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Abstract

The protective, non-erythropoietic effects of erythropoietin (EPO) have become 
evident in pre-clinical models in renal ischaemia/reperfusion injury and kidney 
transplantation. However, four recently published clinical trials using high dose 
EPO treatment following renal transplantation did not reveal any protective effect 
for short-term renal function and even reported an increased risk of thrombosis. 

This review focusses on the current status of protective pathways mediated by EPO, 
the safety concerns using high EPO dosage and discusses the discrepancies between 
pre-clinical- and clinical studies. The protective effects are mediated by binding of EPO 
to a heteromeric receptor complex consisting of two β-common receptors and two EPO 
receptors. An important role for activation of endothelial nitric oxide synthase is proposed. 

EPO mediated cytoprotection still has enormous potential. However, only non-
erythropoietic EPO derivatives may induce protection without increasing the 
risk of cardiovascular events. In pre-clinical models non-erythropoietic EPO 
derivatives, such as carbamoylated EPO and ARA290, have been tested. 
These EPO derivatives improve renal function and do not affect erythropoiesis. 

Therefore, non-erythropoietic EPO derivatives may be able to render EPO 
mediated cytoprotection useful and beneficial for clinical transplantation.
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Transplantation of deceased donor kidneys

Delayed graft function (DGF) and primary non function (PNF) are serious complications 
of renal transplantation. Overall, DGF is associated with a 41% increased risk of 
graft loss and a 38% increased risk of rejection1. In Europe, deceased donor kidneys 
represent 73% of all transplanted kidneys in 20112. Thus, improvement of short- and 
long-term function of transplanted deceased donor kidneys is an important focus in 
transplantation research. 

Renal ischaemia/reperfusion (I/R) injury is a significant cause of reduced short-term 
function after transplantation. Deceased organ donation can be divided into two types 
of donation: organs donated after brain death (DBD) and after circulatory death (DCD). 
Short-term function of kidneys is significantly more compromised in DCD than in 
DBD derived kidneys. The incidence of both DGF and PNF is 72% and 23% after DCD 
compared to 18% and 4% after DBD, respectively3. The increased incidence of PNF 
results in reduced long-term graft survival of DCD kidneys3. 

Despite many important achievements in transplantation such as improved surgical 
techniques, better treatment of complications and a profound reduction in kidney 
rejection, overall graft survival has only marginally increased4,5. This phenomenon is 
probably in part due to the current Achilles’ heel in transplantation: the use of large 
numbers of older and high risk donor organs that have suffered from substantial I/R 
injury. As we suspect that future donor resources will not return to the ideal and young 
organ donor of the past but merely focus on marginal DCD donors, better insight in 
pathways of injury and repair are mandatory. Prevention and protection in high risk 
donor organs against ischaemic injury will be necessary to maintain and hopefully 
enhance the results in kidney transplantation.

A promising strategy to protect against renal I/R injury is EPO mediated cytoprotection. 
However, recent clinical trials did not reveal protective capacities of high dose EPO 
treatment following renal transplantation. In this review we will outline the renoprotective 
mechanism of EPO and discuss the disadvantages of high dose EPO treatment in renal 
transplantation. Non-erythropoietic EPO derivatives could translate EPO mediated 
cytoprotection to the transplantation clinic without increased risk of cardiovascular 
adverse events.
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Cytoprotective pathway of EPO

Erythropoietin (EPO) has pleiotropic actions. Besides stimulation of erythropoiesis, EPO 
also has a local tissue protective function6–8. In numerous models of renal I/R injury 
use of EPO has been shown to have protective effects. EPO improved renal function 
and reduced inflammation, apoptosis and structural damage9–15. EPO treatment pre-
ischemia, as well as treatment post-reperfusion can be cytoprotective. Protective 
systemic EPO doses range from 300 IU/kg to 5000 IU/kg9–15. However, a dose of 5000 
IU/kg EPO appears superior in improvent of renal function after renal I/R compared 
to a dose of 300 IU/kg12,14. No studies have been performed to compare different EPO 
doses following renal I/R.

Maio et al. confirmed the protective capacities against renal I/R injury in a DCD 
transplantation model16. Due to its ‘non-erythropoietic’ and cytoprotective capacities 
EPO became an interesting agent reducing I/R injury and improving short- and long-
term function after transplantation.

