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Vannay Á, Müller V, Reusz G, Heemann U, Lutz J, Tulassay T, Szabó AJ,
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ABSTRACT 

Erythropoietin (EPO) protects the kidneys from ischemia/reperfusion (I/R) injury; however, the 

exact signalling mechanisms are not fully understood. The serum and glucocorticoid-regulated 

kinase 1 (SGK1) is an anti-apoptotic protein kinase regulated through the phosphatidylinositol 3-

kinase (PI3-kinase) pathway by cellular stimuli, hormones and growth factors. The objective of the 

present study was to examine the role of SGK1 in the renoprotective effects of EPO in renal I/R 

injury.  

In vitro, cultures of HEK293 cells were exposed to 16 h hypoxia. Incubation with EPO at a dosis of 

400 U/ml exerted a protective effect on cell death assessed by LDH release and Annexin-V FACS 

analysis. This was paralleled by up-regulation of SGK1 expression, as well as phosphorylation. 

Downregulation of SGK1 expression by small interfering RNA technique ameliorated the anti-

apoptotic effect of EPO treatment. 

In an in vivo rat model of unilateral renal I/R injury, rats were treated with 500 U/kg EPO 24 h prior 

to ischemia. EPO resulted in less severe tissue injury and ameliorated the elevation in creatinine and 

urea nitrogen levels 24 h after reperfusion. Furthermore, SGK1 expression and phosphorylation were 

higher in EPO compared to vehicle treated rats as demonstrated by real-time PCR, Western blot and 

immunofluorescence technique.  

We conclude that EPO protects from renal I/R injury and SGK1 might contribute to the mediation of 

EPO effects under ischemic conditions. 

 

Keywords: EPO, apoptosis, hypoxia, ischemia/reperfusion, kidney, SGK1 
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INTRODUCTION 

Erythropoietin (EPO) is a glycoprotein hormone primarily responsible for the regulation of red blood 

cell production [1]. However, increasing evidence suggests that independently of its erythropoietic 

effects, it also exerts protective actions against ischemic injury in various organs [2].  

EPO is up-regulated in brain, spinal cord and kidney after hypoxic stimuli and it protects the cells 

from apoptosis [3,4,5]. Furthermore, exogenous EPO administration after renal ischemia/reperfusion 

(I/R) injury has also been demonstrated to ameliorate tissue injury mainly by preventing apoptotic 

cell death [5,6,7 ]. I/R injury is among the leading causes of morbidity and mortality in various 

diseases including acute renal failure, heart failure, stroke and post-transplant graft dysfunction. The 

balance between the activation of pro- and anti-apoptotic pathways in the post-ischemic tissue plays 

a critical role in ischemia-induced organ dysfunction as apoptotic cell death has been recognized as a 

major mode of cell demise in I/R injury [8].  

EPO exerts its immediate anti-apoptotic effects via an activation of multiple signalling pathways of 

which phosphorylation and activation of the phosphatidylinositol 3-kinase (PI3-kinase) [9] and 

signal transducer and activator of transcription 3 (STAT3) kinase [10] seem to play pivotal roles. 

However, the underlying mechanisms have still not been fully described and possibly, additional 

pathways are involved in the protective effects of EPO.  

Activation of the PI3-kinase induces to the phosphorylation of protein kinase B (Akt). Akt has 

multiple effects on cell survival by directly maintaining mitochondrial integrity and through the 

inhibition of several pro-apoptotic mediators [11]. The serum- and glucocorticoid-inducible protein 

kinase 1 (SGK1) is a serine-threonine kinase which is 50-55% homologue to Akt. SGK1 is also 

directly phosphorylated and, thus activated by the phosphoinositide-dependent kinase 1 (PDK1) 

which acts in a PI3-kinase-dependent manner [12] and share a number of common target molecules 

[13].  

The expression and activation of SGK1 is increased by various cell stress stimuli such as 

hyperosmotic stress, ultraviolet radiation, heat shock [14], oxidative stress [15] and hypoxia [16]. 

Under these conditions SGK1 acts as a strong anti-apoptotic kinase mainly by phosphorylating 

FKHRL1 and IKKβ [18].  

