
Introduction
Mineralocorticoid regulation of the renal epithelial Na+

channel (ENaC) is of paramount importance for the
maintenance of extracellular fluid volume and blood
pressure (1). Targeted disruption of αENaC (2, 3),
βENaC (4), γENaC (5), or the mineralocorticoid recep-
tor (6) in mice is either not compatible with survival or
leads to severe salt wasting. Similarly, loss-of-function
mutations of ENaC subunits (7, 8) or the mineralocor-
ticoid receptor (9) in humans cause pseudohypoaldos-
teronism type 1, characterized by salt wasting and
hypotension, despite elevated levels of aldosterone.
Conversely, gain-of-function mutations of ENaC (Lid-
dle syndrome) (10) or of the mineralocorticoid recep-
tor (11) lead to severe hypertension. Low dietary Na+

intake (12, 13) or exogenous application of aldosterone

(14) increases the apical abundance of ENaC in the
renal collecting system, the renal target for miner-
alocorticoid action (15). Recently, compelling evi-
dence has been gathered pointing to an important
role for the serum- and glucocorticoid-regulated
kinase (Sgk1) in the regulation of ENaC by miner-
alocorticoids (16). The sgk1 gene was originally
cloned as a glucocorticoid-sensitive (17, 18) or a cell
volume–regulated (19) gene and was subsequently
shown to be strongly upregulated by mineralocorti-
coids (20–23). In kidney, Sgk1 is highly expressed in
the collecting system (14, 20, 24), where aldosterone-
induced apical translocation of ENaC is preceded by
an upregulation of Sgk1 in ENaC-positive epithelial
cells (14). In Xenopus oocytes expressing the α, β,
and γsubunits of ENaC, coexpression of Sgk1 results
in a marked upregulation of Na+ channel activity (20,
21, 23–26), presumably by increasing ENaC abun-
dance in the cell membrane (14, 23, 26). Although
highly suggestive, these observations do not allow
one to estimate the contribution of Sgk1 to renal Na+

reabsorption and extracellular fluid homeostasis. To
address the functional significance of Sgk1 expres-
sion in vivo, we generated sgk1-deficient mice. We
show that Sgk1 indeed participates in, but does not
fully account for, the mineralocorticoid regulation of
distal-tubular Na+ reabsorption.

Methods
Generation of sgk1–/– mice. Genomic fragments of sgk1
were isolated from a λ phage genomic library (AB-1)
prepared from 129/Sv(ev) embryonic stem (ES) cells.
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A 7-kb fragment encompassing the entire transcribed
region on 12 exons was subcloned into pBluescript
(Stratagene, La Jolla, California, USA). This plasmid
was used for generation of a conditional targeting vec-
tor (Figure 1a). The vector was linearized at a unique
NotI site and electroporated into R1 ES cells. Positive
clones were identified by Southern blot analysis. A tar-
geted ES cell clone was transiently transfected with Cre
recombinase. The resulting recombination types were
identified by Southern blot analysis. One clone with a
recombination between the first and third loxP site
(type I recombination) was injected into C57BL/6 blas-
tocytes. Male chimeras were bred to C57BL/6 and
129/SvJ females. Heterozygous sgk1-deficient mice were
either inbred or backcrossed to 129/SvJ wild-type mice
for two generations and then intercrossed to generate
homozygous sgk1–/– and sgk1+/+ mice. Male and female
sgk1–/– mice were used in the studies and compared

with littermate sgk1+/+ mice of the respective gender.
Mice were genotyped by PCR.

Northern blot analysis. Total RNA was isolated from 
8-week-old mice using the RNeasy kit (QIAGEN Inc.,
Valencia, California, USA) and 5 µg was loaded per lane.
The probe specific for Sgk1 was labeled with [α-32P]dCTP
(Rediprime kit; Amersham Biosciences UK Limited,
Buckinghamshire, United Kingdom).

