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Abstract
The serum- and glucocorticoid-inducible kinase 1
(SGK1) is a serine threonine protein kinase activated
through the phosphatidylinositol 3-kinase (PI3-ki-
nase) pathway and counteracting apoptosis. Protein
expression and activation of SGK1 are increased in
various models of cell stress. The present study ex-
plored the role of SGK1 in renal hypoxia/ischemia
induced apoptosis. HEK 293 cells were exposed in
vitro to hypoxia/reoxygenation (H/R), which increased
SGK1 transcript levels, SGK1 protein abundance and
SGK1 phosphorylation. H/R injury further enhanced
the percentage of apoptotic cells, an effect signifi-
cantly blunted by prior SGK1 overexpression. In vivo
renal ischemia/reperfusion (I/R) injury increased
SGK1 transcript levels and SGK1 protein abundance.
I/R enhanced apoptosis, an effect significantly more
pronounced in gene targeted mice lacking SGK1.
In conclusion, SGK1 is up-regulated and counteracts
apoptosis following H/R in vitro and ischemia
in vivo.

Introduction

Ischemia/reperfusion (I/R) injury is among the
leading causes of morbidity and mortality in a variety of
disorders such as acute renal failure, heart failure, stroke
and graft dysfunction after transplantation [1]. Apoptotic
cell death has been recognized as a major mode of cell
demise in I/R injury. Thus, the balance between the
activation of pro- and anti-apoptotic pathways in the
postischemic tissue plays a critical role in organ dysfunc-
tion [1].

Apoptosis during ischemia-induced renal injury is
opposed by the action of the serine/threonine kinase
PKB/Akt [2-4]. PKB/Akt is 45-55% homologous to and
shares a variety of targets with the serum- and glucocor-
ticoid-inducible protein kinase 1 (SGK1) [5], a serine/
threonine kinase initially identified as a gene under tran-
scriptional control of glucocorticoids and serum [6-9].
SGK1 was later shown to be regulated by a wide variety
of hormones and transmitters [10]. Moreover, in vitro
expression of SGK1 is increased by various types of cell
stress, such as hyperosmotic shock, ultraviolet radiation,
heat shock, oxidative stress, hyperglycemia and hypoxia
[11-13]. SGK1 gene expression in vivo has been dem-
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onstrated to be up-regulated by dehydration [14] and
cerebral ischemia [15]. Similar to PKB/Akt, SGK1 is
activated through a signalling cascade involving
phosphatidylinositol 3-kinase (PI3-kinase) and
phosphoinositide-dependent kinase 1 (PDK1) [16]. SGK1
may inhibit apoptosis by phosphorylation of the forkhead
transcription factor FKHLR1 or Foxo3a [17, 18] activa-
tion of IκB kinase [19], and/or inhibition of B-Raf [20].

Little is known about activation and role of SGK1 in
renal hypoxic injury. The present study thus explored the
expression and role of SGK1 in hypoxia and renal
ischemia.

Materials and Methods

Cell culture
The human embryonic kidney cell line (HEK 293) was

purchased from the American Type Culture Collection (ATCC,
Rockville, MD). A HEK 293 SGK1 stable cell line was created
by neomycin selection after plasmid-mediated transfection with
Lipofectamin 2000 (Invitrogen GmBH, Karlsruhe, Germany).  All
cells were cultured in DMEM supplemented with 10% heat
inactive fetal bovine serum (FBS) (PAN Biotech GmbH,) and
were propagated at 37°C in a humified air containing 5% CO2
incubator.

In vitro hypoxia and reoxygenization
HEK 293 cells were seeded out and plated on 10 cm plates

at 5x105/ml 24 h before induction of hypoxia. For hypoxia the
medium was changed to serum- and glucose-free DMEM satu-
rated with 95% N2/5% CO2 and cells were placed in a 37°C
airtight box for 16 h. For normoxic conditions, culture medium
was changed to serum- and glucose-free DMEM and cells
placed in a 37°C/5% CO2 incubator for 16 h. After 16 h, medium
was replaced with normal medium and all cells were placed in a
37°C/5% CO2 incubator for reoxygenization. After 24 h of
reoxygenization cells were analyzed.

Expression vector
To analyze the role of SGK1, we investigated the impact

of SGK1 overexpression by stable SGK1 transfection on hy-
poxic injury in HEK 293 cells. The plasmid pBK-CMV-sgk1
was a generous gift from Dr. Gary L. Firestone. The expression
vector pcDNA3.1(-)sgk1 was constructed by clipping sgk1 from
pBK-CMV-sgk1 and inserting it into the EcoRV site in the
pcDNA3.1(-) vector after filling up sticky ends with Klenow
fragments (Fermentas Life Sciences, St. Leon-Rot, Germany).

