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SGK1: A Rapid Aldosterone-Induced
Regulator of Renal Sodium Reabsorption

Recently, substantial progress has been made in understanding the mechanisms by

which aldosterone rapidly stimulates sodium transport in the distal nephron and

other tight epithelia. Serum- and glucocorticoid-regulated kinase 1 (SGK1) has been

identified as an important mediator of this process. Its physiological relevance has

been revealed through heterologous expression in cultured cells and generation of

SGK1 knockout mice.

Glomerulus Proximal
convoluted
tubule

Although the majority of Na* reabsorption in the
kidney tubules occurs in the proximal segments
(>85%), most of the regulation takes place in the
distal nephron. This is particularly true for the
aldosterone-sensitive distal nephron (ASDN),
which is comprised of the last third of the distal
convoluted tubule, connecting segment, and corti-
cal and medullary collecting ducts (CCD and MCD)
(FIGURE 1). Na* reabsorption in the ASDN occurs
through the epithelial sodium channel (ENaC).
Sodium reabsorption along the whole nephron is
driven by activity of the basolateral Na*-K*-ATPase,
which generates a low intracellular Na* concentra-
tion and intracellular electronegativity, both of
which provide an electrochemical gradient for Na*
entry across the apical membrane of the cell.
Although <10% of Na* reabsorption occurs in the
distal nephron, this site plays a key role in fine-tun-
ing plasma volume, as demonstrated by the devel-
opment of abnormal blood pressure when distal
Na* reabsorption is perturbed. Genetic defects of
the ASDN, including Liddle’s syndrome, apparent
mineralocorticoid excess (AME), and pseudohy-
poaldosteronism type I (PHAI), best exemplify the
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importance of Na* transport in the ASDN. These
disorders have been extensively reviewed else-
where (31, 33).

Na* reabsorption by the ENaC-expressing por-
tion of the nephron is highly sensitive to regulation
by the mineralocorticoid hormone aldosterone.
Aldosterone effects on Na* transport are elicited in
two stages: the early (1-4 h) and late (after 4 h)
phases. The late phase of aldosterone action
involves upregulation of ENaC and Na*-K*-ATPase
expression levels (38), as well as alterations in
enzymes of intermediary metabolism. However,
until recently, little was known about the mecha-
nistic basis of the early phase of aldosterone action.
SGK1, a close relative of PKB/Akt, has now been
identified as a key mediator of the early phase of
aldosterone-dependent Na* reabsorption by renal
epithelia. Expression of SGK1 overlaps with that of
ENaC and mineralocorticoid receptor (MR)
(FIGURE 1). SGK1 is also expressed at moderate
levels in the glomerulus, and possibly at low levels
in the proximal tubule, but is not regulated by
aldosterone or glucocorticoids at these sites; the
physiological significance of this expression is

Proximal Thick ascending Distal Connecting Cortical Medullary
straight loop of Henle convoluted segment collecting duct collecting duct
tubule tubule
\ \ \ |
/ /

NHE3 NCCT ENaC

Na*-K*-ATPase

s

FIGURE 1. Segment-specific expression of renal sodium transporters and SGK1

Sodium transport from the lumen across epithelial cell apical membranes is mediated in the proximal convoluted and straight tubules and in the
thick ascending loop of Henle through sodium/proton exchanger 3 (NHE3), in the distal convoluted tubule and connecting segment through the
sodium-chloride cotransporter (NCCT), and in the cortical and medullary collecting ducts through the epithelial sodium channel (ENaC). The Na*-K*-
ATPase transports sodium across the basolateral membrane into the blood. The aldosterone-sensitive distal nephron (ASDN) primarily overlaps sites
of ENaC expression. Serum- and glucocorticoid-regulated kinase 1 (SGK1) is expressed along the nephron but is strongly induced by aldosterone in
the ASDN.
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unknown. Thus far, although SGK1 has not been
linked to human forms of hypertension, human
polymorphisms linking SGK1 to differences in
blood pressure have been identified (6).
Furthermore, mice lacking SGK1 display impaired
Na* homeostasis (see below).