Metabolic cages. Mice were placed in metabolic cages
(Tecniplast Deutschland GmbH, Hohenpeissenberg,
Germany) to assess urinary excretion of fluid and Na+ as
well as body weight. To assure quantitative urine collec-
tion, metabolic cages were siliconized and urine was col-
lected under water-saturated oil. Mice had free access to
tap water and the indicated diets; 24-hour urine collec-
tions were performed during an adaptation period of 3
days on a standard NaCl diet (2.5 g Na+/kg) and subse-
quently in response to dietary NaCl restriction for 7 days.
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Figure 1
Generation of sgk1–/– mice. (a) Targeting strategy. The neomycin resistance cassette (gray box) was flanked by two loxP sites (ovals) and
inserted into intron 11. Exons 4–11, which code for the Sgk1 kinase domain (open boxes), were “floxed” by inserting a third loxP site into
intron 3. N indicates NheI restriction sites, and the small black bar indicates the external 5′ probe used for Southern blot analysis. Expected
fragment sizes of the wild-type and targeted sgk1 locus are also indicated. One homologously recombined ES cell clone was transiently trans-
fected with Cre recombinase, and a clone that had undergone recombination between the first and the third loxP site (type I recombina-
tion) was chosen for injection. Arrows below the gene indicate PCR primers used for genotyping. Numbers between the arrows indicate the
size of the amplified fragments. Crossed bars below a indicate homologous recombination. (b) Southern blot of NheI-digested genomic
DNA from ES cell clones after gene targeting hybridized with a 5′ external probe (black bar in a). Lane 5 shows a targeted ES cell line. (c)
Genotyping by PCR of genomic tail DNA of homozygous (–/–) and heterozygous (–/+) sgk1-deficient mice and wild-type mice (+/+) using a
mix of three specific primers (arrows in a). (d) Autoradiograph of Northern blot analysis of Sgk1-specific transcripts in +/+ and –/– mice.
The deletion of the kinase domain from the genome results in a size reduction of 0.9 kb at the mRNA level in sgk1–/– mice.



Low-NaCl diets. In metabolic cage experiments, the
response to dietary NaCl restriction was assessed in two
series of experiments by application of a diet contain-
ing either 0.15 g Na+/kg or 0 g Na+/kg. For measure-
ments under anesthesia such as blood pressure,
glomerular filtration rate (GFR), and micropuncture
experiments (see below), only the response to the low-
NaCl diet containing 0.15 g Na+/kg could be assessed
because initial experiments with the 0 g Na+/kg diet
revealed that sgk1–/– mice did not survive the required
surgical preparation. Plasma aldosterone measure-
ments, immunohistochemistry, and isolated cortical
collecting duct perfusion (see below) do not require
extensive surgical preparation and were determined in
response to the 0 g Na+/kg diet.

Blood pressure measurements and GFR. Mice were anes-
thetized with 100 mg/kg intraperitoneal Inactin
(Research Biomedicals International, Natick, Massa-
chusetts, USA) and 100 mg/kg intramuscular keta-
mine. The femoral artery was cannulated for blood
pressure measurement and blood sample withdrawal.
The jugular vein was cannulated for continuous main-
tenance infusion of 2.25 g/dl BSA in 0.9% NaCl at a
rate of 0.4 ml/h. For assessment of GFR, [3H]inulin
was added to deliver 20 µCi/h. Urine collections were
performed using a bladder catheter.

Micropuncture experiments. Mice were prepared as
described above. In addition, the left kidney was
approached through a flank incision and prepared for
micropuncture (27). The last proximal-tubular or first
distal-tubular loop on the kidney surface was identified
and fluid collections were made. Tubular fluid volumes
were determined from column length in a constant-
bore capillary. Concentrations of [3H]inulin were meas-
ured by liquid-phase scintillation counting. The con-
centration of Na+ in tubular fluid was determined using
a micro-flame-emission photometer (ELEX 6361;
Eppendorf AG, Hamburg, Germany) (27).

Determination of plasma and urine concentrations. Plasma
was separated from EDTA-blood collected immediately
after anesthesia by heart puncture. The plasma and urine
concentrations of Na+ and K+ were measured by micro-
flame-emission photometry. Plasma concentrations of
aldosterone were measured by radioimmunoassay
(Immunotech, Marseille, France). Urine concentrations
of chloride were measured by electrometric titration
(Chloridometer 6610; Eppendorf AG), and urine osmo-
larity was determined by freezing point depression
(Osmomat 030; Gonotec GmbH, Berlin, Germany).

Immunohistochemistry of the renal collecting system. Kid-
ney fixation and immunohistochemistry for ENaC
were performed as described (14).

Results
On a standard NaCl diet, sgk1-deficient mice display only sub-
tle changes in renal physiology. We generated sgk1-deficient
mice by conditional gene targeting in murine R1 ES cells
(Figure 1). Surprisingly, sgk1–/– mice did not display any
gross functional abnormalities. Moreover, histology was

normal in all organs analyzed, including skin, brain,
skeletal muscle, heart, lung, liver, spleen, pancreas, intes-
tine, colon, ovary, uterus, urinary bladder, and kidney.
On a normal diet (2.5 g Na+/kg) with free access to water,
there was no significant difference in growth, blood pres-
sure, GFR, or urinary excretion of fluid, Na+, chloride, or
potassium between the sgk1–/– and the respective wild-
type mice (Figure 2b). However, there were increased
aldosterone levels in the sgk1–/– mice (Figure 2b), sug-
gesting that conservation of Na+ homeostasis was
achieved only by enhanced aldosterone release. Despite
hyperaldosteronism, the plasma K+ concentration was
slightly but significantly (P < 0.05) higher in sgk1–/– mice
(4.7 ± 0.2 mmol/l, n = 14) than in sgk1+/+ mice (4.1 ± 0.2
mmol/l, n = 13). Decreased activity of the renal ENaC is
known to favor the development of hyperkalemia (28).

