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Verrey, François. Early aldosterone action: toward filling the gap
between transcription and transport. Am. J. Physiol. 277 (Renal Physiol.
46): F319–F327, 1999.—The mineralocorticoid hormone aldosterone
stimulates transcellular Na1 reabsorption across target epithelia after a
lag period of 20 to 60 min by first activating preexisting channels
(epithelial sodium channels, ENaC) and pumps (Na-K-ATPase) and,
subsequently, increasing the overall transport capacity of the cells. Both
these early regulatory and late anabolic-type actions depend on the
transcriptional regulation exerted by hormone-activated mineralocorti-
coid and/or glucocorticoid receptors (MR and/or GR). Starting at the
transcriptional side of the aldosterone action, recent studies have identi-
fied the small G protein K-Ras2 and the kinase sgk as the first early
aldosterone-induced gene products potentially regulating Na1 transport.
At the level of the Na1 transport effectors, much knowledge about ENaC
and Na-K-ATPase structure-function relationship and regulation has
accumulated. However, the regulatory pathway(s) that link the transcrip-
tional action of aldosterone to these Na1 transport proteins is still to a
large extent unknown. The available data suggest that the early regula-
tory action of aldosterone is pleiotropic, similarly to the late anabolic-type
action. The early Na1 transport stimulation would be mediated by the
rapid induction of gene products belonging to the regulatory network that
integrates the inputs of diverse pathways and finally controls the
function of the Na1 transport machinery.

epithelial sodium ion transport; K-Ras; glucocorticoid receptor; mineralo-
corticoid receptor; messenger ribonucleic acid stability; sgk

CLASSIC ALDOSTERONE target epithelia are electrically
tight monolayers lining the distal part of excretory
organs such as the kidney distal nephron (distal tubule
to papilla), distal (rectal) colon, sweat glands, and
salivary glands. Many of the concepts applicable to
these Na1 (re)absorbing epithelia were originally formu-
lated on the basis of experimental work performed with
amphibian model epithelia such as the toad bladder
and the epithelia formed by Xenopus laevis kidney A6
cells. The actions of aldosterone on other tissues and
organs, such as heart, vascular system, and central
nervous system, appear to play an important role in the
systemic response to aldosterone as well. These have as
yet not been studied as extensively and are not dis-
cussed in this short review.

The fact that aldosterone requires ongoing transcrip-
tion in its target epithelia to exert its physiological
action has been known for decades, and the question of
transcriptionally induced mediators (aldosterone-in-
duced proteins, AIP) mediating this action has at-
tracted much attention. The first approach to this
question was a ‘‘candidate approach,’’ and the first

candidates to be considered were the major effectors of
transcellular Na1 transport, which are the apical epithe-
lial Na1 channel (ENaC) and the basolateral Na1 pump
(Na-K-ATPase). These effectors have been shown to be
regulated in their number, at least in the long term, by
aldosterone (see below). This late and very late effect on
target epithelia can be viewed as an anabolic action
leading to a state of cellular differentiation that allows
a higher transport activity. However, upon treating
target epithelia with aldosterone, the beginning of the
physiological response precedes the accumulation of
effectors, indicating that there must be an earlier,
‘‘regulatory’’ phase of aldosterone action that precedes
the anabolic phase. Thus it has been postulated that a
regulatory protein(s) would be induced/repressed by
aldosterone, which activates directly or indirectly the
function of preexisting effectors, namely, ENaC and
Na-K-ATPase.

There are two different ways of approaching the
question of aldosterone-induced regulatory proteins.
The first consists of starting from the effector side and
following the pathway backward by analyzing the
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regulation at the level of the function of ENaC and/or
the Na-K-ATPase, identifying or postulating regulators
of these transport effectors, and subsequently testing
whether they are induced by aldosterone.

The second, forward approach to the question of the
mechanism of aldosterone action starts at the other
side of the gap, that is, at the level of the transcriptional
event. This approach consists of identifying aldosterone-
regulated gene products and subsequently asking the
question of whether these regulated gene products are
involved in the physiological action of the hormone.
New powerful techniques to analyze differential gene
expression are now becoming available (11, 68) such
that the results obtained as yet by this second approach
and discussed below only represent a beginning.

