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Chapter 1

General introduction

In Europe, more than 10000 patients with end-stage renal disease were waiting for a 
donor kidney in 2012. In the same year, 4812 patients received a donor kidney. From 
these kidneys, 3432 were derived from a deceased donor and 1380 from a living 
donor1. Since 2007, the waiting list has declined slightly. This effect can be mainly 
attributed to an increasing number of living kidney donors. On the other hand, the 
number of deceased donors has been stable for the last 20 years1. Thus, a significant 
increase in donor kidneys is required to provide all patients on the waiting list with a 
kidney. Expanding the donor pool is therefore of great importance for the transplant 
community. Public education and expansion of the inclusion criteria are primary means 
to reduce the number of patients waiting for a kidney.

There are three different donor types: living- (LD), deceased brain death- (DBD) and 
deceased circulatory death donors (DCD). Alternative nomenclature for DCD donation 
is deceased cardiac death or non-heart beating donors. The outcome of LD kidney 
transplants is superior to DBD or DCD transplants. This can be explained by the 
absence of primary warm ischemia and a shorter period of cold storage (CS). Brain 
dead donation also features minimal primary warm ischemia, but average CS is 15-
20 hours. In addition, brain death per se causes hemodynamic instability, hormonal 
changes and systemic inflammation, which negatively affect the quality of potential 
donor organs. DCD donor organs perform the worst as these organs are subjected to 
a combination of warm ischemia prior to donation and subsequent CS. The duration 
of warm ischemia unavoidably increases renal ischemia/reperfusion (I/R) injury. The 
detrimental features of the deceased donor types result in different short- and long-
term outcome after transplantation.

Death censored graft survival of LD, DBD and DCD kidney transplantation in the 
University Medical Center Groningen between 1993 and 2008 is shown in Figure 1. 
The major differences in survival between the donor types can be observed early after 
transplantation and are explained by a distinct higher incidence of primary non-function 
(PNF) in DCD compared to DBD and LD donor kidneys (9%, 5% and, 1% respectively). 
Excluding PNF grafts, overall graft survival of DCD-, DBD- and LD transplantation is 
86%, 86% and 93%, respectively. LD death censored graft survival is superior to the 
deceased donor types, but graft survival of DCD transplants is not inferior to DBD 
transplantation. However, short-term outcome of DCD transplantation is evidently 
compromised compared to DBD transplantation, as the incidence of PNF (9% vs. 5%, 
respectively) and delayed graft function (DGF; 82% vs. 30%, respectively) are increased. 
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Figure 1 - Death censored graft survival between 1993 and 2008 in the University Medical Center 
Groningen. Graft survival of living donor kidneys is superior compared to deceased brain- and circulatory 
death donor kidneys. Differences in graft survival are mainly observed directly after transplantation.
LD - living donor kidney; DBD - deceased brain death donor kidney; DCD - deceased circulatory death donor 
kidney.

Although deceased donation negatively affects the outcome of renal transplantation 
compared to LD, the ten year graft survival is still over 85%, which indicates that 
transplantation of DBD and DCD donor organs are a great opportunity for patients with 
end-stage chronic kidney disease. Besides, it has been shown to be a cost-effective 
treatment2.

To increase the number of donors several countries started to use DCD donors and 
expanded criteria donors (ECD). DCD donors are classified into five categories (Table 1). 

Table	1	-	Modified	Maastricht	classification	for	DCD	donors3

Category Classification Status

I Dead on arrival Unexpected

II Unsuccessful resuscitation Unexpected

III Awaiting cardiac arrest Expected

IV Cardiac arrest after brain death Expected

V Cardiac arrest in a hospital patient Unexpected
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ECD refers to older donors (≥60 year) or donors who are aged 50 to 59 years and have 
two of the following features: hypertension, terminal serum creatinine (>1.5 mg/dl) or 
death from a cerebrovascular accident4. In the future, the age criteria of ECD donors will 
be met by more potential donors because of the aging population. The shift from DBD- 
to ECD donors explains that the use of ECD donors did not result in a clear reduction of 
the waiting list for donor kidneys. Besides, part of the potential DBD donors are used 
as category III DCD donors, which means that the total number of donor kidneys does 
not increase.

To date, mainly expected, category III donors are used for DCD transplantation. The 
number of category III donors is low compared to the number of unexpected donors. 
However, an increasing number of transplantation clinics, in particular in Spain and 
Russia, also employ unexpected DCD donors5–7. Potentially, the pool of unexpected DCD 
donors is enormous and the use of unexpected DCD donor kidneys might significantly 
reduce the waiting list.

To utilize this potential, outcome of more marginal and unexpected DCD kidney 
transplants has to approach current outcome of deceased donor kidney transplantation. 
This can eventually result in a reduced waiting list for donor kidneys. As shown in figure 
1, graft survival of DCD transplants is inferior compared to LD- and DBD transplants 
due to a higher incidence of PNF. Thus, particularly short-term function is compromised 
by more severe I/R injury. The use of more marginal DCD donors increases the risk 
of PNF, DGF and eventually overall graft survival. Thus, new performance enhancing 
treatments to reduce the effect of I/R injury are required to improve the function of 
these marginal kidney grafts.

I/R injury is a key player in DCD transplantation, but also in DBD transplantation as 
these donors also sustain I/R due to the hemodynamic instability8,9. After donation, 
the donor organ is cooled to 4°C to slow down metabolism, but also to turn down 
inflammatory and injury related processes. Recirculation of the donor organ results in 
oxygenation, supply of nutrients and warming of the donor kidney. Renal metabolism 
and function are re-established, but also detrimental pathways are induced9. The major 
part of I/R injury, however, develops during the reperfusion phase of transplantation9.

This explains why many researchers focus on diminishing I/R injury to improve short-
term outcome following transplantation of deceased donor kidneys. In this field of 
research several medications and preservation strategies are being tested. A major 
breakthrough in 2009 was the protective effect of machine perfusion on graft survival 
of deceased donor kidney transplants compared to cold storage10. However, the base 
for clinical studies originate in experimental models, in which we are currently aiming 
at improvement of preservation techniques and donor- or recipient treatment with 
cytoprotective medication11–13. 
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The primary aim of this thesis is to show the performance enhancing- and renoprotective 
capacities of three different treatments regimens. One preservation technique and 
two potential cytoprotective treatments are therefore being investigated. However, 
improved understanding of the effects of brain death on donor kidneys is essential 
for development of new strategies to improve outcome of DBD kidney transplantation. 
Therefore, we investigated the direct effect of brain death on renal function, metabolism 
and inflammation in chapter 2. In this experiment, ureters of brain death donor pigs 
were cannulated, enabling us to continuously measure the glomerular filtration rate 
during brain death. This is the first study showing the immediate effect of brain death 
on renal function.

Furthermore, we focused on reduction of I/R injury and thereby improvement of short-
term function following renal transplantation. Here, the three strategies will be shortly 
introduced.

α-melanocyte	stimulating	hormone

α-melanocyte stimulating hormone (α-MSH) is a pleiotropic neuropeptide produced 
by the pituitary gland. It is mainly known for its function in pigmentation, but it also 
plays a role in energy metabolism and it has anti-inflammatory capacities14,15. In 
models of acute kidney injury, α-MSH improved renal function15-18. Based on these anti-
inflammatory and renoprotective capacities, we hypothesized that α-MSH improves 
outcome of DBD kidney transplantation.

In chapter 3, we test the hypothesis that α-MSH of recipients improves short-term graft 
function and reduces inflammation after transplantation of DBD donor kidneys.

Normothermic recirculation

Normothermic recirculation (NR) means recirculation for a limited time with warm 
oxygenized blood quickly after declaration of circulatory death. After NR, organs are 
retrieved and cold storage (CS) starts. NR is typically implemented by an extracorporeal 
membrane oxygenator, connected to a closed circuit in the femoral vessel of the DCD 
donor19. Thus, NR is an early organ preservation strategy for DCD donors. Several 
hospitals worldwide already have operational clinical NR protocols for potential DCD 
kidney- and liver donors19–22. However, experimental studies showing the protective 
effects of NR are limited23. 

In chapter 4, we test the hypothesis that normothermic recirculation protects renal 
transplants against warm ischemia in a rodent transplantation model.
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Erythropoietin mediated cytoprotection

Erythropoietin (EPO) is primarily known as a regulator of erythropoiesis24. However, 
it became infamous because of its role in professional cycling as a doping agent25. 
Recently, it was discovered that the working mechanism of EPO is not that simple. 
EPO is pleiotropic and has also an endogenous protective function26. Perhaps, cycling 
athletes were not only champions because of a better capacity to deliver oxygen, but 
also because of the ability to recover faster after heavy exertion. Next to its questionable 
role in sports, it has been shown that EPO can be used as a performance enhancing 
agent in the kidney27-29. In models of acute renal injury, EPO improves renal function, 
reduces inflammation and reduces structural damage27,28,30. 

As shown in figure 2, stimulation of erythropoiesis and cytoprotection are regulated 
by binding of EPO to different receptor complexes29,31. This means that systemic EPO 
treatment activates several pathways. This causes a major drawback of EPO mediated 
cytoprotection, as it also increases risk of cardiovascular adverse events32,33. Therefore, 
we tested ARA290, a non-erythropoietic EPO derivative, derived from the binding site to 
the protective receptor complex34-36. This may result in protection of renal transplants 
without increasing the risk of cardiovascular adverse events.

Figure 2 - Proposed pathways of erythropoietin. EPO is able to activate either the classical EPOR2 
complex, the EPOR2-βCR2 complex or an interaction between the βCR-VEGFR2. Regulation of erythropoiesis 
and cytoprotection is mediated by similar downstream pathways activating 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 result of enhanced eNOS activity.



15

1

General introduction 

In chapter 5, the protective capacities of brain death donor treatment with ARA290 
are tested. Subsequently, we test the hypothesis that ARA290 protects against renal 
I/R injury in rats and pigs in chapter 6 and 7. In chapter 8, the role of the EPO receptor 
in the development of renal I/R injury and its consequent role in ARA290 mediated 
renoprotection are investigated. In chapter 9, recent clinical trials concerning high dose 
EPO treatment after renal transplantation to improve short-term function are reviewed. 
Furthermore, the benefits of non-erythropoietic EPO derivatives in renal transplantation 
are discussed. The endogenous role of EPO mediated cytoprotection is investigated 
in chapter 10. In this chapter, the role of a functional EPO gene polymorphism in 
deceased donor kidney transplantation is also demonstrated. 

Discussion

The results of this thesis and the future implications are discussed in chapter 11. 
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Abstract

Background
Clinical outcome after transplantation of kidneys derived from deceased brain death 
(DBD) donors is inferior compared to living donor kidneys. In this observational model, 
the effect of experimental brain death on renal function was evaluated. Furthermore, 
we tested the effect of DBD transplantation on inflammation and renal metabolism in 
donors and recipients.

Methods
Eight Danish landrace pigs served as DBD donors. After four hours of brain death, 
kidneys were removed and stored for 19 hours at 4°C in Custodiol®. Next, the donor 
kidneys were transplanted into eight recipients. Glomerular filtration rate (GFR) was 
determined as urinary clearance of 51Cr-EDTA.

Results
Immediately following brain death, GFR and urine output were reduced while during 
the second hour hyperfiltration was observed. Subsequently, GFR and urine output 
decreased again. No systemic- or renal inflammation was observed in the donors, while in 
recipients only renal inflammatory markers were increased ten hours post-reperfusion. 
Furthermore, mitochondrial dysfunction tended to develop after reperfusion.

Conclusions
In conclusion, brain death caused a triphasic response of GFR. No systemic inflammation 
in brain death donors was observed probably due to active control of hemodynamics 
by fluid administration. These new insights in the effects of brain death may inspire 
development of new strategies to improve outcome of DBD kidney transplantation.
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Introduction

Deceased brain death (DBD) donors are the major source of kidney grafts. Yet, the 
function of these kidneys is inferior compared to kidneys derived from living donors1.  
Transplant outcome of DBD donor kidneys may therefore be improved by amelioration 
of the detrimental effects of brain death.

Induction of brain death results in a phase of hypertension and tachycardia as 
consequence of a release of chatecholamines2,3. After the sympathetic storm, 
arterial pressure drops and untreated brain dead donors become hemodynamically 
unstable with consequent hypoperfusion of various organs2,3. Subsequent ischemia/
reperfusion (I/R) injury is associated with renal inflammation, acute kidney injury (AKI), 
and impaired renal function4. In addition, the state of brain death is associated with 
systemic inflammation5–7. The inflammatory state of brain dead donors is thought to 
result in peripheral organ damage1,8.

Brain death also causes diabetes insipidus as the loss of pituitary function precludes 
secretion of vasopressin, resulting in increased urine output and reduced urinary 
osmolality9,10. However, the immediate effect of brain death on renal function has never 
been determined.

Furthermore, brain death results in metabolic alterations. Glucose levels and insulin 
resistance are increased in DBD donors, although the endocrine pancreas function is 
unaffected11. The subsequent cascade of cold storage, transplantation, and reperfusion 
presumably changes renal metabolism from aerobic to anaerobic12. 

Further insight into the effect of brain death and potential mechanisms of organ 
injury may enable improved care of DBD donors and possibly ameliorate preservation 
techniques or cytoprotective treatment. In an observational model, we evaluated the 
effect of experimental brain death on glomerular filtration rate (GFR). Furthermore, we 
tested the effect DBD transplantation on inflammation and renal metabolism in both 
donors and recipients. 
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Materials & methods

Animals
Sixteen Danish Landrace pigs (median: 58.0 interquartile range: [56.8-59.1] kg) 
were used. The pigs were fasted overnight before surgery with free access to water. 
The animal experiments were performed in accordance with provisions by the Danish 
Animal Experiments Inspectorate (2012-15-2934-00122).  

Study design
An observational model was designed to evaluate the effects of brain death. Outcome 
parameters were compared at different times compared to the previous measurements 
to evaluate the changes over time. 

Eight of the pigs were used as DBD donors and after four hours of brain death kidneys 
were recovered and cold storage lasted for nineteen hours, and subsequently donor 
kidneys were transplanted to eight recipients. The follow-up was ten hours following 
reperfusion (Figure 1).

Figure 1 - Study design. Abbreviations: brain death (BD), cold storage (CS), transplantation (Tx),               
post-reperfusion (post-rep.).

Anesthesia and monitoring
Before transport to the animal laboratory, pigs were sedated by intramuscular injections 
of azaperone (0.1 ml/kg) and midazolam (0.5 mg/kg). At arrival, midazolam (0.5 mg/
kg), ketamine (5 mg/kg), and atropine (0.01 mg/kg) were given to prolong sedation. 
Prior to intubation midazolam (0.5 mg/kg) and ketamine (5 mg/kg) was administered 
intravenously. After intubation continuous anesthesia was maintained using propofol 
(8 mg/kg/h) and fentanyl (25 µg/kg/h). Animals were ventilated with 40% oxygen and 
a tidal volume of 10 ml/kg. Expiratory CO2 was maintained between 4.5- and 5.5 kPA 
by adjusting respiratory rate. Ringer acetate was infused continuously (donors: 10 ml/
kg/h; recipients: 15 ml/kg/h). The carotid artery and jugular vein were catheterized for 
blood pressure monitoring, blood samples and fluid administration. 
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Mean arterial pressure (MAP) was maintained above 60 mmHg. If MAP < 60 mmHg a 
bolus infusion of 500 ml Ringer’s acetate was given. Cefuroxime (750 mg) was given as 
antibiotic prophylaxis before start of surgery and repeated after six hours. A bolus of 20 
ml 50% glucose was administered if the blood glucose level dropped below 4.0 mmol/l.

DBD kidney donation
Prior to the induction of brain death right and left ureters were catheterized with a 8 
Fr feeding tube through a five cm distal, midabdominal incision to measure GFR of 
each kidney. Intracranial pressure was measured through a hole in the cranium and  a 
secondary hole was used to position a 22Fr 60cc Foley urine catheter in the epidural 
space. Brain death was induced by infusion of saline in the 22Fr 60cc Foley urine 
catheter (1ml/min). Brain death was defined when intracranial pressure was higher 
than mean arterial pressure3,13. At this point an extra ten ml of saline was infused in 
the catheter (1ml/min). To avoid muscle cramps a bolus of rocuronium (130 mg) was 
administered intravenously. Continuous propofol administration was stopped at brain 
death. 