The urine-concentrating ability of sgk1–/– mice is unaltered.
After 36 hours of water deprivation, urine osmolarity
increased from 1,082 ± 130 to 3,978 ± 611 milliosmoles
(mosmol)/l in sgk1–/– mice (n = 6). These values were
similar to those measured in sgk1+/+ mice (683 ± 93 and
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Figure 2
Deficient adaptive response to low Na+ intake in sgk1–/– mice. (a) Uri-
nary excretion of Na+ and water, and change in body weight in
response to a low-NaCl diet (0 g Na+/kg) assessed in awake mice in
metabolic cages (n = 6 each group). (b) Shown are mean arterial blood
pressure and GFR in anesthetized mice on the control diet and at day
3 after initiating the low-NaCl diet (0.15 g Na+/kg) (n = 5–6 each
group); and plasma aldosterone concentration in mice on control diet
and at day 3 after initiating low-NaCl diet (0 g Na+/kg) (n = 8–9 each
group). Filled circles and bars indicate sgk1–/– mice, open circles and
bars indicate sgk1+/+ mice. *P < 0.05 versus sgk1+/+ mice.



3,348 ± 410 mosmol/l, n = 6). Also, weight loss during
water deprivation was similar (sgk1–/–, 8.0% ± 1.0%, 
n = 6; sgk1+/+, 8.6% ± 0.8%, n = 6), indicating that the
urine-concentrating ability in the thick ascending limb
and the collecting duct of sgk1–/– mice is normal.

Dietary NaCl restriction discloses an impaired ability of
sgk1–/– mice to adequately upregulate distal-tubular Na+

reabsorption. The above results suggest that under nor-
mal dietary conditions, renal physiology in sgk1–/–

mice is not severely affected. In sharp contrast, dietary
NaCl restriction disclosed an impaired ability of
sgk1–/– mice to retain Na+ (Figure 2a). Although upon
reduced NaCl intake (0 g Na+/kg), sgk1–/– mice
decreased renal NaCl excretion, the extent of this
decrease was significantly smaller than in sgk1+/+ mice
(Figure 2a). Moreover, while sgk1+/+ mice underwent
an increase in body weight, sgk1–/– mice showed a net
Na+ loss that was accompanied by weight loss under

these conditions (Figure 2a). Similar results were
obtained with a diet of 0.15 g Na+/kg. Three days and
7 days after initiating this diet, Na+ excretion was sig-
nificantly higher in sgk1–/– mice than in sgk1+/+ mice
(71 ± 16 vs. 24 ± 9 and 37 ± 9 vs. 15 ± 3 µmol/24 h for
day 3 and day 7, respectively; P < 0.05). These experi-
ments were conducted for better comparability to
experiments in anesthetized animals that survived
surgical preparations only upon infusion of saline
and pretreatment with the 0.15g Na+/kg diet but not
the 0g Na+/kg diet. In anesthetized, saline-infused
sgk1–/– mice but not sgk1+/+ mice, a 0.15g Na+/kg diet
leads to a significant decrease in blood pressure and
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Figure 3
Single-nephron GFR and proximal-tubular Na+ reabsorption are
altered in sgk1–/– mice on a low-NaCl diet. (a) Schematic diagram of
free-flow collection of tubular fluid from the last loop of the proxi-
mal tubule (PT) and the first loop of the distal tubule (DT) on the
kidney surface in micropuncture experiments in anesthetized mice at
day 3 after initiating a low-NaCl diet (0.15 g Na+/kg). (b) Fractional
delivery of fluid and Na+ to proximal tubule and distal tubule as well
as urine (n = 13–23 nephrons in 5–6 mice). *P < 0.05 versus sgk1+/+

mice. (c) Correlation of Na+ reabsorption in proximal tubule with sin-
gle-nephron filtration rate. Note that nephron filtration rate is
reduced in sgk1–/– mice and that for any given nephron filtration rate
the Na+ reabsorption is higher in sgk1–/– mice than in sgk1+/+ mice,
indicating a primary increase in proximal reabsorption in sgk1–/–

mice. Symbols are as given in Figure 2 legend.

