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alocorticoid eVect on epithelial cells is the result
The miner ant of an

intricate net of biochemical regulations that ultimately leads to the

maintenance of electrolyte homeostasis. Two key protagonists in this

plot are the ligand, which broadcasts the information, and the receptor,

which functions as a receiver and transducer. Therefore, the responsi-

bility for the final biological eVect is not limited to each individual

component but to both of them, so they constitute a functional unit. In

addition, several prereceptor regulatory mechanisms are also determi-

nant factors for the final biological response. Because steroids are

present in both animals and plants and are derived from common

precursors, it is intriguing how these simple molecules have acquired

specialization to shape biological development and diVerentiation. This

is particularly true for the function of aldosterone in mammals, which is

mimicked by glucocorticoids or progesterone in some particular cases.

Inasmuch as the most potent mineralocorticoid in nature, aldosterone,

shows a poorly angled steroid nucleus at the A/B-ring junction, and

because steroids that possess identical functional groups and diVerent

steroidal frames elicit diVerent mineralocorticoid eVects, we postulate

that a planar conformation of the ligand is a key requirement to acquire

potent sodium retention properties. The model takes into consideration

all the mechanisms involved in the regulation of the final biological

eVect, although it does not provide a definitive answer to the original

question. It is also discussed how the use of novel mineralocorticoid

ligands may shed light on the still obscure mechanism of action of the

mineralocorticoid receptor. � 2004 Elsevier Inc.
I. INTRODUCTION
Mineralocorticoids are so named for their role in the maintenance of the

electrolyte balance, aldosterone being the most potent mineralocorticoid

ligand in nature. Aldosterone is produced in the zona glomerulosa of the

adrenal cortex, and its secretion is increased by diverse stimuli such as the

level of pituitary adrenocorticotropic hormone (ACTH), kidney angiotensin

II, hyponatremia, hyperkalemia, and dopamine agonists, and inhibited by

atrial natriuretic peptide, dopamine, somatostatin, fatty acids, and so on.
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(reviewed by Agarwal and Mirashi, 2000). Since a long time ago (Vander

et al., 1958), the antinatriuretic and kaliuretic eVects of aldosterone and its

eVects on blood pressure were thought to be the result of genomic eVects in

the distal portion of the nephron. Rapid nongenomic eVects of aldosterone

were subsequently described for sodium exchange in erythrocytes (Spach

and Streeten, 1964). However, the lack of suitable cell mammalian cell lines

that exhibit vectorial sodium transport and express a good concentration of

mineralocortiocid receptor (MR) and no glucocorticoid receptor (GR) has

undoubtedly slowed progress in this field as compared with other steroid

receptors. Nonetheless, a number of advances have been made during the

last few years. Among them is the characterization that the serine–threonine

kinase sgk-1 is one of the main proteins directly induced by aldosterone

via the MR, which enhances the amiloride-sensitive epithelial sodium

channel-dependent sodium current by phosphorylation of channel subunits

(Chen et al., 1999; Náray-Fejes-Tóth et al., 1999; Shimkets et al., 1998).

Binding of steroid to its cognate receptor constitutes a primordial first

step to trigger a series of events that lead to the genomic biological eVect.

Because the proper recognition of both components of the functional unit is

essential, ligands should exhibit some structural properties to allow an

eYcient activation of the steroid–receptor complex. As a first approach,

Duax and colleagues (1978, 1982) summarized some minimal conforma-

tional requirements on ring A of steroid hormones for optimal binding to

diVerent receptors; in the case of the MR, the ideal conformation would be,

according to those studies, a 1�-envelope to a 1�,2�-half-chair containing

the 3-keto-4 ene function. Higher aYnity ratios for the MR were also

obtained when substituents that tend to bend the A-ring toward the � face

of the steroid molecule were eliminated, for example, steroids lacking the

C19-methyl group or the C11-hydroxy function (Yamakawa et al., 1986).

A similar eVect is observed upon introduction of ketalic bridges, which

flatten the overall structure, as in aldosterone and related 18-oxygenated

analogues.

Although several compounds have been synthesized for all the other types

of steroid receptors (and replaced the natural ligands in many clinical

treatments), only one synthetic agonist showing no cross-reaction with the

other members of the steroid receptor subfamily is currently available to

study the mineralocorticoid function—11,19-oxidoprogesterone. This limi-

tation may be explained if we take into consideration that the multifactorial

regulation of the mineralocorticoid eVect has always made the structural

requirements of an ideal ligand very diYcult to determine. In fact, it is

accepted that no correlation between ligand structure and biological eVect

exists. On the other hand, a considerable eVort has been invested on the

development of antimineralocorticoid compounds, particularly during and

after the RALES (Randomized Aldactone Evaluation Study) and EPHESUS

(Eplerenone Post-AMI Heart Failure EYcacy and Survival Study) trials
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(see Funder, 2003, for an updated editorial). There are several reports about

these trials, as well as qualified review articles that referred to each particular

topic in the mineralocorticoid field. This is why we decided not to address

classical subjects with extreme detail. Our aim was to provide an integrated

and original vision of the ligand-dependent mineralocorticoid action (i.e.,

from the possible origin of the mineralocorticoid function to the particular

mechanistic aspects recently evidenced, thanks to the use of novel ligands): In

this regard, we attempted to emphasize all those aspects that make each

steroid–receptor complex a unique functional unit. We review recent findings

in the structure–activity field and overview some facets of the regulatory

mechanisms that may have shaped the selection of those structural features of

the ligand. We propose that the overall planarity of the steroidal frame may

be critical to confer a steroid mineralocorticoid activity in vivo.
II. THE NUCLEAR RECEPTOR SUPERFAMILY
One of the most abundant classes of transcriptional regulators in

metazoans is the nuclear receptor superfamily. As such, the MR not only

functions as a receptor for a given ligand, but also as a transcriptional

regulator. Nuclear receptors are phylogenetically related proteins clustered

into a large superfamily (Evans, 1988), which includes receptors for

hydrophobic molecules such as steroid hormones (e.g., estrogens, progester-

one, androgens, glucocorticoids, mineralocorticoids, vitamin D, ecdysone,

oxysterols, bile acids), retinoic acids (all-trans and 9-cis isoforms), thyroid

hormones, dioxin, sterols, fatty acids, leukotrienes, and prostaglandins.

All nuclear receptors share common structural and functional domains

(Fig. 1). A canonical receptor possesses five or six such functional

domains named A through E–F (Mangelsdorf et al., 1995). The best

conserved is the central portion of the molecule, known as region C or

DNA-binding domain (DBD), which facilitates sequence-specific interac-

tion with the major groove of the DNA double helix. The DBD is composed

of two highly conserved zinc-fingers that set the nuclear receptors apart

from other DNA-binding proteins (Klug and Schwabe, 1995). The E region

is located toward the C-terminal half of the receptor and possesses a

moderately conserved domain, the ligand-binding domain (LBD), which is

separated from the C-terminal amino acid by a short and nonconserved

domain named region F. The function of region F remains relatively

unknown for most members of the superfamily, although for some of them,

the F domain has been implicated in conferring ligand specificity and

influence on transcriptional activation (Montano et al., 1995). In spite of

the fact that all members of the superfamily have a LBD, the specific

endogenous ligands are still to be identified for many receptors, so they are

generically referred to as ‘‘orphan receptors.’’



FIGURE 1. Schematic representation of a nuclear receptor. All nuclear receptors share a

common set of domains characterized by a central DNA-binding domain Xanked by the ligand-

binding domain at the C-terminal half and the transactivation domain at the N-terminal half.

Some functional regions of the molecule are commonly named with letters. The Wgure also

shows essential amino acids of the hMR that are in contact with functional groups of

aldosterone that radiate from the carbons indicated below the black bars. Based on studies by

Fagart et al., 1998; Lupo et al. 1998; and Rafestin-Oblin et al., 2002.
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Within the LBD, the residues used in receptor dimerization and the

ligand-dependent activation function, AF-2, can be identified. Regions C

(DBD) and E (LBD) are separated by a nonconserved hinge (region D). The

N-terminal half corresponds to the hypervariable A–B domain and

represents the ligand-independent activating function domain, AF-1. AF-1

functions in a cell-context- and promoter-specific manner and cooperates

with AF-2 in regulation of transcription (Leid et al., 1992). Although the

A–B region displays no sequence conservation between diVerent members of

the superfamily, it has been well conserved through evolution for a given

receptor.

Two possible evolutionary histories may have led to such a particular

intramolecular organization of nuclear receptors. DiVerent domains may

have diVerent origins, such that those related to the regulation of metabolism

became fused to a DNA-binding motif to produce a transcription factor. On

the other hand, a multidomain precursor that initially mediated a simple

signal transduction mechanism may have acquired increasingly complex

functions. Based on protein sequence comparison and evolutionary analysis,

the second model is more accepted nowadays. Regardless of how the

organization of nuclear receptors had taken place during evolution, they

represent only a part of the story. As we shall address later, the ligands are the

other part, so it can be stated that the information for hormonal regulation is

written neither in the hormone nor in the receptor exclusively, but in both

components of a complex functional unit. In turn, this functional unit may be
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subject of other kinds of non-hormonal- and/or non-receptor-dependent

regulations.
III. STEROID RECEPTORS
Based on the alignment of both DBD and LBD and due to phylogenetic

analysis, the members of the superfamily were classified in a consensus tree

defined by six subfamilies of receptors (Laudet, 1997). Thus, the receptors

with steroid-binding ability comprised the same subfamily of highly

homologous members, that is, estrogen receptor (ER), estrogen-related

receptor (ERR), androgen receptor (AR), progesterone receptor (PR),

glucocorticoid receptor (GR), and mineralocorticoid receptor (MR). In

turn, based on their binding to a consensus DNA sequence, ERR and ER

belong to the so-called ER-subgroup (they bind to an AGGTCA P-box

sequence), whereas the GR, MR, AR, and PR belong to the GR-subgroup

(they bind to an AGAACA P-box sequence). It is thought that mutations in

the ancestral ER P-box sequence favored the selection of receptors

belonging to the GR-subgroup, which were adapted to recognize the novel

site for anchorage (Zilliacus et al., 1994).