SGK1: Induction by Aldosterone
and Stimulation of ENaC in the
Distal Nephron

Physiological doses of aldosterone selectively
induce SGK1 mRNA expression in the distal
nephron of rat kidney within 30 min (5) (FIGURE 1).
Induction is likely to be mediated by the MR since
it is inhibited by the MR antagonist spironolactone
but not by RU-486, a glucocorticoid receptor antag-
onist. Following the rapid-induction phase, SGK1
levels return to near baseline by 24 h, even in the
presence of constant hormone. This phenomenon
has been described for both mRNA and protein in
cultured cells (7) and in rat kidney (for mRNA only)
(5) and may be relevant in limiting the extent of
aldosterone action. Hence, defective deinduction
of SGK1 expression might also play a role in the
pathogenesis of salt-sensitive hypertension.
Immunofluorescence has revealed that aldos-
terone upregulates SGK1 protein expression levels
in the Na*-transporting principal cells of the col-
lecting duct, but not in the proton-transporting
intercalated cells, in a time course consistent with
the observed changes in mRNA levels (25).
Activation of another member of the nuclear recep-
tor superfamily, peroxisome proliferator-activated
receptor (PPAR-v), also stimulates SGK1 expression
and activity in human renal CCD cells, enhancing
cell surface expression of ENaC (20). Nonhormonal
pathways also induce SGKI1 expression: among
these, osmotic shock is greatest relevance to
epithelial ion transport. Interestingly, both hyper-
and hypo-osmotic stress can potently stimulate
SGK1 expression (30, 39) and ENaC-mediated Na*
transport (30).

SGK1 was first shown to strongly stimulate
ENaC-mediated Na* entry into Xenopus laevis
oocytes (7, 28) and was subsequently shown to
stimulate transepithelial Na* current in A6 cells (2,
17), a widely used model of collecting duct. It is
uncertain if the SGK1 effect on Na* entry via ENaC
is sufficient to stimulate transepithelial transport
or if an additional effect on Na*-K*-ATPase is
required (19). The phenotype of Liddle’s syndrome
suggests that increased apical entry might be suffi-
cient to increase transepithelial Na* transport.

SGK1 activity, like that of the related serine-thre-
onine kinase PKB/Akt, is dependent on phosphory-
lation at two serine residues by an effector of phos-
phoinositol 3-kinase (PI3K) signaling, phospho-

inositide-dependent protein kinase (PDK1) (23).
Insulin, an activator of the PI3K pathway, syner-
gizes with aldosterone to stimulate ENaC-depend-
ent sodium transport by A6 cells, and this synergy
correlates with increased phosphorylation of SGK1
(40). Furthermore, LY-294002, a PI3K inhibitor,
blocked both phosphorylation of SGK1 and ENaC-
dependent sodium transport. Together, these data
suggest that SGK1 integrates PI3K and mineralo-
corticoid regulation of epithelial sodium transport.

The mechanism by which SGK1 increases ENaC
activity is at least partly due to its ability to increase
apical membrane abundance of ENaC. It is unclear
whether the greater abundance is the result of
increased translocation to, or decreased removal
from, the plasma membrane (3, 15). Nontrafficking
effects of SGK1 on ENaC, such as an increase in
channel open probability, cannot be ruled out
either.

SGK1: From Cells to Animals

The physiological relevance of SGK1 in the regula-
tion of Na* transport is best illustrated by the phe-
notype of the SGK1 knockout mouse (41). On a nor-
mal-salt diet, SGK1 knockout mice are indistin-
guishable from their wild-type counterparts with
respect to growth, blood pressure, glomerular fil-
tration rate (GFR), and urinary Na* excretion. Their
only sign of aldosterone resistance is a significantly
increased aldosterone level compared with wild-
type littermates. However, when SGK1 knockout
mice are placed on a low-salt diet, they develop
more obvious signs of aldosterone resistance,
including a decreased ability to retain Na* (FIGURE
2A), low blood pressure (FIGURE 2B), weight loss,
and a decline in GFR despite marked elevation of
plasma aldosterone. In response to acute K+ infu-
sion, SGK1 knockout mice display a less-robust
increase in urinary K* excretion than wild-type
mice (21); consistent with this finding, chronic K*
loading resulted in hyperkalemia (FIGURE 3).
Although no discrepancy in daily urinary K* excre-
tion was detectable under these chronic loading
conditions, steady-state fractional excretion of K*
was reduced. Electrophysiological studies with iso-
lated perfused collecting ducts from SGK1 knock-
out mice on a high-K* diet demonstrated a
decreased amiloride-sensitive transepithelial
potential difference compared with that of wild-
type mice, suggesting that a defect in Na* reabsorp-
tion is ultimately responsible for impaired urinary
K* excretion. This is further supported by the
observation that apical localization of the potassi-
um channel ROMK in the connecting tubule is
enhanced in SGK1 knockout mice compared with
that of wild-type mice on a chronic high-K* diet.
Coexpression studies are conflicting on the issue of
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FIGURE 2. SGK1 knockout mice on
a low-NaCl diet

SGK3 knockout mice display urinary Na*
wasting (A) and hypotension (B) when
placed on a low-NaCl (0 g

Control

Days on low Na™*

direct effects of SGK1 on ROMK. Chen et al. (7) sug-
gested that SGK1 does not stimulate ROMK-medi-
ated K* transport. In contrast, the work of others
(42, 43) suggests the opposite. In light of the con-
gruent functional and immunocytochemical data
from the SGK1 knockout study (21), we favor the
idea that SGK1 most likely does not directly influ-
ence ROMK trafficking in the collecting duct and
that its effect on renal K* excretion is through its
effects on transepithelial potential difference.
Additional studies will be needed to resolve this
issue.

