
Erythropoietin Protects the Kidney against the Injury and
Dysfunction Caused by Ischemia-Reperfusion

EDWARD J. SHARPLES,* NIMESH PATEL,* PAUL BROWN,† KEITH STEWART,†

HELDER MOTA-PHILIPE,‡ MICHAEL SHEAFF,§ JULIUS KIESWICH,*
DAVID ALLEN,* STEVEN HARWOOD,* MARTIN RAFTERY,*
CHRISTOPH THIEMERMANN,* and MUHAMMAD M. YAQOOB*
*Department of Experimental Medicine and Nephrology, Anthony Raine Laboratory and William Harvey
Research Institute, St. Bartholomew’s and the Royal London School of Medicine, Queen Mary College,
University of London, London, United Kingdom; †Department of Pathology, University Medical Buildings,
Aberdeen, Scotland, United Kingdom; ‡Laboratory of Pharmacology, University of Lisbon, Lisbon, Portugal;
and §Department of Pathology, Royal London Hospital, London, United Kingdom

Abstract. Erythropoietin (EPO) is upregulated by hypoxia and
causes proliferation and differentiation of erythroid progenitors
in the bone marrow through inhibition of apoptosis. EPO
receptors are expressed in many tissues, including the kidney.
Here it is shown that a single systemic administration of EPO
either preischemia or just before reperfusion prevents isch-
emia-reperfusion injury in the rat kidney. Specifically, EPO
(300 U/kg) reduced glomerular dysfunction and tubular injury
(biochemical and histologic assessment) and prevented

caspase-3, -8, and -9 activation in vivo and reduced apoptotic
cell death. In human (HK-2) proximal tubule epithelial cells,
EPO attenuated cell death in response to oxidative stress and
serum starvation. EPO reduced DNA fragmentation and pre-
vented caspase-3 activation, with upregulation of Bcl-XL and
XIAP. The antiapoptotic effects of EPO were dependent on
JAK2 signaling and the phosphorylation of Akt by phosphati-
dylinositol 3-kinase. These findings may have major implica-
tions in the treatment of acute renal tubular damage.

Erythropoietin (EPO) is the major regulator of proliferation
and differentiation of erythroid progenitor cells through its
antiapoptotic actions (1). EPO gene expression is under the
control of the oxygen-sensitive transcription factor hypoxia-
inducible factor (HIF-1), which consists of the regulatory sub-
unit HIF-1� and the constitutively expressed subunit HIF-1�.
Low oxygen tension adverts enzymatic prolyl-residue hy-
droxylation by prolyl-4-hydroxylase, which, in normoxia,
serves as a signal for polyubiquitination and proteosomal deg-
radation, thereby preventing von-Hippel-Lindau (VHL)-depen-
dent HIF degradation, leading to nuclear accumulation of
HIF-1 (2). HIF-1 controls the expression of several cytokines
that mediate the adaptive response to ischemia, including vas-
cular endothelial growth factor and glucose metabolism. The
prolyl-4-hydroxylase requires iron as a co-factor, and cobalt
mimics the effect of hypoxia on HIF-1� activation (3). Cobalt
administration to rats caused upregulation of HIF-dependent
proteins, including EPO, and diminished the degree of renal
injury caused by ischemia-reperfusion (I/R), suggesting the

HIF/EPO pathway may play an important role in ischemic
preconditioning (4). EPO is upregulated in the brain and spinal
cord after hypoxic stimuli and protects neurones against isch-
emic or oxidative injury in vivo and in vitro (5,6). The neuro-
protective effects of EPO are dependent on EPO receptor–
mediated JAK2 phosphorylation and NF-�B–dependent
transcription of antiapoptotic genes, including endogenous in-
hibitors of apoptosis XIAP and cIAP-2 (7). In the retina, EPO
upregulation is essential for hypoxic preconditioning via
HIF-1� stabilization. The systemic administration of recombi-
nant EPO also reduces the degree of retinal apoptosis induced
by high-intensity light insult (8). EPO receptor–mediated in-
tracellular signaling may involve nuclear translocation of the
transcription factor NF-�B and phosphorylation of Akt (protein
kinase B) by phosphatidylinositol 3-kinase (PI3K) and the
extracellular signal–regulated kinases 1 and 2. Although the
peritubular fibroblasts are the major adult site for EPO pro-
duction, the presence of the EPO receptor in many cell types in
the kidney was only recently reported. The EPO receptor is
present on proximal tubule epithelial cells, mesangial cells, and
the glomerulus (9).