The other members of the superfamily are more distant from those

related to the adrenal and sex steroid receptors (Baker, 1997). An important

observation is that the human sequences of steroid receptors are closely

related to their homologous forms in amphibians and fish. Thus, it is

possible that divergence of this subfamily from other nuclear receptors

occurred before the appearance of fishes. It has been predicted that a

putative ancestral steroid receptor appeared in the primitive chordate

Amphioxus (Baker, 1997; Owen and Zelent, 2000), perhaps resembling the

features of the ER, the most representative member of the ER-subgroup.

To better understand the molecular mechanism of action of the steroid–

receptor unit, we have to understand the context in which both components

of the signaling pathway have evolved. The irruption of steroid receptors

as transducers of physiological responses mediated by adrenal and sex

steroids provided early vertebrates with an advantage in competing with the

diverse organisms that evolved during the Cambrian explosion and lacked

either some or all of these receptors. It is thought that the members of the

GR-subgroup are derived from an ancestral receptor that underwent genome

duplication to give GR–MR and AR–PR ancestors (Escriva et al., 1997).

This process was then followed by a new diversification step to give the four

separate receptors. Steroidogenesis studies from fish interrenal tissues (an

organ equivalent to the adrenal cortex of mammals) could not demonstrate

that aldosterone can be synthesized, so the general consensus is that most fish

do not produce this steroid, and mineralocorticoid eVects are mainly
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managed by glucocorticoids (Wendelaar Bonga, 1997). Moreover, due to the

absence of the MR in fish, it was thought that this receptor might have been

the last of the nuclear receptors to have been brought under tight

evolutionary control. Interestingly, a recent report described the presence

of a mineralocorticoid-like receptor in the rainbow trout that favors cortisol

binding over aldosterone binding (Colombe et al., 2000).

On the other hand, the other characters of this plot, the ligands, share the

general property of being small and hydrophobic molecules. Many of them

are derived from common precursors, which are also found in plants.

However, there are no equivalent receptors between both kingdoms (Clouse,

2002). This is interesting because it raises the question of how similar and

simple compounds have been assigned to shape the biological development

and diVerentiation in metazoans. The existence of common molecules may be

the indication that common biosynthetic pathways and/or identical pre-

cursors were used as a tool during the evolutionary process to create signaling

molecules. This may be particularly true for some ligands of the nuclear

receptor superfamily such as steroids, retinoids, or prostaglandins, which are

the same in plants and animals and are derived from similar chemical

precursors. The use of common precursors certainly constrains the structure

of the hormones, but it also means that their structures have inherent features

that make them appropriate signaling molecules regardless of the organism

where they function. Perhaps, this property may be related to the hypothesis

that the primigenial membranes in protozoans were not the fatty-acid bilayers

of today, but were probably terpenoid-based compounds. Thus, steroids and

retinoids, which are terpenoid derivatives, may have evolved to signaling

molecules when the organism needed to collect information from its outside

world.
IV. THE MINERALOCORTICOID EFFECT
It is thought that life originated in the sea, so the circulating fluids of all

animals may resemble the composition of the sea water of some millions of

years ago, when life began. Since that time, the composition of that primitive

Archean Ocean has been gradually changing due to precipitation of certain

compounds on the sea bed and the washing-down of others by river action.

The animals of today are clearly the consequence of evolutionary adaptation

to the new environment during those millions of years; however, despite the

great biological divergence, the composition of their blood is remarkably

alike in ionic composition. This indicates that the conditions for life are very

restricted and have remained relatively constant during evolution. Therefore,

animal life has necessarily been attended by mechanisms that maintained an

environment with the properties required for the continued life of its cells.
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When the life forms abandoned the sea water, they faced the additional

diYculty of keeping the osmotic pressure of their blood above that of the

surrounding freshwater.Moreover, as soon as animals began tomoveon from

water toward the land, far-reaching changes in the regulatory mechanisms

became extremely necessary because the limits of tolerance are even narrower

due to the additional influence of other new factors, such as evaporation and

perspiration.ThelatedevelopingoftheMR,alongwithCYP11B2(aldosterone

synthase), oVereda clear answer to specifically preserve the intracellularmilieu

from permanent environmental changes without influencing other biological

functions.

The MR is thus far the largest member of the nuclear receptor superfamily.

It shows the highest percentage of homology with its subgroup partner, the

GR, not only when their DBDs are compared (94%), but also their LBDs

(57%) (Evans, 1988). Consequently, cross-reactions with ligands and

hormone-response elements are expected. In epithelial tissues, the classical

mineralocorticoids aldosterone and 11-deoxycorticosterone (DOC) (Fig. 2)

enhance the reabsorption of sodium and aVect the transport of hydrogen and

potassium ions, although these two eVects are known to be mechanistically

independent of the antinatriuretic action (Bastl and Hayslett, 1992; Lantos
FIGURE 2. Structures and most stable conformation of some steroids discussed in this

chapter.
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et al., 1981; Young, 1988) and are quantitatively less significant. The MR is

expressed at the greatest abundance in the sodium-transporting epithelia such

as the distal part of the nephron and the distal colon, as well as in sweat and

salivary glands, the cardiovascular system, the central nervous system

(particularly in the hippocampus), brown adipose tissue, and at lower

abundance in other tissues. The most potent natural mineralocorticoid

agonist is aldosterone (Fig. 2), its main chemical property being the presence

of a hemiketalic ring that involves its aldehyde in C18 (from which the name

aldosterone derives).

Despite being cloned several years ago (Arriza et al., 1987), many basic

features of the MR function and its regulation have yet to be fully

characterized; among them, how it can be selective for aldosterone when the

circulating levels of glucocorticoids are two or three orders of magnitude

greater. Given the fact that glucocorticoids exhibit higher aYnity for

the MR, it was diYcult to reconcile the specific biological eVects shown

in vivo by aldosterone in the presence of much higher circulating

concentrations of glucocorticoids. An answer to this conundrum appeared

to lie in the inactivating action of the enzyme 11�-hydoxysteroid

dehydrogenase-2 (11�HSD-2) (Edwards et al., 1988; Funder et al., 1988).

This enzyme plays a key role in discriminating glucocorticoids from

mineralocorticoids by metabolizing the former compounds to their 11-

dehydro derivatives. Thus, in cells coexpressing both the MR and 11�HSD-

2, the receptor should be protected from the permanent occupancy of the

highly abundant glucocorticoid steroids. The major role of 11�HSD-2 can

be evidenced by situations where the enzyme is inactive due to mutations

(apparent mineralocorticoid excess syndrome) or due to its inhibition

(licorice derivatives). Accordingly, 11�HSD2�/� mice develop hypertension,

polyuria, hypokalemia, and hyponatruria and show low plasma levels of

aldosterone and renin activity (Kotelevtsev et al., 1999).

However, a series of questions still deserve an answer. It is known that the

11�HSD-2 does not colocalize with the MR in the hippocampus, such that

the MR should be ‘‘unprotected’’ and presumably overwhelmingly occupied

by glucocorticoids. Nevertheless, specific aldosterone-dependent eVects can

still be seen. Inaddition, occupancyof theMRbycortisol or corticosteronedoes

not mimic the eVects of aldosterone, if not antagonizes them, in extraepithelial

tissues where the receptor does not colocalize with the enzyme (Funder and

Miles, 1996; Gómez-Sánchez et al., 1990; Sato et al. 1995; Young et al., 1994).

All of the previously described observations lead to the obvious

conclusion that other factors must also be involved in the regulation of

the mineralocorticoid eVect. To begin with, the MR itself has intrinsic

properties that discriminate between mineralocorticoid and glucocorticoid

ligands. For example, even when the dissociation constant (Kd) for cortisol

and aldosterone are the same, aldosterone–MR complexes show a more

prolonged half-life than glucocorticoid–MR complexes due to a higher

dissociation rate constant (k�1) (Lombès et al., 1994). Moreover, the MR is
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capable to form heterodimers with the GR (with which it coexists in many

tissues) that can modulate transcription in a manner that is distinct from the

GR and MR homodimers (Liu et al., 1995; Trapp et al., 1994). Also, the

aldosterone-dependent eVect can be antagonized by the PR (McDonnell

et al., 1994) and the TR (Lim-Tio and Fuller, 1998), although it is still

uncertain whether the MR can form heterodimers with these receptors.