The main aim of this short review is to discuss the
recent data that are beginning to fill the void of
knowledge of what lies between the transcriptional
events induced by aldosterone and the early activation
of Na1 transport effectors (see the model for mechanism
of aldosterone action shown in Fig. 1). Some aspects
concerning the specificity of the hormone action, new
mechanisms of nuclear receptor action, and the ‘‘nonge-
nomic’’ pathway for aldosterone action are also briefly
discussed. For other aspects of the aldosterone action,
the readers are referred to other recent reviews (7, 15,
20, 35, 60–62, 65).

ALDOSTERONE AND THE QUESTION OF
MINERALOCORTICOID SPECIFICITY

Aldosterone exerts what is called a mineralocorticoid
action, meaning that it stimulates salt retention and
thus also impacts on extracellular volume and blood
pressure control. This action at the systemic level is
clearly different from that of glucocorticoid hormones.
Despite this clear difference, the question of specificity
is quite complex downstream of the hormones.

Indeed, the classic corticosteroid nuclear receptors
(high- and low-affinity receptors called MR and GR) are
not restricted in their specificity to aldosterone and
cortisol/corticosterone, respectively, but bind both hor-
mones similarly. Conversely, MR and GR can each exert
typical gluco- and mineralcoricosteroid actions, in cer-
tain conditions. Furthermore, in some cells, it appears
that the MR essentially plays a role of a high-affinity
receptor for glucocorticoids, extending the range of
glucocorticoid action (1, 45).

The major factor providing hormone specificity in
aldosterone target cells is the prereceptor barrier repre-
sented by the 11b-hydroxysteroid dehydrogenase type
2, which transforms the corticosteroids to the corre-
sponding inactive 11-oxocorticosteroids (see bibliogra-
phies of Refs. 35, 62, and 65 for pertinent references). It
is noteworthy that this barrier for glucocorticoids opens

Fig. 1. Model for the mechanism of aldosterone action in epithelial target cell. mRNA and protein levels of early
aldosterone-induced/repressed gene products are modified starting during the physiological lag phase (20–60 min).
K-Ras and sgk are the first early aldosterone-induced regulatory proteins identified as yet (10, 29, 51). It is expected
that, together with other induced/repressed regulatory proteins, they stimulate the activity of ENaC and
Na-K-ATPase during the early phase of aldosterone action (up to 2–3 h after hormone addition). Aldosterone (A) has
also been shown in A6 epithelia to rapidly activate or repress the expression of transcription factors involved in
differentiation or proliferation, respectively, thus tuning genome programming toward differentiation. Interest-
ingly, the decrease in c-myc, c-fos, and c-jun mRNAs was shown to be independent of transcription (51). In a
cell-type-specific mode and in coordination with other hormones and Na1 load, aldosterone promotes the synthesis
of ENaC and Na-K-ATPase and of other elements of the Na1 transport machinery. Some of these latter anabolic
effects are initiated early (i.e., induction of Na-K-ATPase and LAT1 transcription in A6 cells; see Refs. 5 and 50) but
belong functionally to the late phase of aldosterone action which starts ,3 h after hormone addition (stippled
arrows) (5). Several cellular parameters are indicated [e.g., intracellular Na1, K1, transmembrane potential (Vm,
etc.] that can influence the response to aldosterone. These same parameters are potentially modified (D) by the
action of aldosterone and mediate indirect effects. AR, aldosterone-receptor complex.
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the way for aldosterone to bind not only to the high-
affinity MR but also to the more numerous, but low-
affinity, GR. In addition to the prominent specificity-
conferring effect of 11b-hydroxysteroid dehydrogenase,
other more subtile levels of specificity are provided at
other cellular levels, for instance, by the expression of
corticosteroid hormone transporting membrane pro-
teins such as organic anion transporters (OATP), multi-
drug resistance protein (MDR), and possibly others (8,
58) and by differences in the action of MR vs. GR at the
level of certain types of response elements on target
genes (26, 27, 38, 44, 56). The physiological implica-
tions of these differences are not yet clear. Further-
more, the activity of the receptors depends also on the
liganded natural or synthetic hormones that differen-
tially activate MR and GR by behaving as (partial)
agonist and/or antagonists (14, 45).

