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Steroid hormone action mechanisms
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Cellular signaling constitutes an important
component of information flow in bio-
logical systems. It has been evolutionarily
conserved from micro-organisms - to
humans. All such organisms use one or
the other form of signal(s) to generate
the desired response. These signals
include a wide variety of molecules start-
ing from amino acids and their derivatives
to proteins on one hand and the steroids
and other lipid derivatives on the other.
The hydrophilic signals (amino acid
derivatives and proteins), being water
soluble, cannot cross the plasma mem-
brane and hence act by binding to specific
membrane-bound receptors. These recep-
tors are mostly coupled to transducer
G-proteins which influence the amplifier
enzymes to produce a variety of second
messengers (CAMP, ¢cGMP, IP,, DAG,
Ca®, etc.)). The second messengers thus
generated, modify the effector proteins
and enzymes to elicit the cellular res-
ponse'. On the other hand, the lipophilic
signals (steroids and their derivatives),
being lipid soluble, can cross the plasma
membrane and bind to specific intra-
cellular receptors, located either in the
cytosol (for glucocorticoids) or in the
nucleus' (for sex steroids, thyroid hor-
mones, vit. D3 and retinoic acid). After
the initial discovery of receptors for
steroid hormones during 1960s, many
controversies arose which were sub-
sequently solved to a large extent?. Origi-
nally these steroid receptors were
discovered in the cytosol and thereafter
they were also found to be present in
the nucleus of target cells. This was
during mid 1980s when the arrival of
monoclonal antibodies to specific steroid
receptors led to the observation that the
glucocorticoid receptors are primarily
localized in the cytosol, whereas sex
steroids in the nucleus of target cells’.
Binding of the steroid and related hor-
mones led to a conformational change in
the receptor molecules, thereby converting
a non-DNA binding form of the réceptor
to a DNA-binding form. This process is
termed as activation or transformation of
the receptor. Association of the heat shock
proteins along with a number of other
well-characterized modulators with the
untransformed receptors has opened a new
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dimension to the steroid hormone action
mechanisms. These modulators maintain
the inactive state of the receptors and
the binding of steroids leads to dissocia-
tion of these chaperones that converts the
receptors into a DNA-binding form*>.
Activated steroid-receptor complexes then
interact with specific DNA sequences,
usually located a couple of hundred base-
pairs upstream the regulated gene, and
modulate its expression (genomic action)

and respective proteins, thus producing
the cellular response® (Figure 1). These
intracellular steroid receptors act like
ligand-activated  transcription  factors.
They consist of a variable N-terminus
that contributes to the transactivation
function; a highly conserved DNA-bind-
ing domain responsible for specific DNA-
binding and dimerization and a C-terminal
domain involved in ligand-binding,

nuclear localization, and ligand-dependent

by influencing the synthesis of mRNAs

transactivation function®.
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Figure; 1. Multitude of steroid hormone action mechanisms. Steroids (S) primarily act
through intracellular receptors (R), located either in the cytosol or in the nucleus of a
target cell. Steroid—receptor (S—R) complexes undergo activation* (transformation) and
interact to specific DNA sequences, termed as steroid—responsive elements (SREs).
This interaction modulates the cognate gene expression by influencing the synthesis
of mRNAs and related proteins, thus producing an appropriate cellular response. In
addition, steroids may also influence cellular responses through cell-surface receptors.
These membrane-bound receptors may either be specific to steroid (2) or steroids may
bind to other protein/peptide hormone receptors (1). Interaction to the latter may
modulate the signaling of the respective protein/peptide hormone; while the binding of
steroid to specific membrane receptor (2) may directly or indirectly influence the cellular
responses either through membrane associated protein tyrosine kinase (3) or through
associated ion channels (4). [=, genomic actions; — non-genomic actions; SBG, steroid
binding globulin; hsp, heat shock protein; MAPK, mitogen-activated protein kinase; Junk,
Jun kinase; +, stimulation; —, inhibition; @ , protein/peptide binding site; @ , steroid
binding site].
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This view of action mechanism for the
two distinct classes of hormones prevailed
up to the late 1980s and was mostly
considered independent of each other.
Later, the idea of cross-talk between the
intracellular steroid action cascade and
the cell-surface protein/peptide hormone
action cascade arose and visualized the
inter-relations among the protein/peptide
and steroid hormone actions’. Steroid hor-
mone action can be modulated by the
protein/peptide hormone modifiers. We
have earlier reported that the protein
kinase C activators and inhibitors modu-
late the glucocorticoid-dependent regula-
tion of tyrosine aminotransferase and
tryptophan oxygenase in cultured rat
hepatocytes®®. Several others have also
observed that the protein kinases are cen-
tral to these cross-talks, as most of the
steroid receptors are phosphoproteins and
their phosphorylation might control the
activation and affinity of these receptors
to DNA response elements. Selected
steroid receptors can be activated in a
ligand-independent manner by a mem-
brane receptor agonist. Dopamine has
been reported to mimic the action of
progesterone in activating the proges-
terone receptors while 8-bromo-cAMP has
been demonstrated to mediate proges-
terone receptor-dependent transcription in
the absence of progesterone'®!!,