Annexin V binding
An annexin V-PI apoptosis kit was used according to the

manufacturer’s protocol to detect apoptosis in vitro (Caltag
Laboratories, Karlsruhe, Germany). In brief, cells were washed
with phosphate buffered saline and stained with fluorescein
labelled annexin V and propidium-iodide (PI) and then analyzed

by flow cytometry. This assay takes advantage of the fact that
phosphatidylserine (PS) is translocated from the inner (cyto-
plasmic) layer of the plasma membrane to the outer (cell sur-
face) layer soon after the induction of apoptosis, and that the
annexin V protein has a strong, specific affinity for PS. Detec-
tion of annexin V binding is a widely used experimental method
in the literature to assess apoptotic cell death  [20-23].

XTT analysis
To analyze the number of viable cells, a colorimetric XTT

Cell Proliferation Kit II assay was employed according to the
manufacturer’s protocol (Roche GmbH, Mannheim, Germany).
In brief, the cleavage of the yellow tetrazolium salt XTT by the
viable, metabolically active cells was recorded on an ELISA
plate reader by measuring the absorbance.

LDH release
Release of LDH from cells into the supernatant is a marker

for an increased permeability of the cell membrane as a sign of
cell death [24]. LDH levels were analyzed by an automatic labo-
ratory analyzer (Synchron CX5, Beckman Coulter, Krefeld, Ger-
many).

Animal experiments
In the first series of experiments male Sprague-Dawley

rats were subjected to isoflurane anaesthesia and the abdo-
men was opened through a midline incision and the left kidney
prepared together with the renal artery and vein. Left renal
artery and vein were clipped by an atraumatic vascular clamp
for 45 min, during which right nephrectomy was performed.
After 45 min of ischemia, the clamp was removed and the ani-
mals were allowed to recover. After 2h, 6h, 24h, 3 days and 7
days of reperfusion (N=7/group), rats were re-anaesthetized
and the remnant kidney was removed. Sham-operated right
nephrectomized rats served as controls.

In a second series of experiments SGK1 knockout mice
(sgk1-/-) and their wild-type littermates (sgk1+/+) maintained on a
129S1/SvImJ background were generated as described elsewhere
[25]. In mice ischemia of the left kidney was induced by clamping
of the left renal artery for 30 min using a hanging weight system
followed by right nephrectomy as previously described [26].
At the end of surgery, mice received 0.3 ml normal saline
intraperitoneally and were allowed to recover for 2 h under a
heating lamp. Mice were killed after 24 h of observation, the
kidneys were harvested and stored at -80°C until further
analysis. Principles of NIH Guide for the Care and Use of
Laboratory Animals as well as the German Law on the Protection
of Animals were followed. The experimental protocols were
approved by the respective authorities.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end-labeling (TUNEL)

TUNEL analysis  [27] was performed on frozen sections
fixed in paraformaldehyde 4%. Sections were incubated with
Triton 0.1% and sodium citrate 0.1% at 4°C, washed and
incubated with TUNEL solution containing terminal
deoxynucleotidyltransferase (Boehringer Mannheim,
Germany). Sections were washed with stop/wash buffer
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followed by washing and incubation with a rabbit
antidigoxygenine antibody (Boehringer Mannheim, Germany).
Antibody binding was visualized using fast red chromogene
solution. Positive controls were treated with DNAseI and
processed as described above. Negative controls were
incubated with PBS instead of TUNEL solution. Sections were
counterstained with hematoxylin. All positive tubular epithelial
cells in each section were counted at a magnification of 40x and
related to the number of view fields per section.

Reverse transcription-polymerase chain reaction (RT-
PCR)
Total RNA was isolated from the cells and kidney samples

by RNeasy Total RNA Isolation Kit (Qiagen GmbH, Hilden,
Germany) according to the instructions of the manufacturer.
The quality and quantity of the RNA were photometrically con-
firmed. Human and rat SGK1, as well as GAPDH mRNA expres-
sion in the cells and renal tissue was determined using semi-
quantitative RT-PCR as described previously [28]. After initial
denaturation at 94ºC, 38 cycles of amplification at the accurate
annealing temperature for human, rat SGK1 and GAPDH were
performed. The primer sequences and annealing temperatures
are shown in Table 1. PCR products were separated on
ethidium-bromide stained 2.5% agarose gels, then visualized
and photographed under ultraviolet light. Signals were quanti-
fied by densitometry and corrected for the GAPDH signal us-
ing an image analysis software program (Gel-Pro Analyser 3.1
Software).