Recently, we have shown that SGK1 is up-regulated and exerts anti-apoptotic effects after renal I/R 

injury in kidney-derived tubular cells and in the kidney tissue (manuscript accepted in Cell Physiol 

Biochem). 

Since the protective effects of EPO are mediated mainly by the PI3-kinase pathway and SGK1 seems 

to be one of the main downstream targets of this pathway, we hypothesized that the anti-apoptotic 

effects of EPO during ischemic renal injury might be mediated by the PI3-kinase regulated SGK1.  



Page 4 of 29

Acc
ep

te
d 

M
an

us
cr

ip
t

 4 

Therefore, we investigated the effects of EPO administration on SGK1 expression and activation 

during renal I/R injury both under in vitro and in vivo conditions. Furthermore, we inhibited SGK1 

through small interfering technique to further study the direct impact of SGK1 on the EPO action. 
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METHODS AND MATERIALS 

Reagents 

Human recombinant EPO epoetin beta and placebo were obtained from Roche Hungary (Budaörs, 

Hungary).  

 

Cell culture 

The human embryonic kidney (HEK) 293 cell line derived from human embryonic kidney cells was 

purchased from American Type Culture Collection (ATCC, Rockville, MD). All cells were cultured 

in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% heat inactivated fetal 

bovine serum (FBS) (PAN Biotech GmbH, Aidenbach, Germany) and were propagated at 37 °C in a 

humidified air containing 5% CO2 incubator. 

 

In vitro hypoxia model 

HEK 293 cells were seeded out and plated on 6-well plates at 5x10
5
/ml 24 h prior to the induction of 

hypoxia.  

For hypoxia the medium was changed to serum- and glucose-free DMEM saturated 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 were placed in a 37 °C/5% CO2 incubator 

for 16 h. After 16 h of incubation time cells were analyzed.  

Human recombinant EPO epoetin beta was obtained from Roche Hungary (Budapest, Hungary) and 

was added to the cell culture medium in a final concentration of 400 U/ml 2 h prior to the induction 

of hypoxia or to control normoxic cells. Placebo solution, also obtained from Roche Hungary served 

as vehicle control. 

 

Annexin V Analysis 

Annexin V-propidium-iodid (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 (PBS) and stained with Fluorescein labelled Annexin V and PI and then 

analyzed by flow cytometry. Annexin V and PI positive cells were considered as apoptotic cells. 

 

SGK-1 gene silencing 

For sgk-1 gene silencing small interfering RNA (siRNA) technique was used. Sgk-1-specific target 

sequence (5′- AAUGUGAAGCACCCUUUCCUG -3′), was annealed and cloned into pSilencer-4.1–

CMV–Neo (Ambion) at BamHI-HindIII sites according to the manufacturer’s instructions. 
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To knock down Sgk1 expression, HEK293 cells were transfected with Sgk1-specific RNAi 

constructs and were examined 48 h after transfection. The pSilencer-4.1–CMV–Neo negative control 

construct was transfected similarly and used as a negative control. 

 

 

In vivo renal I/R model  

Animals and surgery 

Male Wistar rats (weighing 250-275 g) were subjected to 50 mg/kg pentobarbital sodium anaesthesia 

(Nembutal, Abbott Laboratories,
 
Budapest, Hungary) and the abdomen was opened through a 

midline incision left renal artery and vein were clipped by an atraumatic vascular clamp for 50 min 

during which right nephrectomy was performed. After 50 min of ischemia, the clamp was removed 

and the animals were allowed to recover. After 2 h and 24 h of reperfusion, rats were re-

anaesthetized and the remnant kidney was removed.  

EPO treated rats were given 500 U/kg EPO Roche Hungary (Budapest, Hungary) intraperiotenally, 

24 h prior to ischemia and animals were randomized into the following groups (1) sham + vehicle, 

(2) sham
 
+ EPO, (3) I/R 2h + vehicle, (4) I/R 2h + EPO, (5) I/R 24h + vehicle and (6) I/R 24h + 

EPO. Sham-operated rats
 
(groups 1 and 2) underwent identical surgical procedures without unilateral 

renal clamping and were maintained under anaesthesia
 
for the duration of the experiment (N=8/each 

group). 