More recently, receptors for steroid
hormones were also reported to be located
on the membrane surfaces of certain cell
types such as spermatozoa, oocytes,
endometrial cells and granulosa cells'?.
The non-genomic effects of 17f-estradiol,
progesterone, testosterone and andro-
stenedione on these reproductive cell
types are well presented'?. They influence
the production of intracellular second
messengers such as Ca’* and IP, in a
very rapid manner, too fast to be mediated
by the sequence of genomic activation.
These are some of the steroid actions
which may not necessarily be explained
by the genomic actions as stated above,
particularly those of the rapid ones where
no mRNA and protein syntheses are
observed. Some of these non-genomic
actions of the steroid hormones are not
blocked by the inhibitors of transcription
as well as translation. These effects are
also not abolished by the antagonists to
the genomic receptors. Such non-genomic
actions of steroid hormones are mediated
by the binding of steroids either to its
own specific - cell-surface receptor or
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_through interaction with other protein/
peptide hormone receptor'>. If the steroid
knocks at the latter, it modulates the
effectiveness of the concemed protein/
peptide hormone. However, if it knocks
the former, it influences directly or
indirectly the membrane-bound protein
tyrosine kinases or the associated ion
channels. Both these culminate to a
cellular response'>'>. There are specific
examples to support the view that steroids
need not always have to elicit changes
in the gene expression. Progesterone, an
essential progestational hormone of corpus
luteum, maintains pregnancy in mammals

and is opposed by oxytocin, a nonapeptide -

that induces uterine contraction and
facilitates labour and parturition. One of
the functions of progesterone is to main-
tain the uterus in a quiescent state by
decreasing the sensitivity of uterus to
oxytocin. Although it is mostly held that
progesterone acts at a genomic level by
interacting with the nuclear.receptor and
modulating the cognate gene expression,
Grazzini et al.'* have recently shown that
progesterone inhibits oxytocin signaling
by binding to the membrane-bound oxy-
tocin receptor and changing the confor-
mation such that oxytocin does not
interact effectively to its own receptor.
The oxytocin receptor belongs to a large
class of membrane-bound receptors that
relay their signals through G-proteins to
amplifier enzymes such as phospholipase
C. Progesterone binding to cell surface
membranes of rat oxytocin receptor-
expressing CHO cells inhibits the pro-
duction of IP, and intracellular Ca®*
concentration'. This non-genomic action
of progesterone is obtained in less than
a minute and is readily reversible. Proges-
terone might bind to an allosteric site of
oxytocin receptor and produce conforma-
tional change that prevents oxytocin from
binding to its cognate site. Their findings
provide the first evidence for a direct
interaction between a steroid hormone
and a G-protein-coupled receptor and
added to a new stage of cross-talk between
the peptide and steroid hormone signaling
cascade'®. In fact, this is not the lone
example of non-genomic action of steroids
through membrane-bound receptors. Pro-
gesterone also seems to mediate a variety
of biological processes, both stimulatory
and inhibitory, through non-genomic
actions by interacting with uncharacter-
ized associations to receptors for the
neurotransmitters GABA, N-methyl-D-

aspartate (NMDA) and acetylcholine!>"'®,
Even the reports on progesterone modu-
lating membrane associated protein tyro-
sine kinases as well as Ca®* channels in
human spermatozoa have appeared
recently'? (Figure 1). These findings clearly

" open another gate of signaling by the steroid

hormones, may be in specific cases.

In addition, some of these steroids even
inside a cell, affect signaling pathways
in a transcription-independent manner
through their cognate intracellular recep-
tors. Estrogen receptor activates the
mitogen-activated protein kinase (MAPK)
signaling that is turned on by mitogen-
activating protein factors!”. Glucocorticoid
receptor interferes with the activation of a
related signal cascade by ultraviolet and
inflammatory signals'®. Taken together the
genomic, non-genomic, and cross-talks in
the steroid and protein/peptide hormone
actions, it will be of immense benefit to
modulate specific events in the steroid sig-
naling and develop drugs that can effectively
block a particular mode of steroid action.
It seems almost certain that the active
genomic steroid action mechanism coexists
with the non-genomic actions by the same
ligand that can simultaneously work to
achieve the desired cellular response. The
details of the relative contributions of both
genomic and non-genomic steroid action
mechanisms together with the cross-talk
among them are yet to be appropriately
exploited.
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