Renal ischemia, whether caused by shock or during surgery
or transplantation, is a major cause of acute renal failure.
Although reperfusion is essential for the survival of ischemic
tissue, there is good evidence that reperfusion itself causes
additional cellular injury. Reperfusion initiates a complex and
interrelated sequence of events that results in injury and the
eventual death of renal cells as a result of a combination of
both apoptosis and necrosis (10,11). The degree of cellular
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ATP and GTP depletion plays a crucial role in the determina-
tion of mode of cell death. Moderate ATP and GTP depletion
favors apoptotic cell death and is associated with DNA frag-
mentation, p53 induction, and increased cysteine protease ac-
tivity, whereas profound ATP depletion results in necrosis
(12). Apoptotic cell death has been documented in animal
models and human biopsies after renal I/R (13), and inhibition
of apoptotic signaling and cell death ameliorates the associated
injury and inflammation in a murine model (14). Several
studies have documented caspase-3 activation after I/R injury
in the kidney and in posthypoxic isolated proximal tubules
(15,16). Renal I/R in animal models causes mitochondrial
swelling and loss of membrane potential, which contributes to
both necrotic and apoptotic forms of cell death. In vivo, DNA
fragmentation and terminal deoxynucleotidyl transferase-me-
diated nick end labeling (TUNEL) staining, although not
wholly specific for apoptotic cell death, are significantly ele-
vated after 2 h of reperfusion (17,18). Ischemic renal injury is
associated with an increase in the expression of both the
antiapoptotic Bcl-2 family of proteins, Bcl-2 and Bcl-XL, and
the proapoptotic proteins Bad, p53, FADD, and Bak in the
distal and proximal tubules during the first 24 h, with the net
effect determining the severity of injury and dysfunction (19).

Here, we report that EPO protects the rat kidney in a model
of severe I/R injury, with inhibition of caspase activation and
reduced apoptotic cell death. Thus, the systemic administration
of recombinant EPO may reduce the renal injury and dysfunc-
tion caused by I/R in humans.

Materials and Methods
Renal I/R

The model of renal I/R injury in the anesthetized rat and the
surgical procedures involved were similar to those described previ-
ously (20). Briefly, this study was carried out using 86 male Wistar
rats (Tuck, Rayleigh, Essex, UK) that weighed 220 to 300 g and
received standard diet and water ad libitum. Animals were cared for
in accordance with the Home Office Guidance in the Operation of the
Animals (Scientific Procedures) Act 1986 (HMSO, London, UK). All
rats were anesthetized with sodium thiopentone (Intraval Sodium, 85
mg/kg intraperitoneally; Rhone Merieux, Essex, UK), and anesthesia
was maintained by supplementary infusions of sodium thiopentone.
The animals were placed onto a thermostatically controlled heating
mat (Harvard Apparatus, Kent, UK), and body temperature was main-
tained at 38 � 1°C by means of a rectal probe attached to a homeo-
thermic blanket. A tracheotomy was performed to maintain airway
patency and to facilitate spontaneous respiration. The right carotid
artery was cannulated (PP50, I.D. 0.58 mm; Portex, Kent, UK) and
connected to a pressure transducer (Senso-Nor 840, Horten, Norway)
for the measurement of mean arterial BP and derivation of the heart
rate from the pulse waveform. The right jugular vein was cannulated
(PP25, I.D. 0.40 mm; Portex) for the administration of drugs. A
midline laparotomy was performed, and the bladder was cannulated
(PP90, I.D. 0.76 mm; Portex). Animals were allowed to stabilize for
30 min before they were subjected to bilateral renal occlusion for 45
min, using artery clips to clamp the renal pedicles. Reperfusion
commenced once the artery clips were removed. Occlusion was ver-
ified visually by change in the color of the kidneys to a paler shade
and reperfusion by a blush. Upon completion of surgical procedures,
rats were randomly allocated into the following groups: (1) sham �

saline group (n � 12), (2) sham � EPO (n � 12), (3) I/R � saline (n
� 12), (4) I/R � EPO 30 min before commencement of ischemia (n
� 12), (5) I/R � EPO 5 min before the onset of reperfusion (n � 12),
and (6) I/R � EPO 30 min following reperfusion (n � 10). Sham-
operated rats (groups 1 and 2) underwent identical surgical procedures
but without bilateral renal clamping and were maintained under an-
esthesia for the duration of the experiment.