The intranuclear distribution of the MR and the GR in hippocampal

neurons shows a nonhomogenous distribution; that is, many clusters

exclusively contain either MR or GR, although a number of nuclear domains

were found to contain both receptor types (Van Steensel et al., 1996). Finally,

interactions with specific coactivators and/or corepressors may regulate

diVerentially the transcriptional activity of both corticosteroid receptors. In

this regard, it was recently reported that there exists a ligand-selective

regulation of the MR (Kitagawa et al., 2002), so that aldosterone binding,

but not cortisol binding, recruits the RNA helicase A–CREB-binding protein

complex (RHA–CBP) to the AF-1a region and allows the cooperative

potentiation of the MR transcriptional activity. Similarly, a chromatin

immunoprecipitation assay demonstrated that aldosterone binding, but not

cortisol binding, recruits the RHA–CBP complexes to native MR target gene

promoters (Kitagawa et al., 2002).

Inasmuch as it is thought that the MR has evolved more recently than other

members of the nuclear receptor family, the fact that the MR shows no

specificity to bind ligands when it is assayed in an isolated system is somehow

surprising. Thus, primigenial steroids such as ‘‘ancient’’ progestins, which are

also present in plants and yeast (Geuns, 1978), are capable of binding to one of

themorerecentlyevolvedmembersof thenuclear receptorsuperfamilywithout

showing significant diVerences in aYnity with respect to ‘‘classical’’ glucocor-

ticoid and mineralocorticoid ligands. During the evolutionary process, this

inconvenience was resolved in part by adding a number of prereceptor check-

points, which have preserved ‘‘ancient’’ ligands for their specific biological

actions.Ontheotherhand, thesynthesisof ‘‘novel’’ (nowclassical) ligandssuch

as aldosterone during that evolutionary period enhanced the specificity for the

mineralocorticoid eVect. Such an intricate and complex physiological and

molecular interrelation has made the elucidation of the structure for an ideal

sodium-retainer ligand very diYcult to determine, as well as making the

comprehension of the molecular mechanism of regulation of the MR diYcult.
V. STRUCTURE–ACTIVITY RELATIONSHIP FOR

THE MINERALOCORTICOID EFFECT
Taken together, all of the previously described scenarios make not

surprising the existence of cross-talks between ‘‘specific’’ ligands for a

determined receptor and many members of the subfamily of steroid receptors.
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Similarly, cross-talks of ligand–receptor complexes with the ‘‘specific’’

hormone response elements can also be predicted. Therefore, it is evident

that the specificity of the biological response must also be achieved by the

combined eVect of factors other than ligand–receptor and receptor–DNA

recognition.

Even though the analysis of the structural requirements needed for an

ideal mineralocorticoid agonist have always been extremely diYcult to

define, the first step in the molecular mechanism of action of any ligand is the

binding to its cognate receptor, and certain structural properties of the

hormone must be required to properly activate the receptor. The observation

that aldosterone possesses a poorly angled steroid nucleus at the A–B-ring

junction led to postulation that mineralocorticoids may require a flat

conformation for optimal activity in vivo (Lantos et al., 1981). To provide a

graphic example, Fig. 2 depicts the structures of the most stable conformers

for some of the pregnanesteroids we describe here. The most potent natural

agonist, aldosterone, possesses an overall flat conformation as compared

with other pregnanesteroids, with a more angled steroid nucleus toward the �
face. Based on that premise, the highly planar pregnanesteroid 11,19-

oxidoprogesterone (11-OP) and its bent isomer 6,19-oxidoprogesterone

(6-OP) were synthesized ex profeso to study their mineralocorticoid proper-

ties. As expected, the flat steroid 11-OP is a selective MR ligand and as potent

a mineralocorticoid as 11-deoxycorticosterone (DOC), whereas its bent

counterpart, 6-OP, is devoid of both aYnity for the MR and sodium-

retaining capacity (Burton et al., 1995; Galigniana et al., 1993; Piwien-Pilipuk

et al., 2002b).

It is classically accepted that certain critical functional groups enhance

mineralocorticoid potency, for example, a C21-hydroxyl. Interestingly,

11-OP lacks those functional groups, its main characteristic being its

overall conformational planarity. A similar statement can be made for the

biological potency of other pairs of compounds such as the flat steroid 5�-

diH-progesterone (a stronger sodium-retainer) and its bent isomer 5�-diH-

progesterone. Because these compounds possess exactly the same functional

groups but diVer in their conformational properties, it suggests that a flat

conformation of a given ligand may be more important than certain

functional groups for the acquisition of mineralocorticoid activity. Then, the

question arises whether the tentative ‘‘planarity rule’’ also applies for most

21-deoxypregnanesteroids and might also be extended to 21-hydroxypreg-

nanesteroids. To answer this hypothesis, a series of 33 pregnanesteroids with

diverse geometrical parameters and functional groups was recently studied,

where the Naþ-retaining capacity and relative binding aYnity for the MR

were analyzed with respect to the overall planarity of the steroidal skeleton

(Piwien-Pilipuk et al., 2002b). In that study, it was shown that a trend that

correlates the steroid structure and its biological activity may be achieved if

the sodium-retaining eVect is analyzed in toto.
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In this chapter, we have included some examples where the dose–response

curves in the large range of 0.01–500 �g/100 g of rat body weight for some

natural and synthetic compounds are depicted, many of them without a

previously studied mineralocorticoid eVect (Fig. 3). Intriguingly, most

steroids exhibit a parabolic function; that is, a maximal antinatriuretic eVect,

which varies according to the steroid, is shownat certain doses, whereas a clear

reversion of the eVect is observed at higher doses. Although less evident than

for other steroids, the tendency to reverse the Naþ-retaining eVect can also be

observed for the most active compounds, including aldosterone, at the highest

doses. Such a biphasic function of the dose–response curves makes unsuitable

the use of the ED50 value to quantify the biological eVect. Thus, a classical

ED50 does not consider the multiple parameters involved in the parabolic
FIGURE 3. Dose–response curves for some representative steroids. Urinary sodium

elimination was measured after injecting adrenalectomized male rats with the indicated doses of

steroid expressed in �g of steroid per 100 grams of rat body weight. Results were normalized

to steroid/vehicle sodium elimination ratio. These plots were modiWed from original data

published by Piwien-Pilipuk et al., 2002b. For the sake of clarity, only a few dose–response curves

were reproduced here and arbitrarily grouped on panels to avoid overlapping of data.

Aldosterone (d) was included in all panels for comparative purposes. Symbols represent the

following steroids: (A) (s), 5�-diH-progesterone; (j), �1-progesterone; (u), DOC; (m),

5�-diH-progesterone. (B) (s), 11-OP; (j), progesterone; (u), 18-deoxy-aldosterone; (n), 6-OP.

(C) (s), 19-nor-DOC; (j), 18-OH-corticosterone; (u), 11-keto-progesterone; (n), 11�-OH-

progesterone. (D) (s), cortisol; (j), 21-OH-6-OP; (u), 21-deoxy-aldosterone; (n), 21-OH-11-OP.
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function, such as doses at which the maximal retention is achieved, the

magnitude of this maximal response, the minimal active dose, and more

importantly, the reversion of the eVect observed at higher doses.

The problem could be partially solved by correlating the sodium-

retaining response with the second-order polynomial of the function defined

by the equation y ¼ ax2 þ bx þ c. Thus, the second-order coeYcient ‘‘a’’ is a

direct measure of the concavity of the polynomials, which represent in turn

the biopharmacological parameters of the dose–response curves obtained

with each steroid. The study was only focused on sodium-retaining action

because the kaliuretic eVect is also aVected by many factors other than

mineralocorticoids.

When the A/D angle, the A/BCD angle, and the C3 ¼ O/D angle were

plotted against the coeYcient ‘‘a,’’ the latter parameter showed to be the

best to demonstrate a correlation between the biological eVect and both the

geometry of the steroids (Fig. 4A) and ligand binding to the MR (Fig. 4B).

Therefore, a relevant role for the orientation of the C3 ¼ O group may be

inferred for the recognition of the ligand by the hormone-binding pocket of

the MR. Interestingly, Fig. 4C shows that there is a tendency to increase the

mineralocorticoid eVect (lower coeYcient ‘‘a’’ value) with a higher aYnity

for the MR. It should be emphasized that all of these observations are valid

for both 21-deoxysteroids and 21-hydroxysteroids.

Later, we shall analyze with more detail a particular case, 11-OP. This

potent synthetic agonist is excluded from the correlations depicted in Fig. 4B

and C (see arrows), but not from the correlation shown in Fig. 4A, where a

pure in vivo measurement is shown. As discussed further in Section IX, the

reason for these exclusions is because 11-OP (as well as its 21-hydroxy

derivative) may bind to the MR at an alternative-binding site or because

these ligands may accommodate their steroidal frames with a diVerent

positioning in the LBD of the receptor.

Because the coeYcient ‘‘a’’ includes all the variables that aVect ligand

availability for the MR in vivo, this correlation is not surprising, but it should

not be confused with the oversimplified conclusion that aYnity potency for

the receptor in vitro can predict ligand potency. The analysis of the whole

dose–response curve measured in vivo allows the calculation of the coeYcient

‘‘a,’’ which seems to be the most representative factor to semiquantify, and

perhaps predict, the mineralocorticoid eVect for a given steroid according to

its geometry. Nonetheless, one of the limitations of this model is that the

second-order coeYcient ‘‘a’’ cannot be measured for ligands that show no

parabolic function in the range of doses assayed, that is, steroids that exhibit

a weak mineralocorticoid e Vect in vivo (see Section VI).

Attempts to find correlations by using several other parameters were

unsuccessful (e.g., steroid hydrophobicity, hydration sphere, length of the

molecule, total surface area, van der Waals radius, electronic density).