Kidneys were removed after four hours of brain death through a midline laparotomy. 
Prior to removal of the kidneys heparin (20,000 IU) was given and kidneys were flushed 
in situ with one liter of 4°C Custodiol®. After procurement kidneys were preserved cold 
at 4°C for 19 hours.

Transplantation
Right- and left nephrectomy was performed via a retroperitoneal approach and donor 
kidneys were transplanted by end-to-end anastomoses to the left renal artery and vein. 
The ureter was catheterized with a 10Fr feeding tube. Fifteen minutes post-reperfusion 
the abdomen was closed. After ten hours of follow-up the recipients were sacrificed 
using pentobarbital (80 mg/kg).

Samples
In the donors, blood and urine samples were taken hourly via a carotid artery catheter 
and catheterized ureters, respectively. Samples from the recipient were obtained at 
reperfusion, then every 30 minutes during the first 2 hours, and then hourly until the 
end of follow-up. Biopsies from donor kidneys were taken just prior to removal from the 
donor, after cold storage (CS), as well as 15 minutes and 10 hours post reperfusion. 

Blood and urine samples were stored at -80°C. Cortical and medullary samples of the 
kidney were snap frozen in N2 and stored at -80°C. Blood gases were analyzed by an 
ABL 700 (Radiometer, Copenhagen, Denmark). Standard biochemical parameters in 
plasma and urine were measured in the laboratory center of the University Medical 
Center Groningen. 
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Plasma Aldosterone (Coat-A-Count® kit TKAL2, Siemens, Malvern, USA) and urinary 
neutrophil gelatinase-associated lipocalin (NGAL) (Bioporto diagnostics A/S, Gentofte, 
Denmark) were measured according to manufacturer’s instructions. 

The brain death donors and the recipients were also used in another experiment and a 
part of the analyses in recipients was used as reference material in that study14.

Glomerular	filtration	rate,	osmolar	clearance	and	free	water	clearance
GFR was measured as 51Cr-EDTA urinary clearance. An intravenous bolus of 51Cr-EDTA 
(2.6 mBq) was followed by continuous infusion of 51Cr-EDTA (1.3 mBq/hour). Blood and 
urine samples were counted using a gamma ray detector (Cobra II, Packard, Meriden, 
CT). Values were corrected for decay. The following formulas were used to calculate 
GFR, osmolar clearance and free water clearance:

GFR = (urinary 51Cr-EDTA (CPM/ml) * urine output (ml/min)) / plasma 51Cr-EDTA (CPM/
ml)

Osmolar clearance (ml/min) = (urine osmolality (mOsm/l) * urine output (ml/min))/ 
plasma osmolality (mOsm/l)

Free water clearance (ml/min) = urine output (ml/min) – osmolar clearance (ml/min)

Quantitative real-time reverse transcription polymerase chain reaction            
(qRT-PCR)
RNA was extracted from snap frozen tissue using Trizol reagent according to the 
manufacturer’s instructions (Invitrogen, Breda, the Netherlands). Total RNA was 
treated with DNAse I to remove genomic DNA contamination (Invitrogen, Breda, the 
Netherlands). The integrity of total RNA was analyzed by gel electrophoresis. cDNA 
synthesis was performed from 1 μg total RNA using M-MLV (Moloney murine leukaemia 
virus) Reverse Transcriptase and oligo-dT primers (Invitrogen, Breda, The Netherlands). 

Primer sets were designed using Primer Express 2.0 software (Applied Biosystems, 
Foster City, CA). Amplification and detection were performed with the ABI Prism 7900-
HT Sequence Detection System (Applied Biosystems) using emission from SYBR green 
master mix (Applied Biosystems). The PCR reactions were performed in triplicate. After 
an initial activation step at 50 °C for 2 min and a hot start at 95°C for 10 min, PCR 
cycles consisted of 40 cycles at 95°C for 15 sec and 60°C for 60 sec. Dissociation 
curve analysis were performed for each reaction to ensure amplification of specific 
products. 

qRT-PCR primers are shown in table 1. Gene expression was normalized to the mean 
of 18S mRNA content. Results were finally expressed as 2–ΔCT (CT threshold cycle), 
which is an index of the relative amount of mRNA expression in each tissue.
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Cytokine assay
Plasma levels of nine different cytokines: interleukin-1β (IL-1β), IL-4, IL-6, IL-8, IL-
10, IL-12p40, interferon-α (IFN-α), IFN-γ, and tumour necrosis factor-α (TNF-α), were 
measured using a ProcartaPlextm porcine immunoassay (Affymetrix, eBioscience, 
Vienna, Austria) according to manufacturers’ instructions. 

Statistical analyses
GraphPad Prism 5.0 (GraphPad software Inc., La Jolla, USA) was used for statistical 
analysis. All data was analyzed using Wilcoxon signed rank test for paired data. Data is 
presented as median [interquartile range] and p<0.05 is considered significant.

Table 1 - qRT-PCR primers

Gene Forward Reverse Amplicon 
lenght (bp)

18S AGTCCCTGCCCTTTGTACACAC AACCATCCAATCGGTAGTAGCG 51

IL-1β GATGACACGCCCACCCTG CAAATCGCTTCTCCATGTCCC 75

IL-6 AGACAAAGCCACCACCCCTAA CTCGTTCTGTGACTGCAGCTTATC 69

IL-10 AGTGTGACAAAGTCGCTTACACTCA AGGGCCACCGGAATATTAGCT 75

TNF-α GGCTGCCTTGGTTCAGATGT CAGGTGGGAGCAACCTACAGTT 63

MCP-1 ACTTGGGCACATTGCTTTCCT TTTTGTGTTCACCATCCTTGCA 84

ICAM-1 GGCTGTGCACTGCAACAAGA TGTGGCAATGCCAAATCCT 75

LDHA TTGGATGGTACTTATCTTGTGTAGTCCTAA GCCCGGGTGCCTCTTG 75

PC GCATGGATGTCTTTCGGGTCT GCACTGCCCACCGCCT 78

PCK-1 GACACGCAGGCACAGGGT ACAGCTCAAGCAGTCTGGGC 77
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Results

The effect of brain death on hemodynamic parameters and renal function
At the time of brain death, mean arterial pressure (MAP) and heart rate increased to 
130 mmHg and 190 beats per minute (BPM), respectively (Figure 2A and 2B). During 
the first hour of brain death heart rate dropped to 150 BPM and remained stable during 
the following three hours. In contrast, MAP dropped to a minimum of 60 mmHg during 
the first 15 minutes of brain death. In accordance with the protocol, fluid treatment was 
then initiated to prevent a further decline of MAP. Brain dead donors required 4.5 [1.5-
6] liters of Ringer’s acetate as bolus administration to maintain MAP above 60 mmHg 
during four hours of brain death. None of the animals required inotropic treatment. 

Figure 2 - The effect of brain death on MAP and heart rate. Induction of brain death (BD) distinctly 
increases both MAP (A) and heart rate (B). (* = p<0.05)

Baseline levels of urine output and GFR were 1.2 [0.6-3.2] ml/min and 44 [41-47] ml/
min, respectively (Figure 3A and 3B). One hour after brain death urine output declined 
to 0.4 [0.2-0.7] ml/min (p=0.002) and GFR decreased to 31 [16-35] ml/min (p=0.004). 
Two hours after brain death both urine output and GFR increased to 2.5 [1.2-3.4] ml/
min (p=0.002) and 51 [48-68] ml/min (p=0.001), respectively. During the third hour 
of brain death urine output further increased to 6.0 [3.2-7.9] ml/min (p=0.0001) while 
GFR decreased to 44 [39-59] ml/min (p=0.008). During the fourth hour of brain death 
urine output tended to decrease to 3.6 [2.3-4.8] ml/min (p=0.07) and GFR further 
declined to 37 [33-40] ml/min (p=0.002) (Figure 3A and 3B). Free water clearance 
increased significantly after brain death to 4.8 [2.4-5.9] ml/min (p=0.0001) during the 
third hour of brain death, but decreased along with urine output during the fourth hour 
(Figure 4A). Osmolar clearance and sodium excretion decreased during the first hour 
after brain death. However, an increase was observed during the second and third hour 
of brain death (Figure 4B and 4C). Plasma aldosterone levels were below detection limit 
at all times in the brain dead donors. 

A B
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The effect of brain death on biochemical parameters
Plasma ASAT levels were significantly increased after four hours of brain death 
compared to the baseline (63 [31-84] vs. 29 [25-33] U/l; p=0.02), while ALAT or LDH 
plasma levels did not change (Supplemental data – Figure 1). Plasma lactate levels 
increased significantly in the first hour after brain death compared to the baseline (5.8 
[4.8-8.2] vs. 1.1 [0.8-1.4] mmol/l; p=0.0009) while hemoglobin and plasma glucose 
levels did not significantly change during the four hours of brain death (Supplemental 
data – Figure 2).

Figure 3 - The effect of brain death on urine output and GFR. Brain death (BD) caused triphasic 
respons in renal function as demonstrated by changes in urine output (A) and GFR (B). (* = p<0.05)

Figure	4	 -	 The	effect	of	brain	death	on	 free	water	 clearance,	osmolar	 	 clearance	and	sodium	
excretion. After the first hour of brain death free water clearance substantially increased suggesting 
reduced vasopressin activity (A). Osmolar clearance (B) and sodium excretion (C) were significantly reduced 
during the first hour of brain death, while an increase was observed in the second and third hour of brain 
death. (* = p<0.05)

A B

A B C
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The effect of brain death and transplantation on urinary excretion of NGAL
The urinary excretion rate of NGAL, a marker of acute kidney injury, was significantly 
increased after four hours of brain death compared to baseline levels of the brain 
dead donors (Figure 5A: 13 [8-25] vs. 7 [6-9] ng/min; p=0.018). In recipients, urinary 
excretion rates were highest during the first 30 minutes after reperfusion (940 [280-
1400] ng/min), followed by a decline to the lowest levels at two hours post-reperfusion. 
From two- until ten hours post-reperfusion urinary NGAL excretions tended to increase 
(Figure 5B). 

Figure	5	-	The	effect	of	brain	death,	cold	storage	and	transplantation	on	NGAL	excretion.	Four 
hours of brain death significantly increased urinary NGAL excretion (A). However, this increase is small 
compared to NGAL levels excreted in the first thirty minutes after transplantation (B). (* = p<0.05)

The	effect	of	brain	death	and	transplantation	on	inflammation
In the brain death donors, plasma levels of nine cytokines were measured at the 
baseline, after one-, and after four hours of brain death. Only IL-1β and IL-12p40 were 
detectable while levels of all other cytokines were below the detection range. Brain 
death did not significantly affect plasma levels of IL-1β or IL-12p40 (Supplemental data 
– Figure 3). 

In the recipients, plasma cytokine levels were also measured. Similarly, only IL-1β 
and IL-12p40 were within detection range and no changes in IL-1β or IL-12p40 levels 
were observed between baseline, 30 minutes post-reperfusion, and ten hours post-
reperfusion (Supplemental data – Figure 4).

The effect of DBD transplantation on mRNA expression of the inflammatory markers 
IL-1β, IL-6, IL-10, TNF-α, intercellular adhesion molecule-1 (ICAM-1) and monocyte 
chemoattractant protein-1 (MCP-1) was evaluated in renal cortical tissue at four 
different time points: after four hours of brain death (BD), after 19 hours cold storage 
(CS), 15 minutes post-reperfusion (t15min), and ten hours post-reperfusion (t10hrs) 
(Figure 6). 
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Figure	6	 -	The	effect	of	brain	death,	cold	storage	and	transplantation	on	renal	 inflammation.	
Brain death and cold storage do not induce any changes in the renal expression of several inflammatory 
markers. After transplantation and 10 hours of reperfusion the mRNA levels of the inflammatory markers 
ICAM-1 and MCP-1 were increased in cortical tissue. (* = p<0.05)

No change in the mRNA levels of the inflammatory markers was observed between 
BD and CS, or CS and 15 minutes reperfusion, although TNF-α mRNA levels tended to 
increase at the end of CS. In contrast, the expression of pro-inflammatory genes ICAM-1 
and MCP-1 significantly increased ten hours post-reperfusion compared to 15 minutes 
post-reperfusion. In addition, IL-6 mRNA levels showed a trend towards an increase 
ten hours after reperfusion. The other inflammatory markers revealed no significant 
changes in cortical mRNA levels between 15 minutes and ten hours post-reperfusion.
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The	effect	of	brain	death,	cold	storage,	and	transplantation	on	renal	metabolism
Cortical lactate dehydrogenase A (LDHA) mRNA expression showed a trend towards a 
decrease after 15 minutes of reperfusion compared to the cold storage period. Between 
15 minutes and ten hours post-reperfusion, cortical LDHA expression tended to increase 
again (Figure 7). Phosphorenolpyruvate carboxykinase-1 (PCK-1) mRNA expression 
decreased significantly between cold storage and 15 minutes post-reperfusion. The 
mRNA expression of both PCK-1 and pyruvate carboxylase (PC) revealed a trend towards 
down-regulation in the reperfusion phase (Figure 7). 

Figure	 7	 –	 The	 effect	 of	 brain	 death,	 cold	 storage	 and	 transplantation	 on	 renal	metabolism.	
Fifteen minutes post-reperfusion LDHA expression tended to be reduced, while it increased after 10 hours 
of reperfusion again. PC and PCK-1 expression was reduced in the reperfusion phase. (* = p<0.05)
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Discussion

This is the first study showing the acute dynamic changes of GFR following brain 
death. Surprisingly, no systemic inflammation was found in donors or recipients, while 
renal inflammation was observed only after ten hours reperfusion. Furthermore, renal 
metabolism seems to shift from aerobic to anaerobic in the reperfusion phase, as 
demonstrated by changes in markers of mitochondrial dysfunction. These new insights 
in the renal effects of brain death may inspire new approaches to improve outcome of 
DBD kidney transplantation.

Initially, brain death caused a decrease of GFR, while the MAP was maintained above 
60 mmHg. This was unexpected, because Ringer’s acetate was administered to treat 
the well-described hypotension following induction of brain death2,3. Mehrabi et al. 
demonstrated that the renal perfusion after brain death is comparable to non-brain 
dead controls when the MAP was 60 mmHg15. This suggests that the response in GFR 
was not caused by changes in MAP. 

In the second phase of the response in GFR after induction of brain death hyperfiltration 
was observed. Experimental- and clinical studies demonstrated that brain death can 
cause diabetes insipidus16,17, but the increase of GFR has not been observed previously.

The third phase included a decline of GFR, while the urine output and free water 
clearance still increased suggesting a further decrease of vasopressin activity. In the 
last hour of brain death also urine output and free water clearance decreased despite 
fluid administration was higher than the urine output. This suggests that physiological 
mechanisms were activated to reduce urine output. Aldosterone levels were, not 
increased in the brain dead donors suggesting that the renin-angiotensin-aldosterone 
system was not activated. Alternatively, we speculate a decline in atrial- and brain 
natriuretic peptide plasma levels, as demonstrated by Potapov et al.18, might be 
responsible for the reduced urine output. 

Fonseca et al. showed that increased urinary NGAL excretion early after transplantation 
is associated with delayed graft function and inferior one year renal graft function19. 
The minor increase of urinary NGAL compared to the massive wash-out in the first 30 
minutes after reperfusion, suggests that only after reperfusion it may be a potential 
predictor of graft-function. Time of urine sampling has to be precisely determined as 
reperfusion injury caused a secondary increase in NGAL excretion from two to ten hours 
post-reperfusion. 

