [4-“C-] cortisone into the portal vein; during
the first passage through the liver 88 % of the steroid reaching the hepatic veins
had been reduced to cortisol (124f).

The reduction of cortisone to cortisol and the reverse reaction had been
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noticed previously by many workers and was first emphasized for man by H. L.
Mason, by Burton ef al., and by Burstein et al. (121, 122), and with in vitro
experiments on liver by Fish et al., and by Miller and Axelrod (see 47a, 124, 125,
137, 266, 266a, 493, 550). The early workers were struck by the fact that while
the adrenal cortex of man secreted predominantly or entirely cortisol, about
two thirds of all its recognized metabolites were in the form of 11-ketones.
Morris suggested (501a) first that the oxidation of the 118-hydroxyl group of
adrenal steroids might occur peripherally, but the exact site of this oxidation
remained obscure. It is of great interest, therefore, that Mahesh and Ulrich have
found that the heavier particles of homogenates of rat kidney are quite active in
carrying out the oxidation of this group to the 11-ketone group (469, 469a) and
that both DPN and TPN can act as hydrogen acceptor in the reaction. It
remains to be seen whether the activity of this system and its substrate specificity
will account quantitatively for the pattern of 11-ketonic metabolites found in
urine.

Talalay and Hurlock have isolated a highly purified 118-ol dehydrogenase
from microsomes of rat liver, although it was not soluble (352a; v.s.).

The pattern of 11-ketones and 11B-alcohols in human urine is at present
adequately explained by the general scheme proposed by Bush and Mahesh
(124¢). It is possible that the 118-ols are reduced preferentially to 5a-(H) metab-
olites while the 11-ketones are preferentially reduced to 58-(H) metabolites. This
preference, however, cannot be very large and is quite unable on its own to
account for the results that have been obtained, since little or no further
interconversion of the 11-ketones and 118-ols can take place once reduction to
the 58-(H) form has occurred (124c). The sizable amount of tetrahydrocortisone
and tetrahydrocortisol (z.e., 58-(H) forms) in human urine must therefore have
been derived from cortisone and cortisol, respectively, by the action of the
5B8-enzyme.

In a recent and fascinating paper, Gallagher’s group (310c) has shown that
the extent of oxidation of the 118-hydroxyl group is also greatly increased in
hyperthyroid subjects. While their general conclusions are of the greatest interest,
it should be pointed out that the lower three redox reactions depicted in Figure 1
of their paper are very unlikely to occur and are in conflict with the scheme
proposed by Bush and Mahesh (124c).

The same type of reaction underlies the ready reduction of 21-aldehydo-
steroids to 21-ols (565, 595, 634).

3. Ozxidation of side-chains to 17-ketone groups. This reaction was first demon-
strated in man by Dobriner and his colleagues (see 447) and is now recognized
as a common reaction for all Cy; steroids with a 17a-hydroxyl group. It is the
reaction responsible for the conversion of about 4 to 5% of endogenous cortisol
to 17-ketosteroids in human urine (448, 588). Little is known about its mecha-
nism or the substrate specificity of the enzyme or enzymes responsible.

4. Hydrozylations and dehydroxylations. Hydroxylation of alicyclic compounds
is not a common or dominant metabolic pathway in mammals unless the meth-
ylene groups that are oxidized are activated by neighboring groups. It is thus
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understandable that the only, hydroxylations that occur in the degradation of
steroid hormones in vivo are at positions close to activating groups. These
hydroxylations give rise to compounds which are invariably less active as
hormones than the precursor, and usually the reduction in activity is considerable
(e.g., compounds 3, 43, 66, 86, 125). The most active system of this type known
at present is the 16a-hydroxylation that occurs with both androgens and estro-
gens. This gives rise to estriol, 16a-hydroxyestrone, and a number of other 16-
oxygenated metabolites of the etiocholane and androstane series (398, 448, 588).
Lesser amounts of the 168-epimers are probably formed as well, and these
hydroxyl groups are potentially subject to the same rules of oxidation-reduction
as others, although complicated of course by the neighboring 17-oxygen func-
tion.

Hydroxylations at other positions are known to occur with both corticoids
and with estrogens. Thus 2a- and 68-hydroxy-metabolites of cortisol (118, 119,
120) and testosterone are known to occur, and the same is true for estradiol
(240a, 398, 588). 6a-Hydroxysteroids (447) and 18-hydroxyestrone (132, 398)
have also been found in human urine. It is further evidence of the predominant
role of the two reductions leading to the formation of the saturated 3-hydroxy-
steroids, and their subsequent conjugation at this position with (in most cases)
glucuronate, that the proportion of hydroxylated metabolites is much higher in
the guinea pig which lacks the A-ring reducing systems (118, 119, 120, 511),
and in man with those synthetic steroids in which the A-ring reductions and
conjugation are blocked by substituents such as the 2a-methyl group (124d).

Dehydroxylation at C-21 is known to occur with cortisol and to a greater
extent with deoxycorticosterone (see 448, 588). On the other hand, it seems at
present unlikely that any tertiary hydroxyl groups such as the 17a-hydroxyl
group undergo this reaction (266). Hydroxylation of C-21, while an important
biosynthetic reaction in the adrenal cortex (588), is not known to occur to any
large extent outside this organ.

5. Conjugation of hydroxyl groups. The principal reaction of this type under-
gone by the metabolites of the natural steroids is conjugation of the 3-hydroxyl
group with glucuronic acid to form the glucosiduronate (448). These conjugates
are rapidly excreted by the hepatic cells, and in man and probably some other
species their renal clearance is very large (132, 398, 588). It is unlikely that
more than a trace of the total amount of glucosiduronate formed #n vivo is split
by glucuronidase in man and other species in which the renal excretion of these
compounds is large (see also 266a, 368). On the other hand, the rat and some
other species excrete the major proportion of these steroid conjugates via the
bile into the intestine (267). It is probable that in these species as in man (611,
789a) some hydrolysis occurs due to the action of the intestinal flora, and that a
certain amount of the glucosiduronate or of the free 3-hydroxysteroids is re-
absorbed to undergo an entero-hepatic circulation similar to that of the bile
salts.

The controlling influence of this conjugation is shown by the fact that there is
little or no evidence that steroid diglucosiduronates are formed in more than



368 BUSH

trace amounts. When conjugation at position 3 is blocked, however, it is quite
.clear that extensive conjugation occurs with hydroxyl groups in other positions
(124d). This feature of the reaction is probably partly due to the rapidity of the
-excretion of glucosiduronates by hepatic cells and partly to a low affinity of
monoglucosiduronates for the uridinediphosphoglucose (UDPG) transferase
enzyme.

With certain steroids the 3-hydroxyl group is conjugated to a significant or
even predominant extent with sulphuric acid (448, 588). This seems to be the
major or even exclusive form of conjugation of A’-38-hydroxysteroids, such as
dehydroepiandrosterone, except when very large doses are administered, and is
a variable though sometimes major pathway for saturated C,s-3-hydroxysteroids
(448, 588). The sulphates differ in two ways from the glucosiduronates which
are extremely important from the point of view of the biological activity of
steroid hormones. First of all, their renal clearance is low; secondly, they prob-
ably undergo a fair amount of hydrolysis back to the free hydroxysteroids, partly
because of their relatively inefficient renal excretion. Thus, estrone 3-sulphate is
quite active as an estrogen (127) which is almost certainly consequent upon its
hydrolysis to estrone and subsequent reduction to estradiol (see below), and the
concentration of dehydroepiandrosterone sulphate in human plasma is relatively
large in most subjects (398, 588).

In general, therefore, the pathway involving formation of glucosiduronates
approximates tn vivo to an irreversible and efficient route of inactivation and
excretion of steroid hormones, while the formation of sulphates is relatively
inefficient in that it is relatively reversible. When hydrolysis of the sulphate
yields an active compound such as androsterone or estrone, the biological
action of the precursor may be prolonged.

Estrogens undergo hydroxylation at all the positions known to be hydroxylated
in the nonbenzenoid C,e-steroids, but in the case of the 2-position the hydroxyl
group is, of course, phenolic in type. In fact, the result of this reaction is the
formation of a catechol, and as with other catechols (24) the 2-hydroxyl group
of the 2-hydroxyestrone and related compounds is extensively O-methylated
resulting in the excretion of 2-methoxyestrone in human urine (240, 240a).

6. Unidentified pathways of steroid metabolism. While the above metabolic
reactions are well established and account satisfactorily for the recognized
metabolites of all classes of steroid hormones, there remains a sizable fraction
of these hormones which cannot be accounted for. Thus, the recognized metab-
olites of cortisol in human urine account for about 70 to 75 % of the hormone,
those of progesterone for about 10 to 20 % (536), and those of testosterone for
about 30% (see 132, 266a, 267, 398, 448). There seem to be several possible
explanations for these deficits. Firstly, metabolites may be formed which have
undergone extensive hydroxylation and reduction so that they are even more
water-soluble than the cortols and similar pentols and have not been extracted
by the usual methods for isolating urinary steroids. Secondly, there may be
quite different metabolic pathways leading to hitherto unrecognized products.
Thirdly, some of the recognized metabolites may be conjugated in a way that is
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resistant to the usual methods of hydrolysis of steroid glucuronosides and
sulphates. Fourthly, a portion of the metabolites may be excreted in the feces,
although in man this route is probably negligible (266a, 267, 545).

Present evidence suggests that in the case of cortisol small contributions to
the deficit are probably made by all four of these processes. It seems unlikely
that any major pathway has been overlooked. The most complete figures account-
ing for the metabolism of cortisol in man are probably those of Gallagher and
his group (266a). Thus, in the first two days after an oral or intravenous dose of
4-14C-cortisol, 80 to 85 % of the total radioactivity was recovered in the urine in
six experiments on five subjects. Thus, only 15 to 20 % of the dose could have
been excreted by extrarenal routes and this figure would probably be reduced if
the collection of urine had been made for a longer period. Similarly, 65 to 92 %
of the total urinary radioactivity was accounted for as neutral lipid-soluble
material after hydrolysis with glucuronidase, and of this fraction 90% was
composed of 11 recognized metabolites. Allowing for the losses that usually
attend the isolation procedures employed for these steroids and the portion of
radioactivity recovered as neutral lipid-soluble material after gentle acid hy-
drolysis under continuous ether extraction, it seems likely that Gallagher’s
group accounted for over 90 % of the urinary metabolites of cortisol as recognized
steroids derived from the reactions described above. It is unlikely that more than
10 % of this hormone is excreted in the urine as unrecognized steroid metabolites
or as steroids conjugated in unknown ways. The exact nature and route of
excretion of the 15 to 20% that was not recovered in the urine remain to be
discovered.

There is no comparable study of the metabolites of other classes of steroid
hormone in man. The work that has been done, however, suggests that by far the
greater proportion of the metabolites of these hormones is in the form of lipid-
soluble material conjugated with glucuronate or sulphate in the usual way (398,
588). There is, however, plenty of scope for further work in this field.

7. The overall pattern of the metabolic degradation of steroid hormones. The
enzyme systems carrying out the reactions described above are largely confined
to the liver, and this organ is undoubtedly the main site of inactivation of the
steroid hormones of all classes. Although the isolated perfused kidney metab-
olizes cortisone slowly, it is probably not a major site of steroid metabolism
i vivo (398, 740). Slices and homogenates of kidney will, however, oxidize the
118-hydroxyl group of cortisol n vitro and reduce the 20-ketone group quite
readily (469, 469a).

