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ABSTRACT

Context: There is a need to define the exact benefits and contraindications of  use 
of  high-dose recombinant human erythropoietin (EPO) for its non-hematopoiet-
ic function as a cytokine that enhances tissue repair after injury. This review com-
pares the outcomes from use of  EPO in the injured heart and kidney, two organs 
that are thought, traditionally, to have intrinsically-different repair mechanisms. 
Evidence Acquisitions: Directory of  Open Access Journals (DOAJ), Google Schol-
ar, Pubmed (NLM), LISTA (EBSCO) and Web of  Science have been searched.
Results: Ongoing work by us on EPO protection of  ischemia-reperfusion-injured 
kidneys indicated, first, that EPO acutely enhanced kidney repair via anti-apop-
totic, pro-regenerative mechanisms, and second, that EPO may promote chronic 
fibrosis in the long term. Work by others on the ischaemia-injured heart has also 
indicated that EPO promotes repair. Although myocardial infarcts are made up 
mostly of  necrotic tissue, many publications state EPO is anti-apoptotic in the 
heart, as well as promoting healing via cell differentiation and stimulation of 
granulation tissue. In the case of  the heart, promotion of  fibrosis may be advan-
tageous where an infarct has destroyed a zone of  cardiomyocytes, but if  EPO 
stimulates progressive fibrosis in the heart, this may promote cardiac failure. 
Conclusions: A major concern in relation to the use of  EPO in a cytoprotective 
role is its stimulation of  long-term inflammation and fibrosis. EPO usage for 
cytoprotection is undoubtedly advantageous, but it may need to be offset with an 
anti-inflammatory agent in some organs, like kidney and heart, where progres-
sion to chronic fibrosis after acute injury is often recorded.
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1. Context
ach year, acute kidney injury (AKI) from 
multiple causes affects many millions of 
people throughout the world (1). There 

are few successful therapies and approximately 
two-thirds of  these patients will die. Ischemia-re-
perfusion (IR) is the most common cause of  AKI 
and acute renal failure. Coronary heart disease is 
the most common cause of  death throughout the 
world and is predicted to remain so until 2030 (2-
4). Myocardial infarct (MI), or hypoxic-ischaemic 
heart, is a common cardiovascular disease and is 
responsible for substantial global morbidity and 
mortality. These examples of  acute injury in kid-
ney and heart have poor treatment options. Sup-
raphysiological dosing with the drug recombinant 
human erythropoietin (EPO) is being trialled as a 
potential therapy for AKI and MI.
 EPO ensures the numbers of  mature eryth-
rocytes that maintain correct haemoglobin levels 
and oxygenation of  tissues. It acts via EPO re-
ceptors (EPORs) on the surface of  erythrocyte 
progenitor cells (5), stopping their death by apop-
tosis and stimulating production of  mature eryth-
rocytes. This action promotes higher levels of 
haemoglobin and tissue oxygenation. Although 
EPO is typically administered to treat anaemia, 
the drug is also now known to possess useful 
non-hematopoietic functions, in particular as a 
cytokine that enhances repair after injury, acting 
via EPORs that are present on many cell types 
beyond those of  the haemopoietic system (6). 
EPO administration ameliorates injury in kidney 
and heart (7-12), as well as injuries of  the spinal 
cord, retinal neurons, skin, peripheral nerves, gut, 
lung, bowel, liver and pancreas (13-22). It acts via 
a combination of  suppressed apoptosis and stim-
ulated mitogenesis and cellular differentiation. 
Human trials for both AKI and MI are presently 
underway (23-30).
 In this review, we discuss the role of  EPO 

during wound healing and compare responses in 
both the kidney and heart. In addition to dem-
onstrated beneficial effects, the review will also 
discuss evidence pertaining to potential long-term 
deleterious effects of  EPO administered for acute 
injury, such as myofibroblast transformation, neo-
angiogenesis and chronic fibrosis. Future analyses 
of  cellular and molecular pathways involved in 
EPO-stimulated tissue repair are warranted.

2. Evidence Acquisition
 PubMed, Web of  Science and Google Schol-
ar were searched with key words relevant to use 
of  EPO as a cytoprotectant, acute kidney injury, 
myocardial infarct, repair and fibrosis.