All animal experiments were approved by the Ethical Committee of the Semmelweis University. 

 

Lactate dehydrogenase (LDH) and renal function parameters 

LDH release into the cell supernatant, serum creatinine and blood urea nitrogen (BUN) levels were 

analyzed by an automatic laboratory analyzer (Synchron CX5, Beckman Coulter, Krefeld, 

Germany). LDH results are expressed as
 
a percentage of total cellular LDH per well measured from 

cells
 
lysed in 1% Triton-X 100 and corrected with appropriate media

 
controls and total protein. 

 

Renal histopathology 

Paraffin sections of kidneys fixed in 4% neutral buffered formalin
 
were stained with hematoxylin and 

eosin (H&E) and with periodic acid-Schiff
 
(PAS) reagent. Histological changes typical to I/R injury 

such as tubular architecture,
 
tubular dilation, swelling and necrosis, luminal congestion

 
with loss of 

brush border, interstitial edema and infiltration of polymorphonuclear
 
neutrophils were semi-

quantitatively
 
evaluated and scored. Two independent observers examined the slides by light 

microscopy in a blinded fashion. 
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Reverse transcription-polymerase chain reaction (RT-PCR) 

Human SGK1 mRNA expression in HEK293 cells were determined by RT-PCR analysis. Total 

RNA was isolated from the cells by RNeasy Total RNA Isolations Kit (Qiagen GmbH, Hilden, 

Germany) according to the instructions of the manufacturer. The quality and quantity of the RNA 

were confirmed photometrically. (17)  

After initial denaturation at 94ºC, 35 cycles of amplification at the accurate annealing temperature 

for human SGK1 and Glyceraldehyde 3-phosphate dehydrogenase (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 quantified by densitometry and corrected for the GAPDH signal using an image 

analysis software program (Gel-Pro Analyser 3.1 Software). 

 

Real-time polymerase chain reaction 

Rat SGK1 mRNA expression in the renal tissues was assessed by SYBR Green real-time PCR on a 

Light Cycler system (Roche Diagnostics, Mannheim, Germany). PCRs were performed in glass 

capillaries, in a final volume of 20 μl containing 3 mM MgCl2, 0.2 μM of each primer, 2 μl 

LightCycler FastStart DNA Master SYBR Green I (Roche Diagnostics, Mannheim, Germany) and 1 

μl of cDNA. The conditions of PCRs were as follows: one cycle at 95°C for 8 min, followed by 55 

cycles at 95°C for 3 s, 59°C for 5 s and 72 °C for 28 s with a single fluorescence detection point at 

the end of the extension. 

mRNA expression of GAPDH in tissue samples was determined by real-time PCR quantification 

using fluorescence resonance energy transfer (FRET) hybridization probes on a Light Cycler system 

(Roche Diagnostics, Mannheim, Germany) in a final volume of 20 μl containing 2 mM MgCl2, 0.17 

nM of each hybridization probe, 0.5 nM of each primer, 2 μl of the Light-Cycler FastStart DNA 

Master HybProbe (Roche Diagnostics) and 1 μl of cDNA. The PCR reaction was carried out under 

the following conditions: one cycle at 95°C for 8 min, followed by 50 cycles at 95°C for 4 s, 55°C 

for 8 s and 72°C for 22 s with a single fluorescence detection point at the end of the annealing 

segment. 

 

Western blotting 

Cells and kidney tissues were homogenized by a cell disrupter in chilled lysis buffer containing 1 

mg/mL aprotinine, 5 mg/mL leupeptin, 1 M Tris, 0.5 M EGTA, 0.25 M NaF, 0.5 M PMSF, 0.5 M 
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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, 

containing 4.0% SDS, 1 mM EDTA, 15% glycerol and 0.01% bromphenolblue. 50 g protein of the 

samples was separated on 10% SDS-polyacrylamide gel and transferred to nitrocellulose membranes 

(Amersham, GE Healthcare Europe GmbH, Munich, Germany). The membranes were blocked with 

5% non-fat dry milk (NFDM) 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 

immunoglobuline antibody, a horseradish peroxidase conjugated from goat (1:5000, Amersham) in 

5% NFDM for 1 h at room temperature. Proteins were detected by enhanced chemiluminescence 

(ECL, Amersham) by Kodak Image Station 400 D. Prestained standards were used as molecular 

weight markers (Biorad Laboratories, Munich, Germany).  