It seems that there is very little metabolic alteration of the Cq-steroids by
the peripheral tissues, with the exception of the reduction of the 20-ketone group
and the oxidation of the 118-hydroxyl group (1, 54b—54e, 192, 469a, 745). The
reduction at C-20 is, however, found with cortisol, progesterone, and other
20-ketones, and occurs to some extent even in blood in vitro, and quite rapidly
in the hepatectomized animal (398, 588), in the dog heart-lung preparation
(745), and in rabbit muscle in vitro (731). Travis and Sayers (745) commented
on the possibility that oxidation-reduction reactions might be the basis of a
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coenzyme-like action of steroid hormones, pointing out that this should be
reversible. Their findings with the heart-lung preparation and the many other
unsuccessful attempts to discover an extrahepatic site at which steroid hormones
underwent active metabolic transformations are a strong, although not insuper-
able, argument against this theory of the mechanism of action of these hormones
(469a, 536).

The majority of results in normal man and in dogs and some other species
suggests that the overall pattern of the excretion of the recognized steroid metab-
olites varies relatively little when one considers the enormous number of
isomeric combinations that result from the reactions described in this section.
Thus, the yield of different groups of metabolites of cortisol in man and dogs is
relatively constant, and any major group can be used as a reasonable guide to
the rate of secretion of cortisol in the subject or animal under examination (125,
659; ¢f. 162, 511). The only exceptions to this rule are that the fractional yield
of 11-oxygenated 17-ketosteroids from cortisone or cortisol seems to drop below
the usual 4 to 5% when the secretion or administration of these hormones rises
above a rate of 120 mg/24 hr (124b), and that the ratio 118-ols/11-ketones rises
quite rapidly as the rate of secretion or administration of cortisol rises above the
normal range of about 20 to 40 mg/day (125, 266a, 282a; see 398, 588, 659).

On the other hand, the rate of removal of cortisol from the blood is remarkably
affected by disorders of the liver. Thus, it has been found that cirrhosis or other
hepatic diseases in man increase the half-time of the disappearance of cortisol
from the blood very considerably (67, 542; see 448, 588) and the same is true for
other types of steroid hormones, especially estrogens (e.g., 40). Even more
striking are the results of Yates and his group who found that passive venous
congestion of the livers of male and female rats leads to decreased efficiency in
the inactivation of deoxycorticosterone, cortisone, cortisol, and aldosterone,
which may last for as long as nine months after the onset of the congestion (813,
814). This deficiency is probably mainly due to a considerable reduction in the
rate of the two reductive reactions of ring A.

The rates of various steps in the metabolic degradation of the steroid hormones
are also known to be affected by endocrine and dietary factors. Thus, there is a
large sex-difference in the relative rates of reduction of the A-ring and the 20-
ketone group of cortisone by liver homogenates from rats (747) and steroid
dehydrogenases are very susceptible to inhibition both by substrates and com-
petitively by other steroids (e.g., 461, 471, 721, 724a).

It is by no means certain, however, whether these differences observed in
experiments in viiro always give rise to similar differences #n vivo. There is little
evidence at present that their effects on metabolism n vivo are at all large, and
they are far less noticeable than the very considerable effects of variations in
thyroid function (50, 343, 462). The quantitative significance of many of the
results of experiments ¢n vitro is open to doubt because little or no attempt has
been made to standardize the biochemical conditions that were employed for
the incubations. Thus, the activation of the 5a-enzyme (4,5-dehydrogenase) by
thyroxine that is seen with experiments in vitro may well depend upon the
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activity of endogenous TPNH-regenerating reactions rather than upon a change
in the effective activity of the 5a-enzyme itself (461, 744). The significance of
the effect of thyroxine in vivo is demonstrated by the increased ratio, 5a-(H)/
58-(H) metabolites, found in the urine of human subjects (310b), the increased
rate of removal of cortisol from the blood (542; ¢f. 310c), and the compensatory
increase in the secretion rate of the adrenal cortex of the dog (484).

The effect of harmful stimuli (“Stress’”’) upon the rate of removal of cortisol
from the blood of animals has been investigated by several groups. Most authors
are agreed that such stimuli decrease the rate of removal of cortisol from both
blood and tissues very considerably (214, 237, 238, 684, 752) in rats, dogs, and
men. In such experiments the effect of large changes in the distribution of blood
flow probably plays a very large part. Firschein and his colleagues (238) rejected
the idea that blood flow plays any part in the phenomenon; their argument for
doing so, however, is unconvincing. The proportion of the cardiac output passing
through the liver is probably the most important single variable determining
the rate of elimination of any given steroid; even in the absence of large changes
in cardiac output, the hepatic blood flow can vary very greatly with fluctuations
in digestive activity, external temperature, the introduction of pyrogen and
other foreign substances into the blood, and following shock (see 214). Kigi
(387) found that the rate of removal of cortisol from the blood of patients with
Addison’s disease was increased by muscular exercise; this could be largely due
to the increased cardiac output that must have resulted. There has been little
further work that would lead to modification of the conclusions of Sandberg
et al. (610) that epinephrine caused no detectable change in the rate of elimination
of “cortisone” (z.e., Porter-Silber chromogens) from the blood during an infusion
of the steroid (see also 29).

Much less work has been done on the influence of similar factors on the meta-
bolic elimination of other classes of steroid hormone. There is much direct and
circumstantial evidence, however, to suggest that changes in hepatic, thyroid,
and circulatory function lead to significant effects on the metabolism of all classes
of steroid hormones /n vivo (e.g., 40, 50; see 398, 588).

B. Biosynthetic and other metabolic reactions of steroids

The metabolic reactions that have been discussed so far are typical “detoxica-
tion” reactions which have been selected by the usual processes of evolution to
serve the biological function of eliminating active hormones from the body. Two
other types of metabolic reaction may play a part in determining some features
of the biological activities of steroids. These are, first, the biosynthetic reactions
that lead to the formation of the natural steroids, and second, the reactions that
may occur in micro-organisms or by the agency of their enzymes, particularly
in the intestines. It is worth discussing these briefly since although little is known
about them, they have sometimes been postulated in terms which pay little
attention to certain factors which may limit the extent to which they can be
effective.

The reason for considering biosynthetic reactions is that progesterone is now
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known to be the principal intermediary metabolite in the biosynthetic pathways
leading to the production of all classes of steroid hormone (310, 398, 588). It is
possible that progesterone and some other steroids may be taken up by a steroid-
secreting organ and converted to active steroids of another class of hormones.
Judging by studies on adrenal glands perfused with steroid precursors, the
efficiency of conversions of this type may be considerable (310); there is no
evidence at present, however, which gives any indication of the efficiency of such
conversions in vivo. Most biological assays are carried out with either adrenal-
ectomized or gonadectomized animals; some, however, use immature instead of
gonadectomized animals, and some workers have tried to use intact animals for
the assay of corticoids and their analogues on the grounds that an active steroid
will in any case suppress the secretion of ACTH and thus that of the adrenal
cortex. This can be done as long as the suppression of the adrenal cortex is
checked by estimating its steroid content at the end of the assay (Silber, personal
communication). There are, however, a number of reactions which are catalyzed
by both the gonads and the adrenal cortex, so that with suitable compounds there
will remain the possibility that active derivatives will be formed from adminis-
tered steroids which would not themselves show activity in an appropriate local
or in vitro assay.

There is one major factor, however, that will limit the extent to which this
type of artifact will affect the results of biological assays, and this is the propor-
tion of the cardiac output passing through the steroid-secreting organs. This is
unlikely to exceed 0.5 to 1.0 %, and it is probable that steroids with short half-
lives in the blood will suffer little conversion to products with different activity
unless the efficiency of conversion at one passage through the organ is in the
range 50 to 100 %. When the effect of association of steroids with protein carriers
in the plasma is taken into account, it is unlikely that efficiencies would commonly
rise above 10 % per passage. Where, however, groups have been introduced which
greatly increase the half-life of the steroid in the blood or extrahepatic tissues,
there is a definite possibility that conversions will take place that affect materially
the apparent biological activity of the administered steroid. This factor needs
experimental assessment in some cases in which an analogue lacking particular
groups is found to have activity in a typical bioassay (see below).

The biosynthetic reactions are largely, and some would say wholly, confined
to the steroid secreting organs. Most of the experimental evidence, however, is
sufficient to state only that the activity of the enzyme systems in other tissues
is less than 1 to 2 % of their activity in adrenal cortex or gonads, and one cannot
neglect the minimal activities that may be found to exist in liver and other
tissues (398, 588) when powerful activating groups are present in the steroid that
is being assayed (see below).

Similar uncertainties attend the question of the possible metabolic alterations
of steroids by micro-organisms in the alimentary canal (see 785). Little is known
about this, but some evidence exists that the flora of the human colon is capable
of inactivating cortisol (769). Most of the hydroxylations that are carried out by
molds would be expected to give derivatives that are less active than the
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precursor but one cannot rule out the possibility that microbiological hydroxyla-
tions at positions 3, 11, 17 and 21 occur ¢n vivo.

At present, one would suggest that the influence of these two classes of reaction
is probably small or negligible. Steroid analogues possessing inactivating groups,
however, may be converted to significant amounts of other products by such
reactions.

C. Factors affecting the distribution of steroids in the body

The numerous possible factors of this type have been discussed previously
(124a). It is quite clear that with very hydrophobic steroids, simple solution in
the body fat is a significant factor and that progesterone, for instance, is taken
up extensively by this component of the tissues (818; see 398, 588). The most
influential factor, however, is the existence of strong association between steroids
and substances of large molecular weight, particularly the plasma proteins (79,
123, 167a, 167b, 215, 286, 534, 612, 632, 660). The most striking example of this
is found with cortisol which associates fairly strongly with plasma albumin and
very strongly with what appears to be a fairly specific protein carrier which has
been named “transcortin” by Slaunwhite and Sandberg (666). The association
constants for a variety of steroids with this protein have been determined by
Slaunwhite and Sandberg; they are large for cortisol and much smaller for all
other active steroids. On the other hand, the association with albumin is minimal
for very hydrophobic steroids (e.g., monoketones and monohydroxysteroids),
strong with moderately hydrophobic steroids (e.g., testosterone, estradiol) and
weak with the more hydrophilic steroids such as cortisol (215, 632). The con-
centration of transcortin in normal plasma is low, so that the distribution iso-
therm of cortisol between plasma and saline solution across a dialysis membrane
in vitro at physiological temperatures is curved. Up to concentrations of cortisol
of about 15 to 20 ug/100 ml, there is a distribution ratio of about 12:1 in favor
of plasma, while above this concentration the distribution ratio tends towards a
figure of about 4:1 (123). The concentration of cortisol in various types of extra-
cellular fluids suggests that much the same distribution is found between plasma
and extracellular fluid (123, 163, 609).

The physiological importance of the carrier protein is demonstrated by the
interesting findings of Bartter and his colleagues that the increase in the con-
centration of cortisol in the plasma of pregnant women or of men treated with
estrogens is entirely in the protein-associated fraction because the concentration
of transcortin is rapidly and considerably increased by estrogens (see 542; cf. 770).
These findings explain why the very large concentrations of cortisol found in the
plasma of pregnant women, which are similar to those found in moderately
severe cases of Cushing’s syndrome, do not give rise to the signs of the disease
(153, 490, 542). It should be noted that an entirely similar rise in the concentra-
tion of plasma proteins responsible for binding thyroxine and possibly other
hormones occurs in pregnancy (195).

The effect of such carrier proteins on the biological activities of steroids is not
easy to predict. One effect is to reduce the rate at which the steroid is eliminated
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from the organism (490, 542), thus increasing the apparent activity in an assay
dependent upon infrequent or single doses of steroid. But such carriers also
prevent the steroid from reaching the extravascular fluids, which should reduce
the observed activity (123, 153). Further discussion of this topic has been given
by Peterson (542) and others (see 398).