Another important point concerning the specificity of
the action of aldosterone is the fact that this steroid
hormone works in concert with a large number of other
hormones and factors also implicated in the control of
salt and volume homeostasis and blood pressure via a
complex network of regulatory cascades. Thus permis-
sive conditions are required to enable aldosterone to
fully produce its mineralocorticosteroid action in target
cells. Indeed, at many levels of the cellular cascade,
from the hormone binding, via the transcription, and
down to the regulation of the function of the effectors,
other regulatory inputs can limit/prevent the action of
aldosterone (produce an escape) or, alternatively, rein-
force it by acting synergistically.

In conclusion, the term ‘‘mineralocorticoid’’ has unfor-
tunately not an equivalent meaning at the level of the
physiological action, the receptors, and the hormones.
Indeed, mineralocorticoid action in the sense of salt-
retaining action can be mediated by glucocorticoste-
roids as well (see the case of apparent mineralocortico-
steroid excess) and is also not uniquely mediated via
MR, since it can be mediated via GR, to a large extent
(25, 48). Furthermore, maximal Na1 transport activa-
tion requires the simultaneous activation of both types
of receptors (MR and GR), as shown in the toad bladder
and assumed for mammalian target epithelia (17).

NEW PLAYERS AT THE LEVEL OF THE
TRANSCRIPTIONAL ACTION OF NUCLEAR RECEPTORS

The concept of how nuclear receptors act on transcrip-
tion has been refined during the past few years. More
players are emerging that are involved in the transacti-
vation and/or transrepression exerted by nuclear recep-
tors on regulated genes with classic hormone binding
elements in their regulatory sequences. Coactivators
and/or corepressors have been identified which bind to
the activated receptors and act at the level of the
chromatine structure by acetylating/deacetylating his-
tones and at the level of the transcription initiation
complex by bridging the nuclear receptors to the gen-
eral transcription machinery and other transcription
factors (see bibliography of Ref. 65 for pertinent refer-
ences).

Another important point, the physiological relevance
of which has been recently demonstrated by a trans-
gene experiment performed by the group of Schütz (41),
is the fact that nuclear receptors play crucial roles
independent of their capability to bind specific DNA
regulatory sequences (41). Specifically, it was shown
that a GR rendered unable to bind DNA, by means of a
mutation impairing homodimerization, is sufficient to
allow survival of mice, in contrast to the absence of GR,
which is lethal. Correspondingly, it has been shown
that some genes devoid of GREs (corticosteroid hor-
mone regulatory elements, i.e., MR and GR binding
sequences) can be activated or repressed by liganded
nuclear receptors via protein-protein interactions with
other transcription factors (32, 33, 55). The multiple
types of interactions that can be made by activated
nuclear receptors enables the integration of multiple
signals such that the action of aldosterone at the level
of the transcription of target genes has to be viewed as
one element within a complex network controlling their
regulation. It can be concluded that the extent of
regulation of a target gene by a given concentration of
aldosterone depends on many gene- and cell-specific
parameters as well as on the physiological context.

‘‘NONNUCLEAR’’ ALDOSTERONE RECEPTORS
AND THE MINERALOCORTICOID ACTION

Over the past years, much data has accumulated
showing that, in addition to the classic nuclear recep-
tors which are ligand-activated transcription factors,
there are also other receptors for aldosterone that
mediate rapid actions, independent of transcription
and translation. A rapid increase in inositol trisphos-
phate, Ca21, and/or protein kinase C activity as well as
an activation of Na1/H1 exchange and K1 channels
have been observed in several cell types, in particular
in vascular smooth muscle and endothelial cells (60,
66). However, the biochemical nature of the receptors
mediating these actions remains to be established. The
physiological role of the rapid nongenomic aldosterone
action is not yet clear. Recently, the group of Wehling
(67) has shown in humans that intravenous injection of
aldosterone has a rapid, transient effect on hemody-
namic parameters.

The presence of nonnuclear aldosterone receptors is
also postulated in some tight epithelia expressing
classic corticosteroid receptors as well, since rapid
nongenomic effects of aldosterone such as the activa-
tion of Na1/H1 exchange and an increase in intracellu-
lar Ca21 have been observed in such cells (12, 18, 66).
However, verifying and understanding the potential
role of nongenomic aldosterone actions on the regula-
tory network that controls Na1 transport in epithelial
target cells will require further investigations.

