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rythropoietin and Acute Renal Failure
dward J. Sharples and Muhammad M. Yaqoob

The hemopoietic growth factor erythropoietin (EPO) has been recognized to be a multi-
functional cytokine that plays a key role in ischemic preconditioning in the brain and heart.
The EPO receptor is expressed widely in the kidney, and we review the important findings
from the use of EPO in experimental models of acute renal failure that show that EPO
reduces tubular cell death and hence the dysfunction induced by ischemia reperfusion
injury, and we explore how these observations may be translated into the clinical arena.
Semin Nephrol 26:325-331 © 2006 Elsevier Inc. All rights reserved.
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cute renal failure (ARF), characterized by a sudden de-
terioration of renal function over a period of hours or

ays, resulting in the failure of the kidney to excrete nitrog-
nous waste products and to maintain both electrolyte and
uid homeostasis, complicates approximately 7% of all hos-
ital admissions in patients older than 40 years.1

The frequency of ARF varies greatly depending on the
linical setting, the age of the patient, and, particularly, the
efinition of renal insufficiency used. In certain scenarios,
uch as cardiac surgery requiring cardiopulmonary bypass,
he frequency of ARF may be as high as 15%.2 Hou et al3

howed an incidence of ARF of 5% (109 of 2,216 medical and
urgical patients), associated with decreased renal perfusion
42%), major surgery (18%), radiocontrast exposure (12%),
nd aminoglycoside administration (7%). Predictors of poor
rognosis included oliguria and relatively modest degrees of
enal dysfunction.

The classification and assessment of severity of ARF can be
ifficult to determine, and this hinders the design and re-
ruitment to randomized clinical trials using novel agents
dentified in animal studies. These issues of classification also
re hampered by the lack of accurate sensitive biomarkers to
llow early detection of alterations in glomerular filtration
ate (GFR). The recognition that serum creatinine is a rela-
ively poor marker of acute changes in GFR has led to interest
n novel biomarkers, including cystatin c and neutrophil ge-
atinase-associated lipocalin (NGAL).4,5

The severity of renal dysfunction may determine the nat-
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ral history and patient outcome in ARF. Few studies have
xamined the association between small changes in serum
reatinine level and patient outcome. Epidemiologic studies
an show only an association between ARF and mortality,
specially in (intensive therapy unit) ITU studies, because
RF often is part of the spectrum of multi-organ failure.
owever, published studies have shown a consistently in-

reased relative risk associated with ARF despite adjustment
or comorbid conditions and severity of illness. Levy et al6

ompared 183 patients with radiocontrast-associated ARF
nd 174 age-matched patients who received similar radio-
ontrast loads without developing ARF. The mortality rate
as 34% in patients with ARF versus 7% in those patients
ithout ARF. Adjusting for differences in comorbidity, the
dds of death were increased 5.5-fold in the ARF group. This
igh relative risk has been shown for a more heterogenous
ohort of patients. Chertow et al7 recently showed that, in a
tudy of 19,201 admissions to a large urban hospital, even a
0% increase in serum creatinine level was associated with an

ncreased mortality adjusted odds ratio of 5.8 (confidence
imits 4.6-7.5), with similar increases in mortality observed
ith only a 0.3 mg/dL increase in serum creatinine level.
Improvements in supportive therapy, and increased access

o hemofiltration and ITU support, have not led to a reduc-
ion in the mortality associated with the development of
RF.8 Currently therapy is limited to supportive and, in cer-

ain situations such as radiocontrast nephropathy, preventa-
ive strategies. There still is, therefore, an urgent need to
iscover new agents to alter the natural history of ARF. De-
pite a large number of agents that have proved successful in
nimal models of renal ischemia, the results of the clinical
rials of these agents, such as insulin-like growth factor-1,
ave been disappointing.9,10
Improved understanding of the pathologic mechanisms of
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326 E.J. Sharples and M.M. Yaqoob
xperimental acute kidney injury, and how the kidney re-
ponds and undergoes repair after an insult, is required to
etermine which new therapies may be effective when trans-

ated into clinical trials. In light of this knowledge, we review
he recent literature investigating the potential use of eryth-
opoietin (EPO) as a therapy in ARF.