EPO was first discovered for its regulatory capacities of erythropoiesis. It induces 
proliferation and prevents apoptosis of erythroïd progenitor cells via binding to a 
receptor complex consisting of two EPO receptors (EPOR2)

8. However, in the past 
two decades EPO appeared to have additional distinctive cytoprotective capacities. 
It plays an endogenous role in limiting local inflammation and tissue damage. These 
cytoprotective effects are not mediated by binding of EPO to the classic EPOR2 complex, 
but by binding to a tissue protective receptor complex17,18. Immunoprecipitation studies 
showed that the EPOR is able to form a heteromeric receptor complex (EPOR2-βCR2) with 
the β common receptor (βCR)17. Binding of EPO to this receptor complex is suggested to 
induce the cytoprotective pathway of EPO17. In neuronal tissue, I/R injury results in up-
regulation of EPOR expression starting directly after reperfusion. However, as increased 
EPO expression is delayed by several hours, a window of intervention is created19. Renal 
I/R causes up regulation of the EPOR2-βCR2 complex in renal tissue20. The distribution 
of cytoprotective receptor complex in renal tissue is not known due to a lack of reliable 
immunohistochemical antibodies. The binding affinity of the classic EPOR2 complex 
for EPO is 1-10 pmol/L, while the affinity of the EPOR2-βCR2 complex for EPO is 2-20 
nmol/L21,22. This means that significant higher doses of EPO are required to induce 
cytoprotection compared to stimulation of erythropoiesis.

Tissue protective signalling cascades have been described in various in vitro and in 
vivo models. As to the classic erythropoietic EPOR2 complex, binding of EPO to the 
EPOR2-βCR2 complex causes phosphorylation of janus activated kinase-2 (JAK2)23. This 
results in activation of two main signalling cascades: signal transducer and activator 
of transcription-5 (STAT5) and phosphatidylinositol 3-kinase/AKT (PI3K/AKT). These 
signalling pathways induce regeneration, inhibit apoptosis and inhibit inflammation21. 
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PI3K/AKT is also able to increase regional blood flow by increasing endothelial nitric 
oxide synthase (eNOS) activity24. In various renal I/R models the protective effects of 
EPO have been tested. EPO is able to increase phosphorylation of protective pathways 
as JAK2, PI3K/AKT and eNOS following renal I/R 14,23,25. It has been widely shown 
that EPO, administered pre- as well as post-reperfusion, is able to attenuate renal I/R 
injury9–16. Besides improvement of renal function, EPO also has anti-inflammatory and 
anti-apoptotic capacities. EPO reduces expression of important inflammatory markers 
as IL-6 and TNF-α10,11. Apoptosis and necrosis following renal I/R are reduced by EPO 
resulting in improved renal morphology10,12,26. Structurally, EPO also decreased activity 
of TGF-β indicative of reduced development of fibrosis27. 

Endothelial nitric oxide synthase
Nitric oxide synthase activity is a physiologic regulator of renal function and determinant 
of glomerular haemodynamics28. The direct effect of EPO on renal function can 
be explained by increased activity of eNOS9,15. Following renal I/R injury, eNOS 
phosphorylation is reduced at six hours post-reperfusion and subsequently normalized 
after 24 hours29. The direct enhancing effect of EPO on renal function is presumably 
the effect of increased eNOS activity. This suggests increasing eNOS phosphorylation 
by high-dose EPO treatment is most effective in the first six hours after reperfusion. 

Growing evidence points to the important role of endothelial stimulation by protective 
EPO treatment. As knock-out of the EPOR is lethal due to an inefficient erythropoiesis, a 
transgenic EPOR knock-out has been developed in which the EPOR is only expressed in 
haemapoïetic and vascular endothelial cells30. Models of cardiac ischaemia or traumatic 
brain injury showed that EPO is still protective in these transgenic EPOR knock-out 
mice31,32. However, knock-out of eNOS diminishes the protective effect of EPO24,31. 
These studies show the dependence of eNOS enhancement and an important role of 
endothelial stimulation by EPO. The βCR is integrative in endothelial EPO signalling 
as it is essential for enhanced phosphorylation of protective signalling cascades like 
JAK2, AKT and eNOS in bovine aortic endothelial cells33. In addition, to enhance PI3K/
AKT, EPO may also increase eNOS phosphorylation due to an increased AMP-activated 
protein kinase (AMPK) activity. This regulator of energy metabolism is integrated in EPO 
signalling via the βCR and inhibition of AMPK reduced eNOS phosphorylation34.

Recently, a new interaction between the βCR and the vascular endothelial growth factor 
receptor-2 (VEGFR2) has been described by Sautina et al. NO induction by EPO depends 
on βCR as well as VEGFR235. This finding underlines the importance of endothelial 
stimulation for immediate improvement of renal function and supports that EPO is able 
to preserve density of peritubular capillaries following renal I/R injury36. Affinity of the 
interaction between βCR and VEGFR2 for EPO has not been investigated yet.
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In several in vitro studies, the role of the βCR in cytoprotection by EPO has been shown 
to be essential17,35,37. In a model of spinal cord injury in βCR knock-out mice, EPO did 
not induce cytoprotection17. However, Kanellakis et al. showed that darbepoietin, a long-
working EPO analogue, still is protective against cardiac I/R injury in βCR knock-out 
mice38. Thus, EPO mediated cytoprotection may not be solely dependent of the EPOR2-
βCR2 complex or βCR-VEGFR2 interaction. 