Signals on Western blots were quantified by densitometry using Gel-Pro Analyser 3.1 Software. 

 

Double labeling using immunofluorescence microscopy 

Kidney sections were immediately snap-frozen in 30% sucrose for immunohistochemical analysis. 

They were embedded in Shandon cryomatrix (ThermoElectron Co.), cut into 5–10 μm thick slices 

with a cryostat, and stored at −80°C. After rinsing in PBS, they were treated
 
in methanolic H2O2 for 

30 min. Tissue sections were permeabilized
 
in 0.2% Triton X-100 in PBS and then blocked in 0.5% 

NFDM for
 
30 min at room temperature. The samples were incubated overnight

 
at 4°C with primary 

antibodies (anti-total SGK 1:100, Santa Cruz, anti-phospho-SGK1 1:100, Cell Signaling), washed
 

with PBS, and then incubated with secondary antibodies (Alexa
 
Fluor 488 1:100, Alexa Fluor 546 

1:100, Invitrogen, Budapest, Hungary) for
 
30 min at room temperature. DNA was stained with 

Hoechst 33342 (1:1000 Sigma, Hungary) for 10 min at room temperature. Appropriate controls
 
were 

performed omitting the primary antibodies to ensure their
 
specificity and to avoid auto-fluorescence. 

Stained slides were analysed in a blinded fashion, localisation and expression of SGK1 was detected. 

 

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). Data were analyzed using
 
one-way ANOVA followed by Dunnett post hoc test or 

Kruskal-Wallis
 
ANOVA for nonparametric data. P<0.05 was considered significant. 
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RESULTS 

In vitro experiments 

EPO prevents apoptosis after hypoxia in HEK 293 cells  

Exposure of HEK293 cells to 24 h hypoxia caused significant cell death when compared to normoxic 

cells detected by LDH release into the supernatant (P<0.01). In particular, apoptosis of cells caused 

by hypoxia was demonstrated by Annexin V FACS analysis and proved to be elevated in comparison 

to normoxic cells (P<0.01) (Figure 1A-B.). Hypoxia-induced overall cell death and also specifically, 

apoptosis were reduced by incubation with EPO (400 U/ml) compared to vehicle treated cells 

(P<0.01) (Figure 1A-B.). 

 

EPO stimulates the expression and phosphorylation of SGK1 

Incubation of HEK293 cells with EPO increased SGK1 mRNA and protein expression both under 

normoxic and hypoxic conditions (P<0.01 vs. vehicle treated cells). Hypoxia stimulated 

phosphorylation of SGK1 (P<0.01 vs. vehicle treated cells, respectively) which was further increased 

by EPO (P<0.01 vs. vehicle treated cells) (Figure 2A-B.). 

 

The effect of SGK1 siRNA on the anti-apoptotic action of EPO in hypoxia 

To further examine the role of SGK1 in the mediation of EPO actions, we inhibited SGK1 

expression by plasmid-mediated siRNA technique. Cells in which SGK1 expression was inhibited 

showed reduced protection after EPO treatment in hypoxic injury detected by LDH release and 

Annexin V FACS analysis (both P<0.01) (Figure 1A-B.). 

 

In vivo experiments 

Effect of EPO on renal dysfunction and post-ischemic structural damage caused by I/R  

Administration of EPO to sham-operated animals did not have any effect on renal function (Figure 

3A-B.). 

Renal I/R injury increased post-ischemic serum creatinine and BUN levels 24 h after repefusion 

(both P<0.001 vs. sham) (Figure 3A-B., Table 2.). In the earlier time-point, 2 h after reperfusion, no 

significant elevation in serum renal function parameters were detected. A single bolus of EPO (500 

U/kg) resulted in lower levels of serum creatinine and BUN at 24 h after reperfusion compared to 

vehicle treated animals (P<0.01) (Figure 3A-B.). 