Model of
athophysiology of Ischemic ARF

rolonged renal ischemia initiates epithelial and vascular cell
njury, resulting in a rapid decrease in GFR, correlating with
he clinical initiation phase of ARF. The extent of cellular
njury depends on the severity and duration of the ischemic
nsult. Sublethal insults disrupt the ability of vascular endo-
helial cells and tubular epithelial cells to maintain normal
omeostatic processes, and initiate an inflammatory milieu
hat contributes to the extent of injury. In the commonly
tudied standard small rodent models of renal artery clamp-
ng, the S3 segment of the proximal tubule that traverses the
uter-medullary segment, and the medullary thick ascending
imb are extremely susceptible to ischemic injury. The sensi-
ivity of the outer medulla derives from a combination of its
icrovascular architecture and a relatively low glycolytic ca-
acity to generate adenosine triphosphate in the setting of
apid adenosine triphosphate (ATP) depletion resulting from
mpaired oxidative phosphorylation. The medullary thick as-
ending limb of the loop of Henle, although situated in the
ame region, does not undergo the same extent of cell death
ecause there is a greater glycolytic capacity to generate aden-
sine triphosphate under ischemic conditions. The initiation
hase is followed immediately by a phase that recently has
een termed the extension phase.11 During the extension
hase, persistent hypoxia and hypoperfusion lead to worsen-

ng of epithelial and endothelial cell injury and cell death,
rimarily in the corticomedullary region of the kidney. The
aintenance phase represents a phase of stabilization of in-

ury, and subsequent correcting events leading to cellular
epair, division, and redifferentiation. This sets the stage for
mproved epithelial and endothelial cell function and recov-
ry of GFR during the recovery phase.

PO
PO is a glycoprotein hormone with a molecular weight of
0.4 kd. The gene for EPO, situated on chromosome 7q11 to
2, consists of 5 exons and 4 introns, and encodes a protein
recursor of 193 amino acids. During posttranslational mod-

fication, which consists of cleavage of a 27 amino acid se-
uence, glycosylation of 3 N-linked (at Asn-24, Asn-38, and
sn-83) and 1 O-linked (ser-126) amino acids, the removal
f arginine residue (Arg-166) from the C-terminal end yields
he final circulating EPO molecule comprising 165 amino
cids.12 The tertiary structure of erythropoietin is defined by
antiparallel �-helices. EPO was purified successfully by
iyake et al13 from the urine of a patient with aplastic ane-

ia.14 From tryptic fragments of this urinary EPO, DNA c
robes were synthesized for the isolation and cloning of the
uman EPO gene. Clinical trials of the use of recombinant
uman EPO in patients with anemia associated with end-
tage renal failure commenced shortly after,15,16 leading rap-
dly to universal uptake of EPO as standard therapy.

In adults, EPO secretion is primarily from the kidney, reg-
lated in response to hypoxia, to maintain an appropriate red
ell mass to manage normal tissue oxygen demand. Renal
roduction is restricted to a population of cells in the inter-
titium of the cortex and outer medulla. Immunohistochem-
cal characterization of EPO-producing cells by light and
lectron microscopy shows that they are fibroblast-like type I
nterstitial cells.17 The basal level of EPO secretion in the
icomolar range maintains a plasma concentration equiva-

ent to 15 to 25 IU/ L. The effects of erythropoietin on the
rythroid components of bone marrow are mediated by bind-
ng to specific receptors on erythroid precursors (intermedi-
te-stage erythroid burst-forming units and the erythroid col-
ny-forming units), which already have differentiated from
luripotent stem cells. Differentiation to this stage is not de-
endent on EPO because EPO receptor knock-out mice are

ncapable of erythropoiesis but have committed erythroid
urst-forming units and erythroid colony-forming units in
etal liver tissue.18 In the absence of EPO, the erythroid pro-
enitors undergo apoptotic cell death.19 EPO can support
fficiently the proliferation of murine erythroid progenitor
ells ex vivo, and induce entry into the cell cycle in dormant
ells.20