3. Results 
 Erythropoietin  is a glycoprotein hormone 
that is best known for its regulation and stimu-
lation of  the production of  red blood cells, of-
ten under the influence of  hypoxia (6). Endog-
enous erythropoietin is produced primarily by 
renal cortical fibroblasts in response to hypoxia 
(31, 32). Whether synthesised as the endogenous 
hormone or delivered as a recombinant drug, 
EPO has an anti-apoptotic action on erythrocyte 
progenitors leading to stimulated erythropoiesis 
and production of  mature erythrocytes. Other 
regulatory factors subsequently act to induce 
commitment and further maturation of  the cells 
involved in the red cell lineage (33). The initiation 
of  erythropoiesis enhances tissue oxygenation, 
which in turn regulates erythropoiesis via nega-
tive feedback (31).
 EPOR is a type I cytokine receptor that is 
expressed on many cell types, including hema-
topoietic cells, endothelial and vascular smooth 
muscle cells, neurones, microglia, astrocytes and 
myelin sheaths, proximal tubule epithelium, re-
nal cell carcinoma cells that originate from the 
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proximal tubular epithelium, glomerular mesan-
gial cells, cardiomyocytes, myoblasts, enterocytes, 
mast cells, macrophages, myeloid cells, lympho-
cytes and megakaryocytes (34). In these cells, 
EPO exerts anti-apoptotic, anti-inflammatory, 
pro-regenerative, pro-angiogenic and cell differ-
entiation effects. There is more recent evidence 
that EPO mediates tissue protection via another 
receptor, the common β-subunit heteroreceptor 
(βcR), that appears to have a physical and func-
tional interaction with the EPOR (35).
 Mechanistically, EPO modulates cellular sig-
nal transduction pathways to act in a cytoprotec-
tive fashion, particularly against hypoxia. There 
are several signalling pathways that have been 
described, but three main pathways still pre-
dominate: The classical pathway is where bind-
ing of  EPO to EPOR initiates recruitment and 
phosphorylation of  Janus kinase 2 (JAK2) (36), 
followed by recruitment of  the transcription fac-
tor Stat5, which is then phosphorylated and di-
merised by its interaction with JAK2. JAK2 then 
moves to the nucleus to upregulate Bcl-xL, an an-
ti-apoptotic gene of  the B-cell lymphoma (Bcl-2) 
gene family. The second pathway involves nuclear 
factor-κB (NF-κB), a survival protein induced by 
stress or inflammation. JAK2-dependent NF-κB 
activates an IκB kinase complex, and the release 
of  NF-κB, which moves to the nucleus to stimu-
late expression of  anti-apoptotic genes (37). In 
the third pathway, the EPO-EPOR interaction 
activates other survival kinases, such as mitogen-
activated protein kinase (MAPK), phophatidyl-
inositol 3-kinase and Akt to increase the rates of 
survival, proliferation and differentiation of  the 
stimulated cells (38).
 One of  the usual concerns about the systemic 
use of  EPO for cytoprotection is that, as well as 
tissue protection and stimulation of  repair, there 
could be augmented stimulation of  erythrocyte 

concentrations leading to increased blood vis-
cosity and an increased risk of  thrombosis (39). 
There are now some non-erythrocyte stimulat-
ing EPO agents, such as carbamylated EPO, that 
provide similar cytoprotection to EPO (40, 41) 
but do not stimulate erythropoiesis, thereby miti-
gating the risk of  clotting and allaying concerns 
about abnormally-stimulated erythrocyte popula-
tions. Another concern about the use of  EPO 
as a cytoprotective agent is that its anti-apoptotic 
actions may inadvertently stimulate cancer cell 
growth (42, 43). Finally, some inflammatory cell 
types with EPORs may be stimulated beyond 
their usefulness in the repair process. For exam-
ple, cells central to fibrosis, like myofibroblasts 
and macrophages, may remain stimulated after 
repair has been completed, thereby contribut-
ing to progressive fibrosis. These concerns need 
careful analysis.