Importantly, no straight correlation has ever been found previously when



FIGURE 4. Structure–activity relationships. (A) Correlation between the C3 ¼ O/D angle

of the steroids (geometric parameter) and the second-order coeYcient ‘‘a’’ (biological parameter

for the biphasic sodium-retaining eVect). (B) Geometric parameter of the steroids versus the

relative aYnity for the MR. (C) Correlation between the biological eVect and binding to the

MR. Note that the coeYcient ‘‘a’’ includes all the variables that aVect the Wnal biological

response. Arrows identify 11-OP ligands. Symbols are: (s), 21-deoxypregnanesteroids; (�),

21-OH-pregnanesteroids. (Data from Piwien-Pilipuk et al., 2002b).
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the ‘‘mineralocorticoid eVect’’ was studied in vitro, that is, the MR-

dependent activity of a gene–reporter in transiently transfected cell lines

(Agarwal and Mirashi, 2000; Grassi et al., 1997; Piwien-Pilipuk et al., 2002b;

Quinkler et al., 2002), which evidences the enormous diVerences that can be

obtained by working with an integrated biological eVect under in vivo

conditions. It is noteworthy that the structure–activity correlation can only

be obtained when the in vivo biological eVect is considered as a whole,

regardless of the number and nature of the regulatory mechanisms involved

in the resultant mineralocorticoid action.
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One of the most important derivations of the previously described studies is

the demonstration that the steroid conformation, rather than the presence of

certain functional groups, is the determining factor for sodium retention.

Of course, it is not possible to completely dissociate the presence of certain

functional groups from the steroid conformation, but there are some examples

in which the conformers share identical chemical groups and dissimilar

biological activity (for example, 11-OP vs 6-OP or 5�-diH-progesterone vs

5�-diH-progesterone, at high doses). Therefore, an explanation for this

feature can be found in the overall conformation of the ligand (i.e., flat

steroids such as those named in first term are more potent mineralocorticoids

than their respective bent counterparts). This postulate is highly notorious for

6-OP, which is an almost inert steroid even though the chemical groups are

identical to those of the highly active agonist 11-OP (see Figs. 2 and 3).

It is interesting to point out that the divergent features of some pairs of

compounds used in those studies undermine the functional importance of the

C21-OH function. Thus, progesterone is a weak mineralocorticoid and its

21-hydroxylated derivative, DOC, is a strong one. On the other hand, 11-OP

exhibits potent sodium-retaining properties (comparable to DOC, and even

to aldosterone at higher doses), whereas the introduction of a 21-hydroxyl

group greatly reduced the biological activity (Fig. 4D). In contrast, 21-deoxy-

aldosterone loses activity with respect to aldosterone, but even so, the

biological eVect of 21-deoxy-aldosterone still remains strong (i.e., similar to

DOC). As discussed later, there are also additional factors to consider when

these cases are analyzed, such as the length and flexibility of the molecule.
VI. LIMITATIONS OF THE MODEL
Although this model may be useful for drug design, it does not provide an

absolute answer to the original question and some restrictions apply for

many cases. For example: (1) some steroids exhibit good steroid binding

ability in a cell-free system, but they are totally devoid of biological eVect

in vivo in a wide range of doses, such as corticosterone and cortisol, both

steroids being good substrates for the enzyme 11�-hydroxysteroid dehydro-

genase; (2) a steroid such as dexamethasone, which exhibits a relatively weak

aYnity for the mineralocorticoid receptor and poor mineralocorticoid

activity, does not show a parabolic function; (3) other steroids may exhibit

good sodium-retaining properties at certain doses, but a countereVect is not

seen and the second-order coeYcient ‘‘a’’ cannot be calculated (e.g., 21OH-

11,19-oxidoprogesterone). In spite of these limitations, the alignments

observed for most of the compounds are clear and reflect a similar tendency

for both 21-deoxy and 21-hydroxypregnanesteroids.

As mentioned before, these studies do not address an important factor that

greatly aVects the adaptability of a given ligand to the binding site in the



46 Galigniana and Piwien Pilipuk
receptor: the flexibility of the steroidal frame. However, some speculations

may be considered. Like the classical agonist aldosterone, the structures of

the novel oxidopregnanes 11-OP and 6-OP and their 21-hydroxylated

derivatives certainly predict a rigid steroidal frame. Therefore, the capacity of

these steroids to adjust into the steroid-binding pocket is limited by rigidity.

Such rigidity (similar to aldosterone) associated to its flat conformation may

explain the high specificity of 11-OP for the MR (there are no cross-reactions

with other steroid receptors), and also explains why its 21-hydroxylated

derivative behaves as a weak mineralocorticoid agonist. In this regard, it is

interesting to point out that the total length of 11-OP is 11.38 Å, which is

substantially shorter than the length of natural agonists—12.45 Å for

aldosterone and 12.30 Å for DOC. Even though 11-OP is certainly a flat

steroid, it does not have the optimal C3 ¼ O/D angle exhibited by

aldosterone (þ8.9
�

vs �14.6
�
, respectively). However, its shorter length

could allow the rigid frame of 11-OP to adjust into the steroid-binding pocket

more easily than its 21-hydroxy-derivative partner (12.23 Å). As a

consequence, 11-OP may behave as a strong mineralocorticoid, whereas

21OH-11-OP is a weak MR ligand and sodium-retainer (it is fully active at

doses �75�g) in spite of possessing similar length and a C21-OH functional

group as the natural agonists. Similarly, the lack of a 21-hydroxyl group in

progesterone allows this steroid to bind to the MR in vitro with a relatively

good aYnity, but its agonistic activity is poor. Indeed, progesterone is an

antagonistic steroid. Recent studies performed with hMR (which progester-

one binds to with similar aYnity as aldosterone) have linked the lack of

agonistic eVect to the inability of progesterone to establish contact with the

Asn770 residue found in the steroid-binding pocket (Fagart et al., 1998).
VII. PROGESTERONE AND

PROGESTERONE DERIVATIVES
Progesterone binds to the MR with relatively high aYnity, but confers

only weak sodium-retaining activity per se and is an antagonistic ligand for

full agonists. However, a family carrying a mutation in the MR where Leu is

substituted for Ser at the 810 position has recently been described, which

leads to a receptor that can be activated by aldosterone and progesterone

and causes an early onset of hypertension that is markedly exacerbated

during pregnancy (Geller et al., 2000).

Our understanding of how steroid receptors are activated was greatly

improved by the elucidation of the crystal structures of several nuclear

receptors (Bourget et al., 1995, 2000; Brzozowski et al., 1997; Matias et al.,

2000; Renaud et al., 1995; Wagner et al., 1995; Williams and Sigler, 1998).

The main diVerence between the unliganded receptor and the agonist-bound
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nuclear receptor seems to be the positioning of the H12 helix that harbors the

ligand-activated transactivation. Thus, the H12 helix protrudes away from

the receptor in the unliganded state and is folded toward the core of the LBD

in the agonist-associated receptor. This repositioning of H12 helix in the

presence of ligand is accompanied by the bending of the H3 helix, which in

turn creates an interface suitable for the binding of coactivators (Bourget

et al., 2000). Interestingly, the 21-hydroxyl group of a mineralocorticoid

agonist seems to be not required when an H3 helix–H5-helix interaction is

established by substituting Leu for Ser at the 810 position of the hMR, which

may explain why progesterone becomes a potent mineralocorticoid agonist in

this pathology (Geller et al., 2000).

Progesterone plasma level increases significantly during the luteal phase of

themenstrual cycle and peaks at very high concentration at the end of the third

trimester of pregnancy (Johansson and Johansson, 1971). In contrast,

aldosterone increases only slightly during the luteal phase and late pregnancy

(Nolten et al., 1978). In view of the high aYnity of progesterone for hMR, it is

unclear howaldosterone can maintain its function as an eVective agonist in the

presence of progesterone in physiological conditions. One possible explana-

tion may be the strong binding of progesterone to plasma proteins as

compared with aldosterone, so free progesterone is 3% of the total

plasma concentration versus 30% for aldosterone. The eVective metabolism

of progesterone may constitute another additional mechanism to exclude this

‘‘ancient’’ ligand from competition—a highly eVective metabolism of

progesterone in renal cells (Bumke-Vogt et al., 2002; Quinkler et al., 2003).

Notwithstanding evidence that progesterone can antagonize the action of

aldosterone, there are studies indicating that aldosterone is responsible for

maintaining sodium balance at a level appropriate for the stage of pregnancy

(Bay and Ferris, 1999), so when sodium balance is perturbed, immediate and

appropriate changes in aldosterone plasma concentration and sodium

excretion are promoted to restore electrolyte balance. In this regard, it is

interesting to emphasize that, in spite of the high plasma level of progesterone,

the administration of mineralocorticoids to pregnant women still stimulates

sodium retention and an increase in body weight. This demonstrates that the

MR is capable of responding to the agonist and that the signaling mechanism

that leads to the activation of the epithelial sodium channel is still active

(Ehrlich and Lindheimer, 1972).

Interestingly, many of the metabolites of progesterone themselves have

mineralocorticoid eVect. A good example is 5�-diH-progesterone, a steroid

that is produced by renal cells from progesterone (Quinkler et al., 2001) and

possesses a strong sodium retaining activity (Burton et al., 1995; Piwien-

Pilipuk et al., 2002b). As emphasized earlier, 5�-diH-progesterone lacks

21-hydroxyl group and exhibits a flat conformation. Interestingly,

5�-reduced metabolites of progesterone, but not 5�, are potent inhibitors

of the 11�-hydroxysteroid dehydrogenase activity (Latif et al., 1997), which
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in turn may exacerbate glucocorticoid-mediated sodium retention when

progesterone levels are high.