EPO gene expression is under the control of the oxygen-
ensitive transcription factor hypoxia-inducible factor (HIF-
), which consists of the regulatory subunit HIF-1� and the
onstitutively expressed subunit HIF-1�. Both subunits are
embers of multiprotein families and belong to the extended

amily of basic helix-loop-helix Per-Arnt-Sim homology
PAS) domain transcription factors. Low oxygen tension ad-
erts enzymatic prolyl-residue hydroxylation by prolyl-4-hy-
roxylase, which, in normoxia, serves as a signal for von
ippel-Lindau–dependent polyubiquitination and proteo-

omal degradation, thereby preventing HIF degradation,
eading to nuclear accumulation of HIF-1. The von Hippel-
indau gene product is the recognition component of a mul-
iprotein E3 ubiquitin-ligase complex that captures HIF 1�
hains that have undergone enzymatic prolyl hydroxyla-
ion.21

HIF activation has a diverse range of effects on the expres-
ion of several cytokines that mediate the adaptive response
o stress and ischemia, including pro-angiogenesis hormone
ascular endothelial growth factor, glucose transporters
GLUT1) and glycolytic enzymes, iron metabolism (trans-
errin), and a variety of genes involved in cellular prolifera-
ion, differentiation, and viability.22 The prolyl-4-hydroxy-
ase requires iron as a cofactor, and administration of cobalt

imics the effect of hypoxia with upregulation of HIF-1�–
ependent genes, including EPO.
There has been interest in the role of the HIF/EPO axis in

schemic preconditioning. Evidence supporting the essential
ole of EPO in delayed ischemic preconditioning in the heart

omes from work in transgenic HIF�/� mice, which express
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EPO and ARF 327
nly small amounts of constitutively expressed HIF-1, and
re resistant to the beneficial effects of an ischemic precondi-
ioning protocol in a model of myocardial ischemia.23 Al-
hough there is debate about whether the kidney benefits
rom this type of preconditioning, cobalt administration to
ats diminished the degree of renal injury caused by isch-
mia-reperfusion,24 suggesting that the HIF-dependent pro-
uction of adaptive mediators, particularly EPO, may play an

mportant role in renal protection by ischemic precondition-
ng.

rythropoietin and Ischemic
njury in the Brain and Heart
oth EPO and the EPO receptor are expressed functionally

n the nervous system of rodents, primates, and human
eings. In the mouse, EPO is present in the hippocampus,
apsula interna, cortex, and midbrain areas.25 In human
eings, EPO and the EPO receptor are expressed in both
strocytes and neurones, although the level of expression
aries according to gestation age, with reduced production
fter birth.26

Oxygen deficiency results in the induction of EPO in
rain tissues. Accumulation of EPO messenger RNA and
he EPO protein in response to hypoxia has been observed
n cultured astrocytes. EPO and the EPO receptor also are
nducible in the hippocampal neurones, although in vivo

odels show a broader upregulation during hypoxia.27

nitial experiments therefore have examined the potential
ole of EPO in the nervous system during cerebral isch-
mia. Infusion of EPO into the lateral ventricle of gerbils
ubjected to the occlusion of the common carotid arteries
revented ischemia-induced learning disability and res-
ued hippocampal neurones from degeneration.28 Several
tudies have confirmed the beneficial effects of EPO ad-
inistration in the course of ischemic brain injury in vivo,
sing systemic administration to overcome the impracti-
alities of ventricular delivery systems.29,30

Ischemia-related investigations examining the potential
f EPO to prevent neuronal injury also have been extended
o the spinal cord, peripheral nervous system, and visual
ystem. Systemic administration of EPO before or imme-
iately after retinal insult protects retinal ganglion cells
rom apoptosis and promotes the recovery of retinal func-
ion in mice.31 These findings led to the experimental use
f EPO in models of myocardial infarction. Several studies
ave shown that EPO reduces infarct size, and reduces the
egree of apoptosis, with beneficial effects on left ventric-
lar function and remodeling at later time points.32,33