At the end of the reperfusion period (6 h in all groups unless
stated), blood (1 ml) samples were collected via the carotid artery into
tubes that contained serum gel. The samples were centrifuged (6000
� g for 3 min) to separate serum from which biochemical parameters
were measured. All plasma samples were analyzed within 24 h after
collection (Vetlab Services, Sussex, UK). Urine was collected
throughout the reperfusion period, and the volume was recorded.
Activity of urinary N-acetyl-�-D-glucosaminidase (NAG), a specific
indicator of tubular damage, was also measured (Clinica Medica e
Diagnostico Dr Joaquim Chaves, Lisbon, Portugal).

Histologic Evaluation and TUNEL Staining
Renal sections were prepared as described previously and used for

assessment of renal I/R injury (20). Briefly, kidneys were removed
from rats at the end of the experimental period and were cut in a
sagittal section into two halves, which were fixed in immersion in
10% (wt/vol) formaldehyde in PBS (0.01 M; pH 7.4) at room tem-
perature for 1 d. After dehydration using graded ethanol, pieces of
kidney were embedded in Paraplast (Sherwood Medical, Mahwah,
NJ) and cut in fine (8 �m) sections and mounted on glass slides.
Sections were then deparaffinized with xylene, counterstained with
hematoxylin and eosin, and viewed under a light microscope (Dialux
22; Leitz, Milan, Italy). One hundred intersections were examined for
each kidney, and a score from 0 to 3 was given for each tubular
profile: 0, normal histology; 1, tubular cell swelling, brush border
loss, and nuclear condensation with up to one third nuclear loss; 2, as
for score 1 but greater than one third and less than two thirds tubular
profiles showing nuclear loss; and 3, greater than two thirds tubular
profile showing nuclear loss. The histologic score for each kidney was
calculated by addition of all scores, with a maximum score of 300.
Sections were assessed quantitatively for apoptotic nuclei and graded
for severity and extent of nuclear changes. TUNEL was performed as
described previously, with a modification of the detection system
using the ApopTag Plus kit (R&D Systems, Abingdon, UK), which
adds an amplification step using streptavidin-biotin-immunoperoxi-
dase staining to increase the sensitivity of the technique (21).

Cell Culture and Reagents
All reagents were obtained from Sigma-Aldrich Co. (Poole, Dorset,

UK) unless otherwise stated. HK-2 cells (American Type Culture
Collection, Manassas, VA), an immortalized human proximal tubule
epithelial cell line, were grown and passaged in 75-cm2 cell culture
flasks that contained DMEM Ham’s F12 media (1:1) supplemented
with 5% FCS and antibiotics (100 U/ml penicillin G, 100 �g/ml
streptomycin, and 0.25 �g/ml amphotericin). Subconfluent (80%)
HK-2 cells were harvested and seeded into six-well tissue culture
plates in 2 ml of growth medium. The cells were allowed to adhere for
18 h in an incubator at 37°C with 5% CO2 in 95% air. Immediately
before experimental treatments, the medium was replaced with fresh
medium. EPO (1 to 100 U/ml) or inhibitors (� vehicle) were added
for 60 min preincubation, unless otherwise stated.
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Analysis of DNA Fragmentation and Lactate
Dehydrogenase

Monolayers of HK-2 cells were disrupted with a Teflon cell
scraper. Cells were centrifuged at 2000 � g for 5 min, and the pellet
was incubated on ice for 30 min in 200 �l of lysis buffer (PBS [pH
7.4] containing 10 �M digitonin). After centrifugation at 16,000 � g
for 15 min at 4°C, the supernatant was diluted 1:10 with lysis buffer.
Diluted lysate (20 �l) was assayed in duplicate for microsomal DNA
fragments using a commercial ELISA (Cell Death Detection ELISA
Plus; Roche Diagnostics, Lewes, UK). Results were expressed as
multiples of control corrected to amount of total protein in the lysate
(Bradford method).

Lactate dehydrogenase (LDH) release into the supernatant was
assayed using a commercial colorimetric method (Cytotoxicity De-
tection Kit; Roche Diagnostics). Results were expressed as a percent-
age of total cellular LDH per well measured from cells lysed in 1%
Triton-X100 and corrected with appropriate media controls and total
protein.