Apparently, EPO is able to activate several protective signalling pathways. Further 
studies are necessary to determine the exact role of each pathway. It is however 
evident that tissue protection is mediated by other receptor complexes than stimulation 
of erythropoiesis. Enhanced eNOS activation appears to be crucial for improvement 
of renal function as EPO is not able to ameliorate renal function in eNOS knock-out 
mice. eNOS activity can be increased by EPO treatment via three signalling cascades. 
Figure 1 illustrates a scheme of proposed renoprotective pathways. The erythropoietic 
receptor complex has no protective function, although stimulation of this complex may 
be responsible for the increased risk of cardiovascular adverse events. 

PI3/AKT

eNOS

JAK2

STAT5p

p

p

p
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Cytoprotection

Increase GFR

EPOR

EPO
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Figure 1 - Proposed renoprotective pathway of EPO. EPO is able to activate either the EPOR2-βCR2 
complex or an interaction between βCR-VEGFR2. Binding of EPO to the EPOR2-βCR2 complex activates anti-
inflammatory, anti-apoptotic and pro-survival pathways. PI3/AKT and AMPK, activated by the EPOR2-βCR2 
complex, and βCR-VEGFR2 interaction, are responsible for increased eNOS phosphorylation by EPO. The 
direct stimulative effect on renal function is presumably the effect of enhanced eNOS activity.
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Clinical EPO treatment after clinical renal transplantation

Encouraged by pre-clinical results, four clinical trials were initiated in the Netherlands39, 
Germany40, France41 and the USA42. The protective effect of EPO following transplantation 
of deceased donor kidneys has been investigated in one open label and three double 
blind, randomized controlled trials. All studies aimed to improve short-term function 
after transplantation. The end points were incidence of DGF or renal function at one 
month after transplantation. Major differences were seen in inclusion criteria for donor 
types. In two studies both types of deceased donors were included40,42. Martinez et al. 
included all recipients of a deceased donor kidney with a risk of DGF ≥ 60% based on 
the DGF risk index41. Aydin et al. only included DCD donor kidneys39. Statistical power 
was determined 80% based on either reduced incidence of DGF39,40,42 or improved 
renal function41. Aydin et al. did not meet its powered inclusion as the Data and Safety 
Monitoring Board stopped the trial because of the slow inclusion rate. However, using 
the actual DGF rate of 81% in the placebo group, power was recalculated at 98%39. 
Characteristics of these studies are shown in table 1.

Table 1 - Study characteristics

Aydin 
et al.39

Hafer 
et al.40

Martinez 
et al.41

Sureskumar 
et al.42

Design RCT
Double blind
Single-center

RCT
Double blind
Single-center

Open label
Randomized
Multicenter

RCT
Double blind
Single-center

Treatment Epoetin-β Epoetin-α Epoetin-β Epoetin-α

Dose 33000 IU 40000 IU 30000 IU 40000 IU

Control 
treatment

Saline Saline N/A Saline

Timing 3-4 hours pre-Tx
24 hours post-Tx
48 hours post-Tx

Reperfusion
3 days post-Tx
7 days post-Tx

Pre-surgery
12 hours post-Tx
7 days post-Tx
14 days post-Tx

Reperfusion

Donor type DCD Deceased donors Deceased donors,
DGF risk > 7

Deceased donors

Number  of 
patients

C: 45 vs. EPO: 47 C: 44 vs. EPO: 44 C: 52 vs. EPO: 52 C: 36 vs. EPO: 36

Follow-up 12 months 12 months 3 months 1 months

Renal 
function

GFR
C:       57 ml/min 
EPO:  68 ml/min

eGFR
C:       44 ml/min 
EPO:  41 ml/min

eGFR
C:       44 ml/min 
EPO:  43 ml/min

eGFR
C:       37 ml/min 
EPO:  37 ml/min
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None of the clinical studies showed a significant reduction of DGF (Table 2) or immediate 
improvement of renal function. The large differences in incidence of DGF between the 
four studies can be explained by inclusion of different donor types. As secondary end 
points these studies used markers of renal function. Aydin et al. showed a significant 
increase of endogenous creatinine clearance at 12 months post-transplantation (EPO 
vs. placebo: 68 ± 23 mL/min vs. 57 ± 25 mL/min) whilst the other studies did not 
observe any difference in renal function. 

An important finding is the increased risk of thrombosis during the first year following 
transplantation by EPO treatment (EPO vs. placebo: 24,4% vs. 6,4%) in the report by 
Aydin et al. The other studies did not show any differences in adverse events although in 
three studies EPO was shown to increase haemoglobin levels after transplantation39–42.

Translation of protective EPO treatment 

In pre-clinical studies the cytoprotective capacities of EPO have been thoroughly tested 
in renal I/R or transplantation models as discussed earlier9–16. However, the translation 
appears difficult. Apart from healthy animals and no immunosuppressive treatment in 
experimental models, there are several factors that may explain the lack of protection 
and clinical improvement in the recent trials39–42. 

Timing
Currently, treatment to reduce ischaemia/reperfusion injury is ethically and practically 
best applicable in the recipient. Although protective treatment of donors is increasingly 
being considered if it does not harm the donor. Most renal I/R injury emerges during 
the reperfusion phase. Thus, cytoprotective treatment early in the reperfusional phase 
potentially improves function after transplantation. Based on these practical, ethical 
and mechanistical reasons, protective EPO treatment focusses on the recipient. 