D. The effects of modifying the structures of natural sterotds upon
thetr metabolism and distribution

The vast majority of structural modifications that result in an increased
biological activity of steroids probably produce their effect by reducing the rate
of elimination of the steroid from the body, by altering their distribution within
the body, or by a combination of these factors (124a). Only in a minority of
cases is it possible to suggest with any confidence that such structural modifica-
tions cause an increase in the association constant of the steroid with its receptors
or an increase in its intrinsic action (14, 250) after combination with the receptors.
As might be expected from the foregoing discussion, modifications of the A-ring
are very prone to give rise to considerable reductions in the rate at which the
A*-3-ketone group is reduced to the saturated 3-hydroxyl group.

A large number of studies have shown that the 1,2-dehydrosteroids such as
prednisolone (1,2-dehydrocortisol) have a much longer half-life in the blood
(between 2- and 2.5-fold) than cortisol (218, 394, 613, 661), and that the A-ring
is much more slowly metabolized both ¢n vivo in man and in vitro by rat liver
slices or homogenates (110, 111, 138, 139, 278, 279, 291, 639, 666, 742). There is
evidence, too, that the reduction and removal of the side-chain are also slowed
down both n vivo and in vitro (278, 279, 291, 666).

Similar evidence has been obtained with 2a-methylsteroids in which reduction
in the A-ring is almost completely prevented by the methyl group (110, 124d,
279) both n vivo and n vitro.

Another group of substituents can either be expected on stereochemical
grounds, or are actually known, to reduce very considerably the rates of various
metabolic reactions of the side-chain of C, steroids. Thus the introduction of
16a-substituents generally inhibits these reactions (660, 729a), and recently it
has been possible to show that while 9a-fluoroprednisolone undergoes a fair
amount of reduction at C-20, triamcinolone acetonide (16a-hydroxy-9«-fluoro-
prednisolone-16,17-acetonide) is recovered practically unchanged from incuba-
tions of homogenates of rat liver which remove over 50 % of the side-chain of
cortisol or 9a-fluorocortisol under the same conditions (124e).

Some substituents affect not only the metabolism of neighboring groups but
that of distant groups. Thus, the reduction and elimination of the side-chain are
almost certainly slowed down by the introduction of the 1,2-double bond of
prednisolone (above), and the metabolism of the 11-oxygen function is greatly
affected by the 1,2-double bond (124a, 639), by the 2a-methyl group (124d),
and by both 16a- and 168-methyl groups (124e). All these substituents reduce
the rates of both the oxidation of the 118-hydroxyl group and the reduction of
the 11-ketone group. The effects are additive. Thus, the rate of oxidation of the
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118-hydroxyl group of prednisolone (1,2-dehydrocortisol) is about 0.3 times that
of the same group in cortisol #n vitro (rat liver microsomes), and the oxidation of
the 118-hydroxyl group of 16a-methylcortisol is about 0.2 times that of cortisone.
Under the same conditions, no detectable oxidation of the 118-hydroxyl group
of 16a-methylprednisolone was observed (124e).

Although there is as yet little information on the matter, it can confidently be
expected that the same features will be found with similar substituents in other
classes of steroid. Thus, the great increase in oral activity that is seen with 17-
acyloxyprogesterone analogues is almost certainly due to the effect of this large
17a-ester group upon the reduction of the 20-ketone group; the 17a-alkyltestos-
terones probably owe their oral activity to the protection of the 178-hydroxyl
group from oxidation to the 17-ketone. All the large substituents at C-6 (e.g.,
chloro-, methyl-) may well reduce the rate of reduction of the A*-3-ketone group
(e.g., 2784a).

The influence of 9a- and 12a-halogen substituents is complicated by the
interaction of the steric and electronic effects of this type of group. This has been
fully discussed before and only a brief summary will be given apart from men-
tioning further work that confirms the arguments given previously (124a). The
strongly electronegative fluorine atom increases the redox potential of the
ketone-hydroxyl pair in the direction of stabilizing the 118-hydroxyl group. This
is seen in simple chemical reactions and is probably a feature common to all
a-fluoroketones (226a, 226b, 662). The results of Bush and Mahesh (124a) were
striking in that on the administration of either 9«-fluorocortisone or 9a-fluoro-
cortisol to man, the expected family of metabolites was recovered in the urine
as far as modifications of the A-ring and the side-chain were concerned. In
contrast, there were practically no 11-ketonic metabolites after giving 9a-
fluorocortisone, and none at all after 9a-fluorocortisol. It has now been shown
that rat liver homogenates reduce both 9a- and 12a-fluoro-11-ketonic steroids
of several types much more rapidly than their nonfluorinated analogues, and
that under oxidizing conditions, rat liver microsomes fail to oxidize the 118-
hydroxyl group of the related 9a-fluoro-118-hydroxysteroids (124e).

With the larger halogens, the electronegativity and hence the negative induc-
tive effect (249, 250, 258, 259) is much less than with fluorine, and in contrast to
fluorine their size is sufficient to produce steric hindrance of a considerable
magnitude. Bush and Mahesh (124d) obtained evidence that the reduction of
the 11-ketone group was inhibited both by steric hindrance around the a-surface
of carbons 1 and 2 of the steroid nucleus, and by the side-chain of adrenocortical
steroids. They suggested that the steroid associated with the 118-dehydrogenase
by the ‘“upper” half of its a-surface; close contact was postulated on the « and
“upper”’ surfaces of the steroid at carbons 1, 2, 11, 12, and 21. All subsequent
evidence has confirmed this supposition, and in particular the prediction that the
reaction would be strongly inhibited by a 12a-chloro- or 12a-bromo- group has
been fulfilled (124¢). There is now strong evidence that in those analogues of
cortisone in which this reaction is inhibited, the 11-ketone is inactive or of
greatly reduced activity while the related 118-ol is of the expected activity (144,
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319, 729). One of the major effects of the 9a-fluorine atom in 9a-fluoro-11-
oxygenated steroids is thus to ‘“maintain’’ the steroid in its active 118-hydroxylic
(t.e., reduced) form and prevent its oxidation to the inactive 11-ketonic form
(124a, 133). Consistent with this is the fact that the ratio of glycogenic activities
of 9a-fluorocortisone/9a-fluorocortisol is very close to 1.0 (124a, 252) instead of
the more usual 0.5. This protective effect can be expected to produce at least a
2-fold increase in biological activity on its own, but is unlikely to explain all of
the 10-fold increase that is actually caused by the 9a-fluorine atom (249, 250;
see below).

In contrast to the effects of the structural modification discussed above,
Engel et al. (225) have shown that 19-nortestosterone is metabolized in a manner
very little different from testosterone itself.

The effects of chemical modifications upon the distribution of adrenocortical
steroids are not easy to predict in detail because of the overwhelming influence
of “transcortin” and other plasma proteins upon their distribution between the
intra- and extravascular spaces. It is probable that the majority of substituents
of all kinds reduce the affinity of cortisone-like analogues for “transcortin”
(e.g., 660), but this is not certain. On the other hand, a number of general rules
can be proposed with reasonable confidence for less polar steroids on the basis
of existing results and simple chemical inferences.

In the first place, the association of steroids with plasma albumin is subject
to general rules which are not very different from those for other classes of
crystalloids (396, 415, 416, 631, 632). This protein associates strongly with an
enormous range of substances (396) and in general the strongest associations
are with nonpolar neutral substances containing two polar groups (632), or with
anions (415, 416, 631). Very hydrophobic steroids, such as progesterone, 17a-
acyloxyprogesterones, and alkylated testosterones, can be expected on the other
hand to associate only weakly with albumin (632). Similar rules probably apply
to the association of steroids with other large molecules such as tissue proteins
and polysaccharides.

Very hydrophobic steroids are probably taken up largely by fat in adipose
tissue and by chylomicrons. This is a pronounced feature of the distribution of
progesterone (see 816, 818).

Polar groups added to a given steroid (e.g., hydroxyl) or groups affecting the
effective polarity of existing polar groups will produce a general effect increasing
the water-solubility of the steroid and tending to decrease both its solubility
in lipids and its association with most other molecules in solution or existing in
separate phases (124a). If the polar group is concerned specifically with the
association of the natural steroid with its receptors, or if an added polar group is
fortuitously capable of forming specific links with the receptors or other mole-
cules, then this general rule will break down.

In trying to understand the effects of chemical modifications of steroid hor-
mones, it is impossible to assess their exact influence on all the possible associa-
tions these substances may enter into with specific and nonspecific receptors.
Considerable insight into these factors can, however, be gained if a sufficient
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number of analogues is available for consideration, and if positive evidence of
biological activity is given greater weight than occasional instances of absent or
reduced biological activity (124a).

Fried (249, 252, 254) was the first to point out that similar modifications of
different cortisone-like steroids produced almost constant changes in activity,
and that in many analogues combinations of such modifications caused increases
in activity that were simply additive. This rule depends, however, upon the
design of the assay and breaks down with many of the more highly substituted
cortisone-like analogues (see, e.g., 253). Nevertheless, it remains true that for
most of the substituents and modifications that have been tried out in cortisone-
like analogues, there now exist a large number of compounds in which the
effect of a given substituent is seen to be a nearly constant multiple of the bio-
logical activity of the root steroid. Many of these effects have been described
before, and the best discussion is that of Fried and Borman (252). In the sub-
sequent parts of this review, more recent developments will be dealt with and a
fuller interpretation will be attempted.

VI. STRUCTURE-ACTIVITY RELATIONSHIPS OF STEROID HORMONES AND THEIR
ANALOGUES
A. The chemastry and structure of the sterouds

A few general points must be emphasized here; an admirable account is given
by Fieser and Iieser in their monograph (see 507). The natural steroid hormones
are roughly planar or slab-shaped molecules, the greater volume of which is
occupied by a fused four-ring hydrocarbon skeleton. There is good evidence that
in most steroids this skeleton is relatively rigid and invariant in compounds of
similar skeletal structure (124a, 507). The most important steric¢ distinctions to
be kept in mind are: (a) the epimeric a- and B-substituents which in the usual
representations are conceived as lying below and above the plane of the paper,
respectively, the a-bonds being drawn as dashed, and the 8-bonds as solid lines,
(b) the distinction between equatorial bonds lying close to the plane of the
ring to which they are attached, and axrial bonds lying more or less perpendicu-
larly to the main plane of the ring (41), and (c¢) the *‘chair’’ form of cyclohexane
rings which is found in nearly all natural steroids, and the **boat” form which is
thermodynamically less stable (41) but which can certainly occur in certain
steroids or under certain circumstances (179, 181) (see Iigs. 4, 5).

Because of their fused-ring structure, the steroids are relatively inflexible
molecules and their detailed shapes, or **conformations’ (41), are probably much
nearer to those given by geometrical construction and molecular models than
with most other classes of compound. The exact shape and electronic structure of
each molecule is, however, subject to many subtle modifications, and such
changes can be induced by distant as well as neighboring substituents (12,
259, 409). Yet the shapes of steroid molecules in solution are much more ac-
curately known than those of most classes of organic compounds in which there
are one or several bonds around which parts of the molecule can rotate. Thus,
for instance, the dipole moments of many steroids in solution agree very closely
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@ (b)

Fia. 4. The eyelohexane ring
(1) The “chair” form; (h) the **boat” form. Axial bonds are marked a, and hydrogens
are not shown.

Fi:. 5. The earbon skeleton of Sa-androstane

Axial bonds, «; a-bonds dashed; g-bonds solid; angular methyl groups, Me. Note the
intermediate conformations of the 16a- and 168-bonds. Hydrogens omitted for clarity. In
the natural A-3-ketosteroids the “*bottom’’ half of ring A (carbons 3, 4, and 3-oxygen) is
bent slightly “back’ towards the a-side.
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with those calculated from the molecular shapes and atomic positions derived
by calculation and by X-ray crystallography (see 124a).

