3. Steroid Biochem. Molec. Biol. Vol. 52, No. 2, pp. 113-133, 1995
Copyright © 1995 Elsevier Science Ltd
Printed in Great Britain. All rights reserved

0960-0760(94)00160-X
0960-0760/95 $29.0+0.00

@ Pergamon

Review

Emerging Diversities in the Mechanism of
Action of Steroid Hormones

Darrell W. Brann, Lawrence B. Hendry and Virendra B. Mahesh*
Department of Physiology and Endocrinology, Medical College of Georgia, Augusta, GA 70912-37000, U.S.A.

The classical genomic action of steroid hormones acting through intracelluar receptors is well
recognized. Within this concept of action, questions regarding the ultimate fate of the hormone and lack
of a tight correlation between tissue uptake and biological activity with receptor binding remain
unanswered. Evidence has accumulated that steroid hormones can exert non-classical action that is
characterized by rapid effect of short duration. In most of these cases, the hormone effect occurs at the
membrane level and is not associated with entry into the cell. The possible mechanisms for these
non-classical actions are: (a) changes in membrane fluidity; (b) steroid hormone acting on receptors on
plasma membranes; (c) steroid hormones regulating GABA, receptors on plasma membranes; and (d)
activation of steroid receptors by factors such as EGF, IGF-1 and dopamine. Data have also been
obtained indicating that receptor-mediated insertion of steroid hormones into DNA may take place with
the steroid acting as a transcription factor. These new proposed mechanisms of action of steroid
hormones should not be viewed as a challenge to the classical mechanism. These diverse modes of action
provide for an integrated action of hormones which may be rapid and of short duration or prolonged
to address the physiological needs of the individual.
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dione and testosterone was also reported in the early
sixties along with the statement that chloroform soluble
radioactivity appeared in the RNA containing fractions
[4, 5]. Mahesh and Greenblatt first demonstrated in
1963 that clomiphene citrate which contained weak
agonist and strong antiestrogenic properties inhibited
the specific uptake of [*H]estradiol not only in the uterus

INTRODUCTION

Extensive work in the late fifties and the early sixties laid
the foundations on which the current classical concepts
of the mechanism of action of steroid hormones is based.
In the mid-fifties it was believed that the major action of
steroid hormones, particularly estrogens was oxidation—

reduction of hydroxyl groups mediating hydrogen
transfer from NADH to NADP and NADPH to
NAD [1]. However, in 1959 Bush and Mahesh [2]
demonstrated that oxidation—reduction of the 118-hy-
droxyl group in corticosteroids was not essential for
biological activity because the 11p-hydroxyl-corticos-
teroids were active without further metabolism. This
finding was followed by the work of Jensen and his
collaborators who demonstrated that estradiol by itselfin
the absence of further metabolism was biologically active
(3]. Furthermore, there existed in estrogen responsive
tissues a system that was capable of concentrating and
retaining the active hormone. The ability of the rat
ventral prostrate to concentrate 4-androstene-3-17-
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but the pituitary as well [6]. The stereospecificity of the
binding of estrogens in rat uterine subcellular fractions
was demonstrated by Noteboom and Gorskiin 1965 and
based on the release of [*H]estradiol by proteases, the
investigators concluded that the [’H]estradiol was bound
to a protein [7]. The estrogen receptor containing
fraction was isolated from the rat uterus using sucrose
gradient techniques and further characterized by Gorski
and collaborators [8,9]. The two-step process of
hormone binding and activation of the receptor to its
biologically active form was then described by Jensen and
his collaborators [10, 11]. These discoveries led to the
classical concept of intracellular hormone receptors. The
major mechanism of action of steroid hormones consists
of specific steroid hormone binding to its receptor,
transformation of the bound receptor to the active form,
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and binding of the steroid-receptor complex to DNA
followed by gene activation [12-15]. The various steps
involved have been the research focus of several
outstanding laboratories.

In spite of the merits of the classically recognized
mechanism of action of steroid hormones, extensive
evidence has also accumulated in the literature
suggesting other modes of action of steroid hormones in
a variety of tissues and sites (Tables 1-5). For instance
some of the actions of steroid hormones take place in
time intervals of a few seconds and cannot be inhibited
by protein synthesis inhibitors. Additionally, some
actions of steroid hormones can be exerted even when
the entry of the steroid into the cell is blocked by covalent
binding to a large protein or in brain preparations lacking
cell nuclei. Finally, there is growing evidence that a
precise relationship between the binding of a given
steroid hormone to its receptor and its biological activity
is frequently not present. This review will be devoted to
the emerging evidence and concepts of diverse modes of
action of steroid hormones which may occur either in
conjunction with the classical action or as an alternate
mechanism in selected situations. The possible mechan-
isms underlying the non-classical effect of steroid
hormones will also be discussed.

CLASSICAL ACTION OF STEROID HORMONES

Since the classical mechanisms of action of steroid
hormones have been extensively investigated and are the
subject of several excellent reviews [12-15], only the
major steps will be briefly summarized. It is generally
accepted that steroid hormones enter the cell by the
process of diffusion although some evidence of an active
transport has also been cited [16]. Steroid hormone
receptors may be located in the cytoplasm (glucocorti-
coids) or within the cell nucleus (estrogens and
progesterone). Steroid hormone action is initiated by the
hormone binding to specific receptors in target cells.
This ligand binding promotes dissociation of heat shock
proteins from the nascent receptor. The heat shock
protein dissociated receptor is then capable of allosteric
changes and dimerization needed for binding to DNA.
Several phosphorylation steps follow which convert the
receptor to the transcriptionally active form. The
transcriptionally active receptor-DNA complex acti-
vates recruitment and stabilization of transcriptional
factors at the target gene promoter and activation of
RNA polymerase II to initiate new mRNA synthesis
which codes for protein required for hormone action.
Usually the time taken for new protein synthesis is
30 min or longer.

While our knowledge of the genomic mechanism of
action of steroid hormones is well advanced, the exact
role of the ligand has not been fully elucidated. While it
is true that the essential steps involving the receptor (such
as removal of heat shock protein, dimerization and
phosphorylation by either activating phosphorylation
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enzymes or by inhibiting their degradation) can be
carried out in wvitro in the absence of ligand [17],
nevertheless, under physiological conditions the steroid
hormone ligand usually activates the key steps needed for
action. Thus, it is generally accepted that the binding of
various ligands to their cognate receptors in the cell
nucleus is the critical step in the transmission of the
hormonal response. Given that the magnitude of
hormonal responses has been shown to be governed by
the stereospecificity and concentration of the ligand, this
information must somehow be communicated to the
gene via receptor-ligand-DNA interaction. One possi-
bility would be that the relative strength of binding of the
ligand to the receptor causes a specific and quantitative
conformational change in the receptor protein which
then interacts in a specific and quantitative fashion with
DNA. However, it is well known that receptor binding of
various ligands does not always correlate with hormonal
activity. For instance, in the case of estrogens, many
compounds which are known to be more active than the
natural hormone estradiol bind very poorly to the
estrogen receptor [18, 19]. In fact, one of the most active
estrogens known, i.e. 11f-acetoxyestradiol, has less than
1% of the binding to the estrogen receptor relative to
estradiol [20]. Conversely, certain compounds which
bind strongly to the estrogen receptor compared to
estradiol have poor estrogenic activity [21-22]. It is of
further interest that uptake of various estrogens in
uterine tissue correlates with hormonal activity but not
with receptor binding [18]. In trying to explain these
findings iz vivo, one has to take into account the delivery
of the steroid to the target tissue. For example, the action
of compounds which have receptor binding but low
activity and uptake could be due to rapid clearance upon
hepatocellular passage. However, compounds with high
hormonal activity and uptake but low receptor binding
could not be rationalized on this basis. Taken as a whole,
such findings led to the conclusion by Brooks ez al. [23]
that the character and extent of hormonal responses to
estrogen analogs are not directly related to their affinity
for the estrogen receptor. Murdoch ez al. [24] have
recently shown the binding of the estrogen receptor to
DNA is the same whether or not the ligand is bound to
the receptor. In the case of glucocorticoids, Spanjaard
and Chin, using rcceptor constructs in which the ligand

Table 1. Evidence supporting non-classical mechanisms of steroid
hormones

(1) Certain effects of steroid hormones are so rapid (seconds to
minutes) that they preclude a classical genomic mechanism.