No increased expression of systemic- or renal inflammatory markers was observed in 
the brain death donors. In the recipients, cortical mRNA expression of inflammatory 
markers significantly increased after ten hours of reperfusion, while plasma markers of 
systemic inflammation were not significantly raised. 
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It is unlikely, these plasma cytokines were not detectable due to dilution as hemoglobin 
levels did not change. These observations are surprising, because brain death related 
systemic- and renal inflammation has been demonstrated in experimental models 
and in human DBD transplantation5–7. In our model, renal blood flow was assured as 
MAP was maintained above 60 mmHg preventing renal I/R. Thus, the systemic- and 
renal inflammatory response observed in brain death donors may be secondary to 
hemodynamic instability. None of the animals required inotropic treatment and we did 
not use colloids, which may be detrimental for renal function as lately reviewed by 
Mutter et al.20. The clinical situation is more complicated compared to this experimental 
model, but the findings of this study suggest that the inflammatory activation is not 
inherent to brain death itself. This means that we should focus on donor management 
instead of anti-inflammatory treatment in brain death donors. Improved management 
of brain dead donors may reduce inflammatory activation and thus improve outcome 
after transplantation. Clinically, this might implicate that fluid treatment should be 
preferred above inotropic treatment. Further investigation of the role of fluid treatment 
in brain dead donor management is therefore warranted. 

Brain dead donors are known to become insulin resistant, which causes increased 
blood glucose levels11. In this study, however, blood glucose levels did not increase 
significantly. It is possible that the period of brain death was too short to observe 
this effect. During the reperfusion phase interesting changes in renal expression 
of metabolic markers were observed. The enzymes PC and PCK-1 involved in renal 
gluconeogenesis were down-regulated in the reperfusion phase suggesting increased 
anaerobic metabolism. Fifteen minutes after reperfusion LDHA expression tended 
to be reduced, implicating aerobic metabolism and thereby normal mitochondrial 
function. However, ten hours post-reperfusion LDHA tended to increase suggesting a 
shift to anaerobic function. Thus, gluconeogenesis and mitochondrial function may be 
normal immediately following reperfusion while subsequent reperfusion may cause 
mitochondrial damage explaining the increase in anaerobic activity. 

The period of four hours brain death is relatively short compared to the human 
situation. However, Schuurs et al. demonstrated in an experimental model of brain 
death that inflammatory markers were distinctly increased after thirty minutes of brain 
death21. It is therefore unlikely that the period of brain death in our model was too 
short to investigate its effect on renal function, metabolism and inflammation. We did 
not compare hemodynamic stable and unstable groups and this is a limitation. The 
observed effects of brain death therefore warrant further investigation of the role of  
hemodynamic stability in the development of inflammation and acute kidney injury. 
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To conclude, we have identified a triphasic response of GFR in brain death donors. A 
systemic increase of inflammatory markers was not observed, suggesting an important 
role for aggressive fluid treatment to maintain donors hemodynamically stable. I/R 
injury developed after reperfusion indicated by signs of mitochondrial dysfunction and 
increased markers of renal inflammation. Hereby a “window of opportunity” is proposed 
for cytoprotective treatment early in the reperfusion phase.
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Supplemental	data	–	Figure	1:	The	effect	of	brain	death	on	plasma	ASAT,	ALAT	and	LDH	levels.	
Brain death significantly increased plasma ASAT levels (A) after four hours, while no effect on ALAT (B) or 
LDH levels (C) was observed (* = p<0.05).

Supplemental	 data	 –	 Figure	 2:	 The	 effect	 of	 brain	 death	 on	 plasma	 lactate,	 hemoglobin	 and	
plasma glucose levels. Induction of brain death caused a significant increase in plasma lactate levels 
(A). No differences in hemoglobin (B) or plasma glucose levels (C) of brain death donor pigs were observed. 
(* = p<0.05)

Supplemental data – Figure 3: The effect of brain death on plasma cytokine levels in the donor. 
IL1-β (A) or IL-12p40 (B) plasma levels were not affected by brain death.

Supplemental data

A B C

A B

A B
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Supplemental data – Figure 4: The effect of brain death kidney transplantation on plasma 
cytokine levels in the recipient. No changes in IL1-β (A) or IL-12p40 (B) plasma levels were observed in 
the early reperfusion phase.

A B
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Abstract

Delayed graft function and primary non-function are serious complications following 
transplantation of kidneys derived from deceased brain dead (DBD) donors. 
α-melanocyte stimulating hormone (α-MSH) is a pleiotropic neuropeptide and its 
renoprotective effects have been demonstrated in models of acute kidney injury. We 
hypothesized that α-MSH treatment of the recipient improves early graft function and 
reduces inflammation following DBD kidney transplantation. 

Eight Danish landrace pigs served as DBD donors. After four hours of brain death both 
kidneys were removed and stored for 18 hours at 4°C in Custodiol® preservation 
solution. Sixteen recipients were randomized in a paired design into two treatment 
groups, transplanted simultaneously. α-MSH or a vehicle was administered at start 
of surgery, during reperfusion and two hours post-reperfusion. The recipients were 
observed for ten hours following reperfusion. Blood, urine and kidney tissue samples 
were collected during and at the end of follow-up.

α-MSH treatment reduced urine flow and impaired recovery of glomerular filtration rate 
(GFR) compared to controls. After each dose of α-MSH, a trend towards reduced mean 
arterial blood pressure and increased heart rate was observed. α-MSH did not affect 
expression of inflammatory markers.

Surprisingly, α-MSH impaired recovery of renal function in the first ten hours following 
DBD kidney transplantation possibly due to hemodynamic changes. Thus, in a porcine 
experimental model α-MSH did not reduce renal inflammation and did not improve 
short-term graft function following DBD kidney transplantation.
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Introduction

Kidneys of deceased brain dead (DBD) donors are the main source of kidneys for 
transplantation world-wide. In 2012, 64% of all renal transplants in Europe were from 
DBD donors1. Despite significant advances in recipient management, delayed graft 
function (DGF) and primary non-function (PNF) remain as serious complications of DBD 
donor renal transplantation occurring in 18 - 28 % and 2 - 4 % of recipients respectively2–4. 
DGF is associated with additional burden to the patient and with increased rejection risk, 
reduced graft survival and higher costs associated with extended hospital admission. 
Thus, outcome from DBD donation remains inferior to living donation. Preventing injury 
to the DBD kidney allograft may improve short-term kidney function and also influence 
longer term graft survival.

Brain death induces a systemic, inflammatory state. This is caused by hemodynamic 
changes and neuronal injury. Cytokines such as IL-6 and MCP-1 mediate leukocyte 
infiltration that occurs alongside systemic complement system activation5–8. This 
systemic response results in inflammatory activation of the donor end organ, which is 
increased by hemodynamic instability8. Overall, brain death results in injured organs 
even prior to organ retrieval. This injury is worsened by the additive effects of preservation 
and ischemia/reperfusion (I/R) injury9. As the major part of I/R injury arises during the 
reperfusion phase, renoprotective treatment of recipients is an attractive therapeutic 
option.

α-melanocyte stimulating hormone is a pleiotropic neuropeptide with renoprotective 
capacities demonstrated in several models of acute kidney injury including cyclosporine 
induced nephrotoxicity10, ureteral obstruction11 and I/R injury12–17. In renal I/R models 
α-MSH administered up to six hours post-reperfusion improved renal function and 
resulted in reduced acute tubular necrosis and neutrophil influx12. The protective effect 
is not fully dependent on inhibition of neutrophil activation, as α-MSH was still protective 
in renal I/R in ICAM-1 knock-out mice13. In addition, α-MSH prevented the down-
regulation of aquaporins and sodium transporters involved in tubular reabsorbtion of 
water following acute kidney injury11,16.

As DBD donor kidney allografts are affected by the brain death process and I/R injury, 
α-MSH treatment of the recipient may post-condition kidneys to improve short-term 
renal function following transplantation and reduce the incidence of DGF and PNF. We 
therefore hypothesized that α-MSH treatment of the recipient protects against renal 
inflammation and I/R injury in a porcine model of DBD kidney transplantation leading 
to improved early graft function.
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Materials & methods

Animals and ethics statement:
Twenty-four Danish Landrace pigs (50-65 kg.) were used. The pigs were fasted overnight 
before surgery with free access to water. The animal experiments were performed in 
strict accordance with international and Danish guidelines of animal research. The study 
protocol was approved by the Danish Animal Experiments Inspectorate and included 
moving, sedation and surgery of the animals (permit number: 2012-15-2934-00122). 
All surgery was performed under anesthesia and all efforts were made to minimize 
suffering. Samples size of eight animals per treatment group was calculated based on 
a 2-sided α of 0.05, a power of 0.9 and an effect size of 1.92.

Study design:
To test our hypothesis, we used a randomized, paired design. Eight pigs were used 
as DBD donors and both kidneys were transplanted. After four hours of brain death 
both kidneys were removed and cold storage lasted nineteen hours. Donor kidneys 
derived from the same donor were transplanted simultaneously to one α-MSH- and one 
vehicle treated recipient. The follow-up was ten hours following reperfusion. The study 
was investigator-blinded and recipients were randomized in a paired design into two 
treatment groups. Surgeons and right- and left kidneys were also randomized into the 
two treatment groups. α-MSH (Bachem, Bubendorf, Switzerland) was dosed at 200 µg/
kg and saline (0,9%) served as vehicle treatment. 200 µg/kg was chosen based on its 
protective effect against renal I/R injury as shown by Gong et al. and Simmons et al.16,17. 
Both treatments (0.2 ml/kg) were infused over ten minutes. Administration was started 
five minutes prior to start of abdominal surgery, five minutes prior to reperfusion and 
two hours post-reperfusion. The study design is shown in figure 1.

Figure 1 - Study design. Abbreviations: brain death (BD), cold storage (CS), transplantation (Tx).



43

3

α-melanocyte stimulating hormone in DBD kidney transplantation

Anesthesia and monitoring
Before transport to the animal operation facility, pigs were sedated by intramuscular 
injections of azaperone (0.1 ml/kg) and midazolam (0.5 mg/kg). At arrival midazolam 
(0.5 mg/kg), ketamine (5 mg/kg) and atropine (0.01 mg/kg) was given to prolong 
sedation. Prior to intubation midazolam (0.5 mg/kg) and ketamine (5 mg/kg) was 
administered intravenously. After intubation continuous anesthesia was maintained 
using propofol (8 mg/kg/hr) and fentanyl (25 µg/kg/hr). Animals were ventilated with 
40% oxygen and a tidal volume of 10 ml/kg. Expiratory CO2 was controlled between 
4.5- and 5.5 kPA by adjusting respiratory rate. Ringer acetate was infused continuously 
(donors: 10 ml/kg/hr; recipients: 15 ml/kg/hr). The carotid artery and jugular vein were 
catheterized. Blood pressure was monitored via a pressure catheter in the carotid artery. 
Mean arterial pressure (MAP) was maintained above 60 mmHg. If MAP decreased 
below 60 mmHg a bolus infusion of one liter Ringer’s acetate was given and if not 
sufficient to maintain MAP above 60 mmHg an intravenous bolus of adrenalin (0.05 
mg) was administered. Cefuroxime (750 mg) was administered as antibiotic treatment 
before start of surgery and repeated after six hours. A bolus of 20 ml 50% glucose was 
administered if the blood glucose level dropped below 4.0 mmol/l.

Deceased brain dead kidney donation
For brain dead induction two holes were drilled in the cranium. Intracranial pressure 
was measured through the first hole and via the secondary hole a 22Fr 60cc Foley 
urine catheter was inserted in the epidural space. Brain death was induced by inflating 
the balloon of the 22Fr 60cc Foley urine catheter with saline at a rate of 1ml/min. 
The exact time of brain death was determined when intracranial pressure was higher 
than the mean arterial pressure18,19. At this point ten ml extra saline was infused in the 
intracranial catheter (1ml/min) to ensure no circulation of the brain. To prevent muscle 
cramps rocuronium (130 mg) was administered intravenously. Continuous propofol 
administration was stopped after declaration of brain death. After four hours of brain 
death, donor surgery was started by midline laparotomy. Both kidneys were dissected. 
Prior to removal of the kidneys heparin (20000 IU) was given and kidneys were flushed 
in situ with one liter of 4°C Custodiol®. After donation kidneys were preserved at 4°C 
for 19 hours.

Transplantation
The transplantation procedure in recipients was started by a midline incision and 
both kidneys were approached retroperitoneally. Right- and left nephrectomy was 
performed and donor kidneys were transplanted by end-to-end anastomoses to the left 
renal artery and vein. During surgery the organs were cooled with frozen glucose. The 
ureter was catheterized with a 10Fr feeding tube. Fifteen minutes post-reperfusion the 
abdomen was closed. After ten hours of follow-up the recipients were sacrificed using 
pentobarbital (80mg/kg) while still under anesthesia.
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Samples
Blood and urine samples were taken via a carotid artery catheter and catheterized 
ureters, respectively. Blood and urine samples of the recipient were obtained at the 
moment of reperfusion, each 30 minutes in the first 2 hours and then hourly till end of 
follow-up.

Blood and urine samples were stored at -80°C. Cortical and medullary samples 
of the kidney were snap frozen in liquid N2 and stored at -80°C for qRT-PCR. For 
immunohistochemistry kidney tissue samples were fixated in 4% formalin and 
subsequently embedded in paraffin. Aldosterone was measured in plasma using Coat-
A-Count® kit (TKAL2, Siemens, Malvern, USA) according to manufacturer’s instructions.

Glomerular	filtration	rate
The primary endpoint of the study was renal function defined as GFR measuring 51Cr-
EDTA clearance. An intravenous bolus of 51Cr-EDTA (2.6 mBq) was administered followed 
by continuous infusion of 51Cr-EDTA (1.3 mBq/hour). The activity in blood and urine 
samples was counted using a gamma ray detector (Cobra II, Packard, Meriden, CT). 
Values were corrected for decay. The GFR was calculated using the following formula:  
GFR = (urinary 51Cr-EDTA (CPM/ml) * urine flow (ml/min)) / plasma 51Cr-EDTA (CPM/
ml).

Quantitative real-time reverse transcription polymerase chain reaction            
(qRT-PCR)
RNA was extracted from snap frozen tissue using Trizol reagent according to the 
manufacturer’s instructions (Invitrogen, Breda, the Netherlands). Total RNA was 
treated with DNAse I to remove genomic DNA contamination (Invitrogen, Breda, the 
Netherlands). The integrity of total RNA was analyzed by gel electrophoresis. cDNA 
was synthesized from 1-μg total RNA using M-MLV (Moloney murine leukaemia virus) 
Reverse Transcriptase and oligo-dT primers (Invitrogen, Breda, The Netherlands). 

Primer sets were designed using Primer Express 2.0 software (Applied Biosystems, 
Foster City, CA). Amplification and detection were performed with the ABI Prism 7900-
HT Sequence Detection System (Applied Biosystems) using emission from SYBR green 
master mix (Applied Biosystems). The PCR reactions were performed in triplicate. After 
an initial activation step at 50°C for 2 min and a hot start at 95°C for 10 min, PCR 
cycles consisted of 40 cycles at 95°C for 15 sec and 60°C for 60 sec. Dissociation 
curve analysis were performed for each reaction to ensure amplification of specific 
products. 

Genes and primers are shown in table 1. Gene expression was normalized with the 
mean of 18S mRNA content and calculated relative to controls or contralateral kidneys. 
Results were finally expressed as 2–ΔCT (CT threshold cycle), which is an index of the 
relative amount of mRNA expression in each tissue.
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Immunohistochemistry
Three-μm-thick sections were cut from paraffin embedded kidney tissue. For 
evaluation of renal morphology sections were stained by Periodic Acid-Schiff (PAS). 
For immunohistochemical aquaporin-2 (AQP-2) staining sections were deparaffinized 
and endogenous peroxidase was blocked by incubation with 3.5% H2O2 for 30 
minutes. Antigens were retrieved by boiling sections for 15 minutes in Tris/EGTA buffer 
(pH 9.0). Endogenous biotin was blocked using a ready-to-use blocking kit (X0590, 
DAKO, Glostrup, Denmark). Unspecific binding of free aldehyde groups was blocked 
by 30 minutes incubation in 50 mM NH4Cl followed by blocking of unspecific antibody 
binding by 30 minutes incubation in 1%BSA, 0,2 % gelatin and 0,05% saponin. The 
primary antibody (Anti-AQP2, 1:500, 7661AP) was incubated overnight followed by 
incubation with a secondary peroxidase-conjungated goat-anti-rabbit antibody (1:300, 
DAKO, Glostrup, Denmark). Sensitivity was increased and background was reduced by 
the ready-to-use ABC Kit (PK 4000, Vectastain, Vector). Then the peroxidase activity 
was visualized by ten minutes incubation in 3.3-diaminobenzidine tetrachloride. 
Subsequently the sections were counterstained with hematoxylin.