The discovery by Westenfelder et al34 in 1999 that the
PO receptor is expressed throughout the kidney, includ-

ng tubular epithelium, the glomerulus, and in mesangial
ells, and that, in culture, proximal tubule epithelial cells
roliferated in response to EPO, led a number of groups to
xamine the effects of EPO on the natural history of isch-

mia-reperfusion injury to the kidney. r
n Vivo Evidence
or the Protective Role
f EPO in Renal Ischemic Injury

everal studies of the adverse effect of anemia on the course of
RF and the response to EPO were undertaken in the early
990s. Nemato et al35 administered a low- and high-dose
PO protocol (500/kg to 3,000 u/kg) to rats subjected to
nilateral nephrectomy and ischemia-reperfusion injury.
PO administration was associated with an increased hemat-
crit level, and there was a trend to increased survival in the
igh-dose EPO-treated animals. In comparison with latter
tudies, the rats used in these experiments only weighed
00 g, in a relatively severe injury model with a high animal
ortality rate, which may have caused the relative lack of

bserved effect of EPO on renal dysfunction.
Yang et al36 administered high-dose EPO (3,000 U/kg)

ntraperitoneally as a single dose 24 hours before the onset of
schemia to simulate preconditioning before acute renal isch-
mia-reperfusion injury. EPO preconditioning significantly
ttenuated the degree of renal dysfunction (serum creatinine)
bserved by 24 hours, which was associated with a reduced
roximal tubular epithelial cell death, measured by terminal
eoxynucleotidyl-mediated deoxyuridine triphosphate nick
nd labeling (TUNEL) staining. EPO administration caused
n increase in the expression of the antiapoptotic modulators
cl-2 and heat shock protein-70 in both sham-operated and
nimals subjected to ischemia reperfusion, with a concurrent
eduction in the activation of stress-activated mitogen activa-
ion stress kinase c-jun N-terminal kinases (JNK) after renal
schemia.

Vesey et al37 showed that EPO was effective when admin-
stered only 30 minutes before the initiation of ischemia, in a

odel in which Sprague-Dawley rats underwent nephrec-
omy and unilateral ischemia (30 min). A single high-dose
PO regimen (5,000 U/kg intraperitoneally) attenuated the

ncrease in creatinine level observed at 24 hours, and the
ifference between treatment groups was maintained at 72
ours. EPO significantly reduced apoptotic cell death in the
uter medullary thick ascending limb and S3 segment of the
roximal tubule. The decrease in cell death was associated
ith evidence of an effect on tubular proliferation, with in-

reased proximal tubule epithelial cell mitosis seen at 24
ours. This enhanced tubular regeneration associated with
PO was confirmed by increased tubular staining for prolif-
rating cell nuclear antigen. This apparent effect of a single
reischemia administration on tubular recovery is an impor-
ant potential mechanism by which EPO may act in the re-
overy phase of ARF, even when solely administered as a
olus pretreatment.
We have studied the effects of several different EPO pro-

ocols on the course of ARF in an established short-term rat
odel of bilateral ischemia-reperfusion injury.38 Low-dose
PO was administered as a single intravenous bolus (300
/kg) to 3 treatment groups: as a 30-minute pretreatment, at

he time of reperfusion, or 30 minutes after the onset of

eperfusion, to determine which protocol offered the best
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328 E.J. Sharples and M.M. Yaqoob
rgan protection. A single dose was studied to determine the
fficacy of the timing of treatments. All 3 EPO-treated groups
howed significant reduction in the degree of renal dysfunc-
ion observed at 6 hours, although administration 30 min-
tes after reperfusion was associated with lesser, but signifi-
ant, functional and histologic protection. The improvement
n renal function and preservation of normal tubular archi-
ecture on histologic examination was associated with a sig-
ificant reduction in tissue caspase-3 activity, using immu-
ohistochemistry for the active fragment of caspase-3 and
uantitative analysis of apoptotic cell death in proximal tu-
ule segments.39 We also have observed that EPO therapy
iven as late as 2 hours into the reperfusion period still is
ssociated with significant functional protection at 24 hours
Sharples EJ, unpublished data). A beneficial response to late
nitiation of EPO treatment has been observed in models of

yocardial infarction and stroke, although there may be an
mportant effect of dose on these late effects because Moon et
l40 showed only a beneficial effect 12 hours after reperfusion
n those animals treated with very high EPO dosages.