ALDOSTERONE-INDUCED PROTEINS INVOLVED
IN LATE ANABOLIC ACTION

The fact that long-term aldosterone increases the
transport capacity of target epithelia has been men-
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tioned above. Here, I want to briefly mention the
‘‘constitutive’’ gene products known to be induced by
aldosterone and thereby to participate in the late
aldosterone action. The Na-K-ATPase has been shown
to be induced rapidly at the transcriptional level by
aldosterone in A6 epithelia (64). However, since the
pool of the corresponding mRNAs and proteins are
large, also in the absence of aldosterone, and since their
half-lives are long, changes at the level of mRNA and
protein synthesis are delayed (6, 36, 64). This results in
a significant increase in active cell surface pumps being
detected only 5 h after aldosterone addition (5, 6).
Another point is that the accumulation of Na-K-ATPase
mRNAs and functional pumps also depends on other,
coregulatory factors, such as the Na1 concentration and
triiodothyronine (62). Finally, there are clearly also
target cell-specific factors that influence this regula-
tion. At the level of the kidney collecting duct, for
instance, it appears that only the a-subunit mRNA of
the Na-K-ATPase is under aldosterone control, whereas
it is not regulated at the level of the distal colon (13).

Similarly, the subunits of ENaC are differentially
regulated in kidney and colon. For instance, in the
kidney cortical collecting duct, aldosterone increases
ENaC a-subunit mRNA without affecting the mRNAs
encoding the two other subunits. In contrast, in colon,
b- and g-subunit mRNAs are upregulated by aldoste-
rone or dexamethasone, whereas the a-subunit mRNA
is expressed constitutively (2, 13, 42). Similar conclu-
sions were obtained concerning the regulation of ENaC
subunits at the protein level using immunohistochemis-
try (42). In the A6 cell line, apart from late increase in
the abundance of all three subunit mRNAs (31, 50),
aldosterone also specifically increases the rate of a-sub-
unit protein synthesis already 60 min after the start of
the treatment. A few hours later, the rate of synthesis of
the b-subunit, but not that of the g-subunit, is in-
creased as well (31). The fact that ENaC a-subunit
synthesis is increased before the increase in mRNA
indicates that aldosterone, in this case, also acts at the
posttranscriptional level of the expression of a Na1

transport effector protein. This translational effect
takes place during the early phase of aldosterone
action. Despite this early timing, it is not yet clear
whether this effect plays a functional role during the
early phase of aldosterone action, since it has not been
measured at the level of functional surface channels.

Other gene products involved in Na1 transport across
aldosterone target cells have been shown to be regu-
lated by aldosterone as well. Since the extrusion of K1

is a prerequisite for Na1 transport (because of the
exchange function of the Na-K-ATPase) and since aldo-
sterone also stimulates apical K1 secretion in the
collecting duct, K1 channels are also considered as
candidates for regulation by aldosterone. Indeed, the
mRNAs of ROMK2 and ROMK3, which are involved in
K1 secretion by principal cells of the kidney collecting
duct, have been shown to be induced by long-term
aldosterone using competitive PCR (4). The kidney
distal convoluted tubule expresses MR and thus repre-
sents a target for aldosterone action, similar to the

connecting tubule and the collecting duct. Very re-
cently, the apical Na1-Cl2 cotransporter, which is the
main apical Na1 transport protein in this segment, has
been shown to be strongly induced by aldosterone in the
long term (34). A protein from the same family as the
g-subunit of the Na-K-ATPase, CHIF, has been identi-
fied as strongly regulated by long-term aldosterone in
distal colon (not in kidney). Oocyte expression experi-
ments and its regulatory behavior indicate that it
might exert a function in the control of K1 transport (3).

Other gene products that have been shown at the
mRNA level to be induced by aldosterone and which can
be considered to play a role for the late anabolic
response are mitochondrial enzymes (identified in rat
colon) involved in the energy metabolism (40) and the
amino acid transport protein LAT1 (30). The transcript
of this latter gene product has been identified as early
induced mRNA by differential display PCR in A6 cells
(Ref. 50; also, see below) and the LAT1 protein subse-
quently shown to require association with a glycopro-
tein for surface expression (30). It is upregulated early,
but only twofold, in the course of the response to
aldosterone and could play a role by promoting the
uptake of amino acids used for energy metabolism,
protein synthesis, and/or volume regulation.