Western Blot Analysis
For in vivo experiments, frozen samples of harvested kidneys were

washed in ice-cold PBS and homogenized in ice-cold lysis buffer that
contained 25 mmol/L EDTA, 20 mmol/L EGTA, 63.2 mmol/L imi-
dazole-HCl, and 10 mmol/L 2-mercaptoethanol (pH 7.3). After cen-
trifugation at 16,000 � g, the supernatant was aspirated and protein
was quantified by the Bradford method. In vitro, cell pellets were
washed in ice-cold PBS and incubated for 15 min on ice in modified
RIPA buffer (150 mM NaCl, 10 mM Tris, 0.1% SDS, 1.0% NP40,
1.0% sodium deoxycholate, 5 mM EDTA, and 100 �M sodium
orthovanadate [pH 7.2]). Mitochondria-rich cytosolic fractions were
obtained by homogenizing cell pellets in extraction buffer (50 mM
HEPES [pH 7.5], 1 M mannitol, 350 mM sucrose, and 5 mM EGTA)
followed by centrifugation at 600 � g. The resulting supernatant was
centrifuged at 11,000 � g for 10 min. Twenty to 40 �g of protein per
lane was electrophoresed on precast graduated (4 to 12%) NuPAGE
SDS gel (Invitrogen, San Diego, CA). Proteins were transferred to
polyvinylidene difluoride membranes, which were subsequently
blocked with Tris-buffered saline/Tween-20 (TBS-T) containing 5%
BSA and then incubated for 3 h with antibodies against caspase-3,
Bcl-XL (Autogen Biotech, Calne, UK), and XIAP (R&D Systems
Europe, Abingdon, UK). After washing, the membranes were incu-
bated for 1 h with horseradish peroxidase–conjugated secondary
antibodies (diluted 1:2000 in TBS-T/1% BSA) and washed, and then
immunoreactivity was visualized using enhanced chemiluminescence.

Caspase Activity
The activity of caspase-3 was measured using the fluorometric

substrate Ac-DEVD-AMC as described previously (22). Fifty micro-
grams of cellular protein was incubated with 50 �M substrate in
caspase assay buffer (213.5 mM HEPES [pH 7.5], 31.25% sucrose,
and 0.3125% CHAPS) for 1 h, and fluorescence was measured on a
microplate reader (Fluostar Galaxy; BMG Laboratory Technologies,
Aylesbury, UK), with excitation at 380 nm and emission at 460 nm.
For each sample, four replicates were assayed with two replicates that
contained 50 �M of the caspase-3 inhibitor (Ac-DEVD-CHO) and the
remaining pair that contained vehicle (DMSO). The activities of
caspase-8 and caspase-9 were determined in the same way, using
Ac-IETD-AMC and Ac-LEHD-AMC as respective substrates with
Ac-IETD-CHO and Ac-LEHD-CHO as inhibitors, respectively. Flu-
orescence readings from wells that contained inhibitor were sub-

tracted from total fluorescence, and results were calculated as nmol
AMC/min per mg protein (Bradford method).

Statistical Analyses
All values described in the text and figures are expressed as the

mean � SEM for the number of observations. Each data point
representing biochemical measurements was obtained from up to 10
to 12 separate animals. For histologic scoring, caspase activity assays,
and apoptosis scoring, each data point represents analysis of kidneys
taken from six individual animals. Statistical analysis was performed
using GraphPad Prism 3.01/Instat 1.1 (GraphPad Software, San Di-
ego, CA). 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.

Results
Effect of EPO on Renal Dysfunction Caused by I/R

In comparison with sham animals, renal I/R produced sig-
nificant increases in serum, urinary, and histologic markers of
renal dysfunction and injury as described in detail below (Fig-
ures 1 through 4). Administration of EPO to sham-operated
animals did not have any effect on markers of renal function
despite an increase in urine flow rate (Figure 1). EPO admin-
istration did not have an effect on mean BP in either sham-
operated or I/R animals (shown supplementary data, Appendix
1). EPO administration to sham-operated animals had no effect
on markers of tubular or reperfusion injury (urinary NAG
activity and serum AST; Figure 2), histologic changes (Figure
3), or the number of apoptotic proximal tubular epithelial cells
(Figure 4).

Rats that underwent renal I/R exhibited significant in-
creases in the serum concentrations of creatinine compared
with sham-operated animals (Figure 1A) and decreases in
urine flow and creatinine clearance (Figure 1, B and C),
suggesting a significant degree of glomerular dysfunction.
In comparison with I/R animals, the administration of a
single intravenous bolus of EPO (300 U/kg), either pre-
ischemia or just before the onset of reperfusion, produced a
significant reduction in serum levels of creatinine (Figure
1A), associated with maintenance of improved urine flow
rate and creatinine clearance (Figure 1, B and C). EPO
administration 30 min after the onset of reperfusion still
produced a significant reduction in serum creatinine (Figure
1A).