Finally, the sections were scanned using APERIO scanscope (Aperio, Vista, United 
States). The intensity of the immunohistochemical staining of each section was 
quantified using APERIO image scope software.

Table 1 - qRT-PCR primers

Gene Forward Reverse Amplicon 
lenght (bp)

18S AGTCCCTGCCCTTTGTACACAC AACCATCCAATCGGTAGTAGCG 51

IL-1β GATGACACGCCCACCCTG CAAATCGCTTCTCCATGTCCC 75

IL-6 AGACAAAGCCACCACCCCTAA CTCGTTCTGTGACTGCAGCTTATC 69

IL-10 AGTGTGACAAAGTCGCTTACACTCA AGGGCCACCGGAATATTAGCT 75

TNF-α GGCTGCCTTGGTTCAGATGT CAGGTGGGAGCAACCTACAGTT 63

MCP-1 ACTTGGGCACATTGCTTTCCT TTTTGTGTTCACCATCCTTGCA 84

ICAM-1 GGCTGTGCACTGCAACAAGA TGTGGCAATGCCAAATCCT 75

Na-K ATPase AGAGGAAGATCGTGGAGTTCACC AATTCCTCCGGGTCTTGCAG 75

AQP-1 GAAGGCTGGATTCTATCTACATAAGTCC TTGTCTAGCTGAAACCGTGGG 86

AQP-2 CTGTGGAGCTTTTCCTGACC TAGTGGATCCCGAGAAGGTG 100

AQP-3 CTCATGGTGGTTTCCTCACC CAAGGATACCCAGGGTGACA 24
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Urinary markers of acute kidney injury
Neutrophil gelatinase-associated lipocalin (NGAL) was measured using a NGAL ELISA 
kit (Bioporto diagnostics A/S, Gentofte, Denmark). N-acetyl-b-D-glucosaminidase (NAG) 
was measured by a modified enzyme assay at pH 4.25 using p-nitrophenyl-N-acetyl-b-D-
glucosaminide as substrate (Sigma-Aldrich, Zwijndrecht, the Netherlands). The activity 
of alanine aminopeptidase (AAP) was detected with the modified enzymatic assay 
using alanine-p-nitroanilide (Sigma-Aldrich, Zwijndrecht, the Netherlands).

Statistical analyses
Grouped and paired data was analyzed using the repeated measurement ANOVA and 
is presented as mean±standard error of the mean (SEM). Data on specific times has 
been analyzed using Wilcoxon signed rank test or Man Whitney U test depending on 
paired or non-paired data and is presented as mean±interquartile range. P<0.05 was 
considered significant.
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Figures	3:	Effect	of	α-MSH	on	GFR.	Figure A shows the recovery of renal function during follow-up of ten 
hours. At ten hours post-reperfusion α-MSH significantly reduced GFR (B; * = p<0.05). 

Results

Effect on clinical parameters
During ten hours follow-up urine output was significantly lower in the α-MSH group 
compared to controls (Figure 2, p<0.05). None of the controls or α-MSH treated animals 
were anuric. 

Figure	2	-	Effect	of	α-MSH	on	urine	
flow.	 Urine flow was significantly 
lower in the α-MSH group compared 
to controls during ten hours follow-up.

α-MSH treatment tended to impair recovery of GFR (Figure 3A) during ten hours follow-
up compared to controls. At ten hours post-reperfusion, GFR of α-MSH treated animals 
was significantly lower compared to controls (Figure 3B; 8.2±5.7-13.3 ml/min vs. 
14.3±10.1-19 ml/min; p<0.05). 

Sodium excretion was also reduced by α-MSH treatment at ten hours post-reperfusion 
compared to controls (Figure 4; 2.8±1.2-4.5 mmol/min vs. 5.4±4.2-5.8 mmol/min; 
p<0.05). Plasma creatinine and urea levels increased during follow-up in both groups, 
but did not differ significantly (Supplemental data – Figure 1A and 1B). 

A B
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During surgery heart rate of all animals increased. After reperfusion, heart rate 
decreased to baseline levels in both groups. Each dose of α-MSH tended to increase 
heart rate by 10 beats per minute (BPM) (Figure 5A). Mean arterial pressure (MAP) 
increased during surgery. After reperfusion, MAP decreased to baseline levels during the 
ten hour follow-up. Each dose of α-MSH tended to decrease MAP by approximately 10 
mmHg. After the first two doses this appeared within the first hour after administration 
and after the third dose this was observed in the second hour after administration 
(Figure 5B). One α-MSH treated animal required a bolus of one liter Ringer’s acetate 
and adrenalin (0.025 mg) five minutes post-reperfusion because of rapidly decreasing 
MAP to levels below 35 mmHg. The recipient stabilized immediately after one dose of 
adrenalin and one liter Ringer’s acetate. None of the control animals required adrenalin 
treatment. During ten hours follow-up one α-MSH treated animal required two boluses 
of one liter Ringer’s acetate to maintain MAP above 60 mmHg while in none of the 
controls MAP dropped below 60 mmHg. 

Figure	4	-	Effect	of	α-MSH	on	sodium	
excretion. Sodium excretion per minute 
was reduced by α-MSH (* = p<0.05). 

Figure	5	-	Effect	of	α-MSH	on	hemodynamic	parameters. α-MSH tended to increase heart rate (A) and 
reduce MAP (B) after each dose. 

A B
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The need for glucose supplementation to maintain blood glucose levels above 4.0 
mmol/l was significantly lower in α-MSH treated animals (Figure 6A; 0±0-20 ml 50% 
glucose vs. 40±0-60 50% glucose; p<0.05). Despite more glucose supplementation 
blood glucose levels of controls tended to be lower compared to α-MSH treated animals 
(Figure 6B). 

One control- and one α-MSH treated recipient transplanted simultaneously were excluded 
from these analyses because of an excessive need for glucose supplementation, 420 
and 200 ml 50% glucose, respectively. 

Hemoglobin levels decreased during surgery and ten hours follow-up. α-MSH treatment 
did not affect hemoglobin levels compared to controls (Supplemental data – Figure 
2A). No differences in blood pH or lactate levels were observed between α-MSH 
treatment and controls (Supplemental data– Figure 2B and 2C). α-MSH treatment 
did not influence ASAT or ALAT levels (Supplemental data – Figure 3A and 3B). LDH 
levels decreased in the control group during follow-up, while such change was not seen 
in the α-MSH group at ten hours post-reperfusion (Figure 7A, p<0.05). Thirty minutes 
post-reperfusion α-MSH treatment increased plasma aldosterone levels significantly 
compared to the controls (Figure 7B, 104±61-115 pg/ml vs. 29±29-44 pg/ml; p<0.05). 

Figure	6	-	Effect	of	α-MSH	on	glucose	levels.	α-MSH significantly reduced the need of glucose treatment 
(A; * = p<0.05) and tended to prevent a decrease of blood glucose levels (B).

A B

BA

Figure	7	-	Effect	of	α-MSH	on	LDH	and	aldosteron.	Ten hours post-reperfusion LDH was higher in α-MSH 
treated animals compared to controls (A* = p<0.05). Thirty minutes post-reperfusion α-MSH treatment 
increased plasma aldosteron levels (B, * = p<0.05).
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Effect on urinary markers of acute kidney injury
Urinary excretion of renal injury markers, respectively NGAL, NAG and AAP, was highest 
in the first 30 minutes post-reperfusion. NGAL excretion did not differ between α-MSH 
treated animals and controls (Figure 8A). However, α-MSH treatment significantly 
reduced AAP and NAG excretion rate during follow-up. The difference is based on a 
significant reduction in the first thirty minutes (Figure 8B and 8C; p<0.05). 

Effect	on	inflammation
The effect of α-MSH on inflammatory markers was measured in cortical tissue collected 
at ten hours post-reperfusion (Figure 10). Expression of interleukin-1β (IL-1β), -6 (IL-
6) or -10 (IL-10) was not significantly affected by α-MSH treatment. No differences 
were observed in mRNA levels of intercellular adhesion molecule-1 (ICAM-1), tumour 
necrosis factor-α (TNF-α) or monocyte chemoattractant protein-1 (MCP-1).

Figure	9	-	Effect	of	α-MSH	on	inflammatory	markers.	α-MSH treatment did not significantly affect 
mRNA expression of IL-1β, IL-6, IL-10, ICAM-1, TNF-α or MCP-1.

Figure	8	-	Effect	of	α-MSH	on	urinary	markers	of	acute	renal	injury.	α-MSH significantly reduced AAP 
and NAG excretion in the first thirty minutes (* = p<0.05).
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Figure	10:	 The	effect	of	α-MSH	on	aquaporins	and	Na-K	ATPase.	No significant differences were 
observed in mRNA expression of aquaporines or Na-K ATPase mRNA expression between controls and 
α-MSH treated animals at ten hours post-reperfusion.

Effect on renal morphology and aquaporins
No differences were observed in renal morphology between α-MSH treated animals and 
controls. In addition to morphological changes we investigated the effect of α-MSH on 
renal expression of aquaporins and Na-K ATPase. At ten hours post-reperfusion cortical 
mRNA expression levels of aquaporin-1 (AQP-1), -2 (AQP-2), -3 (AQP-3) and Na-K ATPase 
were not significantly affected by α-MSH treatment (Figure 10). However, quantification 
of immunohistochemical staining showed increased cortical AQP-2 protein expression 
following α-MSH treatment indicative of increased AQP-2 activity in the renal cortex 
(Figure 11 A-D; 0.6±0.3-0.7 vs. 0.2±0.1-0.3; p<0.05).
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Figure	 11:	 The	 effect	 of	 α-MSH	 on	 AQP-2	 protein	 expression.	 Figure A and B show sections of 
medullary and cortical AQP-2 staining, respectively. No differences were observed in medullary AQP-2 
expression (C), while α-MSH significantly increased cortical protein expression of AQP-2 (D; * = p<0.05).

A B

C D
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Discussion

This study was designed to test the hypothesis that α-MSH treatment of recipients of a 
DBD donor kidney improves early graft function and reduces inflammation. Surprisingly, 
α-MSH treatment impaired recovery of GFR following DBD transplantation. Furthermore, 
no anti-inflammatory capacities of α-MSH were observed after ten hours follow-up. 
Urinary excretion of markers of acute kidney injury, AAP and NAG, were reduced by 
α-MSH treatment, but only in the first 30 minutes post-reperfusion and urinary NGAL 
excretion was not affected. Besides, α-MSH administration was associated with a 
slightly increased AQP-2 protein expression in renal cortex.  However, it is uncertain 
whether these small changes in urinary markers of acute kidney injury and aquaporin 
expression are clinically relevant. 

α-MSH impaired GFR recovery after DBD kidney transplantation. This may be explained 
by changes in hemodynamics following each dose of α-MSH. Heart rate increased 
by approximately ten beats per minute in the hour following α-MSH administration, 
while α-MSH administration was associated with 10 mmHg reduction of MAP. In 
the literature, the effects of α-MSH on hemodynamics are variable. In particular the 
hemodynamic effect of intravenous administration of α-MSH is debatable and mainly 
based on studies in rodents20–23. However, in sheep α-MSH (75 µg/kg) decreased MAP, 
while heart rate and aortic flow increased directly following treatment suggesting a 
decrease of systemic vascular resistance. Blood flow to lungs and heart increased, but 
renal blood flow was not significantly affected24. 

In this study, 200 µg/kg α-MSH was used, which was chosen based on the previously 
shown protective effect against renal I/R injury16,17. Gong et al. demonstrated the 
protective effect of α-MSH in renal I/R injury in rats16,17. Furthermore, Simmons et 
al. tested the protective effects of 200 µg/kg AP214, which is a synthetic analogue 
of α-MSH with 6 lysine residues added to its amino terminus, in renal I/R in pigs16,17. 
However, in both the rodent- and porcine I/R model the effect of α-MSH or AP214 on 
hemodynamics was not investigated. It was therefore unexpected that α-MSH seemed 
to directly affect hemodynamics. Possibly, the hemodynamic changes counteracted the 
proposed renoprotective effect of α-MSH.

Recently, it has been shown that α-MSH is able to induce vasodilatation by endothelial 
derived nitric oxide (NO) via activation of melanocyte receptor-1 (MCR-1)25. Based 
on this mechanism, one could speculate that α-MSH might increase GFR due to the 
expression of MCR1 in renal glomeruli26. However, we did not observe this in our model. 
A potential stimulative effect of α-MSH on GFR might be counteracted by systemic 
vasodilatation and subsequent decreased MAP. Plasma aldosterone levels increased 
to stabilize hemodynamics after administration of α-MSH, indicating activation of the 
renin angiotensin aldosterone system (RAAS). 
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Activation of the RAAS system causes increased sodium retention and renal 
vasoconstriction27. In renal I/R, inhibition of the RAAS system improves renal function, 
reduces inflammation and prevents structural injury28. This suggests activation of the 
RAAS system following renal I/R injury is detrimental. Therefore, activation of the 
RAAS system due to hemodynamic instability following α-MSH administration probably 
caused the impaired GFR in this model. 

The follow-up of ten hours after transplantation is relatively short, which is a limitation. 
Based on the protective effect of α-MSH against acute kidney injury, the short follow-up 
was chosen specifically to study the effects of α-MSH on immediate graft function and 
acute inflammation following DBD transplantation12–17. The effect of α-MSH on long-
term renal function after transplantation and structural injury was not investigated and 
cannot be deducted from our present results. However, α-MSH impaired recovery of 
GFR and failed to show any reduction of inflammatory qRT-PCR markers. We believe 
it is rather unlikely that the short follow-up period masked the capacity of α-MSH to 
improve early graft function following DBD transplantation.  

α-MSH can bind to four different melanocortin receptors (MCR1, MCR3, MCR4, MCR5). 
These different receptors are responsible for pleiotropic function of α-MSH, like regulation 
of pigmentation, hemodynamics, glucose metabolism and immunomodulation28,29. 
The anti-inflammatory effect is mainly mediated by MCR1, but also by MCR3 and 
MCR4. The anti-inflammatory capacities of α-MSH are based on modulation of antigen 
presenting cells and reduced production of cytokines such as IL-1β, TNF-α and IL-628,30,31. 
Although MCR1 and MCR3 expression in the kidney is slightly decreased after renal 
I/R, renal expression of these receptors suggests α-MSH treatment might be locally 
protective28,32. Chiao et al. showed using isolated perfused kidneys after renal ischemia 
that addition of α-MSH to the perfusion solution improves renal function indicating that 
α-MSH mediated renoprotection is based on a renal binding to MCR’s13. In our study, 
no differences in cortical expression of several markers of inflammation was found 
between controls and α-MSH treated animals. The local anti-inflammatory effects, as 
shown in models of acute kidney injury10,12,15, might be counteracted by systemic effects 
of MCR1,3-5. The hemodynamic effects and the effect on blood glucose levels suggest 
systemic activity of α-MSH in this porcine transplantation model. Selective agonists 
of MCR1, MCR3 or MCR4 might induce anti-inflammatory effects without possible 
adverse effects of activating the complete MCR system. 

Renal I/R injury results in down-regulation of aquaporins and sodium transporters29,33. 
Aquaporins and sodium transporters are important for the renal reabsorptive capacity 
of water and sodium. In models of acute kidney injury, prevention of down-regulation 
of aquaporins and sodium transporters is associated with reduced sodium and water 
excretion and improved renal function11,14,16,34. 
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In this study α-MSH seemed to slightly increased cortical AQP-2 protein expression. 
Clinically, urine flow was halved and sodium excretion reduced, but recovery of GFR 
was impaired. These functional renal effects are presumably caused by changes in 
hemodynamics and not by the small changes in AQP-2 expression. 