These findings are encouraging, however, because even
dministration late in the clinical presentation may influence
he subsequent natural history of acute ischemic injury, and
llow those patients who present late to benefit from therapy.

oes EPO Solely Act on the
roximal Tubular Epithelium?

lthough these studies have concentrated on the effects of
PO administration on tubular cell injury, the endothelium
lays an important role in the development and maintenance
f ischemic renal injury.
A decrease in renal blood flow is of critical importance in

nitiating and extending the pathophysiology of ischemic
RF. Under physiologic conditions, the oxygen tension of

he kidney decreases from the outer cortex to the inner me-
ulla.41 The blood flow to the outer medullary or corticomed-
llary junction remains approximately 10% of normal during
arly reperfusion, leading to congestion caused by interstitial
dema, red blood cell trapping, leukocyte adherence, and
xtravasation.42 Permanent damage to the peritubular capil-
aries occurs in rats subjected to prolonged renal ischemia,
nd this may be associated with the development of tubulo-
nterstitial fibrosis and poor urine concentrating ability in the
ostischemic kidney.43

Interventions designed to reverse endothelial dysfunction
ave been shown to minimize subsequent renal injury.
ransplantation and engraftment of functionally mature en-
othelial cells into the circulation of postischemic rats pro-
ected the kidney from ischemic injury. In the same study, a
eduction in renal dysfunction also was observed after trans-
lantation of human embryonic kidney cells (HEK293) sta-
ly transfected with human endothelial nitric oxide synthase
eNOS), showing the importance of eNOS-derived NO in the
aintenance of endothelial integrity.44

Capillary endothelial cells express the EPO receptor in

heir intraluminal surfaces. EPO antagonizes apoptosis of en- t
othelial cells subjected to hypoxic stress in vitro,45 and
herefore might play a role in maintaining the integrity of the
icrovasculature. EPO also upregulates the expression of

NOS in endothelial cells, and might rapidly increase eNOS
ctivity via protein kinase B (AKT)-dependent eNOS phos-
horylation.46 Through this mechanism, EPO may maintain
ormal vascular autoregulation, thereby preventing amplifi-
ation of tubular hypoxia. The effects of EPO on endothelial
ell survival and function are likely to be a major component
f the mechanism of organ protection. These beneficial ef-
ects of EPO on the endothelium may be dose dependent
ecause higher doses of EPO reduce the activity of dimethy-

arginine dimethylaminohydrolase, the enzyme that de-
rades asymmetric dimethylarginine, which is an endoge-
ous inhibitor of eNOS and accumulation of asymmetric
imethylarginine is associated with oxidative stress and en-
othelial dysfunction.47

EPO also has been shown to stimulate endothelial cell
itogenesis and angiogenesis, which improve tissue oxygen-

tion. EPO stimulates revascularization and healing in animal
odels of ischemic skin flaps.48 Studies in mice and human

eings have shown that EPO is a potent stimulator of endo-
helial progenitor cell mobilization from the bone marrow,
ncreasing the number of circulating endothelial progenitor
ells, which may play a role in regeneration of damaged en-
othelium.49,50 A 3-day subcutaneous preconditioning EPO
egimen (1,000 U/kg EPO per day), based on the regimen
nown to stimulate production of endothelial progenitor
ells, was compared with a single subcutaneous administra-
ion of EPO (1,000 U/kg) at the time of reperfusion in a
urine model of ischemia-reperfusion injury.51 Male
57BL/6J mice weighing 25 to 30 g underwent 30-minute
ilateral renal clamping followed by 24 hours of reperfusion.
oth protocols conferred significant protection from isch-
mia-reperfusion injury, although a greater reduction in in-
ury marker intensity was observed in the preconditioned
roup. Given the half-life of EPO, this is unlikely to be merely
dose effect, and suggests that genomic pathways induced by
PO are crucial to its effects. That mobilization of endothelial
rogenitor cells and either maintenance or repair of endothe-

