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The kidney has a central role in the regulation of blood pres-
sure, in large part through its role in the regulated reabsorption
of filtered Na�. Epithelial Na� channels (ENaCs) are expressed
in the most distal segments of the nephron and are a target of
volume regulatory hormones. A variety of factors regulate ENaC
activity, including several aldosterone-inducedproteins that are
present within an ENaC regulatory complex. Proteases also reg-
ulate ENaC by cleaving the channel and releasing intrinsic
inhibitory tracts. Polymorphisms or mutations within channel
subunits or regulatory pathways that enhance channel activity
may contribute to an increase in blood pressure in individuals
with essential hypertension.

Role of Na� in the Control of Blood Pressure

Hypertension, often labeled “the silent killer,” affects one in
three adults in theUnited States and is amajor independent risk
factor for cardiovascular disease, stroke, and renal failure.
Approximately 50% of hypertensive individuals are salt-sensi-
tive (1), and dietary Na� has a significant effect on blood pres-
sure (2). These numbers are higher in African Americans and
obese individuals.
The kidney has a primary role in the regulation of extracel-

lular fluid volume and blood pressure by regulating the total
body Na� content. Given the facts that Na� is largely excluded
from cells due to theNa�,K�-ATPase and that the extracellular
Na� concentration is maintained at a constant level via water
regulatory mechanisms, total body Na� content is the main
determinant of extracellular fluid volume. Changes in extracel-
lular fluid volume will be reflected in changes in intravascular
volume and blood pressure.
Mature human kidneys normally filter on the order of one

pound of Na� on a daily basis. The vastmajority of filteredNa�

is reabsorbed in various nephron segments to achieve a rate of
urinary Na� excretion that matches rates of Na� intake. It is in

the distal nephron where fine-tuning of the absorption of fil-
tered Na� occurs. The epithelial Na� channel (ENaC)2 is a key
Na� transporter in this segment of the nephron (3).
Aldosterone is one of the key hormones involved in the reg-

ulation of extracellular fluid volume and blood pressure, pri-
marily through its effects on renal Na� handling in the distal
nephron (for review, see Ref. 4). Aldosterone is secreted from
the adrenal cortex in response to a decrease in extracellular
fluid volume or effective arteriolar volume, as well as in
response to an increase in plasma [K�]. The distal nephron is an
aldosterone target tissue, defined by the presence of mineralo-
corticoid receptors and �-hydroxysteroid dehydrogenase type
II, an enzyme that degrades cortisol, a steroid hormone that
binds to and activates mineralocorticoid receptors. The activa-
tion of mineralocorticoid receptors by aldosterone in the distal
nephron eventually results in the activation of transport pro-
teins that facilitate Na� reabsorption (see below).
Increased Na� reabsorption occurs in a number of disorders

associated with hypertension. These include disorders associ-
ated with increased aldosterone secretion in the absence of the
normal physiologic activators of secretion, disorders associated
with inhibition or loss of function of �-hydroxysteroid dehy-
drogenase type II, and inherited disorders associated with acti-
vation of distal nephron Na� transporters, such as Liddle syn-
drome and familial hyperkalemic hypertension (for reviews, see
Refs. 5 and 6).
Liddle syndrome reflects gain-of-function mutations within

ENaC that lead to hypertension and volume expansion (7–9).
These mutations reside largely in the cytoplasmic C-terminal
tails of the �- and �-subunits of ENaC (7), resulting in loss of a
key adaptor Pro-Tyrmotif that interacts withTrp-Trp domains
withinNedd4-2 (neural precursor cell-expressed, developmen-
tally down-regulated 4-2), an E3 ubiquitin ligase. Nedd4-2-de-
pendent ubiquitination of ENaC subunits targets channels for
internalization from the plasmamembrane (10).Once internal-
ized, channels may be targeted for degradation (11–13). Alter-
natively, the release of ubiquitin by deubiquitinating enzymes
allows channels to recycle to the plasmamembrane (14). Loss of
the Pro-Tyrmotif leads to increased channel surface expression
and channel processing by proteases that enhance its activity
(see below).
Hypertension and associated sequelae are key clinical find-