Renal I/R injury caused marked alterations in renal histology compared with kidneys taken from 

sham-operated animals (Figure 4A.). At 2 h of reperfusion, in contrast to the renal function 

parameters, there were already changes in the kidney tissue compared to sham operated animals: 
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kidney tissue was oedemic, swelling and blebbing of tubular cells were detected, but no difference 

was demonstrated between the vehicle and EPO group. 

Parallel to the marked elevation in renal function parameters, 24 h after reperfusion, widespread 

degeneration of tubular architecture was detected. Both apoptosis and necrosis of tubular cells were 

observed. Apoptotic tubular cells had chromatin condensation, pyknosis, and karyorrhexis in the 

nucleus leading to cytoplasmic condensation triggering the cell to shrink and form numerous 

vacuoles within the cytoplasm. Necrosis of tubular cells were characterized by chromatin 

flocculation, swelling and degeneration of the entire cytoplasm and the mitochondrial matrix, 

blebbing of the plasma membrane, and eventual shedding of the cytoplasmic contents into the 

extracellular space. Necrosis and apoptosis of tubular cells result in tubular atrophy and loss of brush 

borders (Figure 4A.). 24 h after reperfusion renal sections of EPO treated animals demonstrated a 

reduction of the histological features of renal injury such as markedly less tubular necrosis and 

apoptosis resulting in significantly less atrophy and infiltration of leukocytes compared to vehicle-

treated rats (P<0.01) (Figure 4A-B.). 

 

Effect of EPO on SGK1 expression and phosphorylation in renal I/R injury 

Administration of EPO resulted in a higher SGK1 mRNA expression at all time-points compared to 

vehicle treated animals (P<0.01 vs. shams, 2h, 24h, respectively) (Figure 5A.). EPO treatment led to 

the highest elevation in SGK1 mRNA expression in sham-operated animals. 

SGK1 mRNA expression was temporarily elevated 2 h after reperfusion (P<0.05 vs. sham) (Figure 

5A.), but at 24 h of reperfusion, it returned to the level of sham-operated rats. Similarly to the 

vehicle-treated rats, in EPO-treated animals SGK1 mRNA expression decreased 24 h after 

reperfusion compared to the 2h+EPO rats (P<0.05) (Figure 5A.). 

Parallel to the changes in mRNA expression, EPO treatment resulted in markedly elevated SGK1 

protein levels compared to the vehicle-treated rats both in sham-operated and in IR 2h animals 

(P<0.01 respectively), however, 24 h after reperfusion, no difference was detected (P>0.05) (Figure 

5B.). 

The activated phosphorylated form of SGK1 was detectable only 2 h after reperfusion in the vehicle-

treated animals. On the contrary, in the EPO treated rats, SGK1 phoshorylation was detectable 

already in the sham-operated animals and it was higher in the 2h IR group (P<0.01 vs. vehicle-

treated rat) (Figure 5B.). 

To show the location of SGK1 and phosphorylated SGK1, we performed immunofluorescent (IF) 

staining of the kidneys. IF demonstrated that SGK1 was expressed in the tubular cells. In accordance 

with the Western blot measurements EPO treatment up-regulated total and phosphorylated SGK1 in 
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sham-operated and in 2h IR animals, whereas 24 h after reperfusion, no major difference was seen as 

compared to the vehicle-treated rats. 
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DISCUSSION  

The glycoprotein hormone EPO, which is mainly responsible for the regulation of erythropoesis, 

seems to also have strong anti-apoptotic effects under hypoxic and oxidative stress, both main 

features of an in vivo I/R injury. In the present study, we investigated the role of SGK1 in the 

renoprotective effects of EPO during renal I/R injury. 

In our experiments, EPO protected both cultured kidney cells and also the kidney tissue against 

hypoxic and ischemic injury. HEK293 cells treated with 400 U/mL recombinant EPO were protected 

from cell death caused by 16 h of hypoxia. Furthermore, in a rat model of renal I/R injury, EPO 

treatment (500 U/kg) 24 h prior to the induction of ischemia improved post-ischemic renal function 

and diminished renal structural damage. 