(2) These effects occur even if the steroid hormone is not allowed to
enter the cell.

(3) The rapid effects are not blocked by protein synthesis inhibitors.

(4) The effects of steroid hormones are stereospecific suggesting a
specific membrane receptor mediated event.

(5) Many steroid hormones exhibit potent biological activity with little
to no affinity for the classical intracellular steroid hormone
receptor.
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binding domain has been removed, [25] have shown that
the hormone enhances transcriptional activity. Taken as
a whole, these data suggest that some additional step(s)
involving recognition of the concentration and stereospe-
cificity of the ligand must be involved in order for the
hormone to regulate the gene. One emerging hypothesis
is that one of these additional steps could be a receptor
mediated interaction of the ligand with DNA. This
possible addendum to the classical hypothesis of
hormone action will be discussed in detail in the context
of new experimental findings at the end of this review.

NON-CLASSICAL ACTIONS OF STEROID
HORMONES

Extensive evidence has accumulated in the literature
suggesting that steroid hormones and their metabolites
can act in a variety of tissues via non-classical
mechanisms of action. The lines of evidence supporting
the non-classical actions of steroid hormones include
rapid effects and action in which entry into the cell and
nuclear interaction have been precluded. Table 1
summarizes the evidence supporting the non-classical
modes of action of a variety of steroid hormones. While
not all-inclusive, it displays the extensive amount of work
performed in this area supporting non-classical
mechanisms.

Progesterone and progesterone metabolites

Table 2 summarizes the actions of progesterone and its
metabolites that occur within seconds or minutes while
Table 3 summarizes actions that take an hour or longer
but still show evidence of a non-classical action.
However, the possibility of a combination of both
classical and non-classical action cannot be ruled out.

Anesthetic and anunepilepric effects of progestins. The
pioneering work of Selye in 1942 reported that
progesterone and other steroids, when administered via
injections to rats, could produce prolonged anesthesia
lasting up to 2 h or longer [26]. This observation led to
the development of a variety of steroidal anesthetics [27].
Several of these anesthetics were the 3o,5a- and
3a,5f-forms of progesterone metabolites which report-
edly do not bind to the classical intracellular
progesterone receptors [28-30]. Recent studies suggest
that the anesthetic and antiepileptic properties of these
progestins may be due to interactions with the GABA,
receptor system. This subject will be discussed in detail
under “Mechanisms of Non-Classical Actions of Steroid
Hormones” in this review. Nevertheless, it is clear that
progestins can exert rapid depressive effects within the
CNS.

Affirmation of the potent CNS depressant effect of
progesterone was further supported by the observations
of Béckstrom [31] who observed that the incidence of
seizures in epileptic women during the menstrual cycle
was lowest during the period when plasma progesterone
levels were highest. Furthermore, Rosciszewska et al.
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[32] showed that epileptic seizure activity in women was
associated with low levels of progesterone metabolites in
the blood. Bickstrém and coworkers [33] subsequently
demonstrated that intravenous progesterone infusion
significantly attenuated epileptic discharge frequency in
women with partial epilepsy. The latency of the effect was
1 h. This led the investigators to suggest that the effect
was actually due to the metabolism of progesterone to
more potent metabolites [33]. Luntz-Leybman ez al.
recently confirmed that progesterone metabolites such
as 3u-hydroxy-5xz-pregnan-20-one (3a,50-tetrahydro-
progesterone; 3a,50-THP) can potently inhibit nicotine-
induced seizures in male mice [34]. This effect appears
to be due to the ability of progesterone metabolites to
potently modulate the GABA, receptor system. These
findings could have physiological implications as
Freeman et al. [35] have shown that significantly elevated
plasma levels of 3a,52-THP in females are correlated
with fatigue, confusion and delayed immediate recall.
This further demonstrates that progestins can potently
suppress brain functions perhaps via modulation of
GABA, receptor activity in the brain.

Lordosis behavior. Progestins have also been shown to
induce female mating behavior (lordosis) in estrogen-
primed rats within minutes [36]. Rodriguez-Manzo et al.
[37], showed that implantation of 3f-hydroxy-5f-preg-
nan-20-one (3f,5f8-tewrahydorprogesterone; 35,58-
THP) into the medial preoptic optic area (MPOA),
induced lordosis behavior within 30 min in estrogen-
primed ovariectomized rats. Progesterone was less
effective than its 3f3,58-metabolite. Gorski and cowork-
ers [36] found that progesterone implanted in the MPOA
was ineffective; however, when implanted in the caudal
mesencephalic reticular formation, it induced lordosis
behavior in estrogen-primed ovariectomized rats with a
latency of 3—4 min. The authors considered this to be too
rapid for a genomic action and suggested that a
non-genomic mechanism of action was involved.
Together, these studies suggest that progesterone acts
within the CNS to influence LTHRH and dopamine
release by a membrane rather than a genomic
mechanism. Further evidence supporting this con-
clusion was provided by the studies of Brann ez al. [38]
who demonstrated that the LH releasing activity of the
3u-hydroxy-5a-pregnan-20-one, a progesterone metab-
olite that does not bind to the intracellular progesterone
receptor, was blocked by the GABA, antagonist
picrotoxin but not the antiprogestin RU486.

Effects on single neuron excitability. The whole-body
studies described in the preceding paragraphs led to
studies in the 1980s and 1990s investigating direct effects
of progestins on brain excitability at the level of the single
neuron. Smith and coworkers found that progesterone,
via either systemic injection or local application,
significantly enhanced inhibitory responses of rat
Purkinje cells to gamma amino butyric acid (GABA), the
principal inhibitory amino acid transmitter in the brain,
while it significantly suppressed response to glutamate—
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Table 2. Rapid effects of progestins
Block by
protein
Organ Specificity  synthesis
_ Reference studied Effect observed Latency for hormone inhibitors Other
Morrow et al., {109] Brain 3u,5%-reduced P, 20 min + — Also 1 GABA agonist
metabolites 1 chloride ion binding
flux both alone and with
GABA
Petitti and Etgen, 1992 Brain P, suppresses 5 min - — —
[63] norepinphrine induction
of cAMP
Majewska ez al., 1987 Brain 3a,5x%-reduced P 20 min + — Also T GABA agonist
[156] metabolites T GABA, binding
receptors
Havens and Roase, 1988 Brain P, | electrophysiological 10-20 min + — —
[42] excitability of golden
hamsters dorsal midbrain
neurons
Ross er al., 1971 [36] Brain P, induces lordosis 3~4 min + — —
behavior in rats
Smith ez al., 1987 [39] Brain P, | glutamate 3-10 min - — —
responsiveness of rat
Purkinje neurons
Smith et al., 1989 {41] Brain P. T GABA 5-15 min - No —
responsiveness of rat
Purkinje neurons
Kubli-Garfias et al., Brain 3a-hydroxy-5f-pregnan-20- 10s + — —
1976 [43] one | neuronal activity in
cats
Schumacker er al., 1990 Brain P, T oxytocin receptor 30 min + No Effect may be
{157] binding in the rat important in the
hypothalamic regulation of lodosis
ventromedial nucleus
Kato er al., 1971 [158] Brain 3a-hydroxy-58-pregnan-20- <10 min + — —
one induces anesthesia in
rats
Putnam ez al., 1991 [52] Uterus P, and P, metabolites 5 min + — —
suppresses rat uterine
contractility
Kubli-Garfias ez al., Smooth muscle P, metabolites suppress 5-10 min + — —
1987 [57] contraction of jejunum,
ileum and coronary artery
Meiri ez al., 1986 [159] Frog muscle P, increase synaptic 10-20 min - — —
neuromuscular  activity
junction
Osman et al., 1989 [160] Sperm P, induces acrosomes 10s - -— -
reaction
Thomas and Meizel, Sperm P, stimulates a rapid Ca* 10s - — —
1989 [161] influx and hydrolysis of
phosphoinosides in human
sperm
Blackmore ez al., 1990 Sperm P, stimulates Ca?* influx 1-5s + — 170-OH P, also active
[64] in human sperm
Meizel and Turner, Sperm P, stimulates Ca?* influx 10s - — P; BSA conjugate still
1991 [65] Tesarik et al., and the acrosome reaction active
1992 [66] Forestol ez al., in human sperm
1993 [67]
Finidori-Lepicard ez al., Amphibian P, inhibits membrane- 1-5s + — —
1981 [50] oocyte bound adenylate cyclase