11�-Hydroxyprogesterone and its 11-keto-derivative (see structures in

Fig. 2) are another couple of steroids that are interesting to analyze with more

detail. Almost a decade ago, it was described that these two compounds

constitute a shuttle pair of metabolites for the enzyme 11�HSD (Galigniana

et al., 1994, 1997). Classically, 11-keto-derivatives are thought to be inactive

compounds; however, 11-keto-progesterone exhibits almost 17-fold higher

aYnity for the MR and is substantially more active as a Naþ-retainer than

11�-hydroxyprogesterone in the 0.1–50 �g/100 g dose range (see Fig. 3). Like

most of the other steroids, both compounds elicit an identical mineralocorti-

coid reversal eVect above 50 �g/100 g, until sodium retention is totally

abolished at doses close to 100 �g/100 g. The particular biological eVect of

11-keto-progesterone may be assigned to the combined action of several

factors, that is, the lack of the 11�-hydroxy group that partially flattens the

steroidal frame combined with a substantial loss of aYnity for transcortin

(10-fold), which permits the concentration of free steroid available to bind the

MR to increase significantly.

Both steroids (11�-hydroxy- and 11-keto-progesterone) are potent

inhibitors of the enzyme 11�HSD, such that the coinjection of corticosterone

elicits a strong aldosterone-like eVect (Galigniana et al., 1997). In the early

1980s, the presence of a dialyzable, heat-stable 11�HSD inhibitor in human

fetal tissues such as the chorium frondosum and the fetal zone of the adrenal

gland had already been reported, as well as in the umbilical cord serum at

term (López-Bernal et al., 1979; Murphy, 1981). More recently, Souness et al.

(1995) showed that 11�-hydroxyprogesterone and its 11� isomer are among

these inhibitors. For many decades it has been well established that under

physiological conditions, the secretion of 11�-hydroxyprogesterone is

substantial under stressful conditions, to the point that it surpasses the level

of secretion of aldosterone by the adrenal gland (Heap et al., 1966; Kraulis

et al., 1973). Inasmuch as the secretion of both 11�-hydroxyprogesterone and

11-keto-progesterone is as high during the last trimester of gestation as to

reach a concentration similar to the Ki for 11�HSD, and because both

steroids are also found at high concentration in amniotic fluid and umbilical

blood, it could be possible that both progesterone metabolites may

contribute to the hypertensive disorder observed during pregnancy.

It was recently demonstrated in an elegant work (Rafestin-Oblin et al.,

2002) that the docking of 11�-hydroxyprogesterone within the LBD of hMR

is caused by contacts between the 11�-hydroxy group of the ligand and the

Asn at position 770; thus 11�-hydroxyprogesterone acquires agonistic

activity as compared with progesterone. This study confirmed that the

MR-dependent biological response is still possible, even in the absence of

the 21-hydroxyl group.
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VIII. EXTRA-ADRENAL MINERALOCORTICOID

AGONISTS
Over half a century ago, it was already known that collagen deposition

during tissue repair is largely governed by corticosteroids (Selye, 1946).

Using classic methods of physiology and pharmacology, several studies have

shown that cardiovascular tone may be modified by mineralocorticoids

(reviewed by Ullian, 1999) (i.e., by promoting collagen deposition and

enhancing tissue repair). On the other hand, glucocorticoids function as

anti-inflammatory and antifibrotic agents. Until recently, it was assumed

that these steroids were derived solely from adrenal glands. However, there

is now convincing evidence demonstrating that cells of the heart and

vasculature express genes responsible for the formation of aldosterone and

corticosterone and that they produce these steroids. Vascular endothelial

and smooth muscle cells express CYP11B1 and CYP11B2, genes responsible

for 11�-hydroxylase and aldosterone synthase, respectively. Furthermore,

smooth muscle cells also synthesize aldosterone. Nonetheless, the function

of locally generated ligands remains to be fully elucidated; however, it would

appear highly likely from what is already known that cardiovascular tissue-

derived aldosterone does not contribute significantly to the circulating pool

of aldosterone. Because cardiac MR may be occupied by locally produced

agonists on a concentration basis, the local production of steroids might

preclude the need for pre-receptor-mediated mechanisms of protection (such

as a high activity of 11�-hydroxysteroid dehydrogenase).

Although the primary site of pharmacological action of aldosterone is at

the MR, rapid (30 sec to 10 min) eVects of the steroids have also been

described (reviewed by Losel and Wehling, 2002 and Losel et al., 2002). These

eVects are not inhibited by spironolactone and are insensitive to actinomycin

D and cycloheximide, so they are assigned to a plasma membrane receptor.

Rapid actions of aldosterone were described in several tissues and cell types

such as the distal tubule of the kidney, myocardiocytes, vascular smooth

muscle cells, mononuclear leucocytes, brain, aortic endothelial cells, and liver

(reviewed in Falkenstein et al., 2000).

In vascular smooth muscle cells, aldosterone (as well as fluodrocortisone)

induces the activation of the sodium–proton exchanger, and aVects sodium

influx, cell volume, intracellular pH, and calcium concentration. These

eVects, which cannot be antagonized by carenone, are corelated with the rapid

(30 sec) generation of inositol-1,4,5-triphosphate and diacylglycerol. On the

other hand, classical glucocorticoids such as dexamethasone and cortisol

show a weak agonist activity at suprapharmacological concentrations only.

Because the EC50 for aldosterone is similar to the concentration of free

aldosterone in human plasma, a physiological role of the rapid aldosterone-

induced eVects was hypothesized (Falkenstein et al., 2000).
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At thepresent time, it is unknownwhether a relationshipbetween the ligand

structure and its capability to activate the plasma membrane receptor exists.

Also, it is highly possible that, if such correlation exists, it would not parallel

that described for the conventional MR. As a matter of fact, the eVects of

aldosterone are not antagonized by spironolactone or carenone, and are not

triggered in isolated cell systems by cortisol and other glucocorticoids unless

supramicromolar concentrations are used. This is in high contrastwith respect

to the nonselective properties showed by the classical MR under similar

experimental conditions.

The discovery of nongenomic actions for steroids raises the possibility

that a two-step mechanism of action may be responsible for the magnitude

and intensity of the final biological eVect of a mineralocorticoid ligand (i.e.,

a rapid, nongenomic stimulation of signaling cascades, followed by a

delayed, traditional genomic response): It is possible that ligands may exert

a type of self-control of their own genomic eVects through a nongenomic

action. Again, based on these observations and those described earlier, it

become evident that no single factor can be solely responsible for the

magnitude and intensity of the final mineralocorticoid eVect (i.e., ligand, the

classic MR, the putative plasma membrane receptor, metabolizing enzymes,

carrier proteins, specific cofactors), but all of them in an integrated manner.

Consequently, the proposed second-order coeYcient ‘‘a’’ measured from a

whole dose–response curve obtained in vivo would provide, within the

boundaries of its own limitations, the most integrated and accurate

parameter to evaluate the structure–activity relationship of the complex

and multifactorial mineralocorticoid eVect.
IX. A NOVEL SYNTHETIC

MINERALOCORTICOID—

11,19-OXIDOPROGESTERONE
As shown in Fig. 4B and C, the relative aYnity of 11-OP for the MR is

lower than that expected due to its structural and biological properties. There

are a number of possible biopharmacological variables that may account for

the biological eVect of 11-OP, such as a longer half-life, stronger in vivo

binding to the renal MR, nongenomic eVects, etc. All of them have already

been studied and ruled out (Galigniana et al., 2000). This includes a possible

in vivo 21-hydroxylation because that putative metabolite, as discussed

earlier, is even less active than 11-OP (see Fig. 3D).

Interestingly, a competition curve of radioinert aldosterone by [3H]aldo-

sterone bound to the MR surprisingly revealed that the simultaneous presence

of an equimolar concentration of 11-OP with respect to the tracer decreased

the ability of unlabeled aldosterone to displace bound steroid (Galigniana

et al., 2000). Importantly, this eVect depends on the concentration of 11-OP.
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This observation led to the speculation that 11-OP may stabilize an ‘‘active’’

receptor conformation, which, in turn, may abrogate unlabeled aldosterone

to compete with the [3H]aldosterone already bound to the MR. Accordingly,

the dissociation rate constant of aldosterone from the MR is decreased 3-fold

in the presence of a concentration of 11-OP that fails to compete per se with

aldosterone.

A treatment with saturating doses of aldosterone (1 �g/100 g) or 11-OP

(100 �g/100 g), injected either individually or jointly, yields a maximum

mineralocorticoid eVect (Fig. 5). Because no addition or potentiation of the

eVect is observed by coinjection of both agonists, a common pathway of

activation can be inferred. Because the eVect is eYciently antagonized by

SC9420-spironolactone, such a shared pathway should be MR-mediated.

Interestingly, a potentiation of the mineralocorticoid eVect is obtained when

a suboptimal dose of 0.06 �g/100 g of aldosterone (�50% of maximum) is

coinjected with as low of a dose of 11-OP as 0.6 ng, which is inactive per se,

such that a full mineralocorticoid eVect is achieved. Similar results were

obtained when an inactive dose (1 �g/100 g) of 21OH-11-OP was used.