ial integrity are involved in the protective effect of EPO in
his model is an attractive hypothesis. Further work is re-
uired to determine the contribution of endothelial progen-

tor cell mobilization and preservation of capillary architec-
ure to the minimization of renal dysfunction after ischemia.

oes EPO Have Similar
ffects in Other Models
f Experimental Renal Failure?

aziri et al52 previously had used EPO in a model of cisplatin
ephrotoxicity (7 mg/kg intraperitoneally) in Sprague-Daw-

ey rats, and then administered EPO 100 U/kg/d for 9 days.
PO significantly increased the calculated creatinine clear-
nce at day 9 when compared with vehicle-treated animals.
he early improvement in creatinine clearance in EPO-
reated animals was maintained over the course of 6 weeks, at
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EPO and ARF 329
hich point full functional recovery occurred in the vehicle-
reated animals. The enhanced functional recovery was ac-
ompanied by increased [3H]thymidine incorporation as a
arker of increased tubular regeneration.
The long-term benefit of reducing the severity of initial

idney injury also has been shown to reduce progressive
ysfunction in a rat remnant kidney model. Sprague-Dawley
ats underwent a single-stage 5/6th nephrectomy procedure,
nd were followed-up for 6 weeks. Darbopoetin (0.1 �g/kg)
ubcutaneously administered once weekly significantly re-
uced apoptotic cell death between days 4 and 14 after sur-
ery, associated with persistent AKT phosphorylation, and
his reduction in apoptosis led to partial preservation of renal
unction at 6 weeks when compared with vehicle-treated
nimals.53

The angiogenic effects of EPO and the synergistic interac-
ion with vascular endothelial growth factor on vessel gener-
tion observed in vivo also may play an important role in
emodeling peritubular capillary networks after ischemic in-
ury.54 Rarefaction of the networks can be seen in the rem-
ant model, but also occurs after ischemic injury, and con-
ributes to persistent tissue hypoxia and promotion of
brosis.43 Bahlmann et al53 showed that EPO maintained
eritubular capillary density in the remnant kidney by im-
unohistochemical staining for CD31.

echanisms of
ellular Protection by EPO

uch of the pathways activated by EPO binding to its mem-
rane-bound homodimeric receptor have been established in
ematopoietic cells.12

Fishbane et al55 exposed porcine kidney epithelial cells
LLC-PK1) to several insults with and without darbopoetin
50 ng/mL). Darbopoetin significantly reduced apoptotic cell
eath in response to 16 hours of hypoxia (1% oxygen). Sim-

lar experiments performed with an inactive recombinant
PO molecule did not offer protection. Vesey et al37 showed

hat high doses of EPO reduced hypoxia-induced cell death
n primary proximal tubular epithelial cells. These studies
id not address the mechanism by which EPO exerts these
ffects.

We have examined the effects of EPO on immortalized
uman proximal tubular epithelial cells (HK-2) in a variety of
xperimental settings. EPO caused a dose-dependent (10-
00 U/mL) increase in cell viability in serum-deprived cells,
ssociated with a reduction in DNA fragmentation observed
t 24 and 48 hours. EPO increased the expression of several
ntiapoptotic proteins, including Bcl-XL and XIAP, and pre-
ented the activation of caspase-3.39 There is evidence that
he phosphatidylinositol 3-kinase/AKT pathway is involved
n EPO-dependent cell survival with the demonstration that
he phosphatidylinositol 3-kinase inhibitor LY294002 inhib-
ts the protective effects of EPO in these models. AKT phos-
horylates multiple targets that influence apoptotic signal-
ng. These preliminary investigations allow us to develop a o
aradigm for the multiple effects of EPO that may contribute
o the reduction in ischemic injury (Fig 1).