ings in individuals with Liddle syndrome and hyperaldosteron-
ism. Although the primary etiology of hypertension in these
disorders is well established, reflecting activation of renal Na�

reabsorption via ENaC and the Na�/Cl�-coupled cotrans-
porter (NCC) with hyperaldosteronism, for the vast majority of
individuals with hypertension, the etiology of hypertension is
unknown. Both genetic and environmental factors such as Na�

intake contribute to an increase in blood pressure in this
population with what is commonly referred to as essential
hypertension.
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Given the role of the kidney and, in particular, the role of
ENaC in the regulation of extracellular fluid volume and blood
pressure, it is quite likely that polymorphisms or mutations
within the channel or within key cellular regulatory processes
that lead to an increase in channel activity contribute to
increased blood pressure in this population with essential
hypertension. If so, this would suggest that therapy targeted at
inhibiting ENaC or associated regulatory processes might be
beneficial in the management of blood pressure in a subset of
individuals with essential hypertension. Our minireview
addresses some of the sites within the channel where polymor-
phisms or mutations would be predicted to increase channel
activity, as well as several of the key regulatory mechanisms
where polymorphisms ormutationswithin these pathwaysmay
result in increased channel activity.

ENaC Structure

ENaC is an apically located Na�-selective ion channel
expressed primarily in polarized epithelia of the distal nephron,
lung, and distal colon. It is highly selective forNa� and Li� over
K� and is inhibited by K�-sparing diuretics such as amiloride
(15, 16). Inmost tissues, ENaC is composed of three structurally
related subunits, �, �, and �. Each subunit has two membrane-
spanning domains separated by a large extracellular region and
short N- and C-terminal cytoplasmic tails (17, 18). The ENaC
subunits are members of a family of ion channels that include
the acid-sensing ion channels (ASICs). Channel subunits
undergo post-translational modifications by terminal process-
ing of N-glycans and by proteolytic cleavage at defined sites
within their extracellular domains (see below) (19–23). The
recently resolved crystal structure of ASIC1 has provided
important insights into the structural organization of ENaCs
(24). ASIC1 is a homotrimer, suggesting that ENaCs have an
�1:�1:�1 subunit stoichiometry. The extracellular region of
ASIC1 is a highly ordered structure that resembles an out-
stretched hand containing a ball and has clearly defined
domains termed wrist, finger, thumb, palm, knuckle, and
�-ball. It is likely that the extracellular regions within ENaC
subunits have a similar domain organization.

ENaC Gain-of-function Polymorphisms and Mutations

Polymorphisms or mutations that enhance ENaC activity
have been described in cytoplasmic, membrane-spanning, and
external sites within the channel. For example, two polymor-
phisms that have been described in the C-terminal tail of the
�-subunit, C618F and A663T, are associated with enhanced
ENaC activity, reflecting an increase in channel surface expres-
sion (25, 26). A T594M polymorphism in the C-terminal tail of
the �-subunit was reported to be associated with enhanced
cAMP activation and reduced protein kinase C-dependent
inhibition of endogenous amiloride-sensitive Na� currents in
human lymphocytes (27, 28). These currents are presumably
mediated by ENaC. However, similar levels of channel activity
have been reported with the T594M polymorphism when
expressed in heterologous systems (29).
The primary gate and cation selectivity filter of the channel

are located within the membrane-spanning domains (15,
30–32). Selectedmutations ormodifications of introduced Cys

residues at a key site within the gate, referred to as the
degenerin site, activate ENaC (31–33).Mutations in the vicinity
of this site also activate the channel (31). For example, a �-sub-
unit N530Kmutation that activates ENaC has been reported in
an individual with diabetic nephropathy (32).
The extracellular domains of ENaC subunits have an impor-

tant role in the regulation of channel activity by external factors.
For example, channels are inhibited by external Na�, a process
referred to as Na� self-inhibition (34). Na� presumably binds
to sites within the extracellular domains of the channel, leading
to a reduction in channel open probability (35–38). Mutations
have been described that are associated with loss of Na� self-
inhibition, resulting in an increase in channel activity, reflecting
an increase in channel open probability. For example, muta-
tions of a Met residue in the periphery of the thumb domain
(Met438) (38) andmutation of aHis residue in the finger domain
(His239) (35) of the mouse �-subunit led to loss of Na� self-
inhibition. A W493R mutant in the human �-subunit is also
associated with loss of Na� self-inhibition (39). External Cl�

inhibits ENaC by enhancing Na� self-inhibition. Mutations of
residues within a putative Cl�-binding site in the thumb
domain of the �-subunit (His418) and �-subunit (Arg388) of
human ENaC activate the channel by reducing inhibition by
external Cl� (40).