The separation of early and late effects of aldosterone
appears slightly artificial, because several gene prod-
ucts mentioned above might initially be regulated by
aldosterone directly at the transcriptional level early in
the course of its action, as mentioned above for the
Na-K-ATPase in A6 epithelia. In contrast, the amino
acid transport protein LAT1 was mentioned in the
context of the late response despite an early increase at
the mRNA level. This is justified by the fact that LAT1
does not appear to have a regulatory role but rather
appears to be a constitutive element which potentially
exerts a supportive role for the anabolic action of
aldosterone. Thus the temporal division of aldosterone-
induced proteins in early and late ones might not
always reflect regulatory versus anabolic functions.

ALDOSTERONE-INDUCED PROTEINS POTENTIALLY
INVOLVED IN EARLY SODIUM ION TRANSPORT
REGULATION

The first early aldosterone-induced mRNAs were
identified in A6 epithelia. Using differential display
PCR to compare cDNA fragments generated from RNA
of control and aldosterone-treated (40 and 60 min)
epithelia, Spindler and colleagues (50) showed that
only a small proportion of the RNAs (,0.5%) was
significantly regulated within the lag period of aldoste-
rone action and hence potentially involved in the
mediation of its early effect. For two of the cloned cDNA
fragments corresponding to ASURs (‘‘adrenal steroid
upregulated RNAs’’), cDNAs encoding the entire pro-
tein coding sequences were isolated and further charac-
terized (see below), whereas the two other ASURs did
not appear to be typical mRNAs. From the two charac-
terized mRNAs, ASUR4 was shown to encode a novel
amino acid transporter that might play a role in the
anabolic action of aldosterone, despite its early induc-
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tion (see above), whereas ASUR5 encodes the Xenopus
ortholog of mammalian K-Ras2 (XK-Ras2). Northern
blot and PCR experiments indicated that both the A
and B splice variants of XK-Ras2 are similarly ex-
pressed and regulated by aldosterone (Spindler and
Verrey, unpublished results). The K-ras mRNA has
been recently shown to be regulated also in vivo at the
level of the Xenopus kidney by aldosterone (2.5 h) (51).
Furthermore, the biosynthesis of Ras proteins was
shown to be increased approximately sixfold in A6
epithelia 2.5 h after aldosterone addition (51).

Experiments to test whether an increase in K-Ras2
activity could act on the function of epithelial Na1

channels were performed in the Xenopus oocytes expres-
sion system (29). XK-Ras2 rendered constitutively ac-
tive by the G12V mutation was shown to have a dual
action on coexpressed ENaC. On the one hand, it
induced oocyte maturation, thereby promoting endocy-
tosis of surface transporters, including endogenous
Na1 pumps and exogenously expressed ENaCs. On the
other hand and in accordance with the hypothesis that
K-Ras2 exerts a stimulatory action on Na1 transport,
the activity of the surface expressed channels was
increased fourfold relative to that of the channels
expressed at the surface of control oocytes (Fig. 2).
However, an increase in K-Ras expression is expected
to activate downstream effectors, and possibly Na1

channels, only if it is itself activated by upstream
regulators. This indicates that K-Ras is not the single
key regulator in the mediation of Na1 transport stimu-
lation by aldosterone but that other regulatory proteins
must also play an important role.

The serum and glucocorticoid-induced kinase sgk has
been shown very recently by Chen and colleagues (10)
to be strongly and very rapidly regulated in A6 epithe-
lia by aldosterone and dexamethasone. Furthermore,
in situ hybridization studies have shown that this
protein is expressed in the mouse kidney with a pattern
corresponding to collecting duct and glomeruli. Only in
the collecting duct was the signal increased upon
treatment of the animals with aldosterone (4 h). Coex-
pression experiments with ENaC in Xenopus oocytes
have shown that the presence of sgk strongly increases