This relatively mild phenotype is in contrast to
mice with targeted disruption of MR (4), the a-
ENaC subunit (22), or the B-ENaC subunit (27),
which display severe renal salt wasting, hyper-
kalemia, and early death. This suggests that other
compensatory mechanisms for salt reabsorption
occur in SGKI1 knockout mice that prevent renal
salt wasting to the extent observed in MR knockout

8
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S 5 =
£ ! I
+
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FIGURE 3. Chronic (6-day) dietary K* loading
leads to hyperkalemia in SGK1 knockout mice
*P < 0.05 vs. wild-type mice; n = 8. Data are from Ref.
21.
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mice. Indeed, micropuncture studies of the SGK1
knockout mouse revealed an increase in fractional
Na* reabsorption in the proximal tubule (41). These
observations suggest that factors independent of
SGK1 are involved in the maintenance of ENaC
expression in the distal nephron and that SGK1
might only play a role in the acute regulation of
perturbations in plasma Na*. Such compensatory
factors may include other aldosterone-regulated
gene products or closely related kinases, although
there is no evidence at this time that other SGK iso-
forms play a role in aldosterone-regulated Na*
transport (see below).

Nedd4-2: A Link Between SGK1 and
ENaC

In Liddle’s syndrome, the PY motif, a COOH-termi-
nal internalization signal, of the B- or y-ENaC sub-
unit is mutated or deleted, resulting in increased
plasma membrane abundance of ENaC and hence
gain of function (33). Nedd4 and Nedd4-2 are
closely related E3 ubiquitin ligases identified as
candidates for regulating ENaC plasma membrane
levels. They consist of three or four PY motif-inter-
acting WW domains and a HECT domain, responsi-
ble for ubiquitin transfer. When co-injected into X.
laevis oocytes with ENaC, Nedd4 or Nedd4-2
reduces abundance and hence activity of the chan-
nel at the plasma membrane (1, 15), and ENaC sub-
units lacking PY motifs are unable to interact with
either isoform (15, 37). Moreover, intact ENaC
channels comprising all three subunits appear to
undergo ubiquitinylation and/or endocytosis as
well as degradation by the lysosome (15, 37), sug-
gesting that Nedd4 and Nedd4-2 regulate ENaC
degradation via ubiquitinylation.

Mounting evidence indicates that Nedd4-2, but
not Nedd4, is phosphorylated and regulated by
SGK1. Three SGK1 phosphorylation motifs
(RXRXXS/T) are present in Nedd4-2 but not in
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Nedd4, and indeed SGK1 phosphorylates Nedd4-2
but not Nedd4 both in vitro and in vivo (15, 35). In
cell culture systems, phosphorylation of Nedd4-2
by SGK1 leads to a disruption of Nedd4-2’s ability
to interact with ENaC, thereby allowing accumula-
tion of ENaC at the plasma membrane and
increased sodium transport (15, 35, 36). The cur-
rent view of this model is summarized in FIGURE 4.
Knockdown of Nedd4-2, but not Nedd4, with RNA
interference increases ENaC-mediated Na* current
in two nonrenal epithelial cell types (36). In these
cells, overexpression of a Nedd4-2 mutant in which
the SGK1 phosphorylation sites are mutated, pre-
venting SGK1 inhibition, blocks corticosteroid acti-
vation of ENaC activity, showing that corticos-
teroid-dependent ENaC-mediated sodium trans-
port requires phosphorylation of Nedd4-2 (36).

It should be noted that there is also evidence to
support SGK1 actions that are independent of
Nedd4-2. In particular, the role of the PY motifs of
ENaC in SGK1-dependent regulation of ENaC is
controversial. Although some studies have shown
that SGK1 fails to activate PY motif-deficient ENaC
(15, 35), others have found that it still can (3, 10). The
action of SGK1 is probably not simply competition
between SGK1 and ENaC for binding to Nedd4-2,
because SGK kinase activity is required for full stim-
ulation of ENaC and modulation of Nedd4-2 func-
tion (35). Alternatively, SGK1 might also stimulate
ENaC through mechanisms independent of Nedd4-
2. Indeed, SGK1 has been shown to directly interact
with the COOH terminus of ENaC through its cat-

A\

alytic domain (40), and this interaction may inter-
fere with the Nedd4-2/ENaC interaction. Although
several studies have suggested that SGK1 does not
phosphorylate ENaC (3, 32, 40), one recent study
identified a functionally important SGK1 phospho-
rylation site in the COOH terminus of a-ENaC (16).