Certain substituents, usually in axial conformations, are so subject to steric
pressure that spontaneous rearrangement to the equatorial epimer occurs, or
the molecule is probably forced out of the usual conformation to some degree.
This is much more prone to occur with “central” than with terminal substituents.
Thus, 68-substituted steroids are usually rather unstable if the substituent is as
large as a methyl group or larger (see, e.g., 765).

Another important factor to be considered is the interaction of steric and
electronic forces. These interact mutually and with the solvent so that the
thermodynamically most stable form of the molecule is attained. Such interac-
tions are more easily observed in the sterically rigid steroids than with most
other classes of alicyclic compounds (e.g., 41, 76, 184).

The conformations of ring ID and of the two-carbon side-chain of Cy-steroids
are, however, less certainly known than those of the (- and Ce-skeletons com-
mon to all natural steroid hormones and most of the synthetic analogues. The
evidence of X-ray crystallography (see 124a) and optical rotatory dispersion
spectra (241) is that ring D is a strained “half-chair” with carbon-15 close to the
line projected through carbons 8 and 10, carbon-17 close to the line parallel
to this through carbon-12, and carbon-16 behind the plane of carbons 9, 11, 13 and
14 (Fig. 5).

The 1783-side-chain of the natural C,-steroids is capable of rotation around
the 17,20-bond (I'ig. 6). Inspection of models shows that various conformations
are possible, and that with the dihydroxyacetone side-chain common to many
glucocorticoids, a number of hydrogen bonded forms may exist (Fig. 7) quite
apart from hydrated forms (¢f. 416a). It is usually held that the preferred struc-
ture will be the one with the 20-methyl group (7.c., ("-21) to the rear or a-side
of the molecule (I'ieser; see 507, p. 337) and this will certainly be the preferred
conformation in the presence of 168-methyl groups (727) (see I'ig. 8); and in
17a-halogeno-C -steroids, probably because of the electrostatic repulsion of the
20-ketone group by the electronegative halogen (179a).

Irom models, however, it is seen that the 20-ketone group common to all
natural Cy-steroid hormones restricts the rotation of the side-chain about the
17,20-bond because of steric repulsion by the 13-methyl group, and that in
the other direction the 20-methyl group (z.e., ("-21) is repelled by the 128-hydro-
gen and 13-methyl group. This, and evidence from chemical reactions (416a),
suggests that the preferred conformation of the side-chain is with the 20-ketone
oxygen directed towards the B-side of the molecule and lying just “over” C-16
(179a, +16a).

Relatively slight changes in the position and conformation of a substituent
may produce considerable changes in the steric hindrance, and hence the re-
activity or accessibility of neighboring groups. Thus, the 118-hydroxyl group
is strongly hindered and difficult to acetylate in most glucocorticoids but is
readily esterified in 19-nor- or A-aryl analogues in which the 10-methyl group
is missing (compounds 39, 403; references 143, 193, 279, 410, 466; cf. 233, 246).
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I0-Me (C-19)

Fi:. 6. Rotation of the 17a-side-chain

A model of progesterone photographed from “‘above’ with the g-surface resting on the
table. (a) 20-Carbonyl oxygen in 8-conformation; (b) 20-carbony! oxygen in a-conformation.
The 3-carbonyl oxygen is to the left, and ring D and the side-chain to the right of the figure.
Oxvgens, white. Hydrogens, gray. (¢) Projection of “‘top’’ surface of part of a 19-nor-3*-3-
ketone on to a plane perpendicular to the 9.11—C—C bond showing the g-conformations
of the side-chains of the active gestagens 19-nor-progesterone (P), 148,17a-19-norproges-
terone (P’), and 19-nor-17a-alkyltestosterone (T) superimposed. (The 17«-alkyl group is
omitted. and methyl groups of C-18, C-19, and C-21 are drawn as spheres, for clarity.)
A receptor forming a weak polar bond with the 20-carbonyl oxygen of P could do the same
with the 20-carbonyl oxygen of P’ and with the 178-hydroxyl of T, from the g-side if the ster-
oid were rotated about an axis through carbons-9 and -17. No otherunconstrained conforma-
tions of the 17-acetyl side-chain of the two Cy-steroids can be found which would allow a
similarly close correspondence to a potential receptor site. No similar conformation can
be found for the 17-acetyl side-chain of the inactive 17a-progesterone.

3, 3-Oxygen in P, P’ and T; 10-Me(('-19), methy] group as in natural steroids; 15, 17, 18,
centers of C-15. C-17 and C-18 in P and T; 16, 16, 17, 20’, 21', centers of respective carbon
atoms in P’; 18, center of C-18; 217, center of C'-21 in P’; 2a, 28, 108, 11a, 118, 126—hydrogens;
15a’, 16’ —hydrogensin P’; 178(T'). oxygen of 178-hvdroxyl group of T; 20(P), oxygen of 20-
carbonyl group of P; 20°(P’), oxvgen of 20-carbonyl group of P'.
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Certain steroids are unstable and may be expected to undergo nonenzymic
rearrangements in the body. Thus, orally administered A% 0.3.ketones will be
partly converted to the A*-3-ketones by the acid of the gastric juice (573). Again,
the 9a- and 12a-bromo- and -iodo-118-hydroxysteroids are unstable to alkali
(252, 257, 259) and the author and V. B. Mahesh (unpublished) found that con-

S

Fia. 7. Hydrogen bonding and rotation of the 17-8-side-chain of cortisol

The model is in the same general position as that of Fig. 6. Oxygen atoms white; hyvdrogen
atoms gray. (a) 20-Carbonyl oxygen on g-side with a 17«.21-hydrogen bond; (h) 20-carbonyl
oxyvgen on g-side with a 20.21-hydrogen bond; (c) 2)-carbonyl oxygen on a-side
with a 17a.20-, and 20.21-hyvdrogen bonds.

The preferred conformation and the extent of hydrogen bonding of such side-chains in
aqueous solution is at present not known. The 208-conformation of the 20-carbonyl oxygen
is possibly the most likely one for association with the receptors for glucocorticoid activity
(see text).

siderable conversion of 9a-bromocortisone to 8,9-dehvdrocortisone had occurred
after oral administration in man.

B. Stereochemical factors affecting biological activity

1. Optical isomerism. The absolute configuration of all the nonbenzenoid and
of most of the benzenoid steroid hormones, and of their analogues, is now es-
tablished. Cornforth et al. (164; see 507) made one of the major contributions
to this field and have reviewed the earlier work of J. A. Mills and of Prelog’s
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group; these authors have correlated the structure of cholesterol with that of
d-glyceraldehyde (IFischer convention). Fortunately, the absolute configuration
of this substance is also established and corresponds with the conventional
method of drawing structural formulae. The conventional drawing of the struc-
tures of steroids with g-bonds (solid) considered as extending upward from, and
with a-bonds (dashed) sticking below, the plane of the drawing thus corresponds
with the real configurations of the molecules themselves (Iig. 8).

The total synthesis of racemic dl-cortisone (H58) and of di-aldosterone (6:33a,
766a) and their resolution has shown that the natural d-compounds are active
and that the racemates have one-half this activity so that the /-compounds are
inactive (558). The anomalously high activity of racemic dl-cortisone by local
application has been explained above (538). The work of Johnson’s group has

(@) (b)

Fra. 8. The 178-side-chain in the presence of a 168-methyl group
(1) The preferred contormation. (b) The strong repulsive interactions to be ex-
pected between the 138-, 163- and 20-methy] groups in the opposite conformation [after Taub
et al. (727)].

established that androgenic activity of '}y steroids is also confined to the natural
optical isomers (376a). It is probable but not yet proven that the same is true
of progestational activity. Johnson’s group have also synthesized the racemates
of all the 8 possible stereoisomers of estrone (376b). The activity of the racemate
of estrone-b suggests that only the natural enantiomer possesses full biological
activity. In contrast, the unnatural /-equilenin has a definite though low bio-
logical activity (26). The available evidence thus suggests that the biological
activities of nonbenzenoid steroid hormones and their analogues are confined
to one family of optical isomers, and that the same optical family embraces all
known types of steroid hormones.

2. cis/trans-Isomerism of the carbon skeleton. The all-trans carbon skeleton
of most natural steroid hormones (Iig. 5) secems essential for the possession of
biological activity of nearly all types of steroid hormone. Thus the vast ma-
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jority of active steroids are either A*-3-ketones or da-(H)-steroids (507, 606;
Tables 1 to 7). The exceptions are, however, extremely interesting, and some
types of biological activity which will not be discussed here are evident with
the 58-(H) (A;B eis) series of steroids [e.g., anaesthetie (439) and pyrogenic
(393) activity]. The requirements for geometrical specificity are generally less
strict for the relatively hydrophobic androgens and gestagens than they are for
the relatively polar glucocorticoids and salt-retaining steroids.

A number of inactive compounds are known which differ from the natural
configuration at only one centre of asvmmetry. Since the available evidence
suggests that if anvthing such changes would decrcase the rate of inactivation
and elimination of the steroid and since the natural epimers are of considerable
potency, it is reasonable to conclude that these structural changes interfere with
the receptor-steroid association or with the intrinsic action (14) of the steroid.

Fra. 9. A model of 93,10a-progesterone (**retro’ -progesterone)

Note the bending of the A and B rings to the a-side (upwards in the figure). The angula-
tion is prevented from being greater than it is by the 10a-methyl group, and space-filling
models suggest that ring A takes a half-boat conformation (¢f. 637). Oxygens white. Orienta-
tion is same as in Fig. 6.

cxamples of this type of epimerism are 17a-progesterone (130, 324; compound
308), 13a-androsterone (128; compound 407), 17a-deoxycorticosterone (656
compound 209), and 14g-equilenin (26; compounds 551, 552). A number of
doubly-inverted epimers are also inactive: e.g., 143, 17a-progesterone (Ho6: cf.
compound 303) and 148, 17a-deoxycorticosterone (212; compound 210).

The most important exceptions to this general rule are 8a-testosterone (181;
compound 391) which has 0.4 X the activity of testosterone, 19-nor-148,17a-
progesterone (212, 213; compound 303) which is several times as active as pro-
gesterone itself, and 98,10a-progesterone and its derivatives, the so-called
“retro-steroids,” which are several times as active as progesterone itself (637.
780a; compounds 263, 265) (IFig. 9).

3. Geometrical isomerism of substituents. In the natural steroids there is good
evidence that combination with the receptors or intrinsic action is possible only
with certain crucial substituents in one of the two epimeric configurations. Thus,
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11-epicortisol (z.c., 11a-OH, 118-H) and 11-epicorticosterone are inactive (252,
616, 786, 787); there is no known 1la-hydroxysteroid dehydrogenase in mam-
malian tissues. Similarly, 17-epitestosterone (i.c., 17a-OH, 178-H; compound
423) is even less active in most assays than androstenedione (605) and its weak
activity can be attributed to its partial conversion in riro to testosterone by the

reactions: 17-epitestosterone .—i androstenedione ,}—i testosterone, reaction A be-
ing catalyzed by a 17a-hydroxysteroid dehydrogenase, and reaction B by the
178-hydroxysteroid dehydrogenase (721). When reaction A is blocked as in 173-
methyl-17-epitestosterone (488 ; compound 421) or is greatly slowed as in 3-deoxy-
17-epitestosterone (347), or reaction B is greatly slowed as in 3-deoxyandrostene-
dione (347, 350), then it is found that only the 178-ol is active as an androgen.
Similarly, 17-epiestradiol (compound 561) is very weakly active, and estradiol
itself with a 178-hydroxyl group is analogous with testosterone in this respect
(347).