the ENaC-mediated Na1 current (Fig. 2), in contrast to
an absence of effect on ROMK2-mediated K1 current.
The target(s) for phosphorylation by sgk leading to an
increase in ENaC-mediated Na1 current has not been
identified as yet, and it has not been excluded that
ENaC is this target itself. This would be compatible
with the results of a recent study suggesting that the
phosphorylation of ENaC b- and g-subunits expressed
in MDCK cells is increased after an aldosterone treat-
ment (49). In any case, the stimulatory effect of sgk is
not general, and the fact that the function of ROMK2 is
not increased by sgk is particularly interesting in view
of the fact that this K1 channel is expressed on the
same apical membrane as ENaC in collecting duct
principal cells, where it is thought to mediate, at least
in part, the K1 secretion (19). The lack of ROMK
regulation by sgk is compatible with the hypothesis
that sgk plays an important role in the control of Na1

and K1 transport by these cells, since K1 secretion is
coupled to Na1 reabsorption due to the impact of the
Na1 conductance on the membrane potential. As men-
tioned above, aldosterone appears to control the num-
ber of K1 channels in the long term (4).

It is possible that the kinase sgk has a number of
different upstream regulators and downstream effec-
tors, as it is known to be the case for the small G protein
K-Ras2, the other early aldosterone-induced regulatory
protein identified as yet. The fact that aldosterone
rapidly induces more then a single regulatory protein
and that these proteins potentially have a number of
upstream regulators and downstream targets indicates
that the regulatory action of aldosterone on Na1 trans-
port has a pleiotropic character and might impact
differentially in different target cells, even if a single
aldosterone-induced protein might play a key (rate-
limiting) role for Na1 transport regulation in some
situations.

This view is also supported by a number of observa-
tions indicating that aldosterone acts, at least later in
the course of its action, on proteins belonging to other
signaling cascades which regulate ENaC function and
Na1 transport. For instance, aldosterone has been
shown to potentiate antidiuretic hormone-induced

Fig. 2. Aldosterone-induced proteins sgk and K-Ras2A (G12V mutation) increase the function of ENaC (Xenopus
laevis, a, b, g-subunits; ‘‘XENaC’’) coexpressed in X. laevis oocytes. In presence of coexpressed sgk, amiloride-
sensitive current per oocyte (at a membrane potential of 2100 mV; Iami/oocyte; left) was significantly higher than in
its absence (mean control Iami 5 21.52 µA/oocyte). In contrast, in presence of XK-RasG12V, mean Iami per oocyte was
not significantly higher than in controls (24.6 6 0.6 and 24.3 6 0.6 µA/oocyte, respectively). However, in presence of
XK-Ras2AG12V, the number of surface channels measured by anti-FLAG antibody binding was reduced (using FLAG
epitope-tagged ENaCF), such that the calculated mean activity per surface-expressed channel (right) was
correspondingly higher (mean control Iami/binding site 5 15 6 2 µA/fmol; 3 binding sites/tetrameric channel). Data
are from Refs. 10 and 29.
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cAMP production at the level of the adenylyl cyclase as
well as upstream of it (63). Interestingly, the reverse,
namely the control of aldosterone action by antidiuretic
hormone, appears also to take place. Indeed, a recent
study by Massaad et al. (28) indicates that cAMP
increases via protein kinase A the number of MR which
can be activated by aldosterone, possibly by relieving
the effect of a MR repressor. This example of a recipro-
cal crosstalk demonstrates the intricate nature of the
regulatory network that controls Na1 transport and, in
particular, ENaC function. It can be concluded that the
functional impact on Na1 transport of a single regula-
tory protein induced by aldosterone will depend on the
cellular and physiological context. Thus, to understand
the role of aldosterone-induced regulatory proteins
such as K-Ras2 and sgk in the context of differentiated
cells, it will be necessary to identify the downstream
effectors that mediate their putative effect on Na1

transport and to study the interactions of the different
pathways finally acting directly or indirectly on the
effectors of Na1 transport.