These results are well in accordance with earlier observations providing convincing evidence for a 

protective role of EPO. Yang et al. were the first to demonstrate that a high-dose of EPO (3000 

U/kg) 24 h before bilateral renal artery clamping protected the kidneys from ischemic injury. At 24 h 

post-reperfusion, both the rise in creatinine level and the apoptosis of proximal tubular epithelial 

cells were attenuated in EPO treated animals [18]. 

Moreover, Sharples et al. presented that EPO in a lower dose (300 U/kg) protected the kidney against 

unilateral I/R injury when even given as late as 30 min after the onset of reperfusion [5]. As they did 

not detect any renal hemodynamic effects, and the EPO receptor is known to be expressed in renal 

tubular epithelial cells they also proposed a direct of  EPO on proximal tubular epithelial cells and 

protects them from hypoxia-induced apoptosis. These findings are backed up by Huang et al. who 

found no effect on cortical and papillary perfusion in normal rats after acute EPO administration 

either [19]. Furthermore, in a model of unilateral ureteral obstruction leading to tubular apoptosis 

and tubulointerstitial fibrosis, EPO administration directly attenuated the apoptosis of tubular cells 

and the extent of fibrotic expansion [20].  

All these data further support our findings, that EPO in vitro could directly reduce the rate of 

apoptosis of HEK293 cells after a hypoxic insult, however the exact molecular mechanisms has not 

been clearly elucidated until recently. 

SGK1 which is ubiquitously expressed and induced by stress and hormones (including gluco- and 

mineralocorticoids, insulin) [18] activates ion channels, carriers and also the Na+-K+-ATPase. It 

regulates the activity of enzymes and transcription factors (e.g., FKHRL1, NF-κB) and thus, 

participates mainly in the regulation of cell proliferation, apoptosis, ion transport and hormone 

release [21]. 

In our experiments, hypoxia induced mRNA expression of SGK1 which was paralleled by elevated 

protein levels and phosphorylation. The same tendency could be also detected in vivo during renal 
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I/R injury. mRNA expression reached its highest level 2 h after reperfusion, whereas protein levels 

peaked 24 h after reperfusion. Interestingly, marked phosphorylation of SGK1 was detected only 2 h 

after reperfusion.  

Binding of EPO to its receptor leads to the phosphorylation of janus kinase 2 (JAK2) which 

subsequently activates multiple cascades recruiting the PI3-kinase, STAT5 and MAP Kinase [22]. 

Furthermore, it induces the transcription of several hypoxia-related genes via the activation and 

nuclear translocation of the transcription factor NF-κB. EPO can cause increased expression of Bcl-2 

and heat shock protein-70 [17], and also induces hypoxia inducible factor-1 α synthesis in renal I/R 

injury [23]. 

Here, we demonstrate the novel finding that EPO induces the expression and phosphorylation of 

SGK1. Treatment of cells with recombinant EPO resulted in a significant up-regulation of SGK1 

expression both under normoxic and hypoxic conditions. Furthermore, EPO treatment in vivo led to 

increased SGK1 mRNA and protein expression in the kidney tissue both in sham-operated and 

ischemized rats. The ratio of phosphorylated and un-phosphorylated SGK1 was also higher in the 

EPO treated groups both under in vitro hypoxic and in vivo ischemic conditions. In vivo, we not only 

measured the expression of SGK1, but also performed IF staining to show the localization of the 

kinase and its possible relevance to the site of EPO action in the kidney. We could demonstrate that 

SGK1 was present and upregulated in the tubular cells which are described to be the most sensitive 

to ischemic injury.  

This finding indicates that EPO not only regulates the expression, but also triggers the 

phosphorylation, thereby the activation of SGK1. Based on previous literary data, it is conceivable 

that activation of SGK1 by EPO might be mediated through the PI3-kinase signalling pathway.  