Western blotting
To study the involvement of SGK1 in hypoxia and

ischemia, we measured the protein expression and activation
(phosphorylation) of SGK1 after hypoxia in the cells as well as
in kidney tissue after ischemia/reperfusion injury. Cells and
kidney tissues were homogenized with a cell disrupter in a
lysis buffer containing 1 mg/ml approtinine, 5 mg/ml leupeptin,
1 M Tris, 0.5 M EGTA, 0.25 M NaF, 0.5 M PMSF, 0.5 M Na3VO4
and 0.1% Triton X-100. The lysate was centrifuged at 13.000 g
for 10 min to remove insoluble debris. Protein concentrations
in the supernatant were determined by the Bradford method
using BSA as standard. All reagents for PAGE and Western
blot were purchased from Sigma Aldrich (Munich, Germany).
Lysates were solubilized in a buffer of 12.5 mM Tris-HCl, pH
6.7, containig 4.0% SDS, 1 mM EDTA, 15% glycerol and 0.01%
bromphenolblue. 50 µg protein of the samples was separated
on 10% SDS-polyacrylamide gel and transferred to nitrocellu-
lose membranes (Amersham, GE Healthcare Europe GmbH,

Table 1. Primer
pairs for RT-PCR
analysis.

Fig. 1. Increase of SGK1 transcript levels and protein follow-
ing hypoxia/reoxygenization (H/R). Abundance of SGK1 mRNA
(A) and protein (B) expression in normoxia and following H/R
injury for 16/24 h in vitro. (*P <0.01 vs. normoxic cells). The
original blots are representative for three independent experi-
ments.

A

B
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Munich, Germany). The membranes were blocked with 5% non-
fat dry milk for 1 h at room temperature and then probed with
rabbit polyclonal anti-SGK1 antibody (1:400, Upstate, Germany)
in 5% NFDM overnight at 4°C. The membranes were washed
with Tween-phosphate-buffered saline, and incubated with anti-
rabbit immunoglobulin antibody, a horseradish peroxidase con-
jugated from goat (1:5000, Amersham) in 5% non-fat dry milk
for 1 h at room temperature. Proteins were detected by en-
hanced chemiluminescence (ECL, Amersham) by Kodak Image
Station 400 D. Prestained standards were used as molecular

Fig. 2. Influence of SGK1 overexpression on apoptosis following hypoxia/reoxygenization. The effect of SGK1 overexpression
in HEK 293 cells on apoptotic cell death induced by H/R (16/24 h) injury. A. SGK1 expression and phosphorylation were measured
by Western blot in HEK 293 cells stably transfected with pcDNA3.1(-)sgk1 and control transfected cells with pcDNA3.1(-) under
normoxic conditions and after H/R. (*P<0.05 vs. control transfected cells, + P<0.05 vs. normoxia) B. SGK1 overexpression blunted
the increase of annexin V staining reflecting apoptosis in HEK 293 cells following H/R injury (*P<0.01 vs. control transfected
cells). C. SGK1 overexpression increased overall cell viability measured by XTT analysis after H/R injury (*P<0.05 vs. control
transfected cells). D. SGK1 overexpression did not change the release of LDH following H/R injury (P=0.149 vs. control transfected
cells).

weight markers (Invitrogen). Signals on Western blots were
quantified by densitometry using Gel-Pro Analyser 3.1 Soft-
ware.

Statistical analysis
Data are expressed as mean ± standard deviation (SD).

Data were tested using the Chi-Square- or Mann-Whitney U
test using the SPSS statistical software package (v. 13.0, SPSS
GmbH, Munich, Germany). A P value of <0.05 was considered
to be significant.
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Fig. 3. SGK1 expression and phosphorylation in renal
ischemia/reperfusion (I/R) injury. A. SGK1 mRNA expression
was up-regulated 2 h after renal reperfusion and decreased to
control levels of sham operated animals already 24 h after
reperfusion. (*P<0.05 vs. sham) Figure shows representative
pictures of RT-PCR analysis. B. SGK1 protein expression and
phosphorylation were up-regulated between 2 and 6 h after
renal reperfusion and decreased to control levels of sham op-
erated animals 3 days after reperfusion. (*P<0.05 vs. sham).
Figure shows representative pictures of Western blot analy-
sis.

Results

In vitro experiments
SGK1 expression after in vitro hypoxia/reoxyge-

nization. In  HEK  293 cells hypoxia/reoxygenization
(H/R) induced both mRNA and protein expression as well
as the phosphorylation of SGK1 (Figure 1A-B) (P <0.01
vs. normoxic cells).

The effect of SGK1 on apoptosis after hypoxia/
reoxygenization. We examined the effects of SGK1
overexpression in HEK 293 cells on the apoptosis of cells
after H/R. Stable transfection of cells with
pcDNA3.1(-)sgk1 led to a significant overexpression of
SGK1 (P<0.05 vs. control transfected cells) (Figure 2A.)
detected by Western blot analysis. After H/R, the rate of
phosphorylation was also significantly higher in the
pcDNA3.1(-)sgk1 transfected cells versus control
transfected cells (P<0.05).