Are channel-activating polymorphisms associated with an
increase in blood pressure in humans? This is a difficult ques-
tion to address. The effects on blood pressure may be modest
and may be dependent on other variables that influence blood
pressure. The effects of these polymorphisms onbloodpressure
may be limited to specific populations, reflecting inherent
genetic or environmental factors, including dietary Na� con-
sumption. Activation of ENaC may lead to compensatory
changes in other renal Na� transporters that may dampen any
effects on blood pressure. Finally, a change in one allelemay not
be sufficient to exert an effect on blood pressure. Given these
constraints, it has been challenging to demonstrate a link
between ENaCpolymorphisms and hypertension. For example,
the �T594M polymorphism has been reported to be associated
with increased blood pressure in an English population with
African ancestry (41, 42), but an associationwas not observed in
a South African population (43). It has been suggested that
amiloridemight help in controlling blood pressure in hyperten-
sive individuals with the �T594M polymorphism (41, 44).
Regarding the �A663T polymorphism, one study reported an
association with blood pressure that was opposite of that pre-
dicted from functional studies (45, 46), whereas other studies
found no correlation with blood pressure (47, 48).
In addition to affecting blood pressure, gain-of-function

ENaC mutations may also affect airway surface liquid volume
and mucociliary clearance. For example, individuals who are
heterozygous for the �F508 mutation in CFTR (cystic fibrosis
transmembrane conductance regulator) lack overt pulmonary
symptoms. Mutations in ENaC have been reported in individ-
uals with atypical cystic fibrosis who are heterozygous for the
�F508 CFTR mutation (49, 50). For example, an activating
ENaC mutation (�W493R) that has loss of Na� self-inhibition
has been described in this population (39, 49). At present, it is
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unclear whether individuals with atypical cystic fibrosis and
activating ENaC mutations have elevated blood pressures.

ENaC Regulatory Pathways

ENaC is regulated by a variety of extrinsic and intrinsic fac-
tors through changes in plasma membrane abundance or
inherent activity (for reviews, see Refs. 23, 51, and 52). Plasma
membrane abundance is controlled primarily through changes
in intracellular trafficking, and ENaC activity is controlled pri-
marily through changes in open probability, which is pro-
foundly influenced by proteolytic processing and by interac-
tions with cytoplasmic domains with specific membrane acidic
phospholipids. Regulatory effects on open probability and
membrane abundance are not mutually exclusive and raise the
interesting possibility that both could be operative and linked
through trafficking-dependent events (53). Transcriptional regu-
lation of ENaC subunit expression constitutes another important
regulatory mechanism, particularly for consolidation of aldoste-
rone-stimulated Na� transport (reviewed in Ref. 54).
RenalNa� reabsorption is highly controlled by themineralo-

corticoid aldosterone, which acts primarily through the miner-
alocorticoid receptor to alter the transcription of a set of target
genes (4). As with other steroid-regulated processes (55), two
major classes of target genes have been identified: early and late.
Early response genes appear to be required for initiation of the
response, whereas late response genes participate in consolida-
tion (56). The latter include components of the ion transport
machinery itself, including ENaC and Na�,K�-ATPase sub-
units. The late response genes also encode regulatory proteins
that likely act to limit the extent of the aldosterone response,
such as activators of the MAPK cascade, including the epider-
mal growth factor receptor (57). Early response genes include
primarily signaling molecules implicated in pathways that con-
trol ENaC activity and/or trafficking (4).