Based on these observations, it was suggested that the MR possesses a

diVerent binding site for 11-OP (and its 21-hydroxy derivative) from that of

aldosterone. This may explain the experimental observations described

earlier. Inasmuch as Scatchard plots performed with [3H]aldosterone always

show a single slope, the putative ‘‘11-OP site’’ is not recognized by the natural
FIGURE 5. 11,19-Oxidoprogesterone and its 21-hydroxy derivative potentiate the

mineralocorticoid eVect of a suboptimal dose of aldosterone. Adrenalectomized male rats

were injected with saturating doses (left panel) or suboptimal doses (right panel) of agonist

ligands, and urinary sodium was measured 3 h after. The eVects of aldosterone (ALDO),

11-OP, and 21OH-11-OP (injected alone or coinjected as indicated) were always antagonized by

SC9420-spironolactone.
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agonist. On the other hand, 11-OP is capable of competing with aldosterone

only at higher concentrations than those required to potentiate aldoster-

one binding. Therefore, it is possible that this (regulatory?) alternative-

binding site may function as a stabilizer of an activated aldosterone-like form

of the MR, which in turn decreases the oV-rate of the natural ligand. That

this may be the case is supported by the observation that the aYnity of

aldosterone by immunopurified MR is significantly increased from 0.99 �
0.10 nM to 0.28 � 0.03 nM in the presence of 1 nM 11-OP (Galigniana et al.,

2000). In contrast, higher concentrations of 11-OP such as 30 nM and

100 nM (both capable of competing with aldosterone) decreased the aYnity

of the MR for aldosterone 2-fold (1.95 � 0.25 nM) and 3-fold (3.54 �
0.42 nM), respectively.

These observations suggest that 11-OP may be anchored to the

aldosterone-binding pocket, which is permissive for flat molecules. In this

regard, a rigid model between steroid and protein would certainly be suYcient

to account for the diVerential binding of ligands, as stated by the classical

model, which considers that the receptor switches from an inactive to an

active form upon ligand binding. However, there is no reason to think that all

ligands should be positioned in the same way or in exactly the same binding

pocket. It is more likely that we have to deal with a subtler repositioning,

taking into account several factors in addition to the functional groups.

Therefore, an all or nothing event is unlikely in view of the fact that the ligand

binding is an adaptive process, so the structure of the receptor is influenced

accordingly by the nature of the ligand. As a consequence, 11-OP may behave

like an endogenous agonist.

Limited chymotrypsinization of the rat MR yields several proteolytic

fragments, among them, a 34-kDa key peptide (Piwien-Pilipuk et al., 2000).

Under controlled experimental conditions, this peptide is fully degraded in

unliganded receptor samples, whereas it is preserved from degradation when

natural agonists are bound to MR. On the other hand, antagonists were

incapable of protecting the 34-kDa fragment from full proteolysis. Interest-

ingly, the synthetic agonist 11-OP cannot be grouped with any of those two

classes of ligands because the 11-OP–MR complex yields an intermediate

pattern of degradation between agonists and antagonists, suggesting again

that the conformational change generated in the MR is not equivalent to that

induced by natural agonists (Piwien-Pilipuk et al., 2000).
X. LIGAND-DEPENDENT CYTOPLASMIC

TRAFFICKING OF THE MR
Our knowledge of the molecular mechanisms of action of steroid

receptors is derived to a large extent from early studies on the GR and the

ER, both receptors being the first members to be cloned. It is now well
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established (Cheung and Smith, 2000; Morimoto, 2002; Picard, 2002; Pratt

and Toft, 1997) that steroid receptors are capable to form heterocomplexes

with the 90-kDa and 70-kDa heat shock proteins (hsp90 and hsp70,

respectively), the acidic protein p23, and proteins that posses a tetra-

tricopeptide repeat sequence (TPR) such as FKBP52, FKBP51, CyP40, PP5,

or hop–p60. The model that prevails is that association to the hsp90–hsp70-

based heterocomplex preserves steroid receptors in their transcriptionally

inactive and high-aYnity ligand-binding conformation, whereas dissociation

of the heterocomplex upon binding of steroid promotes receptor dimeriza-

tion, nuclear translocation (for cytoplasmic receptors), chromatin binding,

and trans-activation or trans-repression. However, this model makes

uncertain how the cytoplasmic form of the receptor moves throughout the

cytoplasm toward the nucleus. A similar concept is also valid for primarily

nuclear receptors (i.e., ER and PR) because, like the other members of the

subfamily, they are not confined to one intracellular compartment in a static

manner, but are capable of passing dynamically through the nuclear pore of

hormone-free cells (Black et al., 2001; DeFranco, 2002; Vicent et al., 2002).

Thus, when the equilibrium of that nucleocytoplasmic shuttling favors one

or another compartment, it is said that the receptor is primarily located in

either cytoplasm or nucleus. Therefore, the simplest explanation for receptor

traYcking was to assign the movement to a simple diVusion process.

However, recent evidence supports the notion that the receptors may traYc

towards the nucleus in an active manner, that is, by using the microtubule-

associated motor protein dynein (Galigniana et al., 2001). If this novel

model is correct, one may postulate that the newest members of the

subfamily (i.e., the MR) may add more eYcient check-points to regulate the

biological response (e.g., anchoraging cytoplasmic factors, traYcking

regulators, nuclear translocation factors) as compared with those members

that are constitutively nuclear in the absence of ligand.

Most nuclear proteins, including steroid receptors, are highly mobile and

are able to cross the nucleus in a few tens of seconds. However, subnuclear

positioning of transcriptionally active loci appears confined to certain

subnuclear regions only; so, it is thought that the ability of entire chromatin

filaments to move throughout the nucleus must be compatible with it

(Chubb and Bickmore, 2003). If this postulate is correct, it is logical to

think that during the evolutionary process the interchromatin compart-

ment should have avoided traYc congestion of proteins. Moreover, it is

accepted that nuclear dynamics are also influenced by both nuclear size and

nuclear volume (Gasser, 2002; Heun et al., 2001). Therefore, it may be

entirely possible that, in contrast to ancient and constitutively nuclear

receptors, recently emerged members of the subfamily (such as GR and

MR) had been excluded from the nuclear compartment to facilitate

intranuclear traYcking of other macromolecular complexes and/or

chromatin filaments.
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Accordingly, the MR resides predominantly in the cytoplasm of the cell

in the absence of steroid (Lombès et al., 1994; Nishi et al., 2001; Piwien-

Pilipuk and Galigniana, 1998; Robertson et al., 1993), although an equal

distribution between cytoplasm and nucleus has also been observed (Fejes-

Tóth, et al., 1998). Upon steroid binding, the MR rapidly translocates into

the nucleus (Galigniana, 2000). The nuclear fraction of untransformed MR

is loosely bound to the nuclear matrix; it rapidly shuttles into the cytoplasm

compartment and is easily recovered in cytosolic fractions during the cell

fractionation, whereas agonist-transformed MR is tightly bound to

chromatin and must be eluted by drastic extraction methods (e.g.,

detergents, high ionic-strength, treatment with DNase). It is still uncertain

whether the presence of ligand can aVect the intranuclear movement of the

receptor or its dissociation from chromatin, and when ligand dissociation

occurs.

Another still unknown step in the mechanism of action of the MR is its

traYcking in and out of the nucleus. It has always been assumed that simple

diVusion was the driving force for moving soluble proteins, which become

trapped in their sites of action by protein–protein or nucleic acid–protein

interactions. Alternatively, protein solutes may use a traYcking machinery

(which may well operate bidirectionally), in which case, movement would be

likely to involve cytoskeletal tracts, similar to vesicle transport (Pratt, 1993).

Recent evidence suggests that this may be the case (Galigniana et al., 2001).

It has been shown that the intermediate chain of the motor protein dynein

(DIC) coimmunoprecipitates with the glucocorticoid receptor (GR), along

with hsp90 and the hsp90-binding immunophilin FKBP52.

The association of FKBP52 to hsp90 occurs via the TPR domain present at

the C-terminal end of the immunophilin and the TPR-binding site of the

chaperone, most likely with a stoichiometry equal to one molecule of FKBP52

per dimer of hsp90 (Silverstein et al., 1999), whereas DIC binding occurs via

the rotamase domain present at the N-terminal end of FKBP52 (also called

PPIase domain due to its peptidylproline cis/trans-isomerase activity). Recent

experimental evidence suggests a direct binding of DIC to FKBP52

(Galigniana et al., 2002). As expected, the overexpression of the rotamase

domain of FKBP52 prevented the steroid-dependent movement of the GR in

intact cells (Galigniana et al., 2001). Importantly, similar protein–protein

interactions were also found for the MR (Piwien-Pilipuk and Galigniana,

unpublished results), which suggests that the MR also associates to

cytoskeleton tracts and moves to the nucleus using the tubulin-associated

motor protein dynein.

Immunosuppressant drugs such as FK506 and rapamycin inhibit the

enzymatic activity of immunophilins by binding to the cognate rotamase

domain. Because this domain is evolutionary conserved, it has been inferred

that it must be critical for basic cellular functions such as protein folding

(Marks, 1996). However, FK506 does not aVect DIC binding or receptor
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traYcking, which suggest that protein traYcking is independent of the

enzymatic activity. According to the findings summarized here, it is clear

that the rotamase domain present in high molecular weight immunophilins

is likely to be involved in protein–protein interactions in the cell.