EARLY REGULATION OF TRANSCRIPTION FACTORS BY
ALDOSTERONE

Spindler and Verrey (51) have recently shown that
aldosterone regulates the mRNA level of several tran-
scription factors in A6 cells. The levels of c-myc, c-jun,
c-fos, and GR mRNAs was decreased to 77–57% of the
initial values within 2 h of treatment. After 16 h, c-fos
and GR mRNA were further decreased while c-jun and
c-myc returned toward control levels. Interestingly, this
downregulation was shown for the three proto-onco-
gene mRNAs to be independent of ongoing transcrip-
tion and, at least in part, independent of translation
(Fig. 3). Thus this effect appears to be on mRNA

stability, possibly by the activation of an AU-rich
sequence-specific ribonuclease. This novel effect of aldo-
sterone could be mediated by ligand-activated classic
receptors (MR or GR), which would interact directly or
indirectly with such a ribonuclease. Alternatively, the
hsp complex that is released from the nuclear receptor
during its ligand-induced activation could mediate this
action, as previously shown for the activation of calci-
neurin in cortical collecting duct (57). Yet another
possibility is that the effect on mRNA stability is
mediated via a pathway independent of MR and GR,
possibly by a membrane receptor (see above).

The decrease in c-myc, c-jun, and c-fos mRNAs can be
seen in the context of the differentiating ‘‘anabolic’’
action of aldosterone. Indeed, Myc expression is known
to inhibit terminal differentiation and to potentiate cell
cycle progression. Jun and Fos also play essential roles
in the control of cellular growth and differentiation as
elements of the dimeric transcription factor AP-1. In
contrast to the transcription factors mentioned above,
Fos-related antigen 2 (Fra-2) was upregulated by aldo-
sterone by a transcription-dependent mechanism. This
can also be understood as promoting differentiation,
since Fra-2 can associate with Jun instead of Fos and
mediate suppression of transcription rather than trans-
activation (as would Fos).

ALDOSTERONE ACTION AT THE LEVEL OF THE SODIUM
ION TRANSPORT EFFECTORS

Regulation of ENaC function. The nature of the early
aldosterone action on ENaC, which is the major site of
transepithelial Na1 transport regulation, is not estab-
lished. Noise analysis on A6 epithelia and patch-clamp
experiments on rat cortical collecting duct principal
cells indicate that the effect of aldosterone during its

Fig. 4. Short-term aldosterone (2.5 h) increases the
function of endogenous Na1 pumps (endo) as well as
Na1 pumps containing transfected rat a1-subunits
(ra1) in A6 epithelia. In contrast, Na1 pumps contain-
ing a2-subunits (ra2) are not regulated. Na1 pump
function was measured as pump current (Ip10) in
apically amphotericin B-permeabilized epithelia at a
Na1 concentration of 10 mM (modified from Ref. 39).
Activated Na1 pumps have a higher sensitivity to
intracellular Na1 than does the main Na1 pump popula-
tion (5).

Fig. 3. Examples of differential early regulation of
mRNAs by aldosterone inA6 epithelia. The gene encod-
ing XK-Ras2 (ASUR5) as well as those of the other
ASURs (50), the kinase sgk (10), and the transcription
factor Fra-2 (51) are directly, transcriptionally regu-
lated by aldosterone (aldo), since the corresponding
mRNAs are rapidly upregulated by a transcription-
dependent mechanism [inhibited by actinomycin D
(actD)], but independent of ongoing translation [not
inhibited by cycloheximide (chx)]. In contrast, c-myc, as
well as c-jun, and c-fos mRNAs are downregulated
independent of transcription and translation. Inhibition
of translation per se increased the level of their mRNAs.
Cytoskeletal actin (type 8) mRNA is not affected by
aldosterone nor by the inhibitors. Northern blot data
are from Ref. 51.
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early phase of action and in the long term consists of
increasing the number of active channels (21, 37).
However, since electrophysiological techniques do not
‘‘see’’ inactive channels, the question of whether new
channels are brought to the surface or whether previ-
ously silent surface channels are activated cannot be
answered by these techniques. As yet, this question has
remained unanswered, as the tools available did not
allow sufficiently specific quantitation of the channels
expressed at the surface. In contrast to the studies
mentioned above, a patch-clamp study on A6 epithelia,
in which aldosterone was readded to epithelia from
which it had been withdrawn a short time before,
indicates that aldosterone increases the open probabil-
ity of active channels (24). This apparent discrepancy
could be explained by postulating that the acute aldoste-
rone withdrawal performed in the latter case would
induce a reversible state of low channel activity which
is not observed otherwise. In any case, the question of
how aldosterone acts on the channels is not yet an-
swered. It could even be that aldosterone can act via
different cascades, depending on the state of cellular
differentiation (see above). The site of aldosterone
action on the ENaC molecule and the type of posttrans-
lational modification or of protein-protein interaction it
produces are not yet elucidated.