SGK1

The best characterized of these aldosterone-regulated genes
is the serine/threonine kinase SGK1 (serum- and glucocorti-
coid-induced kinase-1) (4). To become competent to activate
ENaC, SGK1 must itself undergo two activating phosphoryla-
tions: first bymTOR (mammalian target of rapamycin) (58) and
second by PDK1 (PI3K-dependent kinase-1) (4). Themolecular
mechanisms of ENaC stimulation by activated SGK1 can be
divided into three known categories: (i) post-translational
effects on the E3 ubiquitin ligase Nedd4-2, (ii) post-transla-
tional Nedd4-2-independent effects, and (iii) transcription of
gene products, i.e.�ENaC.Nedd4-2 interacts with theC-termi-
nal tails of ENaC subunits, decreases surface expression of the
channel via channel ubiquitination, and hence inhibits Na�

currents (10). SGK1 physically interacts with Nedd4-2, phos-
phorylates and inhibits it (59, 60), and hence indirectly
enhances cell-surface expression of ENaC (61, 62).
Nedd4-2-independent mechanisms of SGK1 stimulation of

ENaC have also been proposed. SGK1 was shown to directly
phosphorylate a serine residue in the intracellular C-terminal
tail of �ENaC, which directly activates channels at the cell sur-
face (63). Recently, SGK1 has been implicated in the stimula-
tion of ENaC via phosphorylation of WNK4 (with no lysine-4),

a kinase mutated in familial hyperkalemic hypertension (64,
65). SGK1may also indirectly enhance ENaC Po through effects
on membrane-bound channel-activating serine proteases (53,
66). Furthermore, in addition to its effects on ENaC, SGK1 has
been shown to stimulate the activity of the basolateral Na�,K�-
ATPase, which separately increases ENaC-mediated Na�

transport (67, 68). The relative importance of these effects com-
pared with the Nedd4-2-dependent inhibition has, however,
not been determined (63).
A third mechanism of ENaC stimulation by SGK1 involves

up-regulation of components of the Na� transport machinery
per se. SGK1 has been shown to regulate the expression of
late aldosterone-responsive genes, primarily �ENaC (69). Ac-
tive SGK1 is an important mediator of aldosterone-sensitive
�ENaC transcription in vivo via inhibition of a transcriptional
repression element, the Dot1a (disruptor of telomeric silencing
alternative splice variant 1a)-Af9 (ALL1-fused gene from chro-
mosome 9) complex (70). SGK1 phosphorylates Af9 and
reduces interaction between Dot1a and Af9. This releases sup-
pression of ENaC transcription by this complex. Thus, SGK1
not only acts on ENaC channels to rapidly enhance Na� chan-
nel activity by an increase in active channels at the apical sur-
face and an increase in Na�,K�-ATPase activity at the basolat-
eral surface but also stimulates transcription of elements of the
machinery for Na� transport to promote a sustained response
to aldosterone.
The ability of SGK1 to regulate in vivo renal Na� reabsorp-

tion is well illustrated by the impaired Na� retention of gene-
targeted mice lacking functional SGK1 (71, 72). On a low Na�

diet, these mice have a significant decrease in blood pressure
compared with their wild-type littermates (71). These sgk1�/�

mice are also particularly resistant to the salt-sensitizing effect
of hyperinsulinemia on blood pressure (73). SGK1 further
mediates the stimulating effect of mineralocorticoids on salt
appetite (74). Thus, SGK1 influences salt balance, and hence
blood pressure, by affecting both Na� intake and renal Na�

reabsorption. It is notable that two independent SGK1 knock-
out models demonstrate the same key feature of failure to
respond normally to NaCl restriction despite markedly
increased aldosterone levels (71, 72), suggesting a mild form of
the aldosterone resistance seen in themineralocorticoid recep-
tor knock-outmouse (75). Although some features of these two
SGK1 knock-outs may diverge, evidence from both also sup-
ports the idea that both ENaC and NCC are regulated by SGK1
(72, 76). NCC is localized in kidney tubule segments upstream
of ENaC (distal convoluted tubule) andmediates electroneutral
uptake of NaCl. This transporter is regulated by aldosterone in
a manner that appears to be controlled at least in part byWNK
kinases (77). SGK1 phosphorylates WNK4 (64, 65), leading to
the interesting speculation that SGK1 and WNK4 may act in
concert to determine the degree to which Na� is exchanged for
K� (which is favored when ENaC is the principal route for Na�

reabsorption) or alternatively is reabsorbed with Cl� without
triggering K� secretion (when NCC is used) (65, 78). It is nota-
ble in this context that SGK1 null mice on a high K� diet are
hyperkalemic despite markedly increased aldosterone (79).
Finally, mouse knock-out models also have provided support
for a role of SGK1 in regulating a variety of other processes,
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which could be implicated in the pathogenesis of metabolic
syndrome and hypertension (80).
The connection between SGK1, salt balance, and blood pres-

sure regulation in mice prompted the hypothesis that SGK1
might play a role in human blood pressure variation. Genetic
studies in twins indeed revealed a specific SGK1 risk haplotype
associated with moderately elevated blood pressure in individ-
uals who simultaneously carry a homozygous genotype for a
variant in intron 6 (I6CC) and a homozygous or heterozygous
genotype for the C allele of a polymorphism in exon 8 (E8CC/
CT) (81, 82). This SGK1 risk haplotype was later confirmed to
be associated with hypertension in a large-scale population
study of �4800 Swedish subjects (83).

GILZ1 and the ENaC Regulatory Complex

Renal ENaC function and renal mineralocorticoid action are
only partially dependent on SGK1. Other aldosterone-regu-
lated mediators provide stimulatory input into the system (84).
Besides SGK1, aldosterone stimulates the expression of a num-
ber of other regulatory proteins, several of which impact on
PI3K- orMAPK-dependent signaling (4). One of these isGILZ1
(glucocorticoid-induced leucine zipper protein 1), a small
chaperone protein that has been found to stimulate ENaC sur-
face expression by disruptingMAPK signaling (84, 85). ENaC is
inhibited by the Raf-MEK-ERK1/2MAPK pathway (57, 86, 87).
GILZ1 physically interacts with and inhibits Raf-1 (88, 89),
leading to ENaC activation. Remarkably, GILZ1 also physically
interacts with Nedd4-2 and SGK1, and it synergizes with SGK1
in the inhibition of Raf-1 and Nedd4-2. All of these factors are
associated with ENaC within an ENaC regulatory complex
(ERC), the composition of which is controlled by GILZ1
(depicted schematically in Fig. 1) (90). In the absence of aldo-
sterone with low levels of GILZ1 and SGK1, the complex is
likely composed of Nedd4-2 and Raf-1, along with other com-
ponents of the Raf-MEK-ERK signaling pathway that are
known to be tightly associated with Raf-1. In the presence of
aldosterone, GILZ1 recruits SGK1 into the complex. Together,
they cooperatively inhibit Nedd4-2 and Raf-1 and synergisti-
cally stimulate ENaC surface expression and activity (Fig. 1)
(90). It is interesting to note that GILZ1 has a strikingly differ-
ent effect on FOXO3A, another important target of SGK1 that
is implicated in triggering apoptosis. Like Nedd4-2 and Raf-1,
FOXO3A is inhibited by SGK1. However, rather than cooper-
ating with SGK1, GILZ1 blunts SGK1-mediated inhibition of
FOXO3A (90). These divergent effects of GILZ1 are consistent
with selective recruitment of SGK1 into the ERC and away from
FOXO3A. Through this type of mechanism, pleiotropic signal-
ing pathways (such as the PI3K and Raf-MEK-ERK1/2 cas-
cades) are selectively “pressed into service” in the context of
regulating a particular output (in this case, Na� transport)
without influencing others.

Proteases

Other factors have important roles in the activation of ENaC
and have been highlighted in recent reviews (23, 51, 91, 92). For
example, proteolytic cleavage has an important role in activat-
ing ENaC by cleaving at specific sites within the finger domains
of the�- and�-subunits and releasing intrinsic inhibitory tracts

(Fig. 2) (23). Furin is a member of a family of proprotein con-
vertases that reside primarily in the trans-Golgi network and
process proteins transiting through the biosynthetic pathway,
including ENaC. Furin cleaves the �-subunit twice, releasing a
26-residue inhibitory tract. In contrast, furin cleaves the �-sub-
unit at a single site. Subsequent cleavage of the �-subunit at
sites distal to the furin cleavage site also releases an inhibitory
tract. The sequential release of inhibitory tracts from the�- and
�-subunits results in channels transitioning from a very low
open probability to an increasingly high open probability.
One of the proteases that cleaves the �-subunit and activates