In the natural steroid hormones, these are the only substituents that are po-
tentially epimeric. A number of steroids with saturated A rings, however, are
metabolites of the A*-3-ketosteroids, and being biologically active are possibly
of endocrine significance (e.g., 329, 605). It is clear that the androgens provide
the vast majority of such examples. Thus, a large number of 5a-(H)-C,s-steroids
are active androgens and in these cases the epimeric 3a- and 33-ols are both ac-
tive (see Table 5). The differences in the activities of the epimers show several
irregularities and could well be due to factors affecting their distribution and
metabolism. This is probably the basis for the regular finding that 3-ketones
are usually more active in the chick comb assay than the related 38-ols (507).
Epimers of this sort are also interconvertible in most cases by 3a- and 38-steroid
dehydrogenases (721, 741) ria the 3-ketone. There is not yet sufficient evidence
upon which to decide whether one or both epimers of 3-hydroxysteroids can
combine with receptors for steroid hormones. All the natural nonbenzenoid ste-
roids with undoubted status as hormones possess the A*-3-ketone group.

4. Other geometrical changes in the carbon skeleton. Under this heading are con-
sidered the geometrical factors which are affected by the addition to, or sub-
traction from, the carbon skeleton.

The first major discovery in the field of synthetic analogues of steroid hor-
mones was that removal of the 108-methyl group (z.e., C-19) of several classes
of steroid hormone provided compounds with enhanced and sometimes altered
biological activity (75, 182). It is now known that these 19-norsteroids are more
active than their parent steroids in the case of progesterone (182, 235, 500, 625,
750; compounds 259, 263, 264, 303), corticosterone (compound 42), and deoxy-
corticosterone (compound 185) (23, 382, 614, 615). The same is true for 17a-
alkyltestosterones both in respect of their androgenic activity, and even more
of their levator or progestational activity (compounds 369-372, 462—466, 468—
487, 492, 493, 506-519) (320, 419, 614; ¢f. 138). The evidence for testosterone
itself is somewhat conflicting (74, 1538, 177): the activity of 19-nortestosterone
(compounds 336, 337) is less than that of testosterone in several assays, but is
still considerable
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19-Norcortisol (compounds 38, 39) has definite though reduced biological ac-
tivity: earlier reports of greatly reduced or absent activity (193, 279) have been
firmly contradicted by others (382, 466, 817) who found activities of 0.1 to 0.3 X
cortisol in tests for glycogenic and anti-inflammatory activity, and greatly in-
creased sodium-retaining activity (466).

The 18-norsteroids, in which the 138-methyl group has been removed, appear
to be inactive or very weakly active. The work is incompletely published but
suggests that a number of steroids of this type have been synthesized in unpub-
lished work with the same result (75, 374). Thus, 18-nordeoxycorticosterone
(compound 200) has 0.1 X the sodium-retaining activity of deoxycorticosterone
(374), 18,19-bisnorprogesterone (compound 299) is inactive (518, 688), 18-
norandrostenedione is inactive (75; compound 408), and so is 18 ,19-bisnortestos-
terone (374; compound 406).

(|3H,OH
Co

CH
° W—‘

F1c. 10. A-nor-cortisol
A-nor-cortisone is biologically inactive: this may be due to prevention of the reduction
of the 11-ketone by the displaced oxygen of the natural 3-ketone group.

It was thought by Johnson (75, 376) among others that the conformation of
the strained 5-carbon D-ring was stabilized in the natural steroids by the 138-
methyl group. Such stabilization would not be necessary if ring D were enlarged
to a 6-carbon ring. In accord with this line of argument, it was found that certain
18-nor-D-homosteroids possessed significant or even full biological activity while
their 18-nor analogues were inactive. A striking example is 18-nor-D-homo-5a-
androstane-3,17-dione (compound 409), which is slightly more active than
androstanedione itself (376), but in contrast a number of 17a-alkyl-18-nor-D-
homotestosterones were found to be inactive (122a; compound 461).

Enlargement or contraction of various rings of the steroid nucleus has now
been achieved for a number of types of hormone. In the first place, a number
of D-homosteroids possess activities comparable to or even much greater than
their parent steroids including those derived from testosterone, androstenedione,
androsterone, 3-epiandrosterone, and several androstane-diols (325; compounds
409, 424, 425, 440—445). D-Homocortisone (152; compound 128) has 0.4 X the
activity of cortisone. On the other hand, D-homodeoxycorticosterone (com-
pound 208) was said to have no sodium-retaining activity and only 0.1 X the
life-maintenance activity of deoxycorticosterone (186).

Contraction of ring A to give A-nortestosterone, A-norprogesterone (com-
pound 254), and A-norcortisone (778; Fig. 10) abolishes biological activity. On
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the other hand, B-homo-5a-dihydrotestosterone has slightly greater activity
than 5a-dihydrotestosterone itself (574a; compounds 385, 386).

Rupture of the fused-ring skeleton has effectively been carried out by the
synthesis of various analogues, usually in racemic form, from nonsteroid pre-
cursors. Such compounds appear to be very weakly active (799) or inactive (cf.
525a), for instance the 11,12-bisnor-C-seco-progesterone (compound 309) and
-deoxycorticosterone made by Wilds and Shunk (798).

There is undoubtedly much unpublished work which has achieved the same
results in other fields (see also 797). Earlier work is referred to by Wilds and
Shunk (798) and by Birch (75) (cf. 508 for estrogens).

A large number of analogues with extra double-bonds in the carbon skeleton
have been made. Introduction of a 1,2-double bond produces compounds of
enhanced biological activity in the case of cortisol and cortisone-like steroids
(see Table 1). The activity of progestational (54, 566; ¢f. 42), androgenic (126,
481) and nonhalogenated sodium-retaining steroids (70, 601) is usually reduced
to 0.1 to 0.5 of that of the parent steroid by this modification. Levator activity
is sometimes increased (e.g., 481, 816a). It will be seen from Tables 1 and 3, how-
ever, that this modification apparently increases the sodium-retaining activity
of many 9a-halogenated steroids.

It is also well established that 6,7-unsaturation (ring B) reduces glucocor-
ticoid activity (62, 252, 289), progestational activity (783), and androgenic ac-
tivity (783) of typical parent steroids, but increases the sodium-retaining ac-
tivity of 11-oxygenated steroids (252) while reducing that of deoxycorticosterone
(783). 8,9-Dehydroprednisone (compound 79) has 0.15 X the activity of pred-
nisone. More germane to later arguments, however, are the facts that 16,17-
dehydrocorticosterone (compound 130) is appreciably active (5) while the related
11-ketone (compound 140) is not (466), and that 16,17-dehydroprogesterone
(compound 306) is inactive (783). The introduction of a 9(11)-double bond into
deoxycorticosterone leaves sodium-retaining activity relatively unchanged (23)
while 11,12-dehydroprogesterone (compound 294) is three times as active as
progesterone itself (297). More interesting still, the A-aryl analogue of cortisol,
3,118,17«,21-tetrahydroxy-19-nor-pregna-1,3,5(10)-triene-20-one  (compound
40), has about 0.3 X the glucocorticoid activity of cortisol itself (466). The
potent antiestrogen activity of the 19-nor-A'°"”-3-ketosteroids is interesting
(538): their other activities (androgenic, levator) seem to be similar to those of
the 19-nor-A*-3-ketosteroids.

The size of the 178-side-chain of Ca-steroids has also been subjected to modifi-
cations. This side-chain projects more or less in the plane of the skeleton since
the 17,20-bond is equatorial in conformation (Fig. 5). Adding a 21-methyl group
to 9a-fluoroprednisolone causes a moderate reduction in glucocorticoid activity
(3a), while 23-acetoxy-norchol-4-ene-3,22-dione (compound 216) is devoid of
sodium-retaining activity (784). Similarly, 21-norprogesterone (compound 317)
is biologically inactive (489), while 21-methylprogesterone (compound 314) has
very weak, and 21-ethylprogesterone (compound 312) no detectable activity
(782).
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Substitution of the 21-hydroxyl group of corticoids with fluorine increases
their glucocorticoid and sodium-retaining activities, while similar substitutions
with chlorine and bromine abolish activity. These effects are almost certainly
due to complicated secondary factors. Similar effects on progestational activity
are seen with 21-halogenated derivatives of 17a-acetoxyprogesterone (54, 725;
of. 221).

A full analysis of the role of these side-chains will need much further work to
be done on the steric, electronic, and metabolic factors that are probably in-
volved in the biological effects of modified side-chains.

It is not easy at first sight to see any rhyme or reason in the effects of these
changes of the carbon skeleton on the biological activities of steroids. From the
inspection of models, however, and by laying more weight on the possession of
activity than on small decreases in activity, it is possible to suggest with rea-
sonable confidence that changes of the configuration of the ‘“upper’” half of rings
C and D have a far greater effect on all types of biological activity than many
changes in the configuration of rings A and B. If the receptor concept is accepted,
then it seems likely that the closest and most specific attachments of steroid
hormones occur over the surface of the steroid around carbon atoms 11, 12, 13,
16, 17, 18, and in C,, steroids, 20 and 21. The strength of this argument will be
seen to be increased by a consideration of the effect of the bulky substituents
found in some steroid analogues.

5. The effects of bulky substituents. It is now clear that biological activity,
either in full or even greatly increased, is present in a wide range of steroids pos-
sessing very bulky substituents which are not found in the natural steroids.
Sarett and others (124a, 616, 821) have pointed out independently that 8-sub-
stituents abolish the glycogenic activity of cortisone-like analogues while a-
substituents do not. In Figure 11, two composite projections illustrate most of
the known a-substituents which are known to be compatible with considerable
and often very greatly enhanced glucocorticoid activity in cortisone-like ana-
logues. The very large protuberances on the normal a-surface that are produced
by the 9a- and 12a-bromine and iodine atoms (133, 249, 703), by the angulation
of the planes of the A and B rings in 1,2-dehydrosteroids (252), and by the vari-
ous ketal groups of the 16a, 17a-ketals (252, 253) are notable. It seems incon-
testable that the association of these steroids with their receptors must be by
some part of the ‘“upper’” and B-surfaces of rings C, D and the 178-side-chain
(124a, 616).

Certain findings are at first sight anomalous. Thus 7a- and 73-methyl-cortisol
(compounds 51, 52) are less active than cortisol itself and this might suggest
that the “lower” parts of rings B and C (C-6, C-7) are closely opposed to the
receptor surface. The large glycogenic activity of many 6a-methyl and 6a-chloro
steroids (e.g., compounds 50, 53, 60) makes this unlikely and there are reasons
for preferring other explanations of the influence of 7a- and 78-methyl groups.
The 7-position is peculiar in that the equatorial 78-hydrogen and other 78-sub-
stituents are more hindered than the axial 7a-position. This reversal of the usual
relationship (41) is due to steric hindrance by the “lower” edge of rings C and
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FiG. 11. The major bulky a-substituents which leave intact or greatly enhance
the glucocorticoid activity of cortisol

(a) Projection on to a plane perpendicular to the line through carbons 8 and 10. The 3-
carbonyl oxygen is nearest the reader.

(b) Projection from ‘‘above” on to a plane perpendicular to the 9,11-carbon-carbon bond.
C-21 at the right is nearest to the reader.

1. 118-Hydroxyl (H-atom labelled); 2. 21-hydroxyl (H-atom labelled); 3. carbon-21; 4.
carbon-2 (in A‘-3-ketones); 5. 3-oxygen (in A*-3-ketones); 6. 3-oxygen (in A!.4-3-ketones);
7. 2a-methyl group; 8. 6a-methyl group; 9. carbon-2 (A!-4-3-ketones); 10. 9a-bromine; I1.
12a-bromine; 12. methyl group of 16a,17a-diol acetophenonide; 73. phenyl group of (12);
14. 12a-hydrogen; 15. 128-hydrogen. Oxygen atoms black. Extra volume of groups in the
analogues are shaded or stippled, except for (13) in (b).
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D (C-14, C-15). It is likely that methyl groups in this position produce a fair
amount of distortion of rings C and D by their steric pressure. At any rate, the
loss of activity produced by these substitutions is not large enough to exclude
the role of secondary factors, and it is not justifiable at present to attribute it
to an influence on the steroid-receptor interaction.