3.1. Wound healing – essential after injury
 Wound healing is a normal and complex pro-
cess that is initiated in response to tissue injury 
to restore the function and integrity of  dam-
aged tissues. Tissue injury stimulates the influx 
of  inflammatory and vascular endothelial cells 
during wound healing, the latter because angio-
genesis is an essential component of  wound heal-
ing. Remodelling not only requires an increase in 
extracellular matrix (ECM) production, but also 
important changes in fibroblast to myofibroblast 
phenotypes. Central to repair after injury is the 
stimulation of  granulation tissue, fibrous connec-
tive tissue that consists of  macrophages, new ves-
sels, myofibroblasts, and collagen or other similar 
binding proteins (44-47). Myofibroblasts are of 
varying lineages but can be thought of, simply, as 
fibroblasts that express smooth muscle cell pro-
teins, such as α-smooth muscle actin. Expression 
of  these proteins helps to provide tensile strength 
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to repairing tissue. In the heart, myofibroblasts 
have higher connexin-43 levels than fibroblasts, 
with the result that electrical coupling between 
isolated myocytes and myofibroblasts increases 
(48). This observation is important, because con-
tacts between fibroblasts and cardiomyocytes in 
intact and healthy hearts are weak, and electro-
physiological stimulation of  myocytes may pro-
mote cardiac fibrosis. 
 EPORs have been immunolocalized to cells 
in granulation tissue: EPOR immunoreactivity 
was present in fibroblasts, macrophages, smooth 
muscle cells, and endothelium (47). Immunohis-
tochemical analysis also revealed βcR immuno-
reactivity in granulation tissue fibroblasts, mac-
rophages, smooth muscle cells, and endothelium 
(35). Expression of  EPOR in wound macro-
phages was validated by performing double im-
munofluorescence for a macrophage marker and 
EPOR on the same granulation tissue section. 
EPO stimulates angiogenesis in granulation tis-
sue (35), suggesting that the pro-repair effect of 
EPO is associated, at least in part, with its stimu-
latory actions on the proliferation and migration 
of  endothelial cells during wound healing. Thus, 
EPO’s ability to stimulate healing via production 
of  a healthy granulation tissue is useful. The di-
minished healing response after administration 
of  EPO antagonists provides evidence for the 
involvement of  an endogenous EPO-EPOR sys-
tem in the wound-healing cascade, that could be 
stimulated by delivery of  high doses of  the EPO 
drug (47). However, the conundrum of  stimulat-
ed healing versus stimulated progressive chronic 
fibrosis must again be considered.

3.2. Inflammation - acute and chronic, and the role of  the 
endothelium
 Inflammatory responses in the heart and kid-
ney after ischaemia-reperfusion injury can pro-

vide either beneficial or harmful results after 
injury. Healthy endothelium is central to inflam-
mation in repair. Inflammatory cells themselves, 
however, produce endogenous cytotoxic factors 
and reactive oxygen species (ROS). The action of 
cells in the inflammatory response to ischaemia-
reperfusion, such as neutrophils, lymphocytes, 
monocytes, macrophages, myofibroblasts and the 
vascular endothelium, can be modulated by EPO 
(48). However, the interrelationships between the 
responses to EPO, such as the needed anti-apop-
totic effect on the damaged intrinsic functioning 
tissue, the beneficial stimulation of  acute and 
chronic inflammatory cells, and the influence of 
a healthy endothelium in repair, need definition 
to develop or adapt therapies and promote best 
long-term outcome. The participating cells in in-
flammation that are likely to be most relevant to 
ischaemia-reperfusion-injured heart and kidney, 
and are possibly tissue-specific to these tissues, 
are listed below, along with questions that are rel-
evant to this review.
3.2.1.Neutrophils
 These short-lived acute inflammatory cells are 
a source of  ROS. Whilst necessary for phago-
cytosis of  necrotic tissue, their prolonged pres-
ence can be damaging by causing excess oxidative 
stress (49). In the heart, the invasion of  neutro-
phils in the first 48h after infarction is marked. In 
contrast, in the kidney, the numbers of  neutro-
phils are much more moderate. This may relate to 
the necrotic cells of  the renal tubular epithelium 
being sloughed into the tubular lumen, within an 
often intact basement membrane, rather than the 
more open nature of  a heart infarct. Does EPO 
minimise the detrimental effects of  neutrophils 
in heart and kidney after IR? 
3.2.2.Monocytes and macrophages
 Monocytes are attracted to the site of  injury 
via the vasculature, or may be activated to macro-
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phages in situ. There are two macrophage pheno-
types – M1 (damaging) and M2 (protective with 
reduced chemokine and inflammatory cytokine 
expression) (50). Does EPO modulate the bal-
ance of  M1 and M2 macrophages in ischaemia-
reperfusion-injured heart and kidney? 
3.2.3. Myofibroblasts
 In injured heart and kidney, there is likely to be 
a differing, tissue-specific, window of  time when 
activated myofibroblasts are beneficial in repair, 
with their prolonged presence leading to excess 
fibrosis and scarring. Myofibroblasts express re-
parative cytokines, such as EPO (31), hypoxia-
inducing factor (HIF)-2α, insulin-like growth fac-
tor-1 and its binding proteins (51, 52). We know 
that EPO causes excess stimulation of  myofibro-
blasts in repair after AKI (53). Does it promote 
healing of  the infarcted heart, where rapid build-
ing of  a scar is central to repair? 
3.2.4. Endothelium
 Endothelial injury plays a key role in tissue 
damage of  ischaemia-reperfusion (54). Stimula-
tion of  the endothelium and its progenitor cells 
has some benefits in allaying or repairing such 
injury. Does EPO act directly on endothelium, 
stimulating endothelial progenitor cells and an-
giogenesis, or act via a secondary cytokine/
growth factor to stimulate a healthy endothelium 
and minimise inflammation in the ischaemia-re-
perfusion-injured heart and kidney?