an These
xperimental Findings Be
ranslated to Clinical Practice?

here now is experimental evidence from these rodent mod-
ls of ARF that EPO can reduce the severity of acute kidney
njury induced by ischemia reperfusion, systemic shock, and
ephrotoxic insults, and also may contribute to the process of
ubular regeneration through direct effects on tubular epithe-
ial cells. It has been established that EPO exerts direct effects
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igure 1 Potential mechanism of antiapoptotic effects of erythropoi-
tin. EPO and the EPO receptor prevent apoptosis and cellular
nflammation through a series of pathways that originate with auto-
hosphorylation and activation of Janus kinase-2 (JAK2) after bind-

ng of EPO to its receptor. JAK2 phosphorylates several tyrosine
esidues on the intracellular portion of the receptor, facilitating
inding of proteins containing src-homology (SH-2) domains. The
85 subunit of phosphatidylinositol-3 kinase (PI3K) interacts with
he receptor, possibly via scaffolding proteins, and this leads to
hosphorylation of protein kinase B (AKT). AKT has multiple effects
n cell survival by maintaining mitochondrial integrity directly and
hrough the inhibition of several pro-apoptotic mediators including
ad, caspase-9, and GSK-3, and inhibits the activation of c-jun
-terminal kinases by stabilization of ASK-1. Via JAK2, EPO acti-
ates members of the signal transducer and activator of transcrip-
ion (STAT) family of transcription factors that enhance cell prolif-
ration and survival. The STAT member activated appears to be
ell-type specific. Activation of the transcription factor nuclear
actor-�B is dependent on JAK2 activity, and might require phos-
horylation of inhibitor of kappa �-alpha (I�B) kinase by AKT.
F�B induces expression of endogenous inhibitors of apoptosis,

ncluding X-linked inhibitor of apoptosis, which inhibits caspase-3,
aspase-7, and caspase-9. EPO maintains mitochondrial membrane
ntegrity and prevents apoptosis by enhancing expression of Bcl-XL,
hich interacts with the pro-apoptotic bcl-2 homology region 3

BH3) protein Bax. This interaction prevents the release of cyto-
hrome C and activation of caspase-9 and caspase-3. (Color version
f figure is available online.)
n both endothelial and tubular epithelial cells that contrib-
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330 E.J. Sharples and M.M. Yaqoob
te to the reduction in organ damage, although the relative
mportance of the site of action remains to be elucidated.

It is still to be determined which of the different treatment
trategies used in these models may translate best to human
eings, and particularly the timing of intervention and how

ate in the natural history of ARF can EPO still achieve a
ignificant response are of great interest. The doses used in
everal early trials (3-5,000 U/kg) would equate to massive
oses in human beings, with particular concerns on the ad-
erse effects on polycythemia, endothelial dysfunction, and
hrombogenicity, although it seems as though significantly
ower doses, such as those used by Vaziri et al52 and Bahl-

ann et al,53 would have similar therapeutic potential. The
uccessful outcome of a proof-of-concept trial in stroke pub-
ished in 2002 should encourage clinical trials in ARF.56 The
ntroduction of new derivatives of EPO that do not signifi-
antly affect hemopoiesis may make these agents attractive
or use in clinical trials, but standard EPO formulations have
he advantage of long-term patient safety data, familiarity,
nd availability.57,58

EPO therapy does suffer from potential side effects. Re-
ently, the observation that a large number of tumors and
umor cell lines express a functional EPO receptor,59,60 and
he early stoppage of a trial of EPO in patients with head and
eck cancers because of increased mortality rates,61 have led
o a great deal of debate over the potential use of EPO in new
linical arenas. As yet, the scientific studies have not come to
conclusion, with some evidence suggesting a synergistic

ffect of EPO and conventional chemotherapy in some tu-
ors.62

The management of the patient with ARF remains a major
hallenge, with significant morbidity and mortality. The ex-
erimental evidence suggests that EPO may open a new di-
ection in the treatment of these patients.
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