In the four clinical trials, timing of the EPO treatment considerably differs (Table 1). 
Pre-clinical studies showed that high-dose EPO administration is protective when 
administered between thirty minutes pre-ischaemia and 6 hours post-reperfusion12,14. 

Table 2 - Incidence of DGF

EPO group Control group

Aydin et al.38 76,2% 78,3%

Hafer et al.39 23% 32%

Martinez et al.40 32% 38.8%

Sureshkumar et al.41 41,7% 47,2%

High dose EPO treatment after renal transplantation did not significantly reduce 
incidence of delayed graft function (DGF).
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There are no studies showing the protective capacities of EPO when administrated 
more than six hours post-reperfusion. Although timing of treatment in rodents cannot 
be directly translated to the human, there is definitely no evidence for clinical high dose 
EPO treatment from two to fourteen days after transplantation. 

Dosing
Dosing of protective EPO treatment is a difficult issue to allow translation of this 
treatment from animal work to the clinical situation. In most pre-clinical I/R models 
EPO doses of 1000 IU/kg or higher were tested9–15. However, in the clinical trials 
doses ranging from 30000 to 40000 IU were used independently of the weight of the 
recipient39–42. 

Assuming the average recipient weighs 75 kg, this means that recipients were treated 
with a dose of approximately 500 IU/kg. This is a relatively low dose to induce EPO 
mediated tissue protection as binding affinities of the erythropoietic- and the tissue 
protective receptor complex are different. As mentioned earlier, the binding affinity of 
the classic EPOR2 complex for EPO is considerably higher than the affinity of the EPOR2-
βCR2 complex21,22. This means that distinctly higher systemic EPO levels are required 
to induce the tissue protective receptor complex compared to stimulation of the 
erythropoiesis. Clinical EPO treatment to stimulate erythropoiesis is dosed at 75-300 
IU/kg. This means that the dose used in the clinical trials, 500 IU/kg, is comparatively 
low to induce renoprotection. 

Non-erythropoietic EPO derivatives

In animal models no increased risk of high dose, protective EPO treatment is observed 
since follow-up is relatively short in pre-clinical models. Besides, recipients of a renal 
transplant often suffer any kind of co-morbidity, while in pre-clinical studies healthy 
animals are used. However, based on pre-clinical trials high-dose EPO treatment 
was thought to be safe. As mentioned above, the used dose EPO in clinical renal 
transplantation trials was 2-10 times lower than dosages in animal models. However, 
Aydin et al. already observed an increased risk of thrombosis within the first year following 
transplantation39. In renal transplantation EPO doses used post-transplantation did not 
reach protective levels, although the risk of side effects already increased. An increased 
serum EPO concentration raises the haematocrit and markedly enhances platelet and 
endothelial activation8,43. These mechanisms are causative for the increased risk of 
cardiovascular adverse events. In cancer patients it has also been shown that EPO 
treatment to stimulate erythropoiesis already increased thromboembolic events and 
mortality44. 



146

Chapter 9

Thus, safety concerns about high dose EPO treatment in renal transplantation are 
justified and increasing the EPO dose to induce cytoprotection is irresponsible. Besides 
the risks of cardiovascular events, several clinical trials in anaemic cancer patients 
suggested a stimulating effect of EPO on tumour progression.  Aapro et al. elegantly 
reviewed meta-analyses and there is no evidence for enhanced tumour progression by 
EPO45.

To overcome the shortcomings of cytoprotective EPO treatment, non-erythropoietic EPO 
derivatives have been developed. Tissue protection is mediated by a specific receptor 
complex and this created an opportunity to develop these non-erythropoietic EPO 
derivatives. All non-erythropoietic EPO derivatives, which have been tested in models of 
acute renal injury, will be discussed: asialo-erythropoietin (asialo-EPO), carbamoylated 
EPO (CEPO), glutaraldehyde EPO (GEPO) and ARA290. These derivatives do not bind to 
the classic EPOR2 complex. Thus, erythropoiesis or platelet activation is not stimulated. 
In this way cytoprotection can be induced without increasing risk of cardiovascular 
adverse events. The effect of non-erythropoietic EPO derivatives on tumour progression 
has not been investigated. However, an enhancing effect of non-erythropoietic EPO 
derivatives on cancer is unlikely, as the proposed mechanism of tumour progression 
by EPO is mediated by the classic EPOR2 complex45 which is not activated by non-
erythropoietic EPO derivatives.

Continuous exposure of precursor red blood cells to EPO is required for stimulation 
of erythropoiesis, while cytoprotection can be induced by brief exposure. Based on 
this principle, an EPO derivative with a very short half-life could be protective and 
would not stimulate erythropoiesis. Enzymatic desialylation of EPO results in asialo-
EPO possessing a half-life of several minutes. In renal I/R asialo-EPO attenuated 
renal dysfunction and improved survival26. Although, asialo-EPO does not stimulate 
erythropoiesis, asialo-EPO still has the same affinity for the classic EPOR2 complex as 
EPO18,46. Therefore, redundant effects of asialo-EPO via this receptor complex cannot 
be excluded.