Recently, two mediators of vasopressin action,
cAMP and cAMP-dependent protein kinase (PKA),
were found to regulate Na* transport in part by
phosphorylating and inhibiting the function of
Nedd4-2 (34). Interestingly, the three Nedd4-2
residues phosphorylated by PKA are the same ones
phosphorylated by SGK1. The data suggest that
cAMP and SGK1 converge at Nedd4-2 in the activa-
tion of ENaC, further enhancing the concept of
integration of multiple signaling pathways that
impact Na* transport: insulin, aldosterone and
osmotic effects converging at SGK1, and integra-
tion of these signals with cAMP-dependent signals
by Nedd4-2.

Multiple SGK/Akt Isoforms: Possible
Compensatory Functions in Na*
Reabsorption

The sodium-wasting phenotype of SGK1 knockout
mice is clearly milder than the severe sodium wast-
ing observed in mice lacking MR (4), the a-ENaC
subunit (22), or the B-ENaC subunit (27). Possible
compensatory elements include two closely related
kinases, SGK2 and 3 (the latter also termed CISK or
SGKL), cloned by homology with SGK1 (14, 24),

[ Aldosterone rapidly

upregulates SGK1
expression...

...and insulin activates
SGK1 via the PI3K
signaling pathway.

SGK1, in turn,
phosphorylates and
inhibits Nedd4-2.

% Recycling

endosome

Early endosome
Late endosome/
lysosome

Y
PI3K signaling pathway

-

LAJ
| =
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Nedd4-2 inactivation
results in increased

hence, Na* transport.

abundance of ENaC and,

FIGURE 4. Aldosterone and insulin converge to stimulate Na* transport in the principal cells of the mammalian collecting duct
IRS, insulin receptor substrate; PI3K, phosphoinositol 3-kinase; PIP,, phosphoinositol bisphosphate; PIP,, phosphoinositol trisphosphate.
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that are 75% identical to SGK1 in their kinase
domains. Both SGK2 and SGK3 are expressed in the
kidney (14, 24), are activated through the PI3K sig-
naling pathway (13, 24), and share in vitro sub-
strates with SGK1 (13, 24), as do the three members
of the Akt family. SGK2 and SGK3 both stimulate
ENaC (18) and Na*-K*-ATPase (19) activity when
overexpressed in X. laevis oocytes, suggesting a
possible compensatory role in SGK1 knockout
mice. Although SGK2 and 3 are not corticosteroid-
regulated in cultured CCD cells (29), they might
play a role in regulating basal sodium reabsorption
in the distal nephron or become aldosterone-regu-
lated in the context of SGK1 deletion.

Of the six SGK/Akt family members, four have
been knocked out in mice: Aktl, Akt2, SGK1, and
SGK3 (9, 11, 12, 26). Sodium balance studies have
been performed on SGK1 (as described above) and
SGK3 knockout mice. Unlike SGK1 knockout mice,
mice lacking SGK3 display normal sodium balance
when sodium restricted and do not display the
aldosterone resistance observed in SGK1 knockout
mice (26). SGK1 knockout mice do not show any
defect in glucose homeostasis on a normal diet but
display a striking and unexpected defect in postna-
tal hair follicle development. Aktl and Akt2 knock-
out mice have not been characterized with regard
to possible renal phenotypes. Generation of SGK2
and Akt3 knockout mice and interbreeding of the
various knockout mice to generate compound
knockouts will be required to fully elucidate the
roles of SGK/Akt isoforms in regulating renal sodi-
um reabsorption.

Conclusion

Since the identification of SGK1 as a key aldos-
terone-induced gene product in the distal
nephron, much progress has been made toward
understanding its role in regulating renal sodium
transport both in vitro and in vivo. More recently,
the molecular mechanisms by which it influences
ENaC activity through inhibition of Nedd4-2 have
taken center stage. Future work will include deter-
mining the precise mechanisms and intracellular
location of SGK1-mediated ENaC trafficking. SGK1
knockout mice have mild aldosterone resistance
that manifests as an inability to sustain adequate
sodium balance under conditions of severe sodium
restriction. Further use of knockout and transgenic
models will help elucidate the full spectrum of
SGK1'’s renal actions. ®
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