The anti-inflammatory effects and improvement of renal function observed after α-MSH 
treatment in various models of acute renal injury suggested α-MSH could prevent DGF 
and PNF following DBD kidney transplantation. However, α-MSH seemed to reduce MAP 
and impaired short-term recovery of renal function. Anti-inflammatory capacities of 
α-MSH were not observed. In conclusion, α-MSH treatment of recipients did not improve 
early graft function or reduce acute inflammation in this short-term model of deceased 
donor kidney transplantation.
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Supplemental data

Supplemental	data	-	Figure	1:	Effect	of	α-MSH	on	plasma	creatinine	and	urea	levels.

Supplemental	data	-	Figure	2:	Effect	of	α-MSH	on	plasma	hemoglobin,	pH	and	lactate	levels.
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Supplemental	data	-	Figure	3:	Effect	of	α-MSH	on	plasma	ASAT	and	ALAT	levels.
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Abstract

Kidneys recovered from donation after circulatory death (DCD) are increasingly used 
to enlarge the deceased donor pool. Such renal grafts, especially those derived from 
uncontrolled DCD, have inevitably sustained profound warm ischemic injury, which 
compromises post-transplant function. Normothermic recirculation (NR) of the deceased 
donor’s body before organ cooling could be an interesting approach to mitigate the 
detrimental effect of warm ischemia. To date, however, there is no evidence coming 
from preclinical studies to support the principle of NR in kidney transplantation. 

In this study, we subjected 48 Lewis rat kidneys to 15 or 30 min of warm ischemia, and 
subsequently 0, 1, or 2 h of NR. After 24 h cold storage, kidneys were transplanted into 
a recipient animal and 24 h later we measured the percentage of cortical necrosis, and
determined gene expression of heme oxigenase-1, heat shock protein-70, transforming 
growth factor-β, kidney injury molecule-1, interleukin-6, hypoxia inducible factor-1α, 
monocyte chemoattractant protein-1, and α-smooth muscle actin in kidney tissue. 

We found that NR had no significant influence on any of these markers. Therefore, we 
conclude that this animal study by no means supports the presumed beneficial effect 
of NR on kidneys that have been severely damaged by warm ischemia.
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Introduction

To partially resolve the persistent donor organ shortage, kidneys recovered from 
donation after circulatory death (DCD) are increasingly used to enlarge the deceased 
donor pool. Compared to renal grafts recovered from donors after brain death, DCD 
kidneys have by definition sustained additional injury due to warm ischemia (WI) 
between cardiocirculatory arrest and cold organ perfusion. Although the duration of WI 
varies among the different types of DCD donors, recipients of such kidneys are known to 
have a substantially increased risk of delayed graft function and primary nonfunction, 
especially when WI has been very profound such as in uncontrolled DCD1. 

Most established organ preservation protocols are based on rapid cooling immediately 
after cardiac arrest, followed by organ procurement and either static cold storage or 
hypothermic machine perfusion of the kidney graft2. To mitigate the detrimental effect 
of warm ischemia, some studies have suggested the use of normothermic recirculation 
(NR) before organ cooling is instituted. NR is an early organ preservation strategy, in 
which the deceased donor’s body is artificially recirculated with warm oxygenized blood 
quickly after the declaration of cardiocirculatory death, for a limited period of time 
such as 1 or 2 h. NR is typically administered through an extracorporeal membrane 
oxygenator, connected to a closed circuit with cannulae in the femoral vessels of the 
deceased donor3. A few studies have reported beneficial effects of this strategy on post-
transplant graft function and survival. Most of these reports focus on NR prior to DCD 
liver transplantation3–5. So far, only one published clinical study presented results of NR 
in renal transplantation6. The authors reported a significant reduction of delayed graft 
function and an improved graft survival after transplantation when NR was compared 
with a protocol in which organs were immediately cooled. To our knowledge, hospitals 
in Barcelona, Madrid, Paris, St. Petersburg, and Taiwan are currently the only centers 
worldwide with an operational clinical NR protocol for potential DCD kidney and liver 
donors3,7,8. 

Before a novel preservation strategy such as NR can be widely implemented in 
human renal transplantation practice, more basic evidence is needed to quantify the 
magnitude of its presumed effect and to unravel the mechanism through which NR 
could be beneficial to a DCD kidney graft. To date, there is no evidence coming from 
mechanistic preclinical studies to support the principle of NR in kidney transplantation. 
We have conducted an animal study to investigate the potential of NR to reduce WI 
injury in a standardized renal transplantation model. The aim of the present study was to 
determine whether NR can reduce the amount of tubular necrosis after transplantation, 
and whether NR influences the expression of genes that are involved in renal damage, 
inflammation, interstitial fibrosis formation, cytoprotection, and tissue regeneration in 
kidneys that have sustained severe warm ischemic injury in the donor.
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Materials & Methods

Animals and housing
Ninety-six adult male Lewis rats weighing 250–300 g, obtained from Harlan (Zeist, 
The Netherlands) were used as kidney donors (n = 48) and recipients (n = 48). 
Before surgery, animals were kept in standard polycarbonate housing (model 1354F, 
Tecniplast, Buguggiate, Italy), with a maximum of four animals together in one cage. 
After surgery, recipient animals were housed individually in the afore mentioned 
polycarbonate housing. Throughout the experiment, all animals were allowed free 
access to a standard laboratory animal diet and acidified tap water. All experimental 
procedures were approved by the animal experiment committee of the University of 
Groningen, and the principles of laboratory animal care (NIH publication no. 85-23, 
revised 1985), as well as regulations imposed by the Dutch law on animal experiments 
were followed.

Experimental design
We employed a syngeneic Lewis to Lewis rat renal transplant model with orthotopic 
transplantation of the left donor kidney, leaving the recipient’s native right kidney in situ. 
Renal grafts in six experimental groups (eight transplants per group) received either 15 
or 30 min of WI, followed by either no NR, 1 h NR, or 2 h NR, and subsequently 24 h 
cold storage (CS) preservation and transplantation into a recipient animal. Recipient 
animals were sacrificed exactly 24 h post-transplant. Experimental groups were as 
shown in table 1:

Table 1 - Study groups

Group Warm ischemia Normothermic 
recirculation

1 0 minutes 0 hours

2 15 minutes 0 hours

3 30 minutes 0 hours

4 15 minutes 1 hours

5 30 minutes 1 hours

6 15 minutes 2 hours

7 30 minutes 2 hours

We chose 15 and 30 min for the duration of WI time in this animal model, as we had 
previously demonstrated that the combination of 15 min WI and 24 h CS results in a 
seriously damaged kidney graft, leading to delayed graft function after transplantation9. 
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As NR is most interesting in the uncontrolled DCD (Maastricht categories I and II)10  

setting that will lead to severely damaged kidneys, we deliberately chose not to test the
method on kidneys that have sustained only mild ischemic injury. We added the 
duration of 30 min WI to provide for an even heavier variant of this DCD animal model. 
We chose 1 and 2 h for the duration of NR, as these seem realistic times to apply NR 
in the human setting and are also comparable to the time periods that the Barcelona 
group reports for NR in their center.

Donor operation and organ preservation
After induction of inhalation anesthesia with 5% isoflurane/oxygen, donor animals 
received 250 IU heparin via the penile vein. Through a midline incision, the left kidney,
both renal vessels, and the ureter were isolated. The left renal artery and vein were 
subsequently clamped for 15 or 30 min to induce WI. In experimental groups, NR 
was induced by removal of the clamps and reperfusion of the left kidney for 1 or 2h.            
Next, a ligature was placed around the aorta, superior to the right renal artery, to prevent 
flushing of the liver and intestine. The inferior caval vein was cut and both kidneys were 
flushed by inserting a 20 G needle into the aortic bifurcation and infusing 10 ml of 
0.9% NaCl at 37°C, directly followed by 10 ml of University of Wisconsin (UW) organ 
preservation solution at 4°C. Glutathione (0.922 mg/ml) was freshly added to the UW 
solution. Immediately upon flushing, the left kidney was removed. Donor kidneys were 
preserved for duration of exactly 24 h by means of static CS at 0–4°C, submerged into 
25 ml of UW solution with added glutathione.

Recipient operation
After induction with 5% isoflurane/oxygen, maintenance inhalation anesthesia with 
3% isoflurane/oxygen was used. Orthotopic kidney transplantation was performed 
on the left side: First, the native left kidney was removed after clamping both renal 
blood vessels. The graft renal artery was anastomosed end-to-end to the recipient’s 
renal artery using eight interrupted Dafilon 10-0 (B. Braun, Melsungen, Germany) 
non-absorbable sutures, and the graft renal vein was anastomosed to the recipient’s 
renal vein with a running suture of the same material. Vascular anastomosis time was 
standardized to exactly 25 min for each procedure. The graft ureter was anastomosed 
endto-end to the recipient ureter using four interrupted sutures. The abdominal fascia 
and skin were closed in layers with two separate absorbable Safil 4-0 (B. Braun) running 
sutures. Analgesia was managed subcutaneously with buprenorfine: Animals received 
0.01 mg/kg during surgery, 0.04 mg/kg immediately after transplantation, and 0.05 
mg/kg 10–12 h postsurgery. An electric warming blanket was placed under the cage 
floor to prevent hypothermia in the first hours after surgery. At exactly 24 h post-
transplant, recipient animals were sacrificed by exsanguination under anesthesia. The 
transplanted kidney was harvested surgically before exsanguination. 
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Sample collection and analysis
Prior to termination of recipient animals, the donor kidney was collected and one tissue 
sample was fixed in 4% formalin for histologic examination. Another tissue sample was 
immediately snap frozen in liquid nitrogen. Histologic slices were stained by the periodic 
acid-Schiff (PAS) method and were quantitatively assessed for cortical necrosis. Digital 
images of each slice were taken and Aperio ImageScope software (Aperio, Vista, CA, 
USA) was used to calculate the percentage cortical necrosis as the quotient of the 
necrotic cortical area and the total cortical area (Figure 1).

Real-time quantitative RT-PCR (qPCR) analysis of heme oxigenase-1 (HO-1), heat shock 
protein-70 (HSP-70), transforming growth factor-β (TGF-β), kidney injury molecule-1 (KIM-
1), interleukin-6 (IL-6), hypoxia inducible factor-1α (HIF-1α), monocyte chemoattractant 
protein-1 (MCP-1), and α-smooth muscle actin (α-SMA) gene expression was performed 
to detect cytoprotection (HO-1 and HSP-70), tissue regeneration (TGF-β), renal tubular 
injury (KIM-1), aspecific inflammation (IL-6, HIF-1α, and MCP-1), and early signs of 
interstitial fibrosis (α-SMA) 24 h after transplantation. Amplification primers (Table 2) 
were designed with Primer Express software (Applied Biosystems, Foster City, CA, USA) 
and validated in a six-step twofold dilution series. RNA was extracted from snap frozen 
tissue using TRIzol (Invitrogen, Breda, The Netherlands). 

Table 2 - qRT-PCR primers

Gene Forward Reverse
β-actin 5’–GGAAATCGTGCGTGACATTAAA–3’ 5’–GCGGCAGTGGCCATCTC–3’

HO-1 5’–CTCGCATGAACACTCTGGAGAT–3’ 5’–GCAGGAAGGCGGTCTTAGC–3’

HSP-70 5’–GGTTGCATGTTCTTTGCGTTTA–3’ 5’–GGTGGCAGTGCTGAGGTGTT–3’

TGF-β 5’–GCTCTTGTGACAGCAAAGATAATGTAC–3’ 5’–CCTCGACGTTTGGGACTGAT–3’

Kim-1 5’–AGAGAGAGCAGGACACAGGCTTT–3’ 5’–ACCCGTGGTAGTCCCAAACA–3’

IL-6 5’–CCAACTTCCAATGCTCTCCTAATG–3’ 5’–TTCAAGTGCTTTCAAGAGTTGGAT–3’

HIF-1α 5’–GAACATGATGGCTCCCTTTTTC–3’ 5’–CCTGGTTGCTGCAGTAACGTT–3’

MCP-1 5’–CTTTGAATGTGAACTTGACCCATAA–3’ 5’–ACAGAAGTGCTTGAGGTGGTTGT–3’

α-SMA 5’–GAGAAAATGACCCAGATTATGTTTGA–3’ 5’–GGACAGCACAGCCTGAATAGC–3’
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Figure 1 - Representative example of the cortical necrosis scoring method. Histologic slices were 
stained by the periodic acid-Schiff (PAS) method and were quantitatively assessed. Digital images of 
each slice were taken and Aperio ImageScope software was used to calculate the percentage cortical 
necrosis as the quotient of the necrotic cortical area and the total cortical area. Overview of a kidney at 
10x magnification (A), and a more detailed view at 50x magnification (B). The total cortical area and the 
necrotic sections are encircled with black lines. In panel (B), the necrotic area on the lower left hand side 
is bounded by a black line, on the other side of which vital cortical renal tissue can be seen.

B

A

Total RNA was treated with DNase I, Amp Grade (Invitrogen). cDNA synthesis was 
performed from 1 μg total RNA using T11VN oligos and M-MLV Reverse Transcriptase, 
according to supplier’s protocol (Invitrogen). Amplification and detection were performed 
with the ABI Prism 7900-HT Sequence Detection System (Applied Biosystems) using 
emission from SYBR Green (SYBR Green master mix, Applied Biosystems). All assays 
were performed in triplicate. After an initial activation step at 50°C for 2 min and a hot 
start at 95°C for 10 min, qPCR cycles consisted of 40 cycles of 95°C for 15 s and 60°C 
for 60 s. Gene expression was normalized with the mean of β-actin mRNA content and 
calculated relative to healthy controls. Results were expressed as 2 -ΔCT (CT threshold 
cycle).
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Statistics

To minimize the number of animals required per group, a 3*3 between-subjects factorial 
design was constructed in which the levels of two independent variables (WI time 0, 15, 
or 30 min, and NR time 0, 1, or 2 h) were varied among the seven groups. Using Mead’s 
formula for sample size estimation in factorial designs11, we calculated that a minimum 
of five animals per group would be required to obtain adequate statistical power. Some 
interaction between WI time and NR time could be assumed, and variances could be 
different among the six groups. In addition, prior experience showed that in 15–20% 
of the transplants a technical complication would occur. Therefore, we determined that 
the initial number of animals per group should be eight.

Statistical analyses were performed with SPSS software, version 18 (IBM, Armonk, NY, 
USA). One-way anovas were performed which tested whether the dimensions WI time 
and NR time significantly influenced each of the nine dependent variables (cortical 
necrosis, and the expression of eight genes) after transplantation, and whether there 
was any significant interaction between WI time and NR time. In case a significant effect 
of WI or NR time was found for a certain dependent variable, we used Turkey’s post hoc 
test to determine between which of the three levels of these variables the significant 
difference existed. As none of the independent variables were normally distributed, all
values were transformed to ranks before being entered into the analyses. Two-sided 
P-values below 0.05 were considered to indicate statistical significance.
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Results

In 9 of 53 transplants (17%), technical complications occurred, which were mostly 
related to inadequate vascular flushout in the donor and/or leakage or occlusion of the 
vascular anastomosis in the recipient. These nine cases were excluded from further 
analysis. Exclusions occurred in all groups with WI and led to a median of seven animals 
per experimental group. In the remainder of procedures, all recipient animals survived 
until sacrifice at 24 h after transplantation. 

Cortical necrosis 
Figure 2A shows a plot of the percentage cortical necrosis for each individual 
transplant, categorized per experimental group. In all groups that had sustained WI, we 
found profound cortical necrosis 24 h after transplantation with an overall median of 
65% (interquartile range 37–86%) of the total renal cortical area. In kidneys that had 
sustained 15 min of WI, the median cortical necrotic area was 43% (interquartile range 
34–71%), whereas renal grafts with 30 min of WI in the donor had a significantly higher 
median cortical necrotic area of 82% (interquartile range 43–95%; P = 0.03 vs. 15 min 
of WI). Kidneys without WI in the donor had a significantly lower median percentage of 
cortical necrosis 24 h after transplantation (18%, interquartile range 11–21%; P = 0.01 
versus 15 min of WI and P < 0.005 vs. 30 min of WI). 