The classical dogma maintains that upon ligand binding, the hsp90-based

heterocomplex is dissociated from the receptor. This allows the nuclear

translocation of the receptor and transcriptional activation. If so, the

question then arises about what role the proteins of the heterocomplex play

in receptor traYcking and why the heterocomplex recruits a molecular

motor protein. This classical model was first challenged when it was

proposed that hsp90 may function in transportation of proteins to the

nucleus (Koyasu et al., 1986). In view that the findings described earlier are

in conflict with the classical dogma and seem to support the latter

hypothesis, the next conundrum to solve is how the binding of a given ligand

aVects the function and balance between the proteins in the steroid–receptor

heterocomplex.

It is known that upon ligand binding, the nuclear translocation of the

native MR expressed in rat renal cells is completed after �15 min at 37
�
C in

a phosphatase inhibitor- and redox potential-sensitive manner (Galigniana,

1998, 2000; Piwien-Pilipuk and Galigniana, 1998, 2000). Having depicted

the novel picture for the molecular mechanism of action of steroid receptors,

it is opportune to point out that the nuclear translocation rate of 11-

OP–MR complexes is 2-fold slower than the translocation rate of

aldosterone–MR complexes. This observation agrees with the argument

that the MR undergoes a diVerent conformational change upon binding of

the oxidopregnanesteroid. Interestingly, it has also been demonstrated

(Galigniana et al., 2000) that the nuclear translocation of 11-OP–MR

complexes is not abrogated in rat renal cells treated with the phosphatase

inhibitor tautomycin, as is the case for aldosterone–MR complexes (Piwien-

Pilipuk and Galigniana, 1998). Therefore, it may be possible that the

recruitment of some proteins to the MR–hsp90 heterocomplex is diVerential

upon binding of 11-OP. That this is the case is supported by the observation

that aldosterone binding to the MR promotes the recruitment of more

FKBP52 and DIC to the hsp90-based heterocomplex than does 11-OP

binding. In conclusion, the inability of the receptor to associate with the

cytoplasmic traYcking machinery may be the consequence of a particular

conformation adopted by the MR upon 11-OP binding, which may also

explain its slower nuclear translocation rate.

On the other hand, the nuclear export rate of the 11-OP–MR complex

measured in digitonin-permeabilized cells is faster than that measured for

aldosterone-bound receptor, and the subnuclear distribution of the former

complex does not show the punctuated pattern exhibited by the latter

(Piwien-Pilipuk and Galigniana, unpublished results). These findings

parallel a recent work (Vicent et al., 2002) reporting that synthetic ligands
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bound to the GR induce a particular receptor conformation, which

ultimately leads to a diVerent interaction of the receptor with other nuclear

factors and/or chromatin. Thus, the receptor may be targeted to trans-

activation and/or trans-repression, eliciting pleiotropic responses in the same

tissue. In conclusion, the dynamic exchange of liganded receptor is likely to

have significant consequences in the observed physiological responses

triggered by diVerent ligands bound to the same receptor in the same cellular

context. Moreover, this postulate potentiates the concept that both ligand

and transducer constitute a functional unit able to induce various biological

responses by using the same cellular machinery.
XI. REDOX MILIEU REGULATES LIGAND

BINDING TO THE MR AND RECEPTOR

BIOAVAILABILITY
Oxidative stress and cellular redox provide additional regulatory

mechanisms for gating signal tranduction. In contrast to the conventional

idea that reactive oxygen is mostly a trigger for oxidative damage of

biological structures, today we know that physiological concentrations of

reactive oxygen species regulate a variety of molecular mechanisms linked to

essential cellular processes (e.g., transcriptional regulation, immune response,

cell adhesion, aging, metabolism, apoptosis, cell proliferation) (Forman et al.,

2002; Galigniana, 2000; Mannick and SchonoV, 2002; Marshall et al., 2000;

Rusnak and Reiter, 2000; Sen, 1998). A simplistic definition of the cellular

redox state is the degree of oxidation or reduction of various redox-active

compounds present at a particular subcellular location at any given moment.

Note that the concept of subcellular compartmentalization is essential in this

tentative definition. Several compounds and enzyme systems are responsible

for the maintenance of a stable intracellular redox state. The most abundant

and widely distributed intracellular redox-active species are cysteine and

glutathione (GSH), both present in the mM range.

A partial inhibition of ligand binding to the MR was observed after

administering young mice a transition state inhibitor of �-glutamyl-cysteine

synthase, L-buthionine-(S,R)-sulfoximine (Piwien-Pilipuk and Galigniana,

2000). The consequent GSH depletion paralleled the inhibition of the

mineralocorticoid biological responses to the same extent in the short term

(up to 5 days of treatment) without aVecting the expression of the MR,

whereas a chronic treatment also aVected the mechanism of transcription of

the MR (Piwien-Pilipuk et al., 2002a). Interestingly, not all proteins related

to the MR molecular mechanism of action were equally aVected upon

chronic treatment, and compensatory mechanisms were triggered upon the

onset of oxidative stress, for example, an increased total activity of the

Na,K-ATPase as a consequence of increasing the number of pumps,
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although the specific activity decreases due to the fact that pumps are also

redox-sensitive (Piwien-Pilipuk and Galigniana, 2000). Again, life holisti-

cally opens its path by counterbalancing basic physiological processes,

besides complicating our capacity of interpreting our reductionist assay

systems.

The harmful eVect of oxidative stress on the MR-dependent eVect agrees

with the observation (Lupo et al., 1998) that cysteines 849 and 942 of the

hMR are crucial for steroid binding, the latter cysteine being involved in a

direct contact with the 20-keto group of the ligand (see Fig. 1). Similarly, the

toxic eVects observed in vivo for some metal ions on the mineralocorticoid

biological eVect were also related to modification of cysteyl groups

(Galigniana and Piwien-Pilipuk, 1999), which impaired ligand binding to

the renal MR.

Even though it is incapable to bind steroid, it appears that the ‘‘thiol-

blocked’’ form of the MR is capable of resisting harmful conditions that

normally lead to receptor degradation in the ‘‘thiol-reduced’’ forms of MR.

Because steroid binding could be fully recovered when the redox milieu was

restored, it was postulated that changes in the intracellular redox potential

may regulate the pools of active and inactive MR, which may constitute a

mechanism to modulate receptor availability and the final biological

response (Galigniana, 1996, 2000). This theory agrees with the observation

that intact (not cleaved) immunoreactive ER can be extracted from primary

human breast cancer tumors that produce high concentrations of reactive

oxygen. However, this intact ER shows lower aYnity for the steroid and does

not recognize estrogen response elements due to oxidation of the zinc-fingers

located in the DBD. However, this inhibitory eVect is fully reversed when the

receptor is incubated in vitro with reducing agents (Liang et al., 1988).

Covalent labeling of the MR with radioactive ligand allowed us to

demonstrate that cytoplasmic traYcking and nuclear import of the MR was

also impaired upon the onset of oxidative stress (Galigniana, 2000). Because

the ligand is covalently bound to the receptor, abrogation of receptor

traYcking may be the consequence of damaged traYcking machinery. The

microfilament network may be one of the earliest targets of oxidative stress

in many cell types, particularly the vascular endothelial cells, which are

constantly exposed to many stimuli and stresses. A similar impairment of

the mineralocorticoid function may take place during a wide variety of

situations involving overproduction of reactive oxygen, such as chronic

renal failure, sepsis, cardiovascular disorders, inflammation, during

hemodialysis procedures, and the physiologically normal process of aging

(Ceballos-Picot et al., 1996; Nath and Salahudeen, 1990; Piwien-Pilipuk

et al., 2002a; Spittle et al., 2001; Yoshika et al., 1990).

Another example where steroid action is aVected by an unfavorable

redox potential is the S-nitrosylation of the GR, which prevents ligand

binding. This inhibition does not occur if the receptor is previously bound to
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the ligand or when the low redox potential milieu is restored (Galigniana

et al., 1999). This observation agrees with the lack of beneficial eVects of

glucocorticoid hormones unless they are administered before the onset of

the septic shock, a condition where the production of nitric oxide is greatly

increased (Rees, 1995). Inasmuch as the MR appears to be more sensitive to

an oxidative environment than the GR, it is entirely possible that the

putative S-nitrosylation of MR may prevent ligand binding and contribute

to amplify the renal mineralocorticoid dysfunction associated with that

condition. The critical Cys942 of the hMR, which contacts the 20-ketone

function of the ligand, may be modified under pathophysiological oxidative

stress conditions, so steroid binding is abrograted. As a result of a logical

feedback mechanism, it is expected that the consequent loss of capacity to

maintain the electrolyte balance increases both aldosterone production and

secretion. This may worsen the situation, since it was demonstrated (Ikeda

et al., 1995) that a high level of aldosterone is associated to endothelial

dysfunction, perhaps by inhibiting nitric oxide release (a self-protective

mechanism to prevent the S-nitrosylation of MR?). Ideally, the development

of novel ligands that can avoid the thiol-dependent anchorage to the MR

may abolish the deleterious side eVects generated during the course of

pathologies associated to oxidative stress by classical mineralocorticoids.