The reduced activity of 68-chlorocortisone (816a; compound 54) and similar
analogues (578) might also suggest that close apposition of the whole of the 8-
side of ring B with the receptors was necessary. While this is possible, the effect
may well be due to distortions transmitted to the rest of the 8-side of the mole-
cule and to hydrogen bonding with the 118-hydroxyl group.

168-Methylsteroids have the same glycogenic potency as their 16a-methyl-
epimers (660, 727). As Sarett has pointed out, however (616), these substituents
are at the sterically unique 16-position (Fig. 5) where both epimeric configura-
tions have an intermediate conformation which is not strictly axial or equatorial.
The protuberance of the 168-methyl group beyond the 8-surface of the natural
steroids is therefore small.

The position is much more confusing with sodium-retaining steroids. Thus,
the 2a-methyl group enhances very greatly the sodium-retaining activity of 11-
oxygenated steroid analogues (252; compounds 218, 221) but reduces the ac-
tivity of deoxycorticosterone to 0.05 of that of the parent steroid (446 ; compound
180). This low activity, however, may well be due to the very low solubility of
this extremely hydrophobic analogue. What is certain, however, is that both
168- and 16a-methyl, 16a-methoxy-, and 16a-hydroxyl groups abolish or reverse
this activity both of 11-oxygenated steroids (Tables 2, 3) and of deoxycorticos-
terone (23, 156, 464a, 546). Since the 16-methyl and 16-hydroxyl groups have
opposite effects on the solubility properties of the compound, and since they
cause a small decrease (hydroxyl) and a small increase (16a-methyl) in the gly-
cogenic activity of 11-oxygenated steroids, it is likely that the loss of sodium-
retaining power is due to an effect on the steroid-receptor interaction rather than
solely upon secondary factors. The same arguments can reasonably be applied
to the 17a-hydroxyl and 17a-methyl substituents, both of which abolish the
sodium-retaining activity of deoxycorticosterone (23, 222, 375, 382, 555, 663;
compounds 207, 211).

Until more is known about the identity of the receptors for the sodium-re-
taining activity of deoxycorticosterone and 11-oxygenated steroids, it is difficult
to make any specific suggestions as to the nature of the steroid-receptor inter-
action for this type of activity. It is at least possible, however, that close associ-
ation with the a-surface of rings A, C and D, and the side-chain is essential for
this type of activity.

Progestational activity shows many of the features of glucocorticoid activity.
Thus, considerable activity is possessed by the 6a-methyl-, 17a-capryloxy-, 68-
methyl-, 6a-chloro-, 6,7-dehydro-6-methyl-, 17a-methyl-, and 17a-chloro- deriva-
tives of 17a-acetoxy-progesterone, and by a number of 9a-bromo-118-
hydroxysteroids (53, 252, 255). The even greater distortion of the whole of the



390 BUSH

A and B rings in the 93, 10a-progesterones (‘‘retro’’-progesterones) (Fig. 9; Table
4) is also compatible with biological activity much greater than that of the par-
ent steroids of the natural series (637, 780a). Finally, the considerable and often
greatly enhanced activities of many 17a«-alkyl-19-nortestosterones (Table 6)
suggest strongly that the a-surface of these steroids is not involved in any struc-
turally specific links with their receptors (Figs. 12, 13; Table 8).

OH OH

(b)
F1:. 12. Typical 17a-substituted 19-norsteroids
(a) 17a-Ethinyl-19-nortestosterone (‘‘Norethisterone’); (b) 17a-ethyl-19-nortestoster-
one.

Fia. 13. A typical bulky 17a-substituent giving a compound with enhanced
progestational activity
The area of the D-ring of a 17a-(2-methallyl)-178-hydroxysteroid in the sume projection
as in Fig. 11 (b). 1. 12«-Hydrogen; 2. 128-hvdrogen; 8. 17a-hyvdrogen in natural steroids; 4.
178-hydroxyl (hydrogen labelled). The extra bulk of the 17a-(2-methallyl) group is
stippled.

It is reasonable, therefore, to suggest that the steroid-receptor interaction
that is responsible for progestational activity involves the “‘upper’ and g-surface
of rings C and D and the side-chain of the steroid. Other features will be dis-
cussed below.

Androgenic activity presents a more complicated picture. Zaffaroni (816a)
has given an excellent brief review. Inspection of Table 5 will show that bulky
substituents have been studied in positions 1, 2, 4, 6, 7, 9, 11, 16, and 17, and
that a wide variety of structures have been tried out in ring A which appear to
produce very varied results. Another difficulty is that most of these compounds
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are very hydrophobic in character, so that bulky nonpolar substituents may
produce gross effects on their absorption and distribution (see, e.g., 423, 424).
Unlike steroids with other types of biological activity, the androgens are re-
markable for the very large number of natural or synthetic steroids in which a
saturated structure in ring A of the 5a-(H) configuration (but not the 58-(H)-
epimers) is associated not only with substantial activity but often with greatly
enhanced activity (e.g., 97, 101, 574, 606). The possession of considerable ac-
tivity by 6a-methyl- and 4-methyl-testosterone (21, 577, 580) suggests that close
apposition of these steroids to their receptors does not occur over the ‘“lower”
edge of rings A and B.

Protuberances from the a-side of ring A, however, appear to cause con-
siderable losses of biological activity. Judging by existing evidence from other
classes of steroid, these cannot reasonably be ascribed to secondary factors. Thus,
a 1,2-double bond (126), a 2a-methyl group (481, 579), a 2-methylenehydroxy
group (576), a 1a-acetylthio group (188), or a 3a-methyl group (424) causes great
reductions in, or the disappearance of, androgenic activity. On the other hand,
various 9a-bromosteroids have fair or considerable androgenic potency (592;
cf. 819).

Another source of difficulty is the controversy over the effect of 17a-alkyl
substituents. The 17a-methyl group, while conferring oral activity on a typical
Cis-178-0l, reduces androgenic potency by parenteral routes while leaving levator
activity intact. Larger 17a-alkyl groups (e.g., -ethyl, -propyl, -vinyl, -propargyl)
cause the appearance of considerable progestational activity while reducing or
abolishing androgenic activity (Tables 5, 6). Most clinical workers, however,
have found that androgenic activity is still present. However, it is clear that
substitutions and modifications in ring A have much more complicated and
striking effects on biological activity than in other classes of steroids. It is diffi-
cult to point with any certainty to a specific area of these steroids which might
be most closely and specifically opposed to their receptors. One possible reason
for the present confusion is suggested by the low substrate specificity of 8-steroid
dehydrogenase (721). It is clear that this enzyme, while associating specifically
with the a-side of C,,-steroids, can attack both 3- and 17-ketone groups. It is
possible that such steroids can fit the active site in either of two positions in
which the line from carbon-3 to carbon-17 is rotated through 180° in the main
plane of the carbon skeleton. If this were true for the steroid-receptor associ-
ation responsible for androgenic activity, then groups added to ring A of certain
androgen analogues might be interacting with the part of the receptor site nor-
mally associated with ring D and vice versa. The possibility of such “reversed”
associations may well be the reason for the activity of symmetrical diphenols
of the stilbestrol family of synthetic estrogens. On the other hand, they would
be unlikely to confuse the picture with C-steroids in which the 178-side-chain
confers a pronounced asymmetry upon the carbon skeleton.

The appreciable androgenic activity of 8a-testosterone (compound 391) sug-
gests, however, that close apposition of the S-surface of ring B is not involved
in the steroid-receptor association for androgen activity. Djerassi et al. have
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provided strong evidence from the optical rotatory dispersion spectrum of this
compound that the B ring is in the unusual boat form (181). This produces a
large B-sided protuberance on the molecule and leaves the ring A in a similar
conformation relative to rings C and D to that found in testosterone itself.

At present then, the balance of the evidence is in favor of an association of
the a-side of the steroid with the receptors for androgenic activity, but more
work is needed before the uncertainties about the role of substituents at C-17
will be resolved. A S-sided association is suggested, for instance, by the activity
of epimeric 17-hydroxysteroids (124a; see below). In a recent article Ringold
(574b) has made a closer analysis and favors a-sided attachment of androgens
to their receptors. His arguments, however, do not deal completely with the un-
certainty of the effects of 17a-substituents.

The steroid estrogens will not be dealt with fully. It is clear, however, that
considerable or full activity is possessed by 17a-ethinylestradiol (364 ; compound
562) and by the 17a-methyl- and 17a-vinyl derivatives (83, 196, 364; compounds
555-557), while 17a-hydroxy-epimers, like the androgens, are of low or negligible
activity (347). Unlike the C,-steroids, but like the androgens, estradiol has its
activity very considerably reduced by a number of alkyl substituents in rings
A and B (366, 759), and by all 16-substituents (196, 348, 406, 503, 590) that
have been tried.

C. The role of the polar groups of steroids

Polar groups exert their effect in two ways. First, they fill space in the same
way as nonpolar substituents, and secondly, they are sites of electrical forces
between themselves and other polar groups around them. This second feature
of polar groups is associated with an ability to undergo chemical reactions with
a facility not possessed by nonpolar groups. In aqueous media, truly electrostatic
forces are weak compared with the London, or “exchange,” forces common to
all atoms, except those due to hydrogen bonds.

Contrary to previous suppositions, it is now known that many of the polar
groups of steroid hormones are not strictly required for the possession of bio-
logical activity, at any rate in the form found in the natural hormones. The best
working hypothesis at present is that certain polar groups of steroids are prob-
ably involved in structurally specific links with the receptors for these hormones;
that a larger number are involved in much less specific links; and that many or
possibly all of them can be dispensed with, while retaining biological activity,
if the steroid-receptor association is strengthened by modifications of other parts
of the steroid molecule (124a, 250; ¢f. 157).

1. The A*-3-ketone group. It is generally held that the A*-3-ketone group is
essential for all types of corticoid activity and for progestational activity. While
this question needs further investigation, this view has been based largely upon
a relatively limited number of tests with saturated 58-(H) steroids, and with
3-hydroxysteroids for which the rates of conjugation and elimination from the
body are very high. At present, the main ‘“function’” of the A*-3-ketone group
seems to lie in the rate-limiting effect of the 4,5-double bond on the metabolic
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inactivation of the nonbenzenoid steroid hormones (616). It is unlikely that
this structure plays more than a minor role in contributing to the steroid-re-
ceptor association constant, or to the specificity of this association, at the re-
ceptors for all types of steroid activity.

While equally striking evidence is not yet available for sodium-retaining and
glucocorticoid activity, it is clear that a number of modifications of ring A are
compatible with the possession of considerable biological activity (124a). The
chief examples are:

5a,118,17a,21-tetrahydroxy-5a- 1.0 X cortisone acetate (61)
pregnane-3,20-dione

4 ,5a-dihydroprednisone 0.15 X cortisone acetate (805)

9a-fluoro-4 ,5a-dihydroprednisolone 0.6 X cortisone acetate (331)

5a,68-dihydroxy-4 ,5a-dihydro- 0.16 X cortisone acetate (739)
cortisone

3,118,17,21-tetrahydroxy-19- 0.13 X cortisol (4606)
nor-pregna-1,3,5-trien-20-one

Prednisolone 4 to 5 X cortisol (323).

Prednisolone is included here because although it contains the A*-3-keto group,
the introduction of the 1,2-double bond produces such a large change in both
the polar and steric properties of ring A, that any interaction of this part of the
natural steroid with its receptor would suggest that such interactions were of
low specificity.