Effect of EPO on Tubular and Reperfusion Injury
Caused by Renal I/R

In comparison with values obtained from sham-operated
animals, renal I/R produced a significant increase in urinary
NAG activity (Figure 2A), consistent with tubular injury. Re-
nal I/R also produced a significant increase in serum AST, a
marker of tubular reperfusion injury (Figure 2B). Administra-
tion of EPO caused a significant reduction in urinary NAG
activity and serum AST levels (Figure 2), suggesting a marked
reduction in the tubular and reperfusion injury associated with
renal I/R, respectively.
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Effects of EPO on Histologic Alterations Caused by
Renal I/R

Renal I/R caused marked alterations in renal histology com-
pared with kidneys taken from sham-operated animals. Specif-
ically, this included widespread degeneration of tubular archi-
tecture, tubular dilation, swelling and necrosis, luminal
congestion with loss of brush border, and an infiltration of
polymorphonuclear neutrophils (Figure 3, A and B). In con-
trast, renal sections obtained from animals that were treated
with EPO preischemia or prereperfusion demonstrated marked
reduction of the histologic features of renal injury (Figure 3C).
EPO administration 30 min after the onset of reperfusion was
still associated with a significant reduction in injury, but this
reduction was less marked than in the other treatment groups
(Figure 3D).

EPO Administration Reduced Tubular Apoptosis and
Necrotic Cell Death

Proximal tubular epithelial cell apoptosis was quantified on
renal sections and confirmed by TUNEL staining (data not
shown). Kidneys from animals that were subjected to renal I/R
showed extensive nuclear changes consistent with apoptotic
cell death. In comparison, kidneys from sham-operated animals
had no evidence of apoptosis and were negative for TUNEL-
positive cells. EPO administration before ischemia and pre-
reperfusion significantly reduced the extent of apoptotic cell
death (P � 0.05; Figure 4A). EPO administration 30 min after
the onset of reperfusion caused only a small reduction in the
number of apoptotic cells, but there was a reduction in the
degree of necrotic cell death (Figure 4B).

Effect of EPO on Caspase Activity and Protein In Vivo
Caspase-3 activity (nmol/min per mg protein at 37°C) was

significantly increased in the homogenates of kidneys at 6 h in
kidneys that were subjected to renal I/R (Figure 5A), when
compared with sham-operated animals (P � 0.01). The eleva-
tion in caspase-3 activity was significantly reduced by EPO
administration, either preischemia (P � 0.05) or just before
reperfusion (P � 0.05). EPO treatment 30 min after reperfu-
sion was associated with a nonsignificant reduction in
caspase-3 activity, consistent with the higher levels of apopto-
sis observed in these kidneys (Figure 5A). Caspase-3 protein in
kidney tissue, determined by Western blot analysis, showed
that a 17-kD band, representing the active caspase-3 subunit,

Figure 1. Effect of erythropoietin (EPO) on renal dysfunction caused
by ischemia-reperfusion (I/R) injury. Serum creatinine levels (A) and
urine flow rate (B) were measured as respective biochemical markers
of glomerular dysfunction. Creatinine clearance (C) was calculated as
ml/min during the reperfusion period. Data represent mean � SEM.
(�P � 0.05; ��P � 0.01). (A) The increase in serum

creatinine after I/R is abrogated by EPO (300 U/kg) administered
intravenously either preischemia or prereperfusion. EPO administered
30 min after reperfusion still caused a significant reduction in creat-
inine concentration (P � 0.05). There was no difference between
shams and shams that were treated with EPO. (B) EPO-treated shams
had a nonsignificant increase in urine flow. I/R was associated with a
highly significant reduction in urine flow, which was restored by
administration of EPO preischemia and prereperfusion. Late EPO
treatment was associated with a much smaller improvement in urine
flow. (C) Calculated creatinine clearance was significantly higher in
EPO-treated animals except in the late treatment group (P � 0.05).
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was markedly increased by renal I/R compared with sham-
operated animals. The amount of this caspase-3 subunit was
diminished in both early EPO treatment groups (Figure 5B).
Immunohistochemical staining using a specific antibody to the
cleaved active fragment of caspase-3 confirmed these obser-
vations. There was widespread positive cytoplasmic and pe-
rinuclear staining in both cortical and medullary tubules after
I/R, and the severity and distribution of staining was greatly
reduced in animals that received EPO either preischemia or
prereperfusion but only partially when EPO was administered
later in reperfusion (Figure 5C). EPO treatment was associated
with significant reduction in the increase in both caspase-8 and
caspase-9 activity observed after I/R (supplementary data, ap-
pendix 2).