CEPO is synthesized by cyanide carbamoylation and GEPO is based on glutaraldehyde 
modification18,47,48. These EPO derivatives distinctly differ on molecular level of EPO 
and asialo-EPO. Carbamoylation and glutaraldehyde modification reduce the charge of 
lysine residues on EPO molecules. This prevents stimulation of erythropoiesis49. In vitro 
and in vivo experiments showed that CEPO and GEPO do not affect erythropoiesis18,48. 
The half-life of CEPO and GEPO is approximately 6 hours, comparable to the half-life 
of EPO18. In several models of renal I/R injury and brain death, protective capacities 
of CEPO have been observed. Depending on AKT phosphorylation, CEPO improves 
renal function. Apoptosis, tubular injury and structural damage were reduced by CEPO 
treatment27,36,50–53. 
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Furthermore, CEPO also improves angiogenesis, improves renal blood flow and prevents 
reduced density of peritubular capillaries36,51,52. GEPO has only been tested in one I/R 
model, showing preserved renal function and reduced histological damage18,48. 

The third and newest generation of non-erythropoietic EPO derivatives is ARA290, also 
known as pyroglutamate helix B surface peptide (pHBSP).  ARA290 is derived from the 
binding site of EPO to the EPOR2-βCR2 complex. It mimics the 3-dimensional structure 
of the ligand binding to EPOR2-βCR2 complex and possesses a half-life of approximately 
two minutes37. This means that ARA290 is not able to bind the erythropoietic EPOR2 
complex. The protective capacities of ARA290 have been shown in models of 
haemorrhagic shock and neuronal injury54–57. In renal I/R cytoprotection by ARA290 has 
been shown in rodent and porcine models20,25,37,58. Post-reperfusional administration 
of ARA290 to six hours post-reperfusion improved short-term renal function, reduced 
inflammation, reduced apoptosis and reduced structural damage20,25,58. 

Mechanistically, ARA290 is able to increase AKT and eNOS phosphorylation25. Inhibition 
of PI3/AKT diminishes the protective effect of ARA290, indicating the importance of this 
pathway20.  As mentioned before, Yang et al. showed that renal I/R upregulates EPOR2-
βCR2 expression in renal tissue at 48 hours post-reperfusion. Interestingly, ARA290 
prevents this increase of receptor expression. ARA290 in combination with Wortmannin, 
a PI3/AKT pathway inhibitor, doubled EPOR2-βCR2 expression compared to I/R injury20. 
This suggests the EPOR2-βCR2 complex is part of a physiologic cytoprotective effect and 
therefore, inhibition of one of its down-stream pathways results in a further increase 
of the expression of the cytoprotective receptor complex. We showed in a porcine I/R 
model that ARA290 is able to improve the glomerular filtration rate in the first 7 days 
post-reperfusion. Furthermore, ARA290 prevented structural damage. In the first 24 
hours post-reperfusion ARA290 increased urinary nitrite + nitrate concentrations , 
suggesting increased nitric oxide synthase activity58. 

The half-life of the four different EPO derivatives is important for determining the timing 
of treatment. CEPO and GEPO possess a half-life of several hours18, while the half-life 
of asialo-EPO and ARA290 is only minutes37,46. In ischaemia/reperfusion injury most 
damage occurs early in the reperfusion phase and eNOS phosphorylation is reduced in 
the first six hours post-reperfusion. Therefore, the most optimal window of treatment 
is in the first six hours post-reperfusion. Depending on the different pharmacokinetics 
of the non-erythropoietic EPO derivatives, the timing of treatment should be chosen 
carefully as differences in half-life will affect the moment of treatment.
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Asialo-EPO, CEPO, GEPO and ARA290 show protective effects in renal I/R injury 
comparable to cytoprotective EPO treatment. The major benefit of non-erythropoietic 
EPO derivatives is that they do not influence the erythropoiesis or platelet activation37,50. 
Therefore, titration to high, cytoprotective levels is possible without an increased risk 
of cardiovascular events. CEPO and ARA290 are most interesting derivatives as these 
molecules have no affinity for the classic EPOR2 complex and the renoprotective 
capacities have already been shown in several renal I/R experiments.

Conclusions

EPO mediated cytoprotection is promising. However, increased risk of cardiovascular 
events is a serious concern of high-dose EPO treatment. Especially as cytoprotective 
levels have not been reached in clinical trials, although the risk of thrombosis already 
increased. Non-erythropoietic EPO derivatives may be the solution. In pre-clinical 
models, derivatives like CEPO or ARA290 retained their protective capacities without 
influencing erythropoiesis. These EPO derivatives could be titrated safely to protective 
levels in the transplantation clinic. Cytoprotective treatment should be timed early in 
the reperfusion phase. 