continued opposite
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Table 2—continued

Other membrane effects of progestins which are not rapid

Block by
protein
Organ Specificity synthesis
Reference studied Effect observed Latency for hormone inhibitors Other
Baulieu ez al., 1978 [162] Amphibian P, induces oocyte 5-8h + Yes P, still effective after
oocyte maturation conjugation to
macromolecule
Ke and Ramirez, 1987 Rat P, stimulates LHRH 2-4h + — P, conjugate-BSA still
[60] hypothyalami release effective
Dluzen and Ramirez, Rat corpus P, stimulates Dopamine 1-2h + — P, conjugate-BSA still
1991 [62] striatum release effective
Brann ez al., 1990 [38] Brain 3a-5a-THP increases LH 3-5h + — Effect blocked by
release in the rat GABA4 receptor
blocker picrotoxin
Vincens ez al., 1989 [16] Brain 3a-5a-THP decreases 1h + — Effect blocked by
PRL release form rat picrotoxin
pituitary cells in vitro
Table 3. Rapid effects of estrogens
Blocked
by protein
Organ synthesis
Reference studied Effect observed Latency  Specificity inhibitors Other
Smith et al., 1987 [56] Brain E: 1 Purkinje cells <1 min + — Effect not blocked by
response to glutamate tamoxifen
Garcia-Secura et al., 1987 Brain E: 1 neuronal membrane <1 min + — Effect was blocked by
[75] Garcia-Secura exoendocytotic pits tamoxifen
et al., 1989 [77]
Nabekura et al., 1986 [74] Brain E: T K* conductance of 2 min + No —
medial amygdala neurons
and decreased neural
excitability
Smith er al., 1989 [164] Brain E: 1 Purkinje cell 15 min + — Effect was long term,
response to movement lasting up to 11 h
Kelly ez al., 1976 [70] Brain E: | preoptic-septal 1 min + — —
Kelly er al., 1977 [71, 72] neurons depending on
Kelly ez al., 1978 [73] day of cycle administered
Yagi ez al., 1973 [68] Brain E: 1 and/or | preoptic 15 min + — —
neuron unit firing rates
Dufy et al., 1976 [69] Brain E; 1 firing rate of <5 min + — —
electrically activated
hypothalamic units
Dufy ez al., 1979 [78] Brain E; induces action 1 min + — —
potentials in pituitary
clonal cells
Zyzek et al., 1981 [79] Brain E: T PRL release from 10 min + — —
pituitary clonal cells
Pourreau-Schneider et al., Breast cancer E; T density and length 1 min - — —
1986 [165] cells of microvilli on breast
cancer cells
Rambo and Szego, 1983 Uterus E; rapidly [uvua] 30s + — —
[166] microvilli on endometrial
cells
Thompson and Moss Brain E; rapidly [uvua] 2 min - — —

1994 [167]

release in the nucleus
accumbens
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Table 4. Rapid effects of androgens, glucocorticoids and vitamin D merabolites
Block by
protein
Organ synthesis
Reference studied Effect observed Latency  Specificity inhibitors Other
Androgens
Yamada et al., 1979 Brain T increased firing rates 2-30s + — —
[80] of hypothalamic neurons
Teyler ez al., 1980 [168] Brain T either T or | 5-10 min + — —
excitability of
hippocampal cells
depending on day of
female cycle examined
Kubli-Garfiad er al., 1982  Brain 5f-reduced T <1 min + — —
[82] metabolites, but not T,
inhibited brain electrical
activity and inhibited
seizure activity induced
by convulsant drugs
Orsini et al., 1985 [81] Brain T 1 Lateral hypothalamic <4s + — —
neuronal activity
Koenig ez al., 1985 [169] Heart T 1 Ca* influx <30-60s - — Effect blocked by Ca?*
endocytosis, ornithine chelator and Ca*
decarboxylase activity antagonists
and polyamine synthesis
in rat heart myocytes
Kubli-Garfias er al., 1980  Uterus 3a-5x-reduced androgens 2-5 min + — —
[170] potently suppress rat
myometrial contractibility
Sacks and Leipheimer, Penis T 1 penile striated muscle  6-30 min + No —
1988 [171] Meisel et al., activity
[172)
Glucocorticoids
Hua and Chen, 1989 Coeliac Cortisol rapidly 1-2 min - — Cortisol BSA-conjugates
[173] ganglion suppresses spontaneous still effective
discharges of neurons
Hall, 1982 [174] Brain Glucocorticoids modulate (Review)
brain activity
French-Mullen et al., Brain Allotetra 2-20 min + — Effect occurs via a
1994 [175] hydrocorticosterone pertussis toxin-sensitive
inhibits calcium channels G-protein coupled
mechanism
Vitamin D metabolites
Lieberherr er al., 1989 Small 1,25-dihydroxy-vitamin <5 min - — —
[89] intestine D; (1,25-(0OH),-Ds)
rapidly T IP; and DAG
release in rat enterocytes
Bickle er al., 1978 [176] Small 1,25-(OH),-D. 1 — - No —
intestine intestinal calcium
transpart
De Boland and Norman, Duodenum 1,25-(OH)»-Ds t 2-20 min - — —
1990 [85] duodendal Ca*" transport
Civitelli er al., 1990 Osteablastic 1,25-(OH)»-Ds 7 Ca* <5s + — —
[88] cells transport in osteoblast-
like cells
Barsony and Marx, 1988 Human skin 1,25(0OH);-D5 T cGMP <1 min - — —
[177] fibroblasts in fibroblasts
De Boland and Boland, Chick skeletal  1,25(0OH),-Ds; 1 muscle 3-15 min + No Effect blocked by Ca**
1987 [86] muscle Ca?" uptake antagonists
Barsony er al., 1990 Human skin 1,25(0OH),-D; induces $ to min + — —
[178] fibroblasts rapid reorganization of
vitamin D receptors
Norman et al., 1992 (Review)

[83]
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Table 5. Evidence supporting steroid hormone receptors on plasma membranes
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Concentration
of binding sites