EPO Prevents Oxidative Stress–Induced Cell Death
Exogenous hydrogen peroxide was used to induce free radi-

cal–mediated oxidant injury in HK-2 cells, an immortalized
human proximal tubule epithelial cell line. HK-2 cell injury
was quantified by the amount of LDH release into cell culture
media. Hydrogen peroxide (1 mM incubated for 4 h) caused
significant cell death when compared with controls (Figure
6A). Preincubation with EPO (1 to 50 U/ml) for 1 h signifi-
cantly protected against hydrogen peroxide–mediated cell
death in a dose-dependent manner (P � 0.01). Preincubation
with EPO (10 U/ml) for 24 h was associated with a similar
degree of protection from hydrogen peroxide–induced cell
death (data not shown). The antiapoptotic effects of EPO are
dependent on the PI3K/AKT pathway in endothelial cells.
Co-incubation with LY294002 (2.5 to 10 �M) or wortmannin
(500 nM), specific inhibitors of PI3K, significantly reduced the
protection observed with EPO pretreatment (P � 0.01) in a
dose-dependent manner (Figure 6B). Tyrphostin (AG490), an
inhibitor of JAK2 phosphorylation, was used to determine
whether the protection observed with EPO was dependent on
EPO receptor activation, as EPO has been reported to have
some direct antioxidant activity. Preincubation with AG490 (1
to 10 �M) blocked the reduction in cell death observed with
EPO in a dose-dependent manner (P � 0.05; Figure 6B).

EPO Prevents Apoptosis after Serum Starvation
In cultures of HK-2 cells deprived of serum, DNA fragmen-

tation was increased at 24 h when compared with control (5%
FCS) wells (P � 0.05). Co-incubation with EPO (10 U/ml)
significantly reduced the amount of apoptotic cell death (Fig-
ure 7A). Dose–response experiments (EPO 1 to 100 U/ml)
reversed the reduction in cell viability caused by 24-h incuba-
tion in serum-free conditions. EPO at doses �10 U/ml caused
a significant degree of proliferation despite serum deprivation
(Figure 7B). The lysates in which DNA fragmentation was
measured were used to examine the protein expression of
intermediates of apoptotic signaling. Serum starvation for 24 h
caused activation of caspase-3 and was associated with a
reduction in expression of antiapoptotic proteins Bcl-XL and
XIAP. EPO treatment prevented the activation of caspase-3
and was associated with increased expression of Bcl-XL and
XIAP (Figure 8C).

Confirmation of Phosphorylation of AKT by EPO
HK-2 cells were incubated for 6 h with 20 U/ml EPO and in

the presence of LY294002 (10 �M). Membranes were probed
with specific monoclonal antibodies for total AKT and phos-
phorylated AKT (serine 473). Incubation with EPO caused
increased expression of phosphorylated AKT, which was com-
pletely prevented by co-incubation with LY294002, confirm-
ing activation of AKT by EPO in a PI3K-dependent manner.
EPO also increased the activation of extracellular signal–regu-
lated kinases 1 and 2, which was not dependent on PI3K
(Figure 8).

Figure 2. Effect of EPO on tubular and reperfusion injury caused by
I/R. (A) Urinary N-acetyl-�-D-glucosaminidase (NAG) concentration
correlates with histologic tubular injury and was significantly in-
creased after I/R (P � 0.05). EPO administration reduced urine NAG
activity to a similar level as that seen in sham animals (P � 0.05). (B)
Serum AST, a marker for reperfusion injury, was significantly ele-
vated after I/R. EPO (300 U/kg) administration was associated with a
significant reduction in AST independent of timing of administration
(P � 0.01 all groups against control, ANOVA).

J Am Soc Nephrol 15: 2115–2124, 2004 EPO Prevents Ischemia-Reperfusion Injury 2119



Discussion
In the present study, we present the novel finding that

recombinant human EPO protects the kidney against I/R in-
jury. We demonstrate that EPO reduces both the glomerular
and the tubular injury and dysfunction (as assessed by bio-
chemical and histologic parameters) caused by severe (45 min)
ischemia and reperfusion in the rat. EPO reduced I/R injury
when administered as a single intravenous bolus injection
either before the onset of ischemia (30 min pretreatment) or
when given just before the onset of reperfusion. Most notably
for clinical relevance, EPO even partially protected the kidney
against I/R injury when given as late as 30 min after the onset
of reperfusion. Thus, our study provides convincing evidence
that EPO reduces I/R injury of the kidney in vivo (22).