3.3. The heart and kidney repair differently after injury 
 The adult heart and kidney are both affected 
by postnatal limitations on regeneration after re-
pair: the cardiomyocytes of  the heart are consid-
ered to be permanent, terminally differentiated, 
cell populations with limited ability for mitosis to 
replace necrotic cells (55); the kidney is limited 
by a lack of  postnatal nephrogenesis, but the re-
nal epithelial cells are considered stable, that is, 

they have the ability to enter the cell cycle for re-
generation and repair if  stimulated (56). Necrosis 
predominates in the heart infarct, whereas both 
apoptosis and necrosis occur in the ischaemia-
injured kidney. Thus, inflammation may occur 
to a larger extent in MI compared with AKI. In 
part because of  these characteristics, the heart 
and kidney repair differently after injury to their 
respective intrinsic working cells. The reasons are 
discussed in the following paragraphs.
3.3.1. Healing after acute MI
 In acute MI, the lesion is typically character-
ised by a central necrotic core (the infarct) sur-
rounded by a variably-sized region of  potentially 
reversibly-injured cells at risk of  further degenera-
tion.  Inflammatory reactions, and the build-up of 
self-perpetuating oxidative stress through increas-
ing ROS, may significantly expand the original ne-
crotic core. There is some evidence that apoptosis 
also plays a role. For example, overexpression of 
the anti-apoptotic gene Bcl-2 inhibits cardiomy-
opathy induced by prior MI (57) and deletion of 
the anti-apoptotic gene ARC exacerbates car-
diomyopathy following aortic constriction (58). 
However, many papers claiming to identify apop-
tosis only have molecular analyses of  apoptosis 
using whole tissue protein extract, such as expres-
sion of  cleaved caspase-3, or localised labelling 
with the terminal deoxynucleotidyl transferase 
(TdT)-mediated dUTP nick end-labelling (TU-
NEL) assay for apoptosis without co-labelling of 
the cell type that has died. We believe apoptosis 
of  inflammatory cells may occur at least as often 
as that of  cardiomyocytes, and probably more so. 
Our recent analyses after MI (unpublished data), 
and that of  others (59) after ischaemic injury, in-
dicate that apoptosis of  cardiomyocytes is a rare 
phenomenon in the adult heart (<0.1% in cardio-
myocytes), and so an anti-apoptotic mechanism 
of  EPO in cardiomyocytes is unlikely when EPO 
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is successful in treatment of  MI. 
 The heart is formed by different types of  cells, 
but mainly cardiomyocytes and fibroblasts. In 
some species, fibroblasts account for more than 
half  of  all heart cells and produce the ECM, 
which is composed of  several types of  collagen, 
as well as fibronectin (60). Cardiac fibroblasts and 
the ECM form a network to which the myocytes 
attach, and this helps maintain the structural in-
tegrity of  the heart, while enabling fibroblasts 
to maintain mechanical forces on the myocytes. 
The bulk of  healing in the infarcted heart is via 
building of  a scar (61). Although it was previously 
considered that tissue fibrosis, in general, was the 
result of  the activation and expansion of  the pool 
of  resident fibroblasts of  mesenchymal origin, 
this concept has recently been challenged. Two 
hypotheses have been advanced: that resident cells 
of  other lineages can differentiate into mesenchy-
mal cells; or that a pool of  bone marrow-derived 
fibrocytes accumulate in tissue in the presence 
of  appropriate homing signals. Transdifferentia-
tion of  viable cardiomyocytes to myofibroblasts 
(epithelial-to-mesenchymal transdifferentiation, 
or EMT) may occur under the influence of  pro-
fibrotic growth factors in repair (62). 
 After healing of  a substantial sized infarct, 
heart failure is likely to occur via diffuse inter-
stitial myocardial fibrosis. Heart failure is a com-
mon and disabling clinical syndrome that increas-
es morbidity and mortality after repair of  the MI 
(60). Given the critical role of  the cardiac fibro-
blast in heart failure, it is important to understand 
the factors that determine the abundance and 
activity of  these cells. Limiting expansion of  the 
infarcted core (by an anti-fibrotic, anti-inflam-
matory mechanism) and repairing the necrotic 
core with minimal fibrosis is of  immense benefit. 
EPO may promote such an outcome in the heart 
after MI. 