In contrast, NR did not have any significant effect on the percentage of cortical necrosis 
after transplantation: In WI injured kidneys that underwent no NR the median cortical 
necrotic area was 71% (interquartile range 35–92%) 24 h post-transplant, and for 
kidneys that were treated with 1 or 2 h of NR this figure was 53% (interquartile range 
36–74%) and 76% (interquartile range 41–95%), respectively (P = 0.28). There was 
no significant interaction between WI time and NR time (P = 0.24) for the dependent 
variable cortical necrosis. Table 3 lists P-values resulting from the one-way ANOVAs 
which tested whether WI time, or NR time significantly influenced each dependent 
variable.
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Figure 2 - Percentage of cortical necrosis in kidney grafts(A), and the expression of heme oxigenase-1 (B), 
heat shock protein-70 (C), transforming growth factor-β (D), kidney injury molecule-1 (E), interleukin-6 (F), 
hypoxia inducible factor-1α (G), monocyte chemoattractant protein-1 (H), and α-smooth muscle actin (I), 
24 h after transplantation. Each black dot represents a single case, and horizontal lines indicate median 
values per experimental group.
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qPCR results
Figures 2B-I present the results of qPCR analyses for each individual transplant, 
categorized per experimental group. WI time had a statistically significant influence 
on the expression of KIM-1, HSP-70, α-SMA, HO-1, and IL-6 in the anovas. In the post 
hoc tests, this significant effect was mostly explained by the difference between 0 and
15 min and/or 0 and 30 min of WI, and not by the difference between 15 and 30 
min of WI. Overall, the expression of genes that are involved in cytoprotection, tissue 
regeneration, tubular injury, inflammation, and interstitial fibrosis was minimally 
influenced by NR time. Only for HO-1 NR time had a significant influence on gene 
expression 24 h after transplantation (P = 0.01), but there was also a significant 
interaction between WI time and NR time in this model (P = 0.005). For all other 
markers tested, NR did not significantly influence gene expression in the kidney graft 
24 h post-transplant (Table 3).

Table 3 - p-values 

Variable p-value for WI p-value for NR

Cortical necrosis < 0.005 0.28

HO-1 0.01 0.01

HSP-70 0.005 0.98

TGF-β 0.37 0.66

Kim-1 <0.005 0.14

IL-6 0.03 0.81

HIF-1α 0.20 0.57

MCP-1 0.06 0.18

α-SMA 0.004 0.47
p-values resulting from the one-way ANOVAs which tested whether either 
warm ischemic time, or normothermic recirculation time significantly 
influenced each dependent variable.
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Discussion

Interventions that aim at better preserving donor organ quality prior to transplantation 
are becoming increasingly important in an era with more marginal deceased donor 
grafts in the pool12,13. Normothermic recirculation immediately after cessation of 
cardiopulmonary resuscitation measures was initially instituted by the group of the 
Hospital Clínic in Barcelona, Spain, to gain extra time and obtain the compulsory 
judicial permission for uncontrolled (Maastricht category I and II) DCD organ donation3. 
As a side effect, clinicians observed an improved early function of those renal grafts 
that had been subjected to NR in the donor, compared with kidneys that came from 
donors whose organs were immediately cooled when cardiopulmonary resuscitation 
was stopped, with 12.5% versus 75% delayed graft function incidence6. These findings, 
together with favorable results of DCD liver transplantation after NR (post-transplant 
course of uncontrolled DCD livers after NR comparable with that of livers recovered 
from DBD donors without NR), have led to the hypothesis that NR may somehow 
resuscitate a DCD donor kidney that has been exposed to severe WI injury14. However, 
to date, the mechanism as well as the magnitude of its postulated effect remains to be
unraveled. Interestingly, NR is already clinically utilized at a small scale, although there 
is no convincing preclinical evidence which supports its principle and/or effectiveness 
for kidneys. The aim of the present study was to provide a first piece of such evidence. 
It needs to be stressed that we did not set out to exactly mimic the human DCD and 
NR situation. Instead, the present study makes several simplifications and specifically 
focuses on standardized severe WI injury to rat kidneys and the question whether a 
period of warm, oxygenized reperfusion with autologous blood before cold storage 
will have any effect on cortical necrosis and gene expression post-transplant. Much to 
our surprise, we could not find any indication that such an intervention will somehow 
protect or resuscitate renal grafts that have sustained profound WI injury in this rodent 
model. Therefore, the present animal study does not support the scarce published 
evidence which suggested that NR could have a beneficial effect on kidneys recovered 
from uncontrolled DCD. 

Apart from merely being a preclinical study in a standardized animal model, this study 
has a few other relevant limitations that should be considered when translating our 
findings to the human clinical setting. First, in our model WI injury was induced by 
clamping the renal vessels after systemic heparinization, which is not fully comparable 
with cardiac arrest followed by cardiopulmonary resuscitation and cessation of such 
measures as it occurs in human uncontrolled DCD15. We chose not to employ a genuine 
cardiac arrest model, because we wanted to focus on the effect of NR after a clear-cut 
duration of real WI, avoiding the more complex situation of slowly worsening hypoxia, 
hypotension, and the associated systemic neurologic and humoral responses that could 
all have their own isolated effect on the kidney graft. 
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In addition, we needed a physiologically intact circulation in the donor animal for 
NR after WI. We employed an auto-NR model, as artificial warm and oxygenated 
recirculation of small rodents is technically challenging and therefore likely to introduce 
more variation in our model. A second limitation is that our study lacks functional end 
points in terms of renal function or graft survival after transplantation. To obtain such 
data, recipient animals need to stay alive for at least a few weeks posttransplant and 
the native contralateral kidney of the recipient would have to be removed at the same 
moment when the donor graft is implanted, or shortly after, to be able to measure 
early renal function of only the transplanted kidney. Normally, with donor kidneys that 
have sustained only minimal injury, an orthotopic renal transplant model with native 
contralateral nephrectomy is easily applicable and rather stable16. However, for the 
present study donor kidneys needed to be severely damaged. Hence, most kidneys 
would develop delayed graft function in the first days after transplantation. Without 
a native contralateral kidney in situ, most animals would die of uremia soon after 
transplantation, or become unacceptably ill in those first days9. Dialysis of small rodents 
is technically very complex and would introduce too much variation in our data. With a 
native contralateral kidney in situ, as in our model, reliable isolated measurement of 
graft function is impossible. As a consequence, this study lacks functional end points. 

Another limitation of this study could be that we have possibly chosen a too heavy 
model of WI injury, which rendered most kidneys in a condition that was beyond any 
recovery. Thus, we may have missed a potential beneficial effect of NR because renal 
grafts in our study sustained too much damage to be repaired by this intervention. 
Although the cortical necrosis results do suggest that those kidneys with WI injury were 
severely damaged versus the control group without WI, gene expression patterns were 
not very different in the experimental groups with WI compared with the control group
without WI. This finding suggests that WI injured kidneys in our study were still capable 
of gene expression within a normal range. Hence, if NR would have any influence 
on gene expression 24 h post-transplant, our model should have detected it. It can 
also be argued that the 24 h of cold ischemia that all kidneys in the present study 
have sustained might have been too long, leading to irreversibly damaged kidneys at 
transplant. However, our group has positive prior experience with this length of cold 
storage in Lewis rat kidneys, leading to still viable kidneys post-transplant. Even though 
NR might show some measurable effects in kidneys that are only minimally injured, 
it is a logistically challenging and rather costly method in humans. We feel that its 
application is most relevant when NR would lead to a significant improvement of 
severely damaged donor grafts, which would otherwise not be sufficiently suitable for 
transplantation. 
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An earlier preclinical study by Net et al. showed that, in DCD liver transplantation, the 
effect of NR could be mediated by a form of ischemic preconditioning4. Although proven 
to be protective against ischemia/reperfusion injury in liver transplantation, ischemic 
precondition does not seem to have such an effect on kidney grafts17. This may in part 
explain why NR does reduce ischemia/reperfusion related injury in DCD liver grafts, 
but the method does not significantly protect and/or resuscitate ischemically damaged 
kidneys. 

It is well established that although ischemia itself does lead to tissue injury, subsequent 
reperfusion will cause even more damage through a multitude of pathways including 
acute aspecific inflammation and the detrimental effect of reactive oxygen species18–20. 
A donor procedure with NR, followed by transplantation of the kidney will follow the 
sequence WI – warm oxygenized reperfusion – cold ischemia – warm oxygenized 
reperfusion and therefore has two instead of just one potentially detrimental episodes 
of reperfusion. As a consequence, NR might even lead to more instead of less ischemia/
reperfusion related kidney injury. In our study, donor kidneys after 30 min of WI and 
2 h of NR had significantly more cortical necrosis than renal grafts that had also 
sustained 30 min of WI, but underwent only 1 h of NR. This finding carefully supports 
the hypothesis that a long period of NR after profound WI could actually be detrimental 
to a kidney graft. In addition, in the human setting NR would most likely reperfuse a 
substantial part of the donor’s body, all of which has endured WI. In contrast to our 
animal model in which only the kidney sustained WI, a human DCD kidney would also 
be exposed to circulating inflammatory mediators and oxygen free radicals that are 
released upon warm reperfusion of the intestine and the liver.

In conclusion, the present animal study could not show any beneficial effect of NR 
in terms of more cytoprotection, elevated tissue regeneration, less interstitial fibrosis 
formation, a lower level of aspecific inflammation, or a decreased percentage of 
tubular necrosis in transplanted kidneys that had sustained severe warm ischemic 
injury in the donor. Our data do have several relevant limitations which preclude a direct 
translation to the human clinical setting. Nevertheless, this study by no means supports 
the concept of NR for DCD kidneys. We feel that more preclinical evidence is needed 
to decide whether this method should be implemented in human uncontrolled DCD 
or not, as neither the mechanism has been elucidated in animal studies, nor has its 
effectiveness been shown in randomized controlled studies so far.
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Abstract

Introduction
Erythropoietin (EPO) and carbamoylated EPO improve renal function following brain 
death donation. ARA290 is a drug of the latest generation of non-erythropoietic EPO 
derivatives. ARA290 exclusively binds to the receptor complex (EPOR2-βcR2) consisting 
of two EPO-receptors (EPOR) and two β common receptors (βcR). This receptor 
complex is responsible for EPO mediated cytoprotection. We investigated the protective 
capacities of early- and late ARA290 treatment of brain dead donors in an isolated 
perfused kidney model. Secondarily, the effect of ARA290 addition to the perfusion 
solution on renal function was tested. 

Material & Methods
Brain death was induced by inflating an intracranial balloon in male Lewis/HanHsd rats 
(n=36). ARA290 (1 nmol/kg) was administered after 30- or 120 minutes of brain death. 
Saline was used as vehicle treatment. Kidneys were removed after four hours of brain 
death. Right kidneys were used for qRT-PCR analyses, while the function of the left 
kidneys was measured in the isolated perfused kidney model. ARA290 was also added 
to the perfusion solution of one vehicle treated group. Expression of inflammatory- and 
acute kidney injury markers was measured by qRT-PCR analysis.

Results
Early- or late ARA290 donor treatment or addition of ARA290 to the perfusion solution 
did not improve glomerular filtration rate. Markers of acute kidney injury or inflammation 
were not affected by ARA290 treatment.

Discussion 
ARA290 treatment of brain dead donors did not improve renal function or protect 
against brain death related injury. This also applies to the addition of ARA290 to the 
perfusion solution. Presumably, a dose of 1 nmol/kg ARA290 was not sufficient to 
induce renoprotection. 
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Introduction

Graft survival of brain death donor (DBD) kidneys is inferior compared to living donor 
kidneys. Also, the incidence of primary non function (PNF) and delayed graft function 
(DGF) is distinctly higher after DBD kidney transplantation compared to living donor 
donation1. Since brain death donors represent over 50% of all kidney donors, strategies 
to improve the outcome of DBD kidney transplantation is of great importance2. 

The process of brain death causes systemic hemodynamic- and hormonal instability 
in the donor, resulting in ischemia/reperfusion (I/R) injury of donor organs3–5. Also, 
a systemic inflammatory response in donor organs has been observed after brain 
death6–9. These processes ultimately compromise short- and long-term outcome of 
renal transplantation. In this study, we applied cytoprotective treatment of the donor to 
increase the quality of the donor organ.

Originally, erythropoietin (EPO) is known as regulator of erythropoiesis10. Interestingly, 
EPO also has a endogenous protective function11. In response to acute injury, EPO is 
locally up-regulated11. This makes EPO mediated cytoprotection an interesting option 
for therapeutic intervention aiming at the reduction of brain death related injury. EPO 
mediated cytoprotection is not induced by binding of EPO to the classical EPO receptor 
complex (EPOR2). To induce cytoprotection, EPO binds to a complex consisting of two 
EPOR and two β common receptors (EPOR2-βCR2)

12. The binding affinity of EPO to this 
protective receptor complex is approximately 80 times lower compared to binding of 
EPO to the EPOR2 complex11–13. Thus, considerably higher systemic doses are required 
to activate EPO mediated cytoprotection compared to the doses required for stimulation 
of erythropoiesis. This creates a major drawback for protective EPO treatment, as the 
risk of cardiovascular adverse effects will be increased by activation of erythropoiesis 
and thrombocytes14.

The protective capacities of EPO have been shown in various models of acute kidney 
injury11,15–18. Treatment before, but also after induction of injury, improved renal 
function15,18. Based on these pre-clinical studies, EPO treatment has been tested in 
four clinical trials19–22. Recipients of deceased donor kidneys were treated with EPO to 
improve short-term function and thereby reduce delayed graft function. Unfortunately, 
protection by EPO was not observed, while the risk of cardiovascular side effects already 
increased20.
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To prevent cardiovascular adverse effects while retaining the protective effects of EPO, 
non-erythropoietic EPO derivatives have been developed. Carbamoylated EPO (CEPO) 
was the first generation non-erythropoietic EPO derivatives and its protective capacities 
have been shown in several models of acute kidney injury12,23–26. Besides, CEPO also 
improved renal function following brain death donation27. The latest generation of non-
erythropoietic EPO derivatives is ARA290. 

ARA290 is derived from the binding site of EPO to the EPOR2-βCR2 complex. It has 
only cytoprotective capacities and it does not affect erythropoiesis. ARA290 differs 
from CEPO in regard to its half-life, which is only several minutes compared to the 
approximately 6 hours half-life of CEPO28. 

In this study, we aimed to determine the renoprotective capacities of ARA290 treatment 
of brain death donors. ARA290 was administered to the brain donors either 30- or 120 
minutes following induction of brain death. Renal function was studied during 90 minutes 
perfusion in an isolated perfused kidney (IPK) model. Expression of inflammatory- and 
acute kidney injury markers was measured after donation. Secondarily, protection by 
addition of ARA290 to the renal perfusion solution was tested, as it might improve 
preservation of donor organs. 
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Materials & Methods

Animals
Thirty-six male Lewis/HanHsd rats (Harlan, Horst, the Netherlands, 250–300 gr.) were 
used for this study. They were housed individually with free access to water and rat 
chow. The animal experiments were approved by the animal ethics committee of the 
university of Groningen (DEC-RuG, 4179B, Groningen, the Netherlands). The experiments 
were performed according to international and Dutch guidelines of animal research. 
Eight animals were excluded due to complications during brain death.

ARA290
ARA290 (ARAIM Pharmaceuticals, Ossining, USA) is a small synthetic peptide consisting 
of eleven amino acids. It has been derived from the binding site of EPO to the protective 
EPOR2-βcR2 complex and it does not bind to the classical EPOR2 complex. The plasma 
half-life is approximately two minutes.

Study design
The animals were randomized into four groups, receiving an iv injection with either 
saline or ARA290 at 30- or 120 minutes after induction of brain death (Table 1). After 
four hours of brain death both kidneys were retrieved. The right kidney was used for 
qRT-PCR analyses of inflammation and acute kidney injury. The renal function of 
left kidneys was tested in an isolated perfused kidney (IPK) model for 90 minutes29. 
As vehicle treatment was expected not to affect renal injury or –function, ARA290 
was added to the perfusion solution of the ‘early – vehicle’ group. This means that 
for IPK analyses the ‘late – vehicle’ group served as control for all groups. The used 
concentration ARA290 was 1 nmol/kg (1 nmol/kg = 1.258 ug/kg) and saline (0.9%) 
served as vehicle treatment. Dosage of ARA290 was chosen based on earlier renal I/R 
experiments.