What, then, is the mechanism(s) by which EPO protects the
kidney against I/R injury? One could argue that an increase in
renal blood flow may contribute to or even account for the
observed protective effects of EPO. This is unlikely, however,
as we were unable to demonstrate any significant hemody-
namic effect of acute administration of EPO. Although EPO
increased urine flow rate in sham-operated rats, suggesting a
possible effect on cortical perfusion and intraglomerular pres-
sure, creatinine clearances were similar and there was no
difference in tubular function. This observation is backed by
the study by Huang et al. (23), who demonstrated no effect on

cortical and papillary perfusion in normal rats after acute EPO
administration.

We propose here that EPO acts directly on proximal tubule
epithelial cells against I/R injury. This proposal is based on the
following key findings: EPO protected human proximal tubule
epithelial cells against the cell injury and death caused by
serum starvation and oxidative stress (hydrogen peroxide), the
latter of which is most likely to simulate reperfusion injury. We
then investigated whether the protection by EPO of proximal
tubule epithelial cells is secondary to the activation of EPO
receptors and due to an antiapoptotic effect of EPO in these
cells. We demonstrated that the protection of proximal tubule
epithelial cells by EPO was attenuated by an inhibitor of JAK2
signaling. Thus, the activation of the EPO receptor is essential
in the observed protective effect of EPO. Activation of JAK2
by EPO leads (in endothelial cells and neuronal cells) to the
activation of PI3K and Akt phosphorylation (24). Once acti-
vated, Akt activates multiple targets with antiapoptotic effects,
including phosphorylation of Bad, Bax, caspase-9, and GSK-
3�, maintenance of mitochondrial membrane potential and
preservation of glycolysis and ATP synthesis (25). Inhibition
of PI3K abolishes the protective effects of EPO in human
proximal tubule epithelial cells and inhibited the specific
serine-473 phosphorylation of AKT induced by EPO. Thus, we
suggest that EPO protects proximal tubule cells against injury

Figure 3. EPO attenuates the morphologic changes of I/R injury. A renal section taken from a sham-operated rat (A) is compared with that from
a rat that was subjected to renal I/R (B). Renal sections from a rat that was subjected to renal I/R after administration of EPO preischemia (30
min; C) and EPO postreperfusion (30 min; D) are also presented. Hematoxylin and eosin–stained kidney sections. Figures are representative
of at least three experiments performed on different days (n � 6 for all groups). Magnification, �150.
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by activating the EPO receptor, resulting in activation of PI3K
and ultimately Akt. We demonstrated that EPO inhibits apo-
ptotic cell death in proximal tubule epithelial cells (as deter-

mined by DNA fragmentation) and in higher doses causes
significant proliferation despite serum-free conditions. Most
notably, EPO administration was associated with the upregu-
lation of Bcl-XL and XIAP and reduction of capase-3 activa-
tion. XIAP may be an important mediator of EPO’s protective
effects in I/R injury, because it acts on both death receptor

Figure 4. EPO reduces tubular apoptosis and necrotic cell death caused
by I/R. (A) The degree and severity of tubular cell apoptosis were
assessed on morphologic criteria by two blinded observers. I/R injury was
associated with a significant increase in the number of apoptotic cells per
high-powered field. EPO treatment preischemia and prereperfusion at-
tenuated the amount of apoptosis (P � 0.05). EPO treatment after 30 min
of reperfusion did not significantly reduce the number of apoptotic tubule
cells. (B) Histologic sections were scored for histologic changes of acute
tubular necrosis (tubular cell swelling, loss of brush border, nuclear
condensation) out of a total of 300 (see Materials and Methods) by a
pathologist who was blinded to treatment group. I/R injury caused severe
necrotic injury compared with sham animals. EPO administration pre-
served tubule morphology even when administered 30 min after the onset
of reperfusion (P � 0.05, respectively).