The early regulation of Na1 transport by aldosterone
might depend in part on a methyl esterification reac-
tion(s) (46). A recent study suggests that the enzyme
which releases the end product inhibition of this meth-
ylation reaction, the S-adenosyl-L-homocysteine hydro-
lase, could be regulated at a posttranscriptional level
by aldosterone (54). As yet, it is still controversial as to
which proteins and/or lipids are the transmethylation
substrates possibly of importance for the Na1 transport
response. The b-subunit of ENaC and the small G
protein p21ras have been proposed to be such carboxy-
methylation substrates (43, 54). Aldosterone also ap-
pears to increase the GTPase activity of some mem-
brane-associated proteins, including possibly that of
Gai-3, but their functional role in the context of the Na1

transport response is not clear (47).
ENaC is known to be regulated by many other

pathways leading to different interactions and post-
translational modifications at the level of channel
subunits such as binding of an ubiquitin ligase (Nedd4),
ubiquitinylation, and direct phosphorylation (49, 52,
53). The channel activity might also be regulated by the
action of an extracellular protease (known to activate
the channel) (59). The readers are referred to excellent
reviews on ENaC (16, 22) for further discussion of its
structure and regulation.

Regulation of Na-K-ATPase function. The intracellu-
lar Na1 concentration exerts a strong regulatory con-
trol on ENaC function (16, 22). This indicates that the
function of the Na-K-ATPase, which controls the efflux
of Na1 from the cells, necessarily plays a major role in
the control of Na1 channel activity and thus transepi-
thelial Na1 transport (34). Aldosterone has been shown
a long time ago to strongly and rapidly increase (within
1–3 h) Na-K-ATPase activity in kidney target epithelia

of adrenalectomized animals (see bibliography of Ref.
62 for pertinent references). Based on the argument
that aldosterone cannot increase that dramatically the
number of pumps within this short time frame (pumps
have a long half-life and are very numerous: 1–10 3 106

per cell), it has been postulated that it is the state of
activity of the pumps which is regulated (62). In A6
epithelia, aldosterone has been shown to exert an
action on the function of Na1 pumps that might be of a
similar nature. In this case, it appears that aldosterone
activates only a small fraction of the pumps, which,
however, have a higher affinity for Na1 than the other
pumps such that this effect leads to an approximately
twofold increase in pump activity at physiological intra-
cellular Na1 concentrations (5). Experiments with A6
cell lines stably expressing different rat a-subunit
isoforms have shown that this stimulatory action of
aldosterone is restricted to pumps containing an a1-
subunit (39) (Fig. 4). Thus it can be postulated that this
regulatory action of aldosterone is mediated by a
postranslational modification or a protein-protein inter-
action at the level of the a1-subunit of the Na-K-
ATPase.

Regulation of K1 channel function. As mentioned
above, an increase in Na1 reabsorption is necessarily
coupled to an increase in apical and/or basolateral exit
of K1 due to the fact that the exchange of K1 for Na1 by
the Na-K-ATPase must be compensated (19). It might
be that aldosterone does not acutely regulate the
function of apical K1 channels during its early phase of
action and that the early aldosterone-induced increase
in K1 secretion could be attributed to the increase in
driving force due to the apical Na1 conductance. In
amphibian epithelia, in which there is no major apical
secretion of K1, aldosterone activates basolateral K1

channels which have been shown in A6 cells to corre-
spond to volume-activatable and quinidine-sensitive
channels (9, 23). The nature of this regulation and
whether it also takes place in mammalian target
epithelia is not known.

OUTLOOK

New molecular techniques will soon lead to the
identification of all early aldosterone-regulated gene
products of some target epithelia. The remaining chal-
lenge will be to understand how the accumulation of
these gene products leads to the Na1 transport regula-
tion. The identification of the first early aldosterone-
regulated regulatory proteins already suggests that
this will require understanding the interplay of differ-
ent pathways which act on the function of effector
channels and pumps. The available data also suggest
that the limiting factors for Na1 transport stimulation
by aldosterone might not be the same in every target
epithelium, depending on the differentiation of the
regulatory network and the physiological context.
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