To investigate if the EPO-induced induction and activation of SGK1 has a significant impact on the 

protective effect of EPO, we inhibited SGK1 expression in cells by plasmid-mediated siRNA. We 

showed that in those cells in which SGK1 expression was decreased, the anti-apoptotic effect of EPO 

was attenuated. There was an elevated release of LDH and a higher rate of apoptotic Annexin V-PI 

positive cells compared to EPO treated cells. All these data confirm the direct effect of EPO on 

SGK1 mediated protection against apoptosis. 

Our data report a new signaling molecule involved in EPO cytoprotective actions, since the present 

study identified for the first time an important role of SGK1 in the anti-apoptotic and possibly, 

renoprotective effect of EPO during renal I/R injury. The EPO induced up-regulation of SGK1 was 

observed both under in vitro and in vivo circumstances. Moreover, in vitro, inhibition of SGK1 

blocked the protective effect of EPO under hypoxia confirming a direct role of SGK1 in the EPO 

effect. 
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These observations provide insights into a novel signaling mechanism by which EPO partly exerts its 

potent tissue protective actions. Given our results along with previous reports, the clinical use of 

EPO possibly leading to reduced cellular damage due to ischemic events should be considered, 

however, further investigations are needed to establish the feasibility and efficacy of EPO in clinical 

settings. 
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TITLES AND LEGENDS TO FIGURES 

 

Table 1. Primer pairs for RT-PCR analysis 

 

Table 2. Serum levels of creatinine and blood urea nitrogen (BUN) +P<0.001 vs. Shams 

*P<0.001 vs. I/R 24+veh. 

 

Figure 1. Erythropoietin (EPO) prevents hypoxia-induced cell death. (A) Human embryonic kidney 

(HEK) cultures undergo cell death when exposed to hypoxia for 24 h. EPO significantly abrogated 

cell death measured by Lactate dehydrogenase (LDH) release in a dose-dependent manner (*P<0.01 

vs. Hypo+veh). Inhibition of SGK1 expression by siRNA technique reduced the protective effect of 

EPO (*P<0.01 vs. Hypo+EPO). (B) HEK cells undergo apoptotic cell death after exposure to 24 h-

hypoxia detected by Annexin V- Propidium iodid FACS analysis. Annexin V-PI -positive cells 

located in Q2 were considered to be apoptotic. EPO significantly ameliorated apoptotic cell death 

after hypoxic injury (*P<0.01 vs. Hypo+EPO), whereas inhibition of SGK1 expression by siRNA 

abolished the anti-apoptotic effect of EPO (*P<0.01 vs. Hypo+EPO) 

 

Figure 2. Erythropoietin (EPO) leads to induction and activation of SGK1 both in normoxic and 

hypoxic Human embryonic kidney (HEK) cultures. (A) SGK1 mRNA expression was measured in 

normoxic and hypoxic cells with and without EPO treatment by RT-PCR. EPO treatment led to 

significant up-regulation of SGK1 mRNA expression both in normoxic and hypoxic cells (*P<0.01 

vs. vehicle treated cells, respectively). (B) SGK1 protein expression was measured in normoxic and 

hypoxic cells with and without EPO treatment. EPO treatment led to significant up-regulation of 

SGK1 both in normoxic and hypoxic cells (*P<0.05 vs. vehicle treated cells, respectively). EPO 

caused also increased phosphorylation of SGK1 in hypoxic cells, but not in normoxic cells (*P<0.01 

vs. vehicle treated cells). PCRs and immunoblots are shown are representative of three independent 

experiments. 

 

Figure 3. Effect of erythropoietin (EPO) on renal dysfunction caused by ischemia/reperfusion (I/R) 

injury. Serum creatinine levels (A) and blood urea nitrogen (BUN) levels (B) were measured as 

respective biochemical markers of glomerular dysfunction. Data represent mean ± SD. (A) Renal I/R 

led to significant elevation in serum creatinine levels 24 h after reperfusion (+P<0.001 vs. Shams). 

The increase in serum creatinine is abrogated by EPO (500 U/kg) administered intraperitoneally 24 h 
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before induction of ischemia (*P<0.001 vs. I/R 24+veh). There was no difference either between 

shams and shams that were treated with EPO or between the animals 2 h after reperfusion. (B) Renal 

I/R led to significant elevation in serum BUN levels 24 h after reperfusion (+P<0.001 vs. Shams). 