Table 1 - Study design

Group Treatment Perfusion solution Number of 
animals

Early – Vehicle Saline WME + ARA290 8

Early – ARA290 1 nmol/kg ARA290 WME 7

Late – Vehicle Saline WME 7

Late – ARA290 1 nmol/kg ARA290 WME 6
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Brain death procedure
Brain death was induced according to earlier published protocols. Animals were 
anesthesized with 4% isoflurane. Arterial pressure was monitored via a femoral 
catheter. A tracheostomy was performed to intubate the rats. In this way animals were 
ventilated during brain death. After drilling a frontolateral hole, a 4-Fogarty catheter 
(Edwards Lifesciences, Irvine, CA) was inserted subdurally. Induction of brain death was 
started by slowly inflating the balloon (16µl/min) with saline using a pump (Terufision, 
Termo, Tokyo, Japan). 

A marked increase in arterial pressure indicated the start of brain death and inflating 
of the balloon was halted. An apnea test and absence of central reflexes confirmed 
brain death and anesthesia was stopped. If mean arterial pressure dropped below 80 
mmHg, animals were treated with hydroxyethyl starch 10% (HAES, Fresenius Kabi AG, 
Bad Homburg, Germany). After four hours of brain death, donors were heparinized 
with 500 IU heparin. Blood and urine were collected and kidneys were removed after 
flushing with saline. The left kidney was cannulated to determine renal function in the 
IPK model.

Isolated perfused kidney model
The cannulated left kidney was continuously perfused using warmed, oxygenated 
Williams’ medium E (WME) enriched with creatinine (0.8 g/L) for 90 minutes. After 
starting perfusion, pressure was gradually increased to 100 mmHg, regulated by a 
roller pump (Ismatec mv-ca/04; Ismatec, Glattbrugg, Switzerland). Each 15 minutes, 
urine and perfusate samples were collected. Glomerular Filtration Rate (GFR) was 
calculated as (urinary creatinine (mmol) * urine volume (ml)) / (time (min) * plasma 
creatinine (mmol)).

Samples
Blood and urine samples were stored at -80°C. Cortical and medullary samples were 
snap frozen separately  in liquid N2 and stored at -80°C for qRT-PCR. Clinical parameters 
were measured by the laboratory center of the University Medical Center Groningen. 

Real-time reverse transcription polymerase chain reaction (qRT-PCR)
RNA was extracted from snap frozen tissue using Trizol reagent according to the 
manufacturer’s instructions (Invitrogen, Breda, the Netherlands). Total RNA was 
treated with DNAse I to remove genomic DNA contamination (Invitrogen, Breda, the 
Netherlands). The integrity of total RNA was analysed by gel electrophoresis. cDNA 
was synthesised from 1-μg total RNA using M-MLV (Moloney murine leukaemia virus) 
Reverse Transcriptase and oligo-dT primers (Invitrogen, Breda, The Netherlands). 
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Urinary markers of acute kidney injury
The activity of alanine aminopeptidase (AAP) was detected with the modified 
enzymatic assay using alanine-p-nitroanilide as substrate (Sigma-Aldrich, Zwijndrecht, 
the Netherlands). N-acetyl-b-D-glucosaminidase (NAG) was measured by a modified 
enzyme assay at pH 4.25 using p-nitrophenyl-N-acetyl-b-D-glucosaminide as substrate 
(Sigma-Aldrich, Zwijndrecht, the Netherlands). AAP and NAG excretion were corrected 
for urinary creatinine output.

Statistical analyses
All data are presented as median ± interquartile range. Man Whitney U tests or Kruskal-
Wallis H tests with Dunn’s multiple comparison post-hoc analyses were used to compare 
treatment groups to controls. A p<0.05 was considered significant.

Primer sets were designed using Primer Express 2.0 software (Applied Biosystems, 
Foster City, CA). Amplification and detection were performed with the ABI Prism 7900-
HT Sequence Detection System (Applied Biosystems) using emission from SYBR green 
master mix (Applied Biosystems). The PCR reactions were performed in triplicate. After 
an initial activation step at 50 °C for 2 min and a hot start at 95°C for 10 min, PCR 
cycles consisted of 40 cycles at 95°C for 15 sec and 60°C for 60 sec. Dissociation 
curve analysis were performed for each reaction to ensure amplification of specific 
products. 

Genes and primers are shown in table 2. Gene expression was normalized with the 
mean of β-actin mRNA content and calculated relative to controls or contralateral 
kidneys. Results were finally expressed as 2–ΔCT (CT threshold cycle), which is an index 
of the relative amount of mRNA expression in each tissue.

Table 2 - qRT-PCR primers

Gene Forward Reverse Amplicon 
lenght 

(bp)
IL-6 CCAACTTCCAATGCTCTCCTAATG TTCAAGTGCTTTCAAGAGTTGGAT 89

Kim-1 AGAGAGAGCAGGACACAGGCTTT ACCCGTGGTAGTCCCAAACA 75

E-selectin GTCTGCGATGCTGCCTACTTG CTGCCACAGAAAGTGCCACTAC 73

ICAM-1 CCAGACCCTGGAGATGGAGAA AAGCGTCGTTTGTGATCCTCC 251

β-actin GGAAATCGTGCGTGACATTAAA GCGGCAGTGGCCATCTC 74
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Results

Induction of brain death by inflation of the intracranial balloon lasted approximately 
30 minutes. Start of brain death was characterized by a consistent increase of mean 
arterial pressure. Brain death donors required 5 [3-8] ml HAES to maintain mean 
arterial pressure above 80 mmHg. No differences in fluid administration were observed 
between treatment groups and controls. 

Effect on clinical parameters
At the end of four hours brain death, early- or late donor treatment with ARA290 did 
not affect plasma creatinine levels (Figure 1A). Also, LDH and ASAT levels did not differ 
between early- or late treatment and controls (Figure 1B and 1C).

Figure 1 – Effect of ARA290 on renal function. Early or late ARA290 treatment of brain death donors 
did not affect plasma levels of creatinine (A) , LDH (B) or ASAT (C).

Renal function, defined as GFR in the isolated perfused kidney model, was not 
significantly affected by ARA290 donor treatment compared to controls (Figure 2A 
and 2B). However, late treatment at 120 minutes after start of brain death, tended to 
improve renal function after 30 minutes perfusion (Figure 2A). No influence on GFR by 
addition of ARA290 to the perfusion solution was observed compared to controls.

Figure 2 – Effect of ARA290 on renal function. Figure A represents precise GFR during isolated 
perfusion, while figure B shows overall GFR of the 90 minutes perfusion period. No significant differences 
were observed between treatment groups and controls.

A B C

A B
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Effect on acute kidney injury
Urinary excretion of AAP and NAG have been measured in the isolated perfused kidney 
model. AAP and NAG are brush border proteins and these molecule are excreted in 
acute kidney injury. Early- or late ARA290 donor treatment or addition of ARA290 to 
the perfusion solution did not reduce excretion of urinary AAP or NAG excretion (Figure 
3A and 3B).

Figure 3 – Effect of ARA290 urinary AAP and NAG excretion. AAP (A) or NAG (B) were not affected by 
ARA290 donor treatment or addition to perfusion solution.

Kidney injury molecule-1 (Kim-1) is a cortical marker of acute kidney injury. ARA290 
donor treatment or addition to perfusion solution did not result in reduced Kim-1 protein 
expression. 

Figure 4 – Effect of ARA290 Kim-1 mRNA expression. ARA290 treatment did not reduce Kim-1 mRNA 
expression as marker of acute kidney injury.

A B
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Effect	on	renal	inflammation
The effect of ARA290 on three mRNA markers of inflammation has been measured. 
After four hours of brain, death interleukin-6 (IL-6) mRNA levels, a general marker of 
inflammation, were not affected by early- or late ARA290 donor treatment (Figure 
5A). Renal, endothelial inflammation was represented by mRNA levels of endothelial 
leukocyte adhesion molecule-1 (E-selectin) and intercellular adhesion molecule-1 
(ICAM-1). After 4 hours brain death early- or late ARA290 donor treatment did not 
reduce mRNA levels of E-selectin or ICAM-1 compared to controls (Figure 5B and 5C).

Figure	5	–	Effect	of	renal	inflammation.	Early- or late ARA290 donor treatment did not affect renal 
inflammation.

A B C
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Discussion

This study shows that early- or late ARA290 donor treatment did not improve renal 
function in an IPK model. Furthermore, ARA290 treatment of brain dead donors did 
not reduce inflammation or acute kidney injury. Addition of ARA290 to the perfusion 
solution did not reveal performance-enhancing capacities.

Our present results are in contrast to recent observations of Nijboer et al. who showed 
that brain death donor treatment with EPO and CEPO improves renal function as 
measured in the isolated perfused kidney model27. Furthermore, in that study, renal 
expression of inflammatory genes and infiltration of polymorphonuclear cells were 
more effectively reduced by CEPO compared to EPO treatment27. Surprisingly, in our 
study, ARA290, the newest generation non-erythropoietic EPO derivatives, did not show 
such renoprotective effects.

The ineffective results of this study may be explained by the used dose of ARA290 
(1nmol/kg = 1.3 ug/kg), which was chosen based on renal I/R experiments in mice. In 
that study, doses of 1 ug/kg and 10 ug/kg protected against renal I/R injury28. However, 
possibly the dose of 1 nmol/kg was too low to induce renoprotection in our brain death 
donor model in rats. EPO mediated cytoprotection is induced by binding to the EPOR2-
βCR2 complex12. Due to a lower binding affinity, this receptor complex requires higher 
systemic doses compared to stimulation of erythropoiesis. ARA290 is derived from the 
binding site of the EPOR2-βCR2 complex and does not bind the classical, erythropoietic 
EPOR2 complex28. Therefore, ARA290 could be titrated to renoprotective doses without 
increasing risk of cardiovascular events. 

Next to donor treatment, also perfusion solutions have to be optimalized, especially 
since normothermic perfusion is of increasing interest30–33. Contemporary perfusion 
solutions, like UW, have been developed for cold storage. However, normothermic 
perfusion requires additional substances since the renal metabolic rate will be higher. 
Addition of EPO derivatives to perfusion solutions could be particularly interesting for 
normothermic machine perfusion, as the protective effects of EPO and EPO derivatives 
have been shown in several I/R models. During perfusion, EPO treatment might 
activate anti-inflammatory pathways and enhance renal function due to increased 
phosphorylation of endothelial nitric oxide synthase11,34. However, in literature, no 
studies have been performed testing the protective capacities of EPO addition to 
perfusion solutions. We tested the renoprotective capacities of ARA290 addition 
to WME and in this isolated perfused kidney model, kidneys were normothermically 
perfused. However, no protective effect by addition of ARA290 to WME was observed. 
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In conclusion, we showed that early- or late low-dose ARA290 treatment of brain 
dead donors did not result in renoprotection in an isolated perfused kidney model. 
We propose to perform this experiment again with higher doses of ARA290, as EPO 
mediated renoprotection in brain death donation by EPO and CEPO donor treatment 
has been demonstrated in a former study27.
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Abstract

Background
ARA290 is a non-erythropoietic EPO derivative which only binds to the cytoprotective 
receptor complex (EPOR2-βcR2) consisting of two EPO-receptors (EPOR) and two β 
common receptors (βcR). ARA290 is renoprotective in renal ischemia/reperfusion 
(I/R). In a renal I/R model we focussed on timing of post-reperfusional administration 
of ARA290. Furthermore, we investigated the anti-inflammatory properties of ARA290. 

Materials & Methods
Twenty-six male Lewis/HanHsd rats were exposed to unilateral ischemia for 30 minutes, 
with subsequent removal of the contralateral kidney. Post-reperfusion, ARA290 was 
administered early (one hour), late (four hours) or repetitive (one and four hours). Saline 
was used as vehicle treatment. Rats were sacrificed after three days.

Results
Early ARA290 treatment improved renal function. Late- or repetitive treatment tended 
to improve clinical markers. Furthermore, early ARA290 treatment reduced renal 
inflammation and acute kidney injury at three days post-reperfusion. Late- or repetitive 
treatment did not affect inflammation or acute kidney injury.

Conclusions
ARA290 attenuated renal ischemia/reperfusion injury. This study showed the anti-
inflammatory effect of ARA290 and suggests early administration in the post-
reperfusional phase is most effective ARA290 is a candidate drug for protection against 
ischemic injury following renal transplantation.
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Introduction

As a consequence of the relative shortage of donor organs, marginal donor kidneys, 
for example kidneys donated after circulatory death (DCD), are increasingly used. 
DCD kidneys are exposed to a variable and extended primary warm ischemic period 
compared to donor kidneys of brain dead- or living donors. Therefore renal ischemia/
reperfusion (I/R) injury is an important cause of short-term dysfunction in DCD kidneys. 
Renal I/R injury results in an increased incidence of delayed graft function (DGF) of 
72% in DCD kidneys versus 18% in kidneys donated after brain death (DBD). In primary 
non function (PNF) the differences are even more pronounced, respectively 23% versus 
4%. Subsequently, the increased incidence of PNF causes reduced graft survival of 
DCD kidneys1. In DCD donation, the occurrence of primary warm ischemia is inevitable; 
however a substantial part of the damage occurs during the reperfusion phase2. This 
makes cytoprotective treatment early after transplantation an attractive opportunity to 
improve short- and long-term outcome of kidney transplants.

In pre-clinical studies it has been shown that erythropoietin (EPO), administered 
post-reperfusion, is able to attenuate renal I/R injury3. Therefore, EPO mediated 
cytoprotection may improve short- and even long-term renal function following kidney 
transplantation with marginal donor kidneys.

EPO regulates erythropoiesis by binding to the classical, homodimeric complex of two 
EPO receptors (EPOR2) on erythroid progenitor cells, but cytoprotection is mediated 
by binding of EPO to a heteromeric receptor complex consisting of two EPOR and two 
β common receptors (EPOR2-βcR2)

4. Activation of this protective receptor complex 
increases janus kinase-2 (JAK-2) phosphorylation, which results in a cascade of anti-
inflammatory, anti-apoptotic and pro-survival effects5,6. Furthermore, EPO also directly 
affects renal function. EPO enhances endothelial nitric oxide synthase (eNOS) activity7,8 
which increases vasodilatation of the afferent arterioles. This results in increased 
glomerular filtration rate 9,10.

However, a major drawback in the use of EPO as a cytoprotective agent is its 
stimulative effect on erythropoiesis and also thrombopoiesis. An increased serum EPO 
raises the haematocrit and markedly enhances platelet and endothelial activation11. 
This is associated with adverse effects, such as thrombotic events which can be life 
threatening. The binding affinity of the protective EPOR2-βcR2 complex for EPO is 
considerably lower compared to the affinity of the classical, erythropoietic EPO receptor 
complex12. Therefore the required dose of EPO for cytoprotection will be relatively high, 
which increases the risk of cardiovascular adverse events. Based on pre-clinical studies 
cytoprotective, high dose EPO treatment has been evaluated in four clinical trials. None 
of these trials was able to show reduced PNF, reduced DGF or improved short-term 
renal function. One study even observed an increased risk of thrombosis13–16.
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To avoid these adverse events and provide the opportunity to safely administer relatively 
high doses, EPO derivatives have been developed that only activate the EPOR2-βcR2 
complex and do not stimulate erythropoiesis17. ARA290 is a small synthetic peptide, 
which selectively binds to the EPOR2-βcR2 complex. It has already been shown that 
ARA290, also known as pHBSP, has no erythropoietic properties and is renoprotective 
in a rodent models of renal I/R17,18. Mechanistically, ARA290 activates survival pathway 
AKT and inhibits pro-inflammatory pathway glycogen synthase kinase-3β (GSK-3β)18. 
Recently, we showed the renal protective capacities of ARA290 in a renal I/R model in 
pigs. ARA290, administered repetitively at zero, two, four and six hours post-reperfusion, 
improved renal function and reduced structural damage19.