Figure 4
Amiloride-sensitive transepithelial potential difference is reduced and
αENaC is present in the luminal cell membrane of the renal collecting
system of sgk1–/– mice on a low-NaCl diet. (a) Transepithelial poten-
tial difference (PD) in isolated perfused collecting ducts at day 3 after
initiating a low-NaCl diet (0 g Na+/kg) in the absence (n = 12–16 ducts
in 3–5 mice) (white bar) and presence (n = 4–5 ducts in 3–5 mice)
(black bar) of 10 µM amiloride. *P < 0.05 versus sgk1+/+ mice. (b)
Immunohistochemical localization of αENaC in renal connecting
tubule profiles at day 3 after initiating a low-NaCl diet (0 g Na+/kg).
Arrowheads indicate apical localization of αENaC.



GFR (Figure 2b). Micropuncture experiments con-
firmed a reduction in single-nephron GFR in sgk1–/–

mice in tubular fluid collections from distal tubules
(8.4 ± 0.7, n = 13 vs. 10.3 ± 0.5 nl/min, n = 23
nephrons, P < 0.05) as well as from proximal tubules
(Figure 3b) and revealed a marked increase of frac-
tional Na+ reabsorption in the proximal tubule (Fig-
ure 3b). Accordingly, the delivery of fluid and Na+ to
the last proximal-tubular loop and the delivery of
fluid to the first distal-tubular loop on the kidney sur-
face was strongly reduced (Figure 3).

The renal collecting duct system in sgk1–/– mice on a low NaCl
diet expresses αENaC in the apical membrane, but exhibits a
decreased amiloride-sensitive transepithelial potential difference.
Electrophysiological analysis of isolated perfused col-
lecting duct (29) under conditions of a low-NaCl diet (0
g Na+/kg) revealed an amiloride-sensitive transepithe-
lial potential difference in sgk1–/– mice that was smaller
than that in sgk1+/+ mice (Figure 4a). The electrophysio-
logical finding of an amiloride-sensitive transepithelial
potential difference is buttressed by immunohisto-
chemical detection of the αENaC subunit in the early
portions of the renal collecting system (i.e., the con-
necting tubule) in both sgk1+/+ and sgk1–/– mice 3 days
after initiating the 0 g Na+/kg diet (Figure 4b).

Discussion
The present study demonstrates that Sgk1 participates
in, but does not fully account for, the mineralocorticoid
regulation of ENaC. On a standard NaCl diet, sgk1–/–

mice show unaltered renal Na+ excretion, suggesting that
the constitutively present isoforms sgk2 and sgk3 might
be able to compensate for the loss of Sgk1 expression
(30). However, Sgk1 expression is strongly induced by
aldosterone in response to low NaCl intake in the renal
collecting duct (16, 20, 22, 23). In accord with this obser-
vation, we find that NaCl deprivation unmasks the
impaired ability of sgk1–/– mice to adequately upregulate
distal-tubular Na+ reabsorption. Our observation that
the phenotype of sgk1–/– mice is silent and becomes overt
only under challenging conditions highlights the impor-
tance of Sgk1 for the adaptational response to altered
physiological or pathological conditions. Accordingly,
the lack of Sgk1 did not interfere appreciably with the
viability of the mice during unrestricted access to NaCl,
but clearly compromised survival of anesthesia and sur-
gery during NaCl depletion.

Recent studies have shown that Sgk1 phosphorylates
(and presumably thereby inactivates) the ubiquitin lig-
ase Nedd4-2 (31, 32). Consequently, Sgk1 retards ubiq-
uitination and subsequent degradation of ENaC (31,
32), resulting in an increase in ENaC abundance within
the cell membrane. Our studies cannot determine
whether the reduced ENaC function observed in sgk1–/–

mice is a result of accelerated retrieval of the channel
protein due to disinhibition of Nedd4-2, or another
mechanism. It may be that Sgk1 phosphorylates a
Nedd4 other than Nedd4-2, and this may be important
for channel function. However, we have shown that

Sgk1 is not required for the insertion of ENaC into the
apical membrane of distal tubules and collecting ducts.
Owing to the residual abundance of ENaC in the cell
membrane of sgk1–/– mice, the defect in these mice is rel-
atively mild compared with that in mice with a knock-
out mutation of αENaC (2, 3), βENaC (4), γENaC (5), or
mineralocorticoid receptor (6).

Nevertheless, lack of Sgk1 clearly impedes the upreg-
ulation of distal-tubular Na+ reabsorption during Na+

restriction, leading to Na+ depletion despite the pres-
ence of increased plasma aldosterone levels and com-
pensatory increases in proximal renal tubular Na+ reab-
sorption. The Na+ depletion leads to a dramatic decline
in mean arterial blood pressure, a severe decrease in
glomerular filtration rate, and eventually even the
death of the animal.
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