Only non-erythropoietic EPO derivatives, like CEPO or ARA290, may induce protection 
without increasing the risk of cardiovascular events. Non-erythropoietic EPO derivatives, 
administered early post-reperfusion, may be able to improve short-term renal function. 
Hereby, incidence of DGF and PNF following renal transplantation could be reduced. 
Pre-clinical results warrant further investigation of the renoprotective effects of non-
erythropoietic EPO derivatives in renal transplantation.



149

Erythropoietin-mediated protection in kidney transplantation

9

References
1. Yarlagadda SG, Coca SG, Formica RN,Jr, Poggio ED, Parikh CR. Association between 

Delayed Graft Function and Allograft and Patient Survival: A Systematic Review and 
Meta-Analysis. Nephrol Dial Transplant 2009; 24: 1039.

2. Oosterlee A, Rahmel. A. Annual report 2011. Eurotransplant international foundation 
2011.

3. Snoeijs MG, Winkens B, Heemskerk MB, et al. Kidney Transplantation from Donors After 
Cardiac Death: A 25-Year Experience. Transplantation 2010; 90: 1106.

4. Lamb KE, Lodhi S, Meier-Kriesche HU. Long-Term Renal Allograft Survival in the United 
States: A Critical Reappraisal. Am J Transplant 2011; 11: 450.

5. Meier-Kriesche HU, Schold JD, Srinivas TR, Kaplan B. Lack of Improvement in Renal 
Allograft Survival Despite a Marked Decrease in Acute Rejection Rates Over the most 
Recent Era. Am J Transplant 2004; 4: 378. 

6. Chatterjee PK. Pleiotropic Renal Actions of Erythropoietin. Lancet 2005; 365: 1890. 
7. Maiese K, Li F, Chong ZZ. New Avenues of Exploration for Erythropoietin.                                             

JAMA 2005; 293: 90. 
8. Jelkmann W. Molecular Biology of Erythropoietin. Intern Med 2004; 43: 649. 
9. Forman CJ, Johnson DW, Nicol DL. Erythropoietin Administration Protects Against 

Functional Impairment and Cell Death After Ischaemic Renal Injury in Pigs.                               
BJU Int 2007; 99: 162. 

10. Hu L, Yang C, Zhao T, et al. Erythropoietin Ameliorates Renal Ischemia and Reperfusion 
Injury Via Inhibiting Tubulointerstitial Inflammation. J Surg Res 2012; 176: 260. 

11. Ishii Y, Sawada T, Murakami T, et al. Renoprotective Effect of Erythropoietin Against 
Ischaemia-Reperfusion Injury in a Non-Human Primate Model. Nephrol Dial Transplant 
2011; 26: 1157. 

12. Johnson DW, Pat B, Vesey DA, Guan Z, Endre Z, Gobe GC. Delayed Administration of 
Darbepoetin Or Erythropoietin Protects Against Ischemic Acute Renal Injury and Failure. 
Kidney Int 2006; 69: 1806. 

13. Patel NS, Sharples EJ, Cuzzocrea S, et al. Pretreatment with EPO Reduces the Injury 
and Dysfunction Caused by ischemia/reperfusion in the Mouse Kidney in Vivo.                      
Kidney Int 2004; 66: 983. 

14. Sharples EJ, Patel N, Brown P, et al. Erythropoietin Protects the Kidney Against the Injury 
and Dysfunction Caused by Ischemia-Reperfusion. J Am Soc Nephrol 2004; 15: 2115. 

15. Solling C, Christensen AT, Krag S, et al. Erythropoietin Administration is Associated 
with Short-Term Improvement in Glomerular Filtration Rate After Ischemia-Reperfusion 
Injury. Acta Anaesthesiol Scand 2011; 55: 185. 

16. Maio R, Sepodes B, Patel NS, Thiemermann C, Mota-Filipe H, Costa P. Erythropoietin 
Preserves the Integrity and Quality of Organs for Transplantation After Cardiac Death. 
Shock 2011; 35: 126. 

17. Brines M, Grasso G, Fiordaliso F, et al. Erythropoietin Mediates Tissue Protection through 
an Erythropoietin and Common Beta-Subunit Heteroreceptor. Proc Natl Acad Sci U S A 
2004; 101: 14907. 

18. Leist M, Ghezzi P, Grasso G, et al. Derivatives of Erythropoietin that are Tissue Protective 
but Not Erythropoietic. Science 2004; 305: 239. 

19. Liu R, Suzuki A, Guo Z, Mizuno Y, Urabe T. Intrinsic and Extrinsic Erythropoietin Enhances 
Neuroprotection Against Ischemia and Reperfusion Injury in Vitro. J Neurochem 2006; 
96: 1101. 

20. Yang C, Zhao T, Lin M, et al. Helix B Surface Peptide Administered After Insult of 
Ischemia Reperfusion Improved Renal Function, Structure and Apoptosis through Beta 
Common receptor/erythropoietin Receptor and PI3K/Akt Pathway in a Murine Model.                   
Exp Biol Med (Maywood) 2013; 238: 111. 