This advance might be particularly useful in those pathophysiological cases

listed earlier. Of course, these beneficial ligands do not exist yet, and today it

is diYcult to accept the idea about the existence of steroids whose 20-ketone

function is modified without aVecting the mineralocorticoid response, such

as a biologically active C21-deoxysteroid as 11-OP was in the past.
XII. ENVOY
Steroids can be found in plants and fungi, but not their cognate receptors,

as we know them in metazoans. This suggests an independent gain of ligand

binding capacity during evolution. On the other hand, it is interesting to

point out that, once a given receptor has acquired the capacity to bind a

particular type of ligand, it is not greatly modified during evolution, perhaps

because of the relative advantage provided by ligand-dependent activation

of the receptor. Given the complexity of the metabolic pathways for ligand

synthesis, adaptation of an ancestral receptor for the binding of such

molecules seems more reasonable than adaptation of a whole biosynthetic

pathway of the ligand to the receptor. Clearly, the endocrine system is an

issue of evolution that has prompted biochemists today to revise the old

hypothesis that the hormone and its receptor could have been preexisting

structures that evolved independently. It is now clear that their interaction

may necessarily be the result of evolution itself, and regardless of their

origin, both ligand and receptor always function as a unique functional unit.
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The information for hormonal regulation at the gene level is certainly

written in the receptor structure, which bears a close resemblance with its

primordial predecessor. On the other hand, hormonal signaling molecules

seem to have acquired their present role in a long evolutionary process,

which may have determined the separation between, for example,

glucocorticoids and mineralocorticoids. Notably, the enzyme involved in

the last step of aldosterone synthesis, aldosterone synthase, is highly

homologous to the enzyme that catalyzes the last step in the production of

cortisol, 11�-hydroxylase (CYP11B1). A pathological resemblance of this

evolutionary process may be seen in the glucocorticoid-remediable aldoste-

ronism syndrome (Dluhy, 2001). Importantly, the emergence of aldosterone

synthase (CYP11B2) was also a key to mineralocorticoid physiology, since

ketal–hemiketal groups are not substrates for 11�-HSD.

Based on the structure–activity relationships described in this chapter, one

may speculate that gradual changes in the steroid conformation may have

favored the acquisition of a specific eVect during the transition process of

adaptation to terrestrial life by changing the torsion of the steroid and/or the

particular orientation of the C3 ¼ O/D group with respect to the D-ring. In

somecases, these conformationalchangesmayhavebeenacritical requirement

togenerate a ‘‘novel’’molecule suYcientlydistinct tobe recognizedbyseparate

receptors without a substantial alteration of the chemical structure. It might

also be possible that some of the compounds resemble primordial ligands that

are currently extinct or serve diVerent function today. However, as repeatedly

stated here, no single factor can be held solely responsible for the observed

correlationbetween steroid structure andbiological eVect, as clearly seenwhen

the mineralocorticoid responses obtained in vitro and in vivo are compared.

Today, it is clear that several mechanisms are involved in the regulation

of the mineralocorticoid biological response (i.e., binding to carrier proteins,

metabolism to inactive and more active compounds, excretion rate, diVerent

half-life, alternative binding sites, competition among various ligands), and

all of them influence the final biological response. Importantly, all these

convergent factors (and those we still do not know) are implicitly considered

when the second-order coeYcient ‘‘a’’ is calculated from a whole dose–

response curve for sodium retention in vivo. The empiric nature of this

coeYcient may therefore explain why a correlation can be evidenced when

several prereceptor factors influence the steroid availability to the MR.

Most of these prereceptor regulatory factors are absent under in vitro

conditions. Therefore, although a simplified assay system is certainly useful

for dissecting the individual steps of the molecular mechanism of activation

of the MR, it is not suitable to evaluate the complex in vivo biological

response.

Based on the experimental data described in Fig. 4, the calculated value

that would represent the optimal angle of an ideal steroid that exhibits both

optimal binding aYnity for mineralocorticoid receptor and maximum
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sodium retention is �12.5
� � 3.7

�
, this angle being similar to the C3 ¼ O/D

angle of the ketal form of aldosterone. If this speculation were valid, the

coincidence between the geometry of an ideal ligand and the value exhibited

by the most potent mineralocorticoid in nature would not be inappropriate

from an evolutionary perspective.

It is possible that steroid hormones (i.e., those compounds we know as such

today andperhaps othersmore ancient and currently extinct)may have played

a primordial role as ligands capable of triggering nongenomic eVects (for

example, oxysterols, prostaglandins, fatty acyl-CoA esters, estrogens). When

the most ancient nuclear receptors emerged some hundred million years ago,

ligands were forced to encounter its cognate transducer (e.g., ER, ERR, TR,

RXR, LXR) in the nucleus of the living forms, which was not a problem in

view of their lipophilic properties. As discussed in Section X, the further need

for excluding macromolecular complexes from the nucleus may have forced

‘‘novel’’ receptors to associate with heterocomplexes that anchored them in

the cytoplasmic compartment (e.g., GR, MR, AR). Therefore, the association

to a machinery responsible for nucleocytoplasmic shuttling should have

occurred simultaneously, most likely by using preexisting motor protein

complexes. However, the fingerprints of their ancestors are still present in the

novel generation of nuclear receptors, particularly in the MR, so the

development of a complex net of regulatory mechanisms was essential to

ensure specificity of action.

On the other hand, the loss of torsion of the ligand’s frame may have

favored the mineralocorticoid response over the glucocorticoid eVect. Thus,

glucocorticoid ligands, which act as mineralocorticoids in species where

aldosterone is not produced (i.e., fish) and in mammals (if no compensatory

mechanisms would exist), were replaced by a flat steroid with weak

glucocorticoid action, aldosterone. Therefore, the gradual straightening of

ligands toward the � face of the steroid may represent the latest evolutionary

innovation to confer mineralocorticoid specificity to ligands. Remarkably,

the novel synthetic mineralocorticoid 11-OP shows no binding capacity to

other steroid receptors and is a highly specific mineralocorticoid that does

not require the additional support of metabolizing enzymes. Interestingly,

the biochemical properties of the 11-OP–MR complex diVer from those

shown by aldosterone–MR complexes (e.g., association to the traYcking

machinery, subnuclear distribution, nuclear retention, dissociation rate

from the receptor). In other words, it is possible that the 11-OP–MR

complex constitutes a novel type of steroid–receptor unit. If so, the existence

of this novel functional complex raises the possibility that it may undergo a

diVerent regulation at several levels (e.g., cytoplasmic traYcking, transloca-

tion through the nuclear pore, nuclear rearrangement, regulatory signaling

cascades) with respect to classical steroid–receptor complexes.

The near-completion of the human genome-sequencing project has

revealed that many human diseases are due to defects in intracellular
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traYcking. To date, more than 150 diseases are related to failures in the

transport of macromolecules to the proper compartment of the cell (Aridor

and Hannan, 2002). The eukaryotic genome also shows that there are

thousands of genes that have no counterparts in prokaryotes (Hutter et al.,

2000). We do not know the exact sources for these innovations, but certainly

many novel protein domains are in fact old ones that have been modified

to the point that their origin cannot be easily recognized. Nonetheless,

bacteria, which do not possess known dynein or dynein-like motor proteins,

do express highly homologous immunophilins (e.g., TcFK), which resem-

ble human FKBP12 (Iida et al., 1998). Interestingly, FKBP12 (and by

extrapolation, perhaps its bacterial partners) is unable to interact with DIC in

spite of possessing a highly homologous rotamase domain with FKBP52

(Galigniana et al., 2001). This, and the fact that dynein is associated with a

number of structures, proteins, and physiological processes, makes it unlikely

that dynein–immunophilin function could have emerged spontaneously

during evolution. More likely, the initial function of dynein was limited. For

example, in budding yeast, the major function of dynein seems to be in linking

microtubules to the cell cortex, and it is tempting to speculate that this could

be the simplest role for dynein.

Interestingly, the plant immunophilins FKBP73 and FKBP77, which are

homologous to FKBP52, also exhibit the capability to bind mammalian

DIC (Harrell et al., 2002), indicating that immunophilins are highly

conserved molecules. Nonetheless, the biological role of those two novel

immunophilins in plants is unknown. Actually, the biological function of

high molecular weight immunophilins in general, and FKBP52 in particular,

is still uncertain. However, the finding that FKBP52 is linked to DIC and

tubulin and, on the other hand, that it is associated to steroid receptors,

provides a new challenging insight about the role of dynein as a motor

protein for soluble, non-vesicle-associated proteins. This is also of great

interest for our understanding about the mechanism of receptor traYcking.

In eVect, one encouraging observation is that the binding of a particular

ligand promotes a diVerent conformation change of MR, which recruits

lower amounts of FKBP52 and DIC and, consequently, slows the nuclear

translocation rate of the steroid–receptor complex. Whether this is one of

the possible cytoplasmic check-points for the regulation of MR mechanism

of action is still unknown. It is also uncertain what the possible implications

of those particular interactions in the nucleus are. It is noteworthy that,

unlike aldosterone–MR complexes, 11-OP–MR complexes do not follow a

nuclear pattern of enrichment in foci and the receptor is more rapidly

exported from the nuclear compartment. Interestingly, this property is also

observed when MR is bound to antagonists. Therefore, it still remains

unanswered why 11-OP behaves as a potent sodium-retainer ligand.

These many questions presumably will be the future challenges in under-

standing the molecular mechanisms of action of mineralocorticoid steroids.
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In this regard, the development of novel specific mineralocorticoid ligands

may be extremely useful not only to unravel the still unknown mechanistic

aspects of the MR in particular, but it may also be useful to bring insight

into the cell biology of intracellular traYcking and the regulatory

mechanisms that influence the activity of other members of the nuclear

receptor superfamily.
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