3.3.2. Healing after AKI
 AKI from multiple causes is characterised by 
death of  the tubular epithelium and activation 
and expansion of  the tubulointerstitium with 
inflammatory cells and ECM (63). The lesion 
may have extensive death (apoptosis and necro-
sis) and desquamation of  the tubular epithelium 
into the lumen of  the nephron, particularly in the 
outer stripe of  the outer medulla and the thick 
ascending limb of  the loop of  Henle in the case 
of  ischaemia-reperfusion injury. Thus, successful 
repair of  kidney injury needs replacement of  the 
tubular epithelium and minimal fibrosis. We have 
demonstrated that there is increased presence 
and activation of  fibroblasts in the interstitial 
space and EMT in the tubular epithelium (64). 
Provided the basement membrane of  the tubules 
is not disrupted, and there are some remnant 
tubular epithelial cells, we believe these cells re-
generate by marked mitosis (65) and also perhaps 
mesenchymal-to-epithelial transdifferentiation. 
 The extent of  recovery, and indeed progres-
sion to chronic kidney failure, depends on the 
severity of  the insult. Compensatory structural 
changes in the kidney may cause the loss of  renal 
function in focal damaged areas to be masked. 
Apoptosis and necrosis occur in the tubular epi-
thelium (7, 8) and infiltrating leukocytes (neutro-
phils, monocytes, lymphocytes) appear rapidly as 
part of  the acute repair process. Macrophages 
participate in removal of  necrotic and apoptotic 
cells, and myofibroblasts are seen in the intersti-
tial space, sitting closely around the basement 
membranes of  damaged nephrons (52). Cellular 
proliferation is stimulated to replace the dead or 
damaged epithelial cells. Recovery after acute tu-
bular necrosis may involve extensive remodeling 
of  the tubules. Contrary to the long-held belief 
that only acute injury can be repaired, while on-
going chronic damage leads to progressive neph-
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ron loss, evidence is emerging that some degree 
of  renal remodeling occurs even in the presence 
of  persistent structural changes (66). Limiting the 
extent of  cell death and promoting proliferation 
of  the tubular epithelium (these can be accom-
plished with EPO) while minimising extensive 
tubulointerstitial myofibroblast activation and fi-
brosis would be of  immense benefit. 