21. Brines M, Cerami A. Erythropoietin-Mediated Tissue Protection: Reducing Collateral 
Damage from the Primary Injury Response. J Intern Med 2008; 264: 405. 



150

Chapter 9

22. Masuda S, Nagao M, Takahata K, et al. Functional Erythropoietin Receptor of the Cells 
with Neural Characteristics. Comparison with Receptor Properties of Erythroid Cells.        
J Biol Chem 1993; 268: 11208. 

23. Breggia AC, Wojchowski DM, Himmelfarb J. JAK2/Y343/STAT5 Signaling Axis is 
Required for Erythropoietin-Mediated Protection Against Ischemic Injury in Primary 
Renal Tubular Epithelial Cells. Am J Physiol Renal Physiol 2008; 295: F1689. 

24. Oba S, Suzuki E, Nishimatsu H, et al. Renoprotective Effect of Erythropoietin in ischemia/
reperfusion Injury: Possible Roles of the Akt/endothelial Nitric Oxide Synthase-
Dependent Pathway. Int J Urol 2012; 19: 248. 

25. Patel NS, Kerr-Peterson HL, Brines M, et al. The Delayed Administration of pHBSP, a 
Novel Non-Erythropoietic Analogue of Erythropoietin, Attenuates Acute Kidney Injury. 
Mol Med 2012; 18: 719. 

26. Okada T, Sawada T, Kubota K. Asialoerythropoietin has Strong Renoprotective Effects 
Against Ischemia-Reperfusion Injury in a Murine Model. Transplantation 2007; 84: 504. 

27. Imamura R, Isaka Y, Sandoval RM, et al. A Nonerythropoietic Derivative of Erythropoietin 
Inhibits Tubulointerstitial Fibrosis in Remnant Kidney. Clin Exp Nephrol 2012; 16: 852. 

28. Schlaich MP, Schmitt D, Ott C, Schmidt BM, Schmieder RE. Basal Nitric Oxide Synthase 
Activity is a Major Determinant of Glomerular Haemodynamics in Humans. J Hypertens 
2008; 26: 110. 

29. Yamasowa H, Shimizu S, Inoue T, Takaoka M, Matsumura Y. Endothelial Nitric 
Oxide Contributes to the Renal Protective Effects of Ischemic Preconditioning.                                                
J Pharmacol Exp Ther 2005; 312: 153. 

30. Suzuki N, Ohneda O, Takahashi S, et al. Erythroid-Specific Expression of the Erythropoietin 
Receptor Rescued its Null Mutant Mice from Lethality. Blood 2002; 100: 2279. 

31. Teng R, Calvert JW, Sibmooh N, et al. Acute Erythropoietin Cardioprotection is Mediated 
by Endothelial Response. Basic Res Cardiol 2011; 106: 343. 

32. Xiong Y, Mahmood A, Qu C, et al. Erythropoietin Improves Histological and Functional 
Outcomes After Traumatic Brain Injury in Mice in the Absence of the Neural Erythropoietin 
Receptor. J Neurotrauma 2010; 27: 205. 

33. Su KH, Shyue SK, Kou YR, et al. Beta Common Receptor Integrates the Erythropoietin 
Signaling in Activation of Endothelial Nitric Oxide Synthase. J Cell Physiol 2011; 226: 
3330. 

34. Su KH, Yu YB, Hou HH, et al. AMP-Activated Protein Kinase Mediates Erythropoietin-
Induced Activation of Endothelial Nitric Oxide Synthase. J Cell Physiol 2012; 227: 3053. 

35. Sautina L, Sautin Y, Beem E, et al. Induction of Nitric Oxide by Erythropoietin is Mediated 
by the {Beta} Common Receptor and Requires Interaction with VEGF Receptor 2. Blood 
2010; 115: 896. 

36. Cassis P, Azzollini N, Solini S, et al. Both Darbepoetin Alfa and Carbamylated 
Erythropoietin Prevent Kidney Graft Dysfunction due to ischemia/reperfusion in Rats. 
Transplantation 2011; 92: 271. 

37. Brines M, Patel NS, Villa P, et al. Nonerythropoietic, Tissue-Protective Peptides Derived 
from the Tertiary Structure of Erythropoietin. Proc Natl Acad Sci U S A 2008; 105: 10925. 

38. Kanellakis P, Pomilio G, Agrotis A, et al. Darbepoetin-Mediated Cardioprotection After 
Myocardial Infarction Involves Multiple Mechanisms Independent of Erythropoietin 
Receptor-Common Beta-Chain Heteroreceptor. Br J Pharmacol 2010; 160: 2085. 

39. Aydin Z, Mallat MJ, Schaapherder AF, et al. Randomized Trial of Short-Course High-
Dose Erythropoietin in Donation After Cardiac Death Kidney Transplant Recipients.                   
Am J Transplant 2012; 12: 1793. 