Reference Organ Steroid ligand Ky (m) per protein Specificity
Towle and Szego, 1983 [96] Rat brain Progesterone 1-2x1078 550 fmol/mg +
17 8-Estradiol 1-2x10-® 820 fmol/mg +
Corticosterone 1x107 130 fmol/mg +
Testosterone 1x1078 180 fmol/mg +
Bression et al., 1986 [179] Rat brain 17 -Estradiol 0.041x10°° 13.6 fmol/mg +
(anterior pituitary)
Ke and Ramirez, 1990 [97] Rat brain Progesterone-BSA-'%1 K=2.8x10 — +
Tischkau and Ramirez, 1993 Rat brain
(anterior pituitary) Corticosterone 4.4%x10°® 31 fmol/mg +
Koch er al., 1977, 1978
[180, 181]
Schaeffer er al., 1980 [182] Rat brain 2-Hydroxyestradiol 4x107'° 13 fmol/mg
(anterior pituitary)
Suyemitsw and Terayama, Rat liver Cortisol 1.5-1.9x107° 3.4-4.6 pmol/mg
1975 [183]
Pietros and Szego, 1980 [106]  Rat liver 17 p-Estradiol 3.5x10° 526 fmol/mg +
Berthois et al., 1986 [105] Breast cancer 178-Estradiol 8x10-8 8000-16000 sites +
MCF-7 cells per cell
Kostellow et al., 1982 [45] Rana oocytes Progesterone 5.1x1077 70 fmol per oocyte
Sadler and Maller, 1982 Xenopus oocyte R5020 1x10° —
[46, 47]
Blondeau and Baulieu, 1984 Xenopus oocyte R5020 1.2x10° — +

[184)]

Tesarik et al., 1992 [99]
Blackmore and Lattanzio,
1991 (185]

Human sperm

Progesterone-BSA-
Fluorescein
Isothiocynate

the principal excitatory transmitter in the brain. Both
effects were demonstrated to occur within 3-10 min of
steroid treatment. The rapid neuronal response (within
minutes) to progesterone would appear to preclude a
genomic mechanism [39, 40 for a review]. Furthermore,
because the animals were ovariectomized 3-5 weeks
prior to the experiment, the intracellular progesterone
receptors would be extremely low or absent. This would
make the genomic effect even less likely. In a follow-up
study, Smith ez al. [41] found that prior treatment with
a protein synthesis inhibitor did not prevent the ability of
progesterone to decrease the glutamate response. This
finding lends further support to the concept that the
effect of progesterone on Purkinje cell responsiveness is
exerted through a nongenomic mechanism.

Havens and Rose [42] demonstrated that in Golden
hamsters, progesterone was able to produce two neuro-
physiological effects upon dorsal mid-brain neurons
after s.c. injection: (1) it strongly suppressed transsynap-
tic activation; and (2) it, in most cases, suppressed (in
antidromically invaded neurons) the amplitude of the
soma-dendritic spike component. Both of these effects
occurred rapidly (within 10-20 min) after progesterone
injection. Kubli-Garfias et al. [43] noted that adminis-
tration of progesterone metabolites through the carotid
artery of cats depressed neuronal activity in mesen-
cephalic tegmentum within 10s. In this function 5f-
reduced progestins were notably more potent than the

5u-reduced metabolites. Progesterone inhibited neur-
onal firing with significantly longer latencies than 5f-
metabolites in the brain. In summary, the above studies
demonstrate that progestins can exert rapid depressive
type effects on single neurons in different regions of the
brain, apparently through non-classical mechanisms.

Effects of progesterone on oocyte maturation. An extensive
amount of work has been done on the effect, as well as
the mechanism of action, of progesterone on Xenopus
laevis oocyte maturation. Along these lines, progesterone
has been shown to stimulate germinal vesicle breakdown
(GVBD) in the Xenopus oocyte when applied to the
outer surface of the oocyte but not when injected within
the oocyte [44]. The authors, based on this finding,
suggested that the effect of progesterone was mediated by
an interaction with the plasma membrane. Sub-
sequently, progesterone receptors were identified by
several laboratories in the plasma membrane of
amphibian oocytes [45-47]). That the effect of
progesterone occurrred by interaction with the plasma
membrane and not intracellularly was further supported
by its effectiveness even when linked to a 20,000
molecular weight polymer to prevent entry into the cell
[48]. The rapid membrane-mediated action of pro-
gesterone appears to be due to its regulation of calcium
transport [49] and inhibition of adenylate cyclase
mediated through the guanine nucleotide regulatory
protein [50, 51].
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Other non-classical effects of progesterone. Progesterone
and its metabolites have also been demonstrated to be
potent inhibitors of uterine smooth muscle contractility
[52-56]. Recent work done in our laboratory [52] has
demonstrated that this inhibition of contractility occurs
with progesterone and 5f-dihydroprogesterone which
bind to intracellular progesterone receptors as well
as 3a-hydroxy-5a-pregnan-3,20-dione  (3a,5¢-THP)
and 3 f-hydroxy-5-pregnane-3,20-dione (33,58-THP)
which do not bind to intracellular progesterone receptors
[52]. The non-classical action of 3u,5¢-THP and
38,54-THP is supported by the demonstration that
their action is not blocked by the progesterone
receptor antagonist RU486 but is blocked by the
GABA, receptor antagonist picrotoxin. Progesterone
metabolites have also been shown to inhibit smooth
muscle contractility in tissues other than the uterus such
as rat ileum and jejunum and dog coronary artery [57].
Other non-classical effects of progesterone such as
hypothalamic LHRH release and activation of the
acrosomal reaction in sperm are described in the next
section.

Evidence of progestin action without entry into the cell.
Progesterone has been demonstrated to bring about the
rapid release of LHRH from the hypothalamus i vitro
and tn viwo by a number of investigators [58, 59 for
review]. The studies of Ramirez and coworkers [60, 61]
have shown that progesterone conjugated to bovine
serum albumin (BSA), an alteration which renders it
incapable of entering the cell, is still capable of
stimulating LHRH release from hypothalami i virro.
Further work by Ramirez and coworkers has demon-
strated that progesterone can also stimulate dopamine
release from the corpus striatum of ovariectomized
estrogen-primed rats through a similar membrane-
mediated mechanism as evidenced by steroid-BSA
conjugate studies [62]. This effect was reported to be
stereospecific, as deoxycorticosterone conjugated to
BSA could not effect a similar release of dopamine. It has
also been shown that the effect of progesterone on
desensitization of the «,-adrenergic receptor augmenta-
tion of c-AMP formation in the rat hypothalamus [63]
can also be exerted with progeterone-BSA conjugate.
This is also true for the effect of progesterone in the
maturation of Xenopus laevis oocyte while linked to a
20,000 molecular weight polyethylene oxide polymer to
prevent entry into the cell [48 for review]. Perhaps
the best studied effect is the ability of progesterone
and 17x-hydroxy progesterone in bringing about
an increase in cytosolic free calcium due to calcium
influx from extracellular calcium to induce the
acrosome reaction [64-67]. This interaction of pro-
gesterone with the sperm is a membrane effect because
it occurs even when the entry of progesterone into the cell
is blocked by conjugating it with bovine serum albumin
[65]. The above examples provide strong evidence for
non-classical and non-genomic membrane effects of
steroid hormones.
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Estrogens

Rapid membrane effects of estrogens have been noted
in a number of different sites within the brain and are
summarized in Table 3. Yagi [68] noted that preoptic and
hypothalamic units from ovariectomized rats responded
to an i.v. injection of estradiol in two ways; some units
had a decreased firing rate ranging up to 150 min,
whereas other units responded with a transitory increase
in firing rates. The remaining units were unresponsive to
estradiol. The latency of the neuron response to estradiol
was 15 min. Dufy ez al., [69] confirmed and extended
these results in ovariectomized rabbits, reaching an
identical conclusion that there exist two types of
hypothalamic neurons sensitive to estrogen. The
neurons respond very rapidly to systemic estrogen
injection, and the effects of estradiol on hypothalamic
neurons may be related to the positive and negative
feedback capability of estrogens on gonadotropin
secretion.