In the field of androgens, it is clear that a number of 3-deoxy- and 33-fluoro-
3-deoxy-steroids possess significant androgenic activity (175, 347, 350, 370, 423,
424). There is no evidence for and much against the supposition that their ac-
tivity is due to the introduction of the missing 3-ketone or 3-hydroxyl group
in vivo. Even more striking are the biological activities reported by de Winter
et al. (175; compound 466) for a series of 3-deoxy-17a-alkyl-19-nortestosterones
which were as potent as oral gestagens as the related 3-ketones.

2. The 178-hydroxyl group. There are some grounds for believing that the
17B-hydroxyl group of testosterone plays a specific role in the association of this
steroid with the receptors for levator and androgenic activity (124a, 605). In
the first place, a number of steroids lacking any oxygen function at C-17 are
inactive (347, 350) both by systemic and local administration. 3-Deoxysteroids
of similarly low solubility are active in the same tests, so that it is unlikely that
this is due to secondary factors. Again, all steroids active in assays for andro-
genic and levator activity possess a 178-hydroxyl group or else a group (17a-
hydroxyl or 17-ketone) which can be converted to it. A small number of 17a-
hydroxy- and 17-keto-steroids in which this conversion is blocked are inactive
(see above). At present, no other type of substituent at C-17 is known which
will replace the 178-hydroxy group or its precursors, although Dorfman has
found that androstane itself is active both in the chick comb assay and the rat
seminal vesicle assay (190a). However, large doses were used and oxidation at
C-17 may have occurred. The polar groups of testosterone, therefore, may not
be essential for androgenic activity, although the 178-hydroxyl group of testos-
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terone itself probably forms a fairly specific link with the receptors for andro-
genic activity.

3. The 11B8-hydroxyl group. A very similar position holds for the 118-hydroxyl
group and glucocorticoid activity (124a). All but two types of known active
steroids possess this group or an 11-ketone group which is known to be, or is
probably, reducible. A small number of 11-ketones which are not reduced n vivo
to the 118-ols are inactive, while the related 118-ols are active (see above). A
large number of steroids lacking this group are essentially devoid of gluco-
corticoid activity. It seems likely, however, that even this doyen of “specifically
required”’ groups can be dispensed with. The first example of a definite gluco-
corticoid lacking this group was the weakly but definitely active 1a-acetylthio-
17,21-dihydroxypregn-4-ene-3,20-dione (Dodson and Tweit, 187). The reviewer
suggested that the la-acetylthio group might replace the 118-hydroxyl group
by supplying a lone pair of electrons favorable for hydrogen bonding with a
proton-donor group on the receptor (124a). The conformation of this group is in
fact accurately known because of the steric pressure to which it is subjected
(187), and it is seen in Figure 14 that the carbonyl oxygen is remarkably well
placed to play this role.

The second exceptional type of 11-deoxysteroid is more striking still, in that
there is no polar group available to play the role of the 118-hydroxyl group.
The best example is 16«,17a-isopropylidenedioxy-6a-methylpregna-1,4-diene-3,
20-dione which was synthesized by Petrow’s group (73a) after a related proges-
tational analogue was found to be active, in addition, in the liver glycogen and
systemic anti-inflammatory assays (see also 278a). The related A*-3-ketone (z.e.,
the 1,2-perhydro derivative) was twice as active as cortisone, and the A!+4-3-
ketone itself nearly as active as prednisolone. In local assays on the skin of human
volunteers, its anti-inflammatory activity was equal to that of cortisol. The au-
thors suggested that this proved that its systemic activity was not due to conver-
sion in vtvo to an 11-oxygenated derivative.

It seems indeed probable that this compound is itself possessed of glucocorti-
coid activity and that its spectrum of activities is similar to that of cortisol. One
cannot, however, accept the argument of these authors given above as a con-
vincing proof of their contention. It is clearly established that a number of ste-
roids, especially heavily substituted and hydrophobic compounds, have local
but not systemic anti-inflammatory activity. As discussed earlier, one cannot
assume without further analysis that local anti-inflammatory activity is pharma-
cologically identical with the systemic anti-inflammatory activity of glucocorti-
coids. The local activity of this compound may well be nonspecific in type, a
possibility which is made all the more likely by the fact that its relative potency
in the local assay is only 14 to 1€ of its systemic potency. It is probable that
the 118-hydroxy-derivative of this synthetic steroid has a potency of about 100
times that of cortisol (¢f. 16, 253, 683); according to the type of assay (and
Petrow’s group used an aqueous suspension by subcutancous injection for their
assay), from 1 to 4 % conversion to the 118-hydroxy derivative would suffice
to give potencies in the range reported by Petrow’s group. The crucial impor-
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tance of this compound and of similar 6a-methyl-11-deoxysteroids (278a) for
theories of the nature of the intrinsic action of cortisone-like steroids is obvious,
and it is very desirable that a complete analysis of its action should be carried
out.

Despite these interesting exceptions, it is highly likely that the interaction of
most glucocorticoids with their receptors involves a structurally specific link

Fi1c. 14. Projections of la-acetylthio-11-deoxycortisol

The 118-hydroxyl group of cortisol is shown for comparison. (a) Projection on to a plane
perpendicular to the 9,11-carbon-carbon bond with g-surface at bottom of figure. (b) Pro-
jection on to a plane parallel with that of carbons 5, 7, and 8 with g-face towards reader. 1.
118-Hydroxyl group (hydrogen labelled); 2. carbonyl oxygen of la-acetylthio group; 3.
13-methyl; 4. 10-methyl. Oxygens black: rest of 1a-substituent stippled.

with the 118-hydroxyl group which cannot be satisfied by an 11-ketone group
(e.g., 354). The nature of this link is suggested by the role of halogen substituents
at positions 9 and 12 (Fig. 15).

It was suggested above that the metabolic influence of the 9a-fluorine atom
was likely to explain only part of the 10-fold increase in glucocorticoid activity
that it causes in 118-hydroxysteroids. Fried (252, 258, 259), who discovered
these biological effects incidentally while exploring the possibilities of 9a-fluoro-
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steroids as intermediates in chemical syntheses, suggested that the increased
activity was due to the negative inductive effect of the halogen which would
increase the acid dissociation of the 118-hydroxyl group (459) and thus also the
strength of a postulated hydrogen bond between this hydroxyl group and the
receptor. In support of this theory, he went on to show that electropositive 9a-
substituents caused marked decreases in the glucocorticoid activity of 118-hy-
droxysteroids (252, 259), and that the effect of 12a-halogens was identical with
those of the same halogen in the 9a-position (252, 319). As he pointed out, the
inductive effects of such substituents at the 9a- and 12a-positions should be
negligibly different, while the steric difference is considerable.

An important point is that this theory can be correct only if the normal role
of the 118-hydroxyl group is to act as proton donor to the hydrogen bond with
the receptor (124a). The total loss of activity caused by substituting an 11a-
methyl group in cortisol (72) would support this conclusion since the positive
inductive effect of the methyl group is greatly increased in the tertiary 118-
hydroxyl group that will result from this substitution. This would decrease the
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FiaG. 15. (a) 9a-Fluorocortisol; (b) 12a-fluorocorticosterone-21-acetate

availability of the proton for hydrogen bonding even more markedly than in the
9a-methyl- and 9a-methoxy- analogues (249).

Fried noted (252) that the larger 9a-halogens caused far smaller increases
in the glucocorticoid activities of 11-ketone analogues than were expected. These
are explained by the diminishing inductive effect of the larger halogens on the
redox potential of the ketone/hydroxyl pair and the probable partial steric
hindrance of the reduction of the 11-ketone to the 118-ol (124a). On the other
hand, Fried (250a, 252) explained the anomalous lack of activity of 12a-chloro-
cortisone on the basis of hydrogen bonding between the 17a-hydroxyl and the
12a-chloro group. This might be necessary in the case of 12a-chlorocortisol but
the inactivity of the 12-chloro-11-ketone would be readily understood as due to
the almost complete inhibition of reduction of the 11-ketone group by large 12a-
substituents (124e).

Fox et al. (246) found that the 118-acetate of triamcinolone acetonide was
about twice as active as cortisol in the liver glycogen and other assays. It is
highly probable that this was due to hydrolysis despite the fact that the usual
11B-acetates are almost impossible to hydrolyze chemically. In the first place,
esters of a-fluorocarbinols are much more rapidly hydrolyzed than esters of non-
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fluorinated carbinols (e.g., 310a), and in the second it is known that certain
micro-organismal enzymes will hydrolyze the 118-acetoxyl group very readily
(143; see 507, p. 701). Only 2% of this steroid would need to be hydrolyzed in
vivo to give the activity these authors obtained (see 253).

Present evidence, then, is satisfactorily accounted for by the theory that the
steroid-receptor interaction for glucocorticoid activity involves a highly specific
link between the 118-hydroxyl group and the receptor, which is almost certainly
a hydrogen bond the proton of which is derived from the 118-hydroxyl group
itself. Only two types of compounds are known which lack this substituent, or a
reducible 11-ketone group, where the evidence is strongly suggestive that they
possess full glucocorticoid activity.

4. The 17B-stde-chain. The 9a-halogenated steroids have also illuminated the
problem of the role of the side-chain in glucocorticoid activity. Since both 9a-
and 12a-fluoro-118-hydroxyprogesterone are approximately as active as cortisol
(252, 319), it is clear that contrary to previous suppositions the 21-hydroxyl
group is not essential for glucocorticoid activity. The best theory is probably
that the a-ketol side-chain of the natural glucocorticoids forms hydrogen bonds
which strengthen the steroid-receptor association but which are not critical to
the structural specificity of the association. In the presence of a greatly strength-
ened link with the 118-hydroxyl group of 9a- and 12a-fluoro-118-hydroxyste-
roids, the links with the side-chain are no longer necessary for effective interaction
(250, 252). The indispensability of the 20-ketone group is undecided (1; ¢f. 279).

The role of the polar groups of the side-chain is probably also unspecific in
both progestational and sodium-retaining steroids, much the same as it is for
glucocorticoid activity. Apart from the competence of the 178-hydroxyl group
to endow 17a-alkyl-testosterone analogues with full or greatly enhanced progesta-
tional activity, it is also known that both the 20c- and 208-dihydro-progesterones
are fully potent in the local Hooker-Forbes assay (816).

Djerassi’s (179a) analysis of the preferred conformation of the 178-side-chain
of 17a-halogeno-20-ketones suggests that the 20-carbonyl oxygen of progesterone
is normally in the B-conformation with the 21-carbon to the a-side. Engel and
others have shown that a number of 17a-halogenoprogesterones (221, 476) and
17a-halogenocorticosterones (173, 220) have appreciable or full biological ac-
tivity as gestagens and glucocorticoids, respectively. (The inactivity of some
17a-halogeno-11-dehydrocorticosterones may well be due to inhibition of the
118-ol dehydrogenase.) In these analogues the 20-ketone must have been pre-
dominantly in the g-conformation according to Djerassi’s findings (see also 416a).

The position is not equally clear for sodium-retaining steroids, but full or en-
hanced biological activity is possessed by a large number of 9a-fluoro-118-hy-
droxy-21-deoxysteroids and 21-deoxy-21-fluorosteroids. On the other hand, it
has been found that removal of the 21-hydroxyl group of deoxycorticosterone
itself and of most 11-oxygenated sodium-retaining steroids reduces their ac-
tivity quite considerably (252). The exact role of the 21-hydroxyl group will
be understood only when the pharmacological identity of the sodium-retaining
actions of 11-deoxy- and of 9a-halogeno-118-hydroxysteroids has been proved



398 BUSH

or disproved. Certainly it does not appear to be essential for all types of sodium-
retaining activity.