After H/R apoptotic cell death was determined by
annexin V staining, while cell viability was analyzed by
XTT analysis and the level of lactate dehydrogenase
(LDH) in the culture medium was measured. H/R was
followed by a significant increase in apoptotic cell death
detected by annexin V and XTT analysis (Figure 2B).
Annexin V staining revealed that SGK1 overexpression
significantly (P<0.01 vs. control transfected cells) pro-
tected the cells from apoptosis after H/R (Figure 2B).
These changes correlated well with a reduction in over-
all cell viability (XTT) (P<0.05 vs. control transfected
cells) (Figure 2C). LDH release also tended to be re-
duced after SGK1 overexpression, a change, however,
not reading statistical significance (Figure 2D).

In vivo experiments
SGK1 expression in renal ischemia/reperfusion

injury. In order to analyze the expression pattern of SGK1
in renal ischemia/reperfusion (I/R) injury, we measured
SGK1 mRNA and protein expression, as well as SGK1
phosphorylation in a rat model of the kindey  I/R injury.
SGK1 expression could be detected in the kidneys of sham
operated animals. SGK1 mRNA expression increased
already 2 h after ischemia and was still elevated at 6 h of
reperfusion time (P<0.05 vs. sham). Subsequently, the
SGK1 transcript levels declined and were not significantly
different from control values 24 h, 3 days and 7 days
after reperfusion (Figure 3A).

Abundance of total and phosphorylated SGK1 pro-
tein increased significantly 6 h after ischemia (P<0.05
vs. sham). Similar to the transcript levels, the abundance
of total and phosphorylated SGK1 protein was again close

to sham levels 24 h, 3 and 7 days after I/R injury (Figure
3B).

The effect of SGK1 on the apoptosis of tubular
cells during renal ischemia/reperfusion injury. To
determine whether SGK1 conferred protection of

SGK1 and Ischemia/reperfusion Injury
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ischemic kidneys, unilateral I/R experiments were
again performed in SGK1 knockout mice (sgk1-/-) and their
wild-type littermates (sgk1+/+). The mice were subjected
to unilateral left renal I/R injury with a 30 min of ischemia
and 24 h reperfusion time. The TUNEL staining revealed
that the number of apoptotic tubular cells was signifi-
cantly higher in sgk1-/- mice than in sgk1+/+ mice (P<0.01
vs. sgk1+/+, Figure 4A-B).

Discussion

The present study reveals that SGK1 expression is
modified by H/R of cultured renal cells and following
renal ischemia. More importantly, the present studies
disclose a functional role of SGK1 in renal ischemia.

The transcript levels of SGK1 were increased as
early as 2 hours after initiation of ischemia, the SGK1
protein abundance increased as early as 6 hours after
ischemia. As shown previously [29], SGK1 is an
early gene up-regulated and downregulated at the
genomic level within less than 30 minutes. The
up-regulation of SGK1 is transient and is reversed within
24 hours. The present observations do, however, not
rule out that SGK1 expression remains high during
sustained ischemia.

The functional role of SGK1 in H/R injury is evi-
denced by significantly blunted apoptosis in SGK1-
overexpressing HEK 293 cells exposed to H/R injury.
The functional significance of SGK1 expression
following a 30 min  period of renal ischemia in vivo is

illustrated by the significantly higher percentage of
apoptotic cells in gene targeted mice lacking functional
SGK1 (sgk1-/-) than in their wild-type littermates
(sgk1+/+).

The present paper did not address the mechanisms
involved in SGK1 dependent protection of cells during
H/R injury or ischemia. SGK1 has previously been shown
to phosphorylate the forkhead transcription factor Foxo3a
[30-35]. Downregulation of Foxo3a fosters cell survival
[36-38], an effect at least partially due to the expression
of the Bcl2-interacting mediator BIM, which stimulates
apoptosis and inhibits cell proliferation [39, 40].
Moreover, SGK1 could participate in the regulation of
cell survival by phosphorylation and activation of IκB
kinase [41] and/or by inhibition of B-Raf [42]. Clearly,
additional effort will be necessary to elucidate SGK1
dependent mechanisms conferring cell survival in
ischemic tissue.

In conclusion, SGK1 is heavily up-regulated by
H/R in vitro and ischemia in vivo. The kinase
participates in the machinery fostering cell survival
under those stress conditions.
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Fig. 4. SGK1 protects the cells from apoptosis in ischemic renal injury. A. Arithmetic means ± SEM (n = 6 each) of TUNEL-
positive tubular cells per field of view (*P<0.01 vs. sgk1+/+). B. Representative pictures of TUNEL staining. The arrow points to
a representative TUNEL-positive tubular cell.
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