Rapid effects of estrogens on neuronal activity have
also been reported by Kelly ez al. to occur i vivo after
electrophoretic administration of estrogen to medial
preoptic neurons from intact female rats, and n vitro
after application to arcuate, hippocampal and parvicellu-
lar ventromedial hypothalamic neurons [70-73].
Nabekura er al. [74] also demonstrated that estradiol
caused a hypopolarization and concurrent decreased
excitability of rat medial amygdala neurons upon
superfusion of slices in virro. The effect of estradiol was
dose dependent, apparent within minutes, and not
affected by prior treatment with cycloheximide or
actinomycin D, which inhibit protein synthesis. Based on
these findings, the authors suggested that the effects of
estradiol were due to interaction with membrane
receptor sites with an associated didactic regulation of
membrane ionic conductance.

Smith er al. [39] recently examined the effect of
estradiol on the extrahypothalamic CNS. In their study,
they found that either iontophoretic or i.v. adminis-
tration of 17f-estradiol resulted in a significant increase
in cerebellum Purkinje cell excitatory responsiveness to
glutamate. The effect occurred as early as 1 min after
iontophoretic application and 10 min after i.v. injection.
In all cases, recovery to control basal level response was
not observed by 2 h post estradiol. The effects did not
appear to involve the classical intracellular estradiol
receptor based on two findings: (1) the rapidity of the
effect; and (2) prior administration of the classical
estrogen receptor antagonist, tamoxifen did not prevent
any of the rapid effects of estradiol. These findings also
point to a nongenomic mechanism of action for effects
of estradiol within the CNS.

Estrogens can also exert rapid effects upon neuronal
membrane ultrastructure in the brain. Naftolin and
coworkers [75,76] have shown that perifusion of
physiological levels of 17f-estradiol, but not 17x-estra-
diol, causes an increase in arcuate neuronal membrane
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exo-endocytotic pits within 1 min of perifusion of brain
slices. This effect was dose related and could be blocked
with the antiestrogen tamoxifen. Similar results were
observed in developing rat cerebrocortical neurons in
culture [77]. The authors suggest that the rapid increase
n exo-endocytotic pits in neuronal membranes could be
related to an increased endocytotic activity, which may
reflect the preferential internalization of some membrane
proteins induced by estradiol. This may translate into a
mechanism for remodeling synaptic contacts in adult
rats, as well as a mechanism for sexual differentiation of
developing synaptic connections in young animals. The
extreme rapidity of the effect clearly appears to preclude
a genomic mechanism.

Finally, rapid effects of estradiol at the level of the
anterior pituitary have been reported by Dufy et al. [78],
in which 17f-estradiol application to GH3/B6 clonal
pituitary cells in culture induced calcium-dependent
action potentials within 1-2 min (lasting 5-6 min).
Subsequent studies by Zyzek et al. [79] demonstrated
that this increase in electrical activity in the pituitary cells
was paralleled by an acute release of prolactin. Both
effects were dose dependent and stereospecific, since
17u-estradiol had no effect on either parameter.

In summary, estrogens, similar to progestins, exert
many rapid effects upon neuron excitability in the CNS
which appear to be mediated by nonclassical, nonge-
nomic mechanisms.

Androgens, glucocorticoids and vitamin D metabolites

The rapid and non-classical actions of androgens,
glucocorticoids, and vitamin D metabolites are summar-
ized in Table 4.

Androgens. Yamada [80], using adult male rats, found
that electrophoretic application of testosterone to
individual neurons in the anterior hypothalamus and
septal nucleus resulted in an increase in their firing rates
with a latency of response from 2-30s. Using
microiontophoretic application, Orsini ez al. [81] found
that testosterone increased within seconds the spike
frequency of more than half of the neurons tested in the
lateral hypothalamus in the male rat. This was thought
to be specific since cholesterol did not cause any
activation. The authors suggested a nongenomic effect
since it occurred within seconds. Of the remaining
neurons, some did not respond to testosterone {(or any
other steroid), while others were actually depressed by
testosterone. In effect, there appear to be subpopulations
of neurons which can respond differently to a given
steroid. This suggests that the effect one observes is
dependent on the neuronal population one chooses.

Kubli-Garfias et al. [82] found that testosterone
metabolites such as androsterone and androstanediol,
but not testosterone or 5z-dihydrotestosterone, sup-
pressed brain activity in the cat within 1 min of i.wv.
injection. Garcia-Segura et al. [77] found that
testosterone had about 50% of the potency of estradiol
(see previous section) in exo-endocytotic pit density in
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the arcuate nucleus. Thus, testosterone, like estradiol,
can also rapidly alter neuronal membrane ultrastructure.

Glucocorticoids. Work by Hua and Chen [173]
demonstrated that glucocorticoids can hyperpolarize the
membrane potential of hippocampal neurons in brain
slice preparations and of coeliac ganglion neurons. The
effect appears to be achieved through a non-genomic
mechanism since bovine albumin-glucocorticoid conju-
gates (which cannot enter the cell) exhibit the same
effect, and since the inhibition of neuron activity occurs
within 2 min. Many other reports of glucocorticoid
regulation of neuron activity have appeared in the
literature. These have been summarized in previous
reviews on the actions of glucocorticoids [69].

Vitamin D metabolites. Within the last decade an
abundance of papers have appeared in the literature
describing rapid, nongenomic effects of the active steroid
hormone metabolite of vitamin D, 1,25-dihydroxy-vita-
min D;. This area was recently reviewed by Norman and
coworkers [83, 84]. A major rapid effect of 1,25-dihy-
droxy-vitamin D; which occurs in seconds to minutes is
the stimulation of calcium levels which has been reported
in chick duodenum [85], chick muscle cells [86],
mammary tissue [87] and osteoblasts [88]. In most of
these tissues increased phospholipid metabolism has also
been reported [88, 89]. Evidence has also accumulated
suggesting that 1,25-dihydroxy-vitamin D; stimulates
protein kinase activity [90] which in turns activates
voltage sensitive calcium channels.

MECHANISMS OF NON-CLASSICAL ACTIONS OF
STEROID HORMONES

Figure 1 illustrates the possible mechanisms under-
lying rapid non-classical actions of steroid hormones.
Steroid hormones could produce rapid membrane
effects through either: (1) a non-specific effect on
membrane fluidity; (2) binding to specific steroid
hormone receptors present in the cell membrane; or (3)
binding to and modulation of neurotransmitter
membrane receptors such as the GABA, receptor. The
biological effect of steroids could be due to one of the
above mechanisms or to a combination of more than one.
The evidence for each mechanism is discussed below.

Rapid effects of steroid hormones—due to changes in
membrane fluidiry?

In 1961, Willmer [91] proposed that steroids could be
inserted vertically in the phospholipid bilayers of
membranes which would alter the fluidity of the
membrane and block membrane ionic channels.
Estradiol and progesterone have been reported to
influence membrane fluidity in a variety of tissues
including breast cancer cells [92], vaginal epithelial cells
[93] and human spermatozoa [94]; both an increase and
decrease in fluidity were reported in these studies.
1,25-Dihydroxy-vitamin D has been reported to increase
calcium uptake by chick intestinal brush border
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Possible Mechanisms Underlying Rapid Membrane Effects Of Steroid Hormones

I. Nonspecific Effect on
Membrane Fluidity

II. Binding to Specific
Steroid Hormone
Membrane Receptors

II1. Binding and Modulation
of Neurotransmitter
Membrane Receptors

* Lipophylic properties of
Steroid Hormones allows
them to modulate membrane
Sfluidity in a nonspecific
manner thus affecting
Membrane function and
eliciting a cellular response.