The elevation in serum BUN levels is abrogated by EPO (500 U/kg) administered intraperitoneally 

24 h before induction of ischemia (*P<0.001 vs. I/R 24+veh). There was no difference in the BUN 

levels either between the sham-operated groups or between the animals 2 h after reperfusion. 

 

Figure 4. Erythropoietin (EPO) attenuates the morphologic changes of ischemia/reperfusion (I/R) 

injury. (A) PAS–stained kidney sections are shown from each animal group at a magnification of 

200x. I/R led to widespread degeneration of tubular architecture, tubular dilation, swelling, necrosis 

and apoptosis, loss of brush borders especially 24 h after reperfusion. (B) Figures are representative 

of n = 8 for all groups. I/R led to morphologic changes in the kidney tissue (+P<0.001 vs. shams) 

EPO treatment ameliorated I/R caused histological changes 24 h after reperfusion (*P<0.001 vs. I/R 

24h+veh). 

 

Figure 5. Erythropoietin (EPO) induced SGK1 mRNA and protein expression. (A) SGK1 mRNA 

expression was assessed by real-time PCR analysis. I/R caused elevated SGK1 mRNA expression 2 

h after reperfusion (%P<0.05 vs. shams). EPO induced SGK1 mRNA expression in all animal 

groups (*P<0.01 vs. vehicle treated animals). 24 h after reperfusion, SGK1 mRNA expression was 

decreased compared to the 2 h-animals in the EPO treated animals (+P<0.01 vs. I/R 2h+EPO). (B) 

SGK1 protein expression was assessed by Western blot analysis. I/R caused elevated SGK1 protein 

expression 24 h after reperfusion (%P<0.05 vs. Shams). EPO induced SGK1 protein expression in 

sham-operated and 2 h I/R groups (*P<0.01 vs. vehicle treated animals). Two and 24 h after 

reperfusion, SGK1 protein expression was decreased compared to the sham-animals in the EPO 

treated groups (+P<0.01 vs. Sham+EPO). (C) Immunofluorescent staining of the kidneys showed 

marked SGK1 expression located in the tubuli. Up-regulated total SGK1 (green fluorescence) (left 

panel) and phosphorylated-SGK1 (SGK1-P, red fluorescence) were stained in EPO treated animals 

in the sham-operated group and 2h after ischemia in the tubular cells. 24 h after reperfusion, no 

marked difference was demonstrated between the vehicle and EPO treated animals. Cell nuclei were 

labeled with Hoechst (blue staining). 
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TABLES AND FIGURES 

 

 
primer pairs annealing 

temperature 

(ºC) 

product 

length 

(bp) 

SGK1 (human) Forward: 5’-CTGTGGCACGCCGGAGTATCT -3’ 

Reverse: 5’-GACGCTGGCTGTGACGAGGAC -3’ 

58 267 

SGK1 (rat) Forward: 5’-TGCTCTATGGCCTGCCTCCGTTCT-3’ 

Reverse: 5’-GTCACTGGGCCCGCTCACATTTG  -3’ 

59 476 

GAPDH Forward: 5’-GGTGAAGGTCGGAGTCAACG-3’ 

Reverse: 5’-CAAAGTTGTCATGGATGACC-3’ 

56 498 

Table 1. 

 

 
Creatinine 

( M) 

BUN 

(mM) 

sham+veh 53.0 ± 2.6 4.6 ± 1.2 

sham+EPO 48.8 ± 4.1 3.7 ± 0.5 

IR 2h+veh 59.5 ± 31.8 4.6 ± 1.2 

IR 2h+EPO 86.8 ± 11.6 6.3 ± 1.2 

IR 24h+veh 353.2 ± 36.1
+
 39.3 ± 0.4+ 

IR 24h+EPO 261.6 ± 50.9*,+ 24.9 ± 4.5*,+ 

Table 2. 
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Figure 1B. 
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Figure 2A. 
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Figure 2B. 
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Figure 3A. 
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Figure 3B. 
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Figure 4B. 
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Figure 5A.  
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Figure 5B.  
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Figure 5C. 
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