ENaC is the serine protease plasmin (93, 94). This protease is
not present in the nephron lumen under normal conditions.
However, recent studies suggest that in the setting of glomeru-
lar diseases associated with proteinuria, plasminogen is filtered
by the glomerulus and is converted to plasmin by urokinase that
is presentwithin the tubular lumen (93, 94). Activation of ENaC
by plasmin in proteinuric states may contribute to the Na�

retention, extracellular volume expansion, and increased blood
pressure that are observed in nephrotic syndrome. Activation

FIGURE 1. Aldosterone regulation of ENaC activity: role of the ERC. In the
“basal/no-hormone” state, ENaC is associated with and inhibited by an ERC,
which contains Nedd4-2, as well as Raf-1, MEK, and ERK. ERK phosphorylates
the channel (small yellow circles), which in turn stimulates recruitment of
Nedd4-2 and hence channel ubiquitination (orange trapezoids). ENaC inter-
nalization, endocytic trafficking, and lysosome-mediated degradation are
thus augmented. Aldosterone coordinately induces the expression of SGK1
and GILZ1. In turn, GILZ1 (a) recruits SGK1 to the ERC; (b) increases interaction
of SGK1 with its substrates Nedd4-2 and Raf-1; (c) augments SGK1 inhibition
of Nedd4-2 and Raf-1 within the ERC, which results in the recruitment of
inhibitory 14-3-3 proteins; and (d) synergizes with SGK1 to selectively stimu-
late its ENaC-specific functions (90). The net effect is “dual disinhibition” of
ENaC (by SGK1 and GILZ1), resulting in increased channel surface expression
and activity. Blue arrows represent Na� movement through the channel,
whereas black arrows represent proteins recruited to the complex. The top
ellipse shows ENaC in the “inhibited” state (endocytosis and degradation
favored), whereas the bottom ellipse shows the activated or “disinhibited”
state (favoring accumulation at the plasma membrane).
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of ENaC by proteases also likely contributes to the increase in
channel activity in response to aldosterone, as well as in indi-
viduals with Liddle syndrome (22, 23, 53, 95).

Summary

It is important to understand how these multiple modes of
regulation of expression, protein-protein interactions, and
processing of ENaC are integrated to result in net membrane
incorporation and activity of the channel. Essential to under-
standing the mechanistic basis of ENaC regulation by the ERC
is knowledge of where the various interactions occur.Where do
Raf-1 and Nedd4-2, on the one hand, and GILZ1 and SGK1, on
the other, come into association with the channel? In which
compartment(s) do they alter channel trafficking and poten-
tially processing. Along these lines, it is of particular interest
that although unprocessed �- and �-subunits predominate in
whole cell lysates, it is the processed forms that associate with
GILZ1 (90). This is consistentwith the idea thatGILZ1 joins the
ERC after ENaC has been processed within the biosynthetic
pathway, e.g. in the trans-Golgi network (where furin-mediated
processing occurs) (96), at the plasma membrane (where pros-
tasin-dependent processing occurs) (16), or in early (97) or
recycling (12) endosomes. It is also possible, but seems less
likely, that GILZ1 has higher affinity for the processed forms.
The molecular identities of players that facilitate this process
and the specific subcellular compartments wherein these inter-
actions occur are key areas for future research in ENaC regula-
tion. It is interesting to speculate that other aldosterone-in-
duced proteins that function as scaffolds, such as CNKSR3 (a
member of the “connector enhancer of kinase suppressor of
Ras” family of scaffolding proteins), might play a role in ERC
formation.
Further studies are needed in the context of whole animals

and eventually in humans to determine the relevance of poly-

morphisms and mutations within ENaC subunits and regula-
tory pathways in the population of individuals with essential
hypertension. ENaC may have a central role in Na� retention
and volume expansion in individuals with nephrotic syndrome.
It will be important to identify individuals at risk for developing
ENaC-dependent hypertension, as well as individuals with
ENaC-dependent hypertension who would likely benefit from
therapy with K�-sparing diuretics.
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F., and Kuhl, D. (2002) J. Clin. Invest. 110, 1263–1268
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