Figure 5. EPO inhibits caspase-3 signaling in vivo. (A) In homoge-
nates of kidneys from rats that were reperfused for 6 h, caspase-3
activity was significantly increased compared with sham-operated
animals. EPO administration preischemia (P � 0.01) and prereperfu-
sion significantly reduced mean caspase-3 activity (P � 0.01). EPO
administered 30 min after reperfusion caused a small reduction in
caspase-3 activity. (B) Kidney specimens were homogenized, sepa-
rated by SDS-PAGE, and immunoblotted with rabbit anti–caspase-3
antibody. The expression of the active p20 subunit of caspase-3 was
elevated in I/R. (C) Immunohistochemical staining for active fragment
of caspase-3 was performed. (a) Sham kidneys stained negative for
active caspase-3. (b) I/R caused severe and widespread staining (ar-
row) in both cortical and medullary tubules and loop of Henle. (c)
EPO preischemia and prereperfusion (shown here) significantly re-
duced positive staining. (d) EPO 30 min after reperfusion was asso-
ciated with minor reduction in staining (representative photos from
n � 5/group).
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(Fas-FasL) mediated and mitochondrial pathways of caspase
activation, as well as directly inhibits the activation of
caspase-3, -7, and -9 (28). XIAP may also have an indirect
antiapoptotic effect by inducing p21cip1, leading to cell cycle
arrest at G1/S transition, which has been shown to be protec-
tive in renal I/R (29,30).

Taken together, these in vitro findings support the conclu-
sion that EPO directly protects proximal tubule epithelial cells
by (1) activating EPO receptor/JAK-2 kinase, (2) activating
PI3K leading to activation of Akt, (3) upregulation of Bcl-XL

and XIAP, and (4) preventing the activation of caspase-3 and
ultimately apoptosis. We confirm that EPO reduced the acti-
vation of caspase-3 caused by I/R of the kidney by inhibiting
the activation of the caspase cascade both through the mito-

chondrial caspase-9 pathway and possibly to a lesser degree the
death receptor–mediated activation of caspase-8. The death
receptors Fas (CD95), TNF-R1, and CD27 have been impli-
cated in the pathogenesis of renal I/R injury (31), and TNF-�
is induced after reperfusion by the upregulation of NF-�B via
p38. We saw significant activation in mean caspase-8 activity
after I/R. The increase in caspase-8 activity was less than the
increase in caspase-9 activity. This difference may be due to

Figure 6. EPO prevents oxidant-induced cell death. (A) HK-2 cultures
undergo necrotic cell death when exposed to 1 mM hydrogen peroxide
for 4 h. EPO significantly abrogated cell death measured by Lactate
dehydrogenase release in a dose-dependent manner (P � 0.001). (B)
LY294002 (2.5 to 10 �M) and Wortmannin (500 nM), inhibitors of
PI3-kinase (PI3K), significantly decreased the protective effect of
EPO on oxidative cell death in a dose-dependent manner (P � 0.01).
Blocking JAK2 phosphorylation with AG490 (1 to 10 �M) inhibited
EPO-induced protection from oxidative insult (P � 0.001).

Figure 7. EPO prevents apoptosis caused by serum starvation. (A)
Serum starvation of HK-2 proximal tubule epithelial cells is associated
with significant apoptosis assessed by DNA fragmentation by 24 h. EPO
treatment attenuated the increase in DNA fragmentation (P � 0.05). (B)
Serum starvation reduced cell viability [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] (MTS as-
say) when compared with control 10% FCS. Incubation with EPO (1 to
100 U/ml) reversed the reduction in cell viability and caused a dose-
dependent cell proliferation (P � 0.001) above that seen in control cells.
(C) Lysates of HK-2 cells were separated with SDS-PAGE and
immunoblotted with antibodies for Bcl-XL, caspase-3, and XIAP.
Serum starvation was associated with a reduction of Bcl-XL and XIAP
after 24 h. EPO prevented the loss of Bcl-XL and XIAP, which was
accompanied by the inhibition of caspase-3 activation. Immunoblots
for caspase-3, Bcl-XL, and XIAP shown are representative of three
independent experiments.
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differences in the relative sensitivity of the assay but may also
be attributed to changes in mitochondrial membrane potential
leading to caspase-9 activation beginning during ischemia,
whereas the death receptor pathway may be activated only at a
later time point during reperfusion (30).

In summary, we demonstrate here that a single intrave-
nous bolus injection of recombinant human EPO, either
preischemia or just before the onset of reperfusion, attenu-
ates renal I/R injury in rats, via the inhibition of proapop-
totic caspase activation. We propose that the nonhemopoi-
etic pleiotropic effects of EPO have major implications in
the treatment of I/R injury to the kidney, in particular, and
possibly other organs.
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