40. Hafer C, Becker T, Kielstein JT, et al. High-Dose Erythropoietin has no Effect on Short- Or 
Long-Term Graft Function Following Deceased Donor Kidney Transplantation. Kidney Int 
2012; 81: 314. 

41. Martinez F, Kamar N, Pallet N, et al. High Dose Epoetin Beta in the First Weeks Following 
Renal Transplantation and Delayed Graft Function: Results of the Neo-PDGF Study.      
Am J Transplant 2010; 10: 1695. 



151

Erythropoietin-mediated protection in kidney transplantation

9

42. Sureshkumar KK, Hussain SM, Ko TY, Thai NL, Marcus RJ. Effect of High-Dose 
Erythropoietin on Graft Function After Kidney Transplantation: A Randomized, Double-
Blind Clinical Trial. Clin J Am Soc Nephrol 2012; 7: 1498. 

43. Stohlawetz PJ, Dzirlo L, Hergovich N, et al. Effects of Erythropoietin on Platelet Reactivity 
and Thrombopoiesis in Humans. Blood 2000; 95: 2983. 

44. Tonia T, Mettler A, Robert N, et al. Erythropoietin Or Darbepoetin for Patients with 
Cancer. Cochrane Database Syst Rev 2012; 12: CD003407. 

45. Aapro M, Jelkmann W, Constantinescu SN, Leyland-Jones B. Effects of Erythropoietin 
Receptors and Erythropoiesis-Stimulating Agents on Disease Progression in Cancer.     
Br J Cancer 2012; 106: 1249. 

46. Erbayraktar S, Grasso G, Sfacteria A, et al. Asialoerythropoietin is a Nonerythropoietic 
Cytokine with Broad Neuroprotective Activity in Vivo. Proc Natl Acad Sci U S A 2003; 
100: 6741. 

47. Jelkmann W. ‘O’, Erythropoietin Carbamoylation Versus Carbamylation.                                        
Nephrol Dial Transplant 2008; 23: 3033; author reply 3033. 

48. Chattong S, Tanamai J, Kiatsomchai P, et al. Glutaraldehyde Erythropoietin Protects 
Kidney in ischaemia/reperfusion Injury without Increasing Red Blood Cell Production. 
Br J Pharmacol 2013; 168: 189. 

49. Satake R, Kozutsumi H, Takeuchi M, Asano K. Chemical Modification of Erythropoietin: 
An Increase in in Vitro Activity by Guanidination. Biochim Biophys Acta 1990; 1038: 
125. 

50. Imamura R, Isaka Y, Ichimaru N, Takahara S, Okuyama A. Carbamylated Erythropoietin 
Protects the Kidneys from Ischemia-Reperfusion Injury without Stimulating 
Erythropoiesis. Biochem Biophys Res Commun 2007; 353: 786. 

51. Imamura R, Okumi M, Isaka Y, et al. Carbamylated Erythropoietin Improves Angiogenesis 
and Protects the Kidneys from Ischemia-Reperfusion Injury. Cell Transplant 2008; 17: 
135. 

52. Coleman TR, Westenfelder C, Togel FE, et al. Cytoprotective Doses of Erythropoietin 
Or Carbamylated Erythropoietin have Markedly Different Procoagulant and Vasoactive 
Activities. Proc Natl Acad Sci U S A 2006; 103: 5965. 

53. Nijboer WN, Ottens PJ, van Dijk A, van Goor H, Ploeg RJ, Leuvenink HG. Donor 
Pretreatment with Carbamylated Erythropoietin in a Brain Death Model Reduces 
Inflammation More Effectively than Erythropoietin while Preserving Renal Function.    
Crit Care Med 2010; 38: 1155. 

54. McVicar CM, Hamilton R, Colhoun LM, et al. Intervention with an Erythropoietin-Derived 
Peptide Protects Against Neuroglial and Vascular Degeneration during Diabetic 
Retinopathy. Diabetes 2011; 60: 2995. 

55. Patel NS, Nandra KK, Brines M, et al. A Nonerythropoietic Peptide that Mimics the 3D 
Structure of Erythropoietin Reduces Organ Injury/Dysfunction and Inflammation in 
Experimental Hemorrhagic Shock. Mol Med 2011; 17: 883. 

56. Robertson CS, Cherian L, Shah M, et al. Neuroprotection with an Erythropoietin Mimetic 
Peptide (pHBSP) in a Model of Mild Traumatic Brain Injury Complicated by Hemorrhagic 
Shock. J Neurotrauma 2012; 29: 1156. 

57. Schmidt RE, Feng D, Wang Q, et al. Effect of Insulin and an Erythropoietin-Derived Peptide 
(ARA290) on Established Neuritic Dystrophy and Neuronopathy in Akita (Ins2(Akita)) 
Diabetic Mouse Sympathetic Ganglia. Exp Neurol 2011; 232: 126. 

58. van Rijt WG, Nieuwenhuijs-Moeke GJ, van Goor H, et al. ARA290, a Non-Erythropoietic 
EPO Derivative, Attenuates Renal ischemia/reperfusion Injury. J Transl Med 2013;       
11: 9. 