Steroid Hormone Steroid Hormone Steroid Hormone
Steroid GABA +
—» * 4— Receptor
R t
— 4— eceptor |
¥ Second Messenger *
cascade or fonic cr’

Channel activation

* Steroid Hormones interact
with Steroid Hormone receptors
located on the plasma membrane
to induce their rapid effects.

* Steroid Hormones interact
with classical neurotransmitier
membrane receptors and
thereby effect a rapid cellular
response.

Fig. 1. Possible mechanisms underlying rapid membrane effects of steroid hormones.

membrane without affecting membrane fluidity [95].
Thus, while steroids may indeed alter membrane fluidity,
it is unclear to what degree, if any, this effect would
contribute to the overall biological action of the steroid.
Furthermore, it is hard to reconcile how steroid
hormones could exert tissue specific effects if regulation
of cell membrane fluidity was a major mechanism of
membrane effects of steroids since all membranes would
be expected to be susceptible to such non-specific
fluidity changes. The high specificity of many of the
steroid effects is also difficult to reconcile with the major
mechanism being a non-specific pertubation of
membrane fluidity. Because of these questions, recent
attention has turned to the search for membrane
receptors for steroid hormones.

Steroid hormone receprors on plasma membranes as mediators
of rapid effects of steroid hormones

Evidence supporting the presence of membrane
receptors for steroid hormones has accumulated in the
literature over the past 15 years and these are
summarized in Table 5. Both neural and non-neural
membrane steroid receptors have been reported, and in
most cases the steroids bind to the membrane receptors
with modest affinity and with specificity. Towle and Sze
first described membrane binding sites for steroids in the
brain in 1983 [96]. Ramirez and coworkers [97, 98] have
recently reported that radioactive tagged progesterone
conjugated to BSA at the 11-position binds to
synaptosomal membrane preparations from the medial
basal hypothalamus/preoptic area and the corpus
striatum. This binding can be displaced by competition
with unlabelled progesterone-BSA conjugates at the 11-
or 3-position.

The membrane binding by progesterone-11-BSA
appears to be regulated by estradiol as specific binding
is decreased by 80% 14 days after ovariectomy and
restored by estradiol replacement [98]. Progesterone has
also been reported to bind to human spermatozoa and
this effect appears to be important for the induction of
calcium influx and the acrosomal reaction [99, 100].
Electron microscope autoradiographic studies have also
revealed plasma membrane binding sites for estradiol in
human spermatozoa although the importance and
function of such sites remains to be determined
[101, 102]. Other studies have reported membrane
binding sites for estrogens in breast cancer cells
[103-105], liver [106] and uterus [107, 108]. Thus,
there is ample evidence in the literature for steroid bind-
ing sites in the plasma membrane of a variety of tissues
which may play a role in mediating many of the rapid
non-genomic effects of steroids discussed previously.

Steroid hormone regulation of GABA.4 receptors on plasma
membranes

Recent studies have provided evidence that steroids,
particularly 3«-hydroxy ring-A reduced steroids, are
potent regulators of the GABA, receptor in the brain
[109-112 and 113, 114 for review].

The GABA, receptor is a membrane-bound protein
complex which mediates the action of GABA—the major
inhibitory neurotransmitters in the brain. The GABA,
receptor is composed of multiple homologous mem-
brane-spanning subunits («, §, v, ¢) that form a chloride
channel [113, for review]. GABA produces its action by
increasing chloride channel conductance.,

The first evidence that steroids could regulate the
GABA, receptor were derived from studies demonstrat-
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ing that the steroidal anesthetic, alfaxalone, potentiated
GABA effects and enhanced the binding of GABA
ligands 7z vitro [111]. Subsequent studies by Simmonds
et al. in 1984 [110] extended these findings to the
endogenous steroid androsterone by demonstrating
that it also potently potentiated GABA effects and
enhanced the binding of GABA ligands iz vitro. Other
studies demonstrated that the progesterone metabolite,
3u,50-THP, and the deoxycorticosterone metabolite,
3u,50-tetrohydrodeoxycorticosterone (THDOC), ex-
hibit nanomolar potency in stimulating GABA, receptor
mediated chloride ion flux [109, 112, 113]. These
endogenous steroids are approximately 10 times more
potent than benzodiazepines and 200 times more potent
than pentobarbital in potentiating GABA-mediated
chloride uptake in rat cerebral cortical synaptoneuro-
somes [109, 112].

Other steroids such as pregnenolone sulfate and
dehydroepiandrosterone sulfate have been shown to act
as noncompetitive antagonists of the GABA, receptor
[115,116]. The physiological significance of steroid
regulation of GABA, receptors is far-reaching as such
interactions could have importance in stress, cycle
related seizures, premenstrual syndrome anxiety,
“post-partum blues”, memory and cognition, and
depression to name only a few [113, for review]. GABA,
receptors can also modulate the effect of progesterone on
gonadotropin secretion via the 3a,52-THP metabolite
[38]. The levels of 3a-hydroxysteroids in the brain can
be as high as 10-30 nM after stress [117] and up to
100 nm in the plasma in the third trimester of pregnancy
[117]. The high plasma levels of 3a,54¢-THP during
pregnancy may be important for inhibition of uterine
contractility as suggested previously by us [52] and
others [118].

Steroid regulation of other neurotransmitter receptors on the
plasma membrane

It is also possible that steroids could act to regulate
other neurotransmitter receptor complexes in the brain.
Insupport of this possibility pregnenolone sulfate, which
is in high concentrations in the brain and appears to be
produced by the brain [119], has recently been reported
to augment N-methyl-D-aspartate receptor mediated
increasing intracellular calcium in cultured rat hippo-
campal neurons [120].

Activation of steroid hormone action in the absence of the
ligand

Phosphorylation is an important step in the gene
activation by steroid-receptor complexes and dibutryl
cAMP can elicit mating behavior in female rats similar to
the effects of progesterone {121]. Progesterone induced
lordosis behavior is also facilitated by phosphodiesterase
inhibitors [122]. 8-Bromo-cAMP has been shown to
mediate progesterone receptor-dependent transcription
in the absence of progesterone [123]. The expression of
progesterone receptor-dependent transcription is also
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stimulated by okadiac acid, an inhibitor of protein
phosphatases [123].

The activation of steroid receptor-mediated transcrip-
tion by a variety of growth factors such as EGF
[124, 125] and IGF-1 [126] has been demonstrated by
the use of antiestrogens which were able to antagonize
EGF-stimulated uterine growth and EGF and IGF-1
stimulated estrogen mediated transcription using
estrogen receptor gene constructs in transfected cells.
Furthermore, when progesterone receptor-negative
monkey kidney cells were cotransfected with a chicken
progesterone receptor expression vector and a reporter
plasmid, dopamine increased the progesterone receptor-
mediated transcription to that comparable with
progesterone induced transcription [127]. These are a
few examples of multiple pathways of steroid hormone
receptor activation. The physiological significance of
these pathways has not been established.

ROLE OF STEROID HORMONES IN THE
CLASSICAL MECHANISM—THE LIGAND
INSERTION HYPOTHESIS

As stated earlier, it is not the intention of the authors
to review the classical genomic mechanism of action of
steroid hormones. An excellent review on this subject by
Tsai and O’Malley has been published recently which
provides a thorough discussion including the role of
phosphorylation, heat shock proteins, receptor homo
and heterodimers, chromatin structure and the ever
increasing importance of nuclear transcription factors
[128]. The importance of transcription factors in
explaining agonist and antagonist properties of com-
pounds is also briefly discussed in this review. As yet
unanswered questions are the fate of the steroid hormone
after the occupied receptor binds to DNA, the relatively
poor correlation between receptor binding and biological
activity and enhancement of the biological activity of the
truncated receptor by the steroid in the absence of a
steroid binding domain. Thus, a new examination of
steroid—DNA interaction is warranted.