3.4. EPO therapy in heart
 Cardiomyocytes have EPORs (71). If  apop-
tosis of  cardiomyocytes is a rare phenomenon in 
the adult heart after ischaemic injury (<0.1% in 
cardiomyocytes) (59), the anti-apoptotic mecha-
nism of  EPO in cardiomyocytes is unlikely to 
be acting in a substantial way when EPO is used 
successfully in treatment of  MI. Yet studies in 
EPOR knockout mice have confirmed the role of 
EPORs in cardioprotection and have described 
the presence of  apoptosis in MI (67). How then 
does EPO benefit the heart? EPO administration 
reduces the size of  ischaemia-induced MI after 
ischaemia (68, 69). Gao et al (70) used the long-
acting EPO, darbepoetin, delivered as late as 24h 
after the ischaemic insult. They found a significant 
reduction in the size of  the MI, improved cardiac 
reserve and reported a decrease in cardiomyocyte 
apoptosis. Treatment with EPO improved left 
ventricular function and induced angiogenesis in 
a model of  MI in rats and delayed EPO therapy 
reduced post-infarct cardiac remodelling (71, 72). 
Myocardial angiogenesis is promoted by EPO via 
protection from apoptosis of  endothelial pro-
genitor cells in the bone marrow, a direct stimu-
latory effect on myocardial endothelial cells and 
enhancement of  the activity of  endothelial pro-
genitor cells (73). Systemic effects of  high dose 
EPO delivery were considered by Kobayashi et 
al (74, 75). They therefore examined the effect of 
a local EPO-containing delivery system applied 

to the surface of  an ischaemic infarct of  rabbit 
heart. The infarct size was reduced and left ven-
tricular remodelling improved long-term in the 
EPO-treated animals. These changes were asso-
ciated with increased vascular endothelial growth 
factor concentrations, augmented angiogenesis, 
activation of  the MAPK extracellular signal-reg-
ulated kinase (ERK) (presumably for stimulation 
of  mitosis and cell differentiation), and increased 
levels of  Akt and Stat-3 (74, 75). There was also 
evidence of  metalloproteinase expression and re-
duction of  fibrotic areas in the heart.
 The clinical implications of  these observa-
tions are important. The ability for EPO to pro-
vide protection even after the MI has occurred, 
its stimulation of  angiogenesis and its influence 
on reducing fibrosis should improve patient 
outcomes. In MI patients, endogenous levels of 
erythropoietin increased after MI and remained 
elevated for some time after the injury (76, 77). 
There were concerns about the high dose bolus 
of  EPO required for its cardioprotective effect 
because use of  EPO is associated with polycy-
thaemia, and significant risk of  thromboembolic 
complications. Safety considerations of  single 
high dose EPO were studied by Lipsic et al (69). 
The single bolus of  60,000 IU EPO delivered in 
patients with acute MI was not associated with 
significantly increased blood pressure and plasma 
haemoglobin levels, although plasma EPO con-
centrations increased 200-fold over normal lev-
els. Endothelial progenitor cells increased in the 
EPO-treated patients. However, results seen in 
experimental animals have not, in general, trans-
lated well to human studies (78). Clinical trials of 
patients with acute MI are now in progress (eryth-
ropoietin in acute myocardial infarction [EAMI] 
NCT00149058 (26), ErythroPoetin in Myocardial 
Infarction [EPOMI] NCT00648089 (27); HE-
BEIII NCT00449488 (28); MAGIC Cell-5-Com-
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bicytokine Trial NCT00501917; NCT00378352) 
(29, 30).

3.5. EPO therapy in the kidney
 Administration of  exogenous EPO in both in 
vitro and in vivo models of  ischaemic AKI sig-
nificantly hastened renal structural and functional 
recovery (6). In an in vitro model of  ischaemia-
reperfusion injury, treatment of  human proximal 
tubule cells with 200IU/mL of  EPO inhibited 
apoptosis in cells exposed to hypoxia with or 
without subsequent anoxia (7). Dosage at 400U/
mL also stimulated cell proliferation in the same 
model. In an in vivo rat model of  renal isch-
aemia-reperfusion injury, EPOR expression was 
well-maintained during the early phase, whereas 
endogenous EPO was unchanged or minimal. 
When rats were treated with EPO (5,000U/kg) at 
the time of  ischaemia-reperfusion injury, tubular 
cell apoptosis was significantly decreased com-
pared with vehicle-treated controls, particularly 
in the region of  the hypoxia-sensitive proximal 
straight tubule (7, 8). The kidneys of  EPO-treat-
ed animals also demonstrated enhanced tubular 
regeneration and decreased cast formation. Al-
though haematocrit readings rose in EPO-treated 
animals compared with vehicle-treated controls, 
this increase was not statistically or clinically 
significant. Darbepoetin-α exerted comparable 
renoprotection compared with epoetin-α in isch-
aemia-reperfusion injury in rat kidneys, and the 
benefits were still apparent even when administra-
tion was delayed by 6h after onset of  reperfusion 
(8). The results were confirmed in porcine and 
canine (79, 80) models of  ischaemic AKI. Oth-
er models of  AKI had a similar outcome. There 
were in fact few studies reporting adverse results, 
or those showing lack of  improvement. However, 
Andratshke et al (81) reported that concomitant 
EPO administration significantly increased the 