5. Additional hydroxyl groups. A large number of analogues with extra hy-
droxyl groups have been synthesized. All of them show less activity than the
unsubstituted parent steroids and this is true for all the main classes of steroid
activities (see Tables 1 to 7). Such polar groups probably produce their effect
mainly by decreasing the chemical potential of the substance in water. This will
reduce nonspecifically the association constants of the steroids with all substances
excepting those having groups placed favorably for forming hydrogen bonds or
other links with them (124a). Such groups will also offer points of attack for
the detoxicating enzyme systems of the body, particularly those forming con-
jugates. Other factors probably play some part, but there is as yet little infor-
mation about them.

6. The isolated 9a-fluoro group. In an interesting paper, Bergstrom and Dod-
son (52) found that 9a-fluorodeoxycorticosterone has twelve times the sodium-
retaining activity of deoxycorticosterone. They therefore challenged Fried’s
interpretation of the influence of this substituent in 11-oxygenated steroids,
and suggested instead that the 9a-fluorine atom inhibits the metabolic inactiva-
tion of such steroids, “‘possibly 9-hydroxylation.” While it is true that Fried’s
interpretation cannot be extended to this steroid which lacks a hydroxyl group
a to the fluorine atom, one must dispute these conclusions of Bergstrom and
Dodson. In the first place, 9-hydroxylation must be a very minor metabolic
pathway if it exists in mammals; secondly, the metabolic inactivation of 9a-
fluorocortisol is qualitatively and quantitatively similar to that of cortisol with
the exception of the effect on the 118-dehydrogenase reaction described above
(124a); finally, Fried’s analysis of the glucocorticoid activities of various 9a-
and 12a-substituted 118-hydroxysteroids is the only existing one capable of ex-
plaining all the facts and is not really affected by the evidence of Bergstrom
and Dodson.

It is, however, possible that part or all of the increased sodium-retaining ac-
tivity of 9a-fluoro-11-hydroxysteroids is due to a different mechanism which is
similar to the unknown one underlying the enhanced activity of 9a-fluorodeoxy-
corticosterone. As with other sodium-retaining steroids, a complete analysis will
be impossible until the homogeneity or heterogeneity of receptors for this type
of activity has been determined.

D. Miscellaneous compounds

A number of interesting steroids have been reported with either no biological
information (405, 641) or unusual types of activity.

Gould et al. (288) found that 16a-N-piperidino-38-hydroxypregn-5-en-20-one
lowered the blood pressure of dogs in doses of 1 to 2 mg/kg, and was pharmaco-
logically similar to veratrine. Drill and Riegel (198) found that several 38-hy-
droxyandrost-5-ene-178-sulfonium halides had ganglion-blocking activity and
atropine-like actions. Antaki and Petrow (11) made heterocyclic tetracycline-
like compounds with cholic acid, but they lacked antibiotic activity [see also
the cyclic trithiol of Kincl (405)].
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Finally, Petrow’s group (304) found that 68-hydroxy-3,5-cyclopregnan-20-
one relieved patients with depression and obsessional disorders, but not those
with “anxiety hysteria” or schizophrenia. Confirmation of these findings is de-
sirable with a larger number of patients and controls.

Kallistratos and Voigt (390) found that cortisone 21-glycinate was inactive
in hamsters. This suggests that, unlike most 21-acetoxysteroids, some other
types of ester and the 21-acetoxyl group of certain 16-substituted steroids (729a)
may not be hydrolyzed at all rapidly in vivo.

E. The structural requirements for the hormonal activity of steroids

Recent work has shown in general that most types of steroid activity can be
obtained with synthetic steroids which differ greatly from the natural hormones
in the shapes of certain regions of their molecules. It is reasonable to conclude
that these regions of the natural hormones are either not associated closely with
their receptors, or that they associate with a flexible part of their receptors in
a way that confers little or no specificity upon the interaction. The information
for glycogenic and anti-inflammatory activity is very complete, as it is for pro-
gestational activity. The picture is confusing for sodium-retaining activity, be-
cause of the probable heterogeneity of the receptors for this activity; for andro-
genic activity, because of the inconclusive evidence on the role of 17a-alkyl
groups and the emphasis in the published literature on levator and other types
of activity; and for estrogenic activity, because of the wide range of nonsteroidal
estrogens. A summary of the available information is given in Tables 8 and 9.

These conclusions are based largely on active compounds possessing alkyl,
alkyloxy, or halogen substituents which are very unlikely to be modified to any
great extent by metabolic reactions. It should be emphasized, however, that
much more work is needed in this field: thus, it is very likely that 17«-alkenyl
and 17a-alkynyl groups, and many bromo- and chloro- steroids in which the
halogen is close to a polar group or a double bond, will undergo many metabolic
and also nonenzymic reactions in living organisms.

It is less easy to point to regions of the molecules of natural steroid hormones
the shapes and constitutions of which are essential for biological activity, since
here one must rely largely upon a correct interpretation of the loss or reduction
of biological activity. In many cases, the essential compounds, being naturally
less interesting to the pharmaceutical firms, have either not been made or not
reported upon. For reasons given above such arguments are more likely also to
be upset by factors which have nothing to do with the steroid-receptor inter-
action under consideration. Table 9 is an attempt to derive the best hypotheses
from the existing evidence. The crucial importance of limzited regions of the mole-
cules of certain hormones and drugs is not confined to the steroids (see, e.g., 305)

VII. THE NATURE OF THE INTRINSIC ACTIONS OF STEROID HORMONES

The best quantitative analyses of the pharmacology of hormones suggest
that steroid-receptor interactions are similar to those of other hormones and of
drugs (e.g., 245, 687), and hence that they are similar in nature to enzyme-sub-
strate interactions (see 14). The first important question is whether the intrinsic
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action (14) which is consequent upon the association between steroid and re-
ceptor involves a chemical reaction or not (124, 124a). It is possible to generalize
with reasonable confidence at present that it does not.

For all types of steroid hormone, highly active analogues are known in which
one or all of the polar groups available for possible metabolic reactions have
been ecither rendered unreactive by substituents introduced into the molecule,
or else removed altogether. The great activity of some of these analogues, and
the very low or absent reactivity of the polar groups or vacant positions avail-
able for consideration, make it very unlikely that such biological activities are
due to metabolic modification of the analogues. Until recently, it seemed pos-
sible that the 20-ketone group of C-steroids was a potential site of a redox re-
action at their receptors, particularly since this is one of the few reactions oc-
curring in peripheral tissues as well as in liver. It is now known that this reaction
is blocked completely in triamcinolone acetonide (Bush and Hunter, unpub-
lished observations) which is approximately ninety times as active as cortisol
as a glucocorticoid, and hence almost certainly blocked in the active gestagen,
16a,17a-isopropylidenedioxy-6a-methylpregn-4-ene-20-one (73a). Such a redox
reaction remains a possible but unlikely basis for sodium-retaining activity.
This reaction is of course impossible as a basis for the progestational activities
of the 17a-alkyl-19-nortestosterones.

The intrinsic action of steroid hormones is therefore most likely to be due to
some effect of a so-called ‘“physical’”’ nature on their receptors or their surround-
ings (124a). Sarett (616) has already pointed out that multi-point molecular
interactions are of little importance in ordinary chemistry because of the low
probability of their occurrence. He envisages a glucocorticoid as finding a loose
one-point attachment to the receptor by one of its polar groups and then making
further contacts by rotation around the point of first attachment, analogous to
the berthing of a large ship by getting a line ashore and then swinging her around
into place. In this way it is possible that the apparently crucial polar groups in
natural steroids [e.g., 118-hydroxyl (corticoids), and 178-hydroxyl (androgens)]
increase the specificity of their receptor-associations by increasing the prob-
ability that the steroid attaches itself by the correct “face” and in a position in
which rotation can bring it into correct apposition with the rest of the receptor
surface. This concept is attractive in that polar groups, like ships’ lines, exert
forces of longer range than the London forces which will be mainly responsible
for the final specificity of the close apposition of the steroid to the receptor.

Once full apposition has occurred, it seems likely at present that the area of
contact will be too large, and the association too dependent upon short-range
forces, to permit more than very minor rotation and oscillation of the steroid
about its preferred position on the receptor (124a). One has to ask what physico-
chemical events could arise from such an association of a steroid with conceivable
receptors.

Many interactions of steroids with other substances have been studied in the
search for ones which might have physiological significance. The studies of
Munck, Scott and Engel are particularly valuable in that precise physicochemi-
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cal methods were used (504, 505, 642). These and the studies of Schellman et al.
(215, 631, 632) have provided a wealth of valuable physicochemical information
on the interactions between steroids with proteins (215, 6:32), nucleotides (225,
505, 642), and water-oil interfaces (504). Most of these studies, however, sug-
gest that association occurs at the a-side of the steroid. Yet it is very unlikely
that a-sided associations are involved in the receptor-interactions of gluco-
corticoids and gestagens. The work of Talalay and his colleagues (471, 721, 722,
723) has shown that steroids are much more prone to cause substrate-inhibition
at relatively low concentrations with steroid alcohol dehydrogenases than other
classes of compounds. These findings are in accord with the supposition that
the association of steroids with their receptors probably involves a relatively
firm and immobile attachment of the steroid.

In the case of glucocorticoids and gestagens, it is fairly clear too that ternary
complexes (i.e., X-steroid-Y) are very unlikely to occur at the receptor site.
There is room for only a one-sided (or a ‘“‘one-sided + top”’) association of the
steroid. The highly substituted glucocorticoid analogues and the 9,10-dizso-
progesterones could not form a ternary complex matching those that might be
possible with the natural steroids.

These and earlier considerations therefore render the following mechanisms
rather unlikely as the basis of the intrinsic action of steroid hormones: (a) a
coenzyme-like action in which a reversible reaction occurs with a polar group
on the steroid (372a, 724, 724a); (b) the formation of chelates for the transport
of metal ions across cell membranes (793, 794); (c) replacement of, or associ-
ation with cholesterol in cell membranes (802a); (d) a transport or carrier func-
tion with the steroid rotating about a single point of attachment to a receptor.

The very large size of the a-sided distortions of the natural glucocorticoids
and gestagens that are compatible with full or greatly enhanced biological ac-
tivities also suggest that the chemical system in which the intrinsic action is
produced contains a large volume of empty solvent on the side of the steroid
distant from the receptor surface. If any part of the receptor fills this space be-
fore or after association with the steroid has been established, it must be ex-
tremely flexible (e.g., 396) and its conformation cannot be of critical influence
on the intrinsic action of the steroid.

The conclusion is reached, then, that the intrinsic action of glucocorticoids,
gestagens, and probably of other types of steroid hormone (372a) is accomplished
by an association with their receptors that involves little or no movement of the
parts of the molecules that are in close apposition. The most likely conceivable
consequence of such an association which could be of physiological significance
is that that part of the receptor which would otherwise interact with other mole-
cules or groups (or with other parts of the same molecule, if large enough) is
prevented from doing so by the mere presence of the steroid. The biochemical and
physiological consequences of this sort of molecular event could be of many
types. The following can be suggested as reasonable possibilities:

(a) The steroids would be large enough to block ‘“holes” or channels the walls
of which contain their receptors.

(text continued on page 418)
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(b) The displacement of a polar molecule from the receptor site would con-
vert a polar and/or hydrated region of the receptor into a nonpolar one. This
could result in extensive bending or unfolding of parts of the receptor molecules
distant from the site of attachment.

(c) Another consequence of (b) could be a breakdown of large areas of hy-
drated gel around the receptor (see 55). Such molecular events could be the
basis of a direct effect on the activity of enzymes, but the evidence is at present
rather against this possibility. It seems more likely that they will be found even-
tually to affect cellular functions by influencing those molecular structures (e.g.,
455) of the cell or of extracellular materials, the detailed configurations of which
determine the availability and transport of intermediary metabolites or other
substances.
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