The hypothesis that genes can be regulated by the
direct interaction of small molecules with DNA in
concert with chromosomal proteins was originally put
forth in 1977 [129]. The hypothesis was based upon the
discovery of stereochemical fit of hormonal steroids and
other important natural molecules between base pairs in
partially unwound double stranded DNA. The discover-
ies were prompted by a search for the raison d’etre for the
structures of small natural product molecules. The
underlying rationale for these studies was that although
enzymes and receptors proteins were directly responsible
for the synthesis and biological activity of molecular
structures in nature, this structural information was
ultimately present in the genes. Molecular models of
molecules such as estradiol exhibited remarkable
physicochemical complementarity with DNA in that
each functional group, e.g. the 3 and 17f-hydroxyl
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groups, formed stereospecific hydrogen bonds to
phosphate groups on adjacent DNA strands and the
hydrophobic core of the steroid conformed to the size and
shape of the hydrophobic space between base pairs. That
these findings were not fortuitous was supported by the
lack of complementarity of non-naturally occurring
steroid enantiomers (mirror images) and DNA.

The original observations of complementary stereo-
chemical relationships between steroids and nucleic
acids which resulted from studies with simple space
filling models were later confirmed using Kendrew
skeletal models as well as silastic polymer models
constructed from computer generated X-ray coordinates
of DNA [130, and references therein]. The latter
revealed differences in the shapes of the spaces or
“cavities” between base pairs resulting from different
sequences in partially unwound DNA. The cavities
accommodated different molecules, e.g. steroid/thyroid
hormones fit best in the cavity derived from the sequence
5'-dTd@G-3"-5'-dCdA-3' whereas certain plant hormones
(gibberellic acid) fit bestinto the sequence 5'-dTdA-3"-5'-
dTdA-3'. The cavities also revealed structure—activity
relationships [130-132] in which the pattern of
hydrogen bonding linkages and the degree of fit of
various ligands into the cavities correlated with degree
of hormonal activity. Studies using DNA cavities
further suggested that as steroid precursors and
cholesterol underwent biosynthetic steps to form natural
steroid hormones, their fit in DNA increased pro-
gressively [133].

Many of the original observations of stereochemical
complementarity of small molecule and nucleic acids
were confirmed by computer modeling [133-141].
Computer modeling provides graphics to examine highly
reliable structures derived from various spectroscopic
methods and X-ray crystallography as well rigorous
" energy calculations which can measure interactions
among molecules with considerable precision. A
summary of the results include the following:

(1) Ligands in the steroid superfamily of hormones fit
between base pairs and form unique stereospecific
donor-acceptor linkages to the DNA. All of the
ligands with the exception of retinoic acid form
linkages to adjacent DNA backbones. Energy
calculations demonstrated remarkable van der Waals
and electrostatic interactions reflecting the steric
and hydrogen bonding complementarity of the
ligands with DNA.
Structural alterations in the natural hormones
structures generally resulted in a poor fit into DNA
as measured by energy calculations. For example, in
the case of steroids these included alterations in the
chirality of the natural steroid, the cyclopent-
anophenanthrene pattern, and/or the locations of
hydrogen bonding functional groups.
(3) Within a given class of hormones, the degree of fit
of candidate ligands into DNA as measured by
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energy calculations correlated closely with degree of
hormonal activity.

Intermediates in the metabolic pathways to the
hormonal ligands generally resulted in increasing fit
into DNA measured by energy calculations. The
natural hormones possessed the lowest energy of
interaction (best fit) with DNA. Intermediates along
the metabolic deactivation pathways of the hor-
mones reflected decreasing fit into DNA. Interest-
ingly, similar results were obtained with the plant
hormone gibberellic acid.

Molecules which had unfavorable interactions with
DNA, e.g. stressed various sites as measured by
energy calculations frequently had adverse side
effects.

(4)

©)

Recently, “pharmacophores” or three dimensional
blueprints for biological activity were discovered using
the above approach [142]. The pharmacophores were
created by making a composite map of all active
compounds based upon the orientation of fit of the
structures into DNA. The composite structure was then
used prospectively to correlate structure with activity. An
example of the creation of a pharmacophore is depicted
in Fig. 2 for estrogens. As shown in Fig. 3, a good
correlation can be demonstrated between hormonal
activity for various estrogen analogs and fit to the
estrogen pharmacophore. The discovery of such
pharmacophores has obvious implications in the
development of new hormonal agonists and antagonists.

While the main focus of these studies was an attempt
to understand why only certain molecules and not others
exist in nature, the ability to develop predictive
pharmacophores based upon the stereochemistry of
DNA raises obvious questions about the mechanism(s)
of hormone action. In previous studies [140], it was
noted that fit of various estrogens into DNA measured
by energy calculations correlated well with estrogenic
activity whereas receptor binding for the same set of
molecules exhibited poor correlation with estrogenic
activity. The lack of correlation between receptor binding
and hormonal activity thus appears to preclude the
ability to develop a pharmacophore based upon the
active binding site in the estrogen receptor. This is
further supported by the lack of correlation between fit
to the existing pharmacophore and receptor binding
[Fig. 3]. Taken as a whole, these findings go well beyond
an understanding of how various hormone structures
evolved and provide strong circumstantial evidence
that ligands in the steroid family may be inserted into
DNA during their mode of action {129, 130, 138, 140].
Such a hypothesisis also consistent with the observations
of Sluyser [144], X-ray crystallographic studies of
Duax [145] and recent reports demonstrating that
various steroid ligands can come in direct contact with
DNA. With regard to the latter, iz vivo experiments by
Liehr [146] have found covalent linkages between
estrogens and DNA. The recently reported genotoxic
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Fig. 3. Relative fit to the estrogen pharmacophore of various compounds correlated with varying estrogenic
(uterotropic) activity (A) and binding to the estrogen receptor (B). All data were normalized to the values for
estradiol (E;). Statistical correlations for the ten most active estrogens are shown in panels (C) and (D),
respectively. Measurements of fit were performed by assessing the relative differences in volumes between each
compound and the pharmacophore and the electrostatic interactions between hydroxyl groups and an average
point charge at the position of a phosphate oxygens originally used to orient the ligands during creation of the
pharmacophore (Fig. 2). The values for uterotropic activity and estrogen receptor binding were obtained from
literature sources [18-23, 132, 186-196].

damage and mammary tumor promoter activity
caused by the estrogen metabolite 16a-hydroxyesterone
[147] could also be explained by a direct interaction
of the ligand with DNA. Similarly, studies by
DeSombre er al. [148] suggest a close contact i vive
between DNA and estrogens labeled with radioactive
isotopes of iodine. It is particularly intriguing that almost
40 years ago direct interactions between estrogens
and nucleic acid components were studied by
Munck [143, 149] prior to the discovery of receptor
proteins.