degree of  radiation-induced kidney damage in a 
C3H mouse model. The reasons for this were un-
clear but may relate to the predominant injury of 
endothelial cells in the radiation model. Mobilisa-
tion of  endothelial progenitor cells by EPO may 
also protect against AKI .
 We have investigated whether treatment of 
ischemia-reperfusion-induced AKI with EPO 
impacts on development of  chronic kidney dis-
ease (manuscript submitted), (53). Using a rat 
model, EPO (1000 or 5000U/kg) or saline was 
delivered to rats subjected to bilateral 40-minute 
ischemia-reperfusion, and kidneys were studied at 
4, 7 and 28 days post-surgery. In culture, renal tu-
bular epithelial and fibroblast cells were subjected 
to hypoxia or hydrogen peroxide (1mM) with or 
without 200U/mL EPO. EPO ameliorated acute 
tubular damage, but at 28 days post-ischaemia-
reperfusion with EPO, tubulointerstitial fibrosis 
was significantly greater (5000U/kg; p<0.01) or 
increased (1000U/kg; p>0.05). Interstitial myo-
fibroblast numbers remained significantly in-
creased over that seen in EPO animals (p<0.01). 
In culture, EPO also protected and activated 
fibroblasts, as well as protecting tubular epithe-
lium, particularly with oxidative stress-induced 
injury. Thus, although EPO was cytoprotective 
of  tubular epithelium in ischaemia-reperfusion-
induced AKI, it may also have contributed to 
chronic kidney disease by overly stimulating resi-
dent interstitial fibroblasts.
 Translation of  the experimental results to hu-
man trials has started. Several clinical trials of 
EPO cytoprotection are underway in AKI (ERIN 
NCT00476619; ICU patients NCT00676234; 
post-cardiac surgery NCT00654992; renal trans-
plantation NCT00425698) (6). Endre et al (24) 
performed a double-blind placebo-controlled tri-
al (the EARLY-ARF trial) to study whether early 
treatment with EPO could prevent the develop-
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ment of  AKI in patients. Patients for treatment 
were selected after urinary levels of  the proximal 
tubular brush border enzymes gamma-glutamyl 
transpeptidase and alkaline phosphatase were 
measured. They reported no difference in the in-
cidence of  EPO-specific adverse events or in the 
primary outcome between the placebo and treat-
ment groups. Early intervention with high-dose 
EPO was, therefore, safe but EPO administra-
tion did not alter the outcome. 

4. Conclusions
 There is clear evidence that administration of 
EPO at or near the time of  injury in experimental 
AKI and acute MI significantly improves recov-
ery acutely, although the long-term effects have 
not been studied in detail. Beneficial cytoprotec-
tive effects exerted by EPO include inhibition of 
apoptosis, stimulation of  mitogenesis and cell 
differentiation, mobilisation and differentiation 
of  endothelial progenitor cells, angiogenesis and 
suppression of  proinflammatory cytokine media-
tors. Major concerns relate to possible thrombo-
embolic side effects of  supraphysiological doses 
of  EPO, as well as pro-neoplastic effects in can-
cer patients as a result of  stimulation of  angio-
genesis and inhibition of  apoptosis. Several ran-
domised, controlled trials of  EPO administration 
are underway for AKI and MI. One concern not 
given enough coverage in the research literature is 
stimulation by EPO of  long-term inflammation 
and fibrosis. EPO administration for cytopro-
tection is undoubtedly advantageous, but it may 
need to be offset with an anti-inflammatory agent 
in some organs, such as kidney and heart, where 
progression to chronic fibrosis after acute injury 
is common.
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