In summary, the insertion of the ligand into DNA
mediated in part by the receptor protein and perhaps
other transcription factors would provide an answer to

how the concentration and stereospecificity of various
ligands are transmitted to hormonally responsive genes.
Given that hormonal ligands have been shown to bind
only weakly to naked DNA [150, and references therein],
receptor proteins upon binding to hormone responsive
elements may provide the precise environment necessary
for the ligand to act. Such a mechanism would be
consistent with the observations of DNA bending caused
by steroid receptors [151] including the recent finding of
Rainish er al. [152] demonstrating estrogen receptor
induced DNA bending in the direction of the major
groove. Modeling demonstrates that the direction of the
insertion of each of the hormones would be from the
major groove. Interestingly, Ding et al. [153] have also
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recently demonstrated that certain chromosomal
proteins can bend DNA thereby leading to the creation
of preferred sites in DNA for the binding of certain small
molecular weight DNA-reactive drugs. If these obser-
vations are also applicable to steroid hormone action,
they would support the notion of Beekman et al. [154]
that the ultimate role of the hormone lies in events after
receptor—-DNA binding, possibly in transcriptional
activation. They also support the hypothesis of Fritsch
et al. [155] that DNA allosterically modulates the steroid
binding domain of the estrogen receptor and the
conformational change is necessary for full transcrip-
tional activity. Such allosteric changes may result in the
release of the hormone into the site in DNA. Thus, the
receptor would be largely responsible for the specificity
of the response (e.g. estrogenic vs androgenic) whereas
fit into DNA would govern the degree of hormonal
response. In this manner, DNA would function as a
secondary receptor with the ligand acting as a
transcription factor. Future experimental approaches to
test the insertion hypothesis will likely require techniques
which can measure rapid, reversible interactions of the
ligands with DNA in the presence of receptor proteins.

Finally, receptor mediated stereochemical insertion of
steroid ligands into DNA may have other implications for
how hormones regulate genes. It is well established that
receptors in the steroid/thyroid superfamily contain
regions that bind to specific DNA sequences (hormone
response elements) thereby providing specificity in the
ability of various ligands to regulate a given gene or set
of genes (128]. The hormone response elements which
are required for proper functioning of each receptor are
highly conserved and fall into two major classes with
progesterone, testosterone, mineralocorticoid and glu-
cocorticoid receptors in one class and estrogens, vitamin
D, thyroid and retinoic acid receptors in a second class.
While the consensus hormone responsive elements and
the amino acids of the domains of the receptors which
bind to these elements are different between the classes,
they are almost identical within each class. Why are there
two classes of hormone response elements that modulate
the activity of hormones with different structures and
biological activities? Although a precise explanation is
unknown, nevertheless, the answer must be related to the
structure of the ligand. Members of the first class are all
steroids with a common proton acceptor carbonyl group
at the 3 position. Despite having widely different
structures, ligands in the second class have a common
proton donor functional group (i.e. hydroxyls including
phenols or carboxylic acid groups). It is particularly
striking that these ligands also fall into the same classes
based upon the capacity of these functional groups to link
stereospecifically to DNA upon insertion into the cavity
[140). These modeling observations which were
reported independently and in many cases prior to the
biological evidence for the two receptor classes cannot
be coincidental [129-135, 138, 140 and references
therein]. Taken as a whole, the relationships between the

hormone response elements, the DNA binding domain
of the receptor and the structure of the individual ligands
can be explained in the following manner. The structural
properties of the receptor upon binding to the hormone
response elements in concert with other transcription
factors impart the precise conformation and physico-
chemical properties of the DNA cavity (degree of
unwinding, donor/acceptor properties of phosphate
groups etc.) to facilitate insertion of the ligand.
Receptors fall into two groups due to the similarity in the
stereochemistry of the insertion of the ligands into the
cavity created by the receptor—-DNA interaction. Given
that the cavity which accommodates all of the ligands, i.e.
5'-dTdG-3"-5'-dCdA-3', is invariant in all of the
consensus hormone response elements, this sequence
could be one of the sites where the hormones are
inserted. Thus, the structure of ligand, the protein
receptor and the regulatory sites in DNA are intimately
connected. Further evidence that these observations
cannot be fortuitous is provided by the finding that
alterations of the structure of the DNA to configurations
which do not occur naturally (e.g. ent-DNA, homo-
DNA) abolish stereochemical insertion of any of the
ligands into the DNA cavities [138, 140]. The insertion
hypothesis also has important implications for how the
regulatory genes, receptors and ligand structures
evolved.

CONCLUSIONS AND PHYSIOLOGICAL
SIGNIFICANCE

Figure 4 illustrates the many potential classical and
nonclassical modes of action whereby steroid hormones
could act to control cell responses. Mechanism #1,
which represents the classical mode of action of steroid
hormones, holds that steroids freely traverse the
membrane to interact with intracellular steroid hormone
receptors which in turn interact with DNA to induce
transcription and initiate protein synthesis. The newly
formed proteins then propagate the diverse actions of the
steroid hormone on the cell. Mechanism # 6 suggests a
possible addendum to the classical mechanism in that it
proposes that the steroid hormone ligand may interact
with the receptor and DNA to ensure maximal
transcriptional activity/cfficiency and that the ligand is
not just a casual observer to this event but actually aids
and facilitates the event. In addition to the classical
mechanism of action of steroid hormones, nonclassical
mechanisms of steroid hormone action have been
proposed (Mechanisms #2, 4 and 5) to explain rapid
effects of steroids. These rapid effects of steroid
hormones, which occur in seconds to minutes, appear to
be mediated at the plasma membrane level as: (1) their
rapidity would appear to preclude a genomic effect; (2)
the rapid effect of the steroid hormone occurs even if the
hormone is conjugated covalently to a large polymer and
not permitted to enter the cell; (3) the rapid effects of the
steroid hormones are not blocked by protein synthesis
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Fig. 4. Classical and non-classical modes of action of steroid hormones.

inhibitors; and (4) many of the rapid effects of steroid
hormones are produced by hormones which do not bind
the classical intracellular steroid hormone receptor.
Steroid hormones could exert their rapid effects via a
nonspecific effect to alter membrane fluidity as suggested
by some investigators previously (Mechanism #2).
However, this explanation fails to explain tissue and
steroid specificity of the rapid effects of steroid
hormones. Alternatively, steroid hormones could exert
rapid effects via direct interaction with steroid hormone
receptors located on the plasma membrane. A number
of studies have provided evidence supporting the
presence of such membrane receptors for a variety of
steroid hormones in a variety of tissues (Table 5 and
references therein). This mechanism would account for
tissue and steroid specificity of the purported rapid
effects. Metabolites of progesterone and deoxycorticos-
terone provide another tier to the diverse modes of action
of steroid hormones based on their unique ability to
regulate, at nanomolar potency, the activity of the
GABA, receptor. Interaction of steroids with the
GABA, receptor in the brain could have widespread
physioclogical implications. For instance, elevation of
steroids in the blood which regulate GABA, receptor

activity has been shown to have a significant correlation
with increased fatigue, confusion and decreased
immediate recall [27]. Furthermore, progesterone
metabolite levels were found to be attenuated in epileptic
women as compared to a control group [38]. It has also
been suggested that changes in GABA, receptor-active
steroid levels during the cycle could account for the
symptoms of anxiety and irritability during the
premenstrual period as well as “postpartum depression”
[117].

Other possible novel mechanisms of steroid hormone
action have been derived from studies i vitro which have
demonstrated that activation of second messenger
systems directly, in the absence of the steroid hormone
can lead to activation of steroid hormone receptor-medi-
ated cellular responses [121-128]. This raises the
possibility that biological activators other than the
steroid could drive steroid hormone receptor mediated
actions. Whether these admittedly i wvitro findings
actually occur in vive, and to what degree, remains to be
determined.

In conclusion, these proposed potential nonclassical
mechanisms of action of steroid hormones should be
viewed not as a challenge to the classical mechanism of
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action but rather as an additional complementing layer
of diversity. It is perhaps not surprising at all that such
diverse modes of action for stercid hormones may exist
as they could endow the individual with the ability to
mount rapid and/or prolonged responses depending
upon the specific stimuli and/or challenge presented.
The integration of these diverse modes of action of
steroid hormones ultimately allows for a fine-tuned
multidimensional regulation of cellular, tissue and organ
responses.
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