We hypothesized that post-reperfusional administration of ARA290 reduces 
inflammation and improves renal function following renal I/R in rats. Three different 
times of post-reperfusional administration have been tested to investigate the effect 
of timing of ARA290 treatment. Kidney function, inflammation and renal morphology 
were studied at three days post-reperfusion.
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Materials & methods

Animals
Twenty-six male Lewis/HanHsd rats (Harlan, Horst, the Netherlands, 250–300 gr.) were 
used. They were housed individually with free access to water and rat chow. One rat 
was excluded because of unsuccessful clamping of the vena and arteria renalis (control 
group). Two rats died during surgery (control group and repetitive treatment) and one 
rat has been terminated at day one because of respiratory failure (control group). The 
animal experiments were approved by the animal ethics committee of the university 
Groningen (DEC-RuG, 4762B, Groningen, the Netherlands). The experiments were 
performed according to international and Dutch guidelines of animal research.

ARA290
ARA290 (ARAIM Pharmaceuticals, Ossining, USA) is a small synthetic peptide consisting 
of eleven amino acids. It has been derived from the binding site of EPO to the protective 
EPOR2-βcR2 complex and it does not bind to the classical EPOR2 complex. The plasma 
half-life is approximately two minutes.

Study design
The animals were randomized into four groups and treated at one, four or one and four 
hours post-reperfusion (Table 1). 

Table 1 - Study design

Group 1 hour
post-reperfusion

4 hours
post-reperfusion

Number of 
animals

Controls Saline Saline                           4

Early treatment 10 nmol/kg ARA 290 Saline                           6

Late treatment Saline 10 nmol/kg ARA 290 6

Repetitive treatment 10 nmol/kg ARA 290 10 nmol/kg ARA 290 6

The used concentration ARA290 was 10 nmol/kg (10 nmol/kg = 12.58 ug/kg) and 
saline (0.9%) served as vehicle treatment. The control group was vehicle treated at 
one and four hours post-reperfusion. Times of administration and dosage of ARA290 
were chosen based on earlier renal I/R experiments17,19. Both ARA290 and saline 
were injected intraperitoneally. A standardized I/R model was used to determine the 
effectiveness of ARA290. The warm ischemic time was 30 minutes and the rats were 
sacrificed 72 hours post-reperfusion.

Surgical procedure
All animals were sedated using ketamine (0.75 μl/g) and medetomedine (0.5 μl/g). As 
an analgesic, buprenorfine was used (pre-operative: 0.005 μl/g, directly post-operative: 
0.02 μl/g, 24 hours post-operative: 0.025 μl/g). 
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Once the abdomen was opened, unilateral renal ischemia of 30 minutes was performed 
by clamping the vena and arteria renalis with non-traumatic clamps. The contralateral 
kidney was removed during the ischemic period. After 72 hours blood samples were 
collected under anaesthesia. After this the animals were sacrificed by performing a 
cardiotomy. Prior to removal of the kidney, it was flushed via the aorta with 10 ml 0.9% 
NaCl at 4°C. 

Samples
Blood samples were stored at −80°C and serum parameters were measured using 
standard protocols. A section of the kidney was snap frozen in N2 and stored in −80°C. 
For immunohistochemistry and morphology another section was fixed in 4% formalin 
and subsequently embedded in paraffin.

Reverse transcription polymerase chain reaction (qRT-PCR)
RNA was extracted from snap frozen sections of total kidney tissue using Trizol reagent 
according to the manufacturer’s instructions (Invitrogen, Breda, the Netherlands). Total 
RNA was treated with DNAse I to remove genomic DNA contamination (Invitrogen, 
Breda, the Netherlands). The integrity of total RNA was analysed by gel electrophoresis. 
cDNA synthesis was performed from 1-μg total RNA using M-MLV (Moloney murine 
leukaemia virus) Reverse Transcriptase and oligo-dT primers (Invitrogen, Breda, The 
Netherlands). Primer sets (Table 2) were designed using Primer Express 2.0 software 
(Applied Biosystems, Foster City, CA). Amplification and detection were performed 
with the ABI Prism 7900-HT Sequence Detection System (Applied Biosystems) using 
emission from SYBR green master mix (Applied Biosystems). The PCR reactions were 
performed in triplicate. After an initial activation step at 50°C for 2 min and a hot start 
at 95°C for 10 min, PCR cycles consisted of 40 cycles at 95°C for 15 sec and 60°C 
for 60 sec. Dissociation curve analysis were performed for each reaction to ensure 
amplification of specific products.

Gene expression of tumour necrosis factor–α (TNF-α), interleukin-6 (IL-6), kidney injury 
molecule-1 (Kim-1), α-smooth muscle actin (α-SMA) and β-actin (housekeeping gene) 
were determined. Gene expression was normalized with the mean of b-actin mRNA 
content. Results were finally expressed as 2–ΔCT (CT = threshold cycle), which is an 
index of the relative amount of mRNA expression in each tissue.

Immunohistochemistry
Kidney samples were cut into 4-μm-thick sections. The morphology was evaluated by 
periodic acid-Schiff (PAS) staining. Immunohistochemical stainings for Kim-1 (acute 
tubular damage) and α-SMA (pre-fibrotic changes) were performed on paraffinized 
tissue. HIS-48 (anti-granulocyte antibody) was stained on cryosections. Deparaffinised 
sections were subjected to antigen retrieval. For the Kim-1 staining sections were 
incubated for one night in 0.1 M Tris/HCl buffer (pH 9.0). 
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Antigen retrieval was not necessary for the α-SMA or HIS-48 staining. Endogeneous 
peroxidase was blocked by 0.3% H2O2 for 30 minutes. Kim-1 (1:400, Bonventre), α-SMA 
(1:400, Abcam, 1A4, Cambridge, UK) and HIS-48 (1:2, Department of pathology and 
Microbiology, University Medical Center Groningen) antibodies were used. The incubation 
time of the primary antibodies was 1 hour. For the Kim-1 staining a secondary peroxidase-
conjungated goat-anti-rabbit antibody (1:100, DAKO, Glostrup, Denmark) and a tertiary 
peroxidase-conjungated rabbit-anti-goat antibody (1:100, DAKO, Glostrup, Denmark) 
were used. For the α-SMA staining we only used a secondary peroxidase-conjungated 
goat-anti-mouse antibody (1:50, DAKO, Glostrup, Denmark). For the HIS-48 staining a 
secondary peroxidase-conjungated rabbit-anti-mouse antibody (1:100, DAKO, Glostrup, 
Denmark) and a tertiary peroxidase-conjungated goat-anti-rabbit antibody (1:100, 
DAKO, Glostrup, Denmark) were used. Normal rat serum (1:100) was added to the 
secondary and tertiary antibodies and the incubation time was 30 minutes. Then the 
peroxidase activity was visualized by ten minutes incubation in 3.3-diaminobenzidine 
tetrachloride or aminoethylcarbazole for respectively paraffinized- or crysections. 
Subsequently the sections were counterstained with haematoxylin.

Finally, the sections were scanned using APERIO scanscope (Aperio, Vista, United 
States). The expression of the immunohistochemical staining of each section was 
quantified using APERIO image scope software.

Statistical analyses
All data are presented as mean ± standard error of the mean (SEM). Kruskal-Wallis H 
test with Dunn’s multiple comparison test as post hoc analyses was used to analyse the 
data. All groups were compared to the controls. A p < 0.05 was considered significant.

Table 2 - qRT-PCR primers

Gene Forward Reverse Amplicon 
lenght 

(bp)
IL-6 CCAACTTCCAATGCTCTCCTAATG TTCAAGTGCTTTCAAGAGTTGGAT 89

Kim-1 AGAGAGAGCAGGACACAGGCTTT ACCCGTGGTAGTCCCAAACA 75

TNF-α AGGCTGTCGCTACATCACTGAA TGACCCGTAGGGCGATTACA 67

α-SMA GAGAAAATGACCCAGATTATGTTTGA GGACAGCACAGCCTGAATAGC 74

β-actin GGAAATCGTGCGTGACATTAAA GCGGCAGTGGCCATCTC 74
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Results

Clinical parameters
Early ARA290 treatment at one hour post-reperfusion significantly reduced serum 
creatinine levels at three days post-reperfusion compared to the control group. Late 
or repetitive treatment did not significantly change serum creatinine levels (Figure 
1A). Serum urea levels showed a similar tendency although these differences were 
not significant (Figure 1B). No differences in serum aspartate transaminase (ASAT) or 
lactate dehydrogenase (LDH) levels were found.

Inflammation
qRT-PCR analyses was used to measure the expression of markers of renal inflammation 
at three days post-reperfusion. Early ARA290 treatment at one hour post-reperfusion 
significantly reduced IL-6 mRNA expression compared to the controls (Figure 2A). 
Renal expression of TNF-α tended to be reduced in early treated animals (Figure 2B). 
Late and repetitive treatment did not significantly influence mRNA expression of both 
inflammatory markers (Figure 2A and 2B). Granulocyte infiltration was evaluated were 
stained by His-48 staining at three days post-reperfusion. Early ARA290 treatment 
tended to reduce His-48 expression in cortical tissue. Late- or repetitive treatment did 
not affect His-48 expression (Figure 3).

Figure 1 - The effect of ARA290 on markers of renal function. Early ARA290 treatment significantly 
reduced serum creatinine levels at three days post-reperfusion. Late- and repetitive ARA290 treatment 
tended to reduce serum creatinine levels to a lesser extent (A, p < 0.05). The treatment effect of ARA290 
on serum urea levels showed the same tendency as the effect on serum creatinine levels (B).

A B
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Figure	2	-	The	effect	of	ARA290	on	inflammation.	Early ARA290 treatment reduced mRNA expression 
of markers of inflammation. IL-6 expression was significantly reduced by early treatment compared to 
controls (A, p < 0.05), while TNF-α expression showed a comparable tendency (B). The anti-inflammatory 
effects of late- or repetitive treatment were less pronounced.

Figure	 3	 -	 The	 effect	 of	 ARA290	 on	 granulocyte	 infiltration.	His-48 was stained as a marker of 
granulocyte infiltration and subsequently intensity was quantified using Aperio scancope software (A). 
Early ARA290 treatment (C) tended to reduce granulocyte infiltration compared to the controls (B). No 
differences in granulocyte infiltration were observed between late- (D) or repetitive treatment (E) and the 
controls.

B - Controls C - Early

D - Late E - Repititive

A B

A
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Morphology
Three days post-reperfusion animals of the control group showed severe renal damage, 
evidenced by tubular dilatation, cell death and cellular debris in renal tubuli (Figure 
4A). Hardly any structural damage was found in the early treatment group (Figure 4B). 
In the groups treated at four hours (Figure 4C) or one and four hours (Figure 4D) post-
reperfusion we observed slightly reduced renal damage compared to the controls.

Acute kidney injury
Kim-1 mRNA expression, a marker of acute renal injury, was reduced in the early 
treatment group compared to the controls. No significant differences between late- or 
repetitive treatment and the controls were found (Figure 5). 

Figure 5 - The effect of ARA290 on Kim-1 
mRNA expression. Early ARA290 treatment 
reduced Kim-1 expression at three days post-
reperfusion indicating reduced acute kidney injury 
(p < 0.05). Late- or repetitive treatment did not 
reduce Kim-1 mRNA expression.

Figure 4 - Renal morphology by PAS staining. ARA290 preserved renal morphology. In controls massive 
tubular dilatation, -necrosis and -debris was observed (A). Especially, early ARA290 treatment resulted in 
a distinct reduction of tubular damage (B). Late- (C) and repetitive treatment (D) slightly reduced renal 
damage.
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Kim-1 protein expression was predominantly observed in the distal tubuli. According 
to Kim-1 mRNA expression, early ARA290 treatment reduced cortical Kim-1 protein 
expression (Figure 6A and 6B, Figure 7).

Figure 6 - The effect of ARA290 on Kim-1 protein expression. In line with Kim-1 mRNA expression, 
early ARA290 treatment reduced tubular Kim-1 protein expression. Representative sections of control- (A) 
and early ARA290 treatment (B) are shown.

Structural damage
To investigate the effect of ARA290 on structural damage we measured mRNA and 
protein expression of α-SMA, a marker of pre-fibrotic changes. None of the three 
treatment regimens influenced mRNA expression of α-SMA (Figure 8A). This result 
was confirmed by quantification of immunohistochemical staining of α-SMA in cortical 
tissue. ARA290 treatment did not reduce interstitial α-SMA expression as measured at 
three days post-reperfusion (Figure 8B).

Figure 8 - The effect of 
ARA290 on structural 
damage. No differences were 
found between controls or 
ARA290 treated groups in 
α-SMA mRNA (A) or cortical 
protein expression (B).

Figure 7 - Quantitative analysis of Kim-1 
protein expression. Early ARA290 treatment 
significantly reduced cortical Kim-1 protein 
expression (p < 0.05).



104

Chapter 6

Discussion

In this study the renoprotective capacities of ARA290 were tested in a rodent model of 
renal I/R injury. We specifically focussed on timing and the anti-inflammatory capacities 
of post-reperfusional treatment of ARA290. ARA290 improved renal function, reduced 
inflammation and acute kidney injury three days following renal I/R. These results are 
in line with three recent studies showing attenuation of renal I/R injury by ARA29017–

19. Early administration of ARA290 after reperfusion appears to be most effective to 
attenuate renal I/R injury.

The anti-inflammatory effects are widely described for EPO mediated cytoprotection5,20,21. 
Patel et al. already showed that ARA290 inhibits pro-inflammatory pathway GSK-3β18. 
In our porcine renal I/R model ARA290 tended to reduce acute inflammation measured 
fifteen minutes after the first dose administration19. In this study we confirmed these 
anti-inflammatory effects as measured by reduced IL-6 and TNF-α mRNA expression. In 
line with the qRT-PCR analyses early ARA290 treatment tended to reduce granulocyte 
infiltration. Furthermore, ARA290 reduced kim-1 expression indicating reduced acute 
kidney injury [22]. Based upon these results, this study confirmed the alleged anti-
inflammatory effects of non-erythropoietic EPO derivative ARA290.

The direct effect on renal function, expressed by reduced serum creatinine levels, can 
be explained by increased eNOS phosphorylation as eNOS is known as a regulator 
of the renal function9. An eNOS knock-out model showed that eNOS is essential for 
attenuation of renal I/R injury by EPO7,8. eNOS phosphorylation is reduced in the first 
six hours following renal I/R injury and restored to normal levels at 24 hours after 
reperfusion23. This suggests that the optimal window of treatment of EPO mediated 
cytoprotection is in the first six hours. As eNOS phosphorylation levels are normalized 
after 24 hours, measuring eNOS phosphorylation at three days post-reperfusion 
is relatively late. Therefore, the effect of ARA290 on eNOS phosphorylation has not 
been determined in this study. Patel et al. showed that EPO and ARA290 are able to 
increase eNOS phosphorylation following renal I/R18. In our porcine renal I/R study 
we showed that ARA290 increases nitrite and nitrate clearance in the first 24 hours 
post-reperfusion indicating increased nitric oxide synthase activity19. Three earlier I/R 
studies in which ARA290 has been tested, used different timing regimens. In mice 
I/R, treatment was administered at repetitively at one minute, six hours and twelve 
hours post-reperfusion17. Plasma creatinine, urea and ASAT were significantly reduced 
24 hours post-reperfusion17. In a rat I/R model ARA290 treatment at six hours post-
reperfusion reduced serum creatinine levels18. Repetitive treatment at zero, two, four 
and six hours post-reperfusion improved renal function and reduced structural damage 
in a porcine I/R model19.
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We therefore investigated the effect of early late and repetitive administration of 
ARA290 in the reperfusional phase, we investigated timing of ARA290 treatment. 
ARA290 was therefore administered at one hour, four hours or one and four hours 
post-reperfusion. Only ARA290 administered at one hour post-reperfusion induced 
significant renoprotection. In contrast, Patel et al. showed that ARA290 is protective 
in rats when administered even six hours post-reperfusion and in porcine renal I/R 
ARA290 was renoprotective when administered repetitively at zero, two, four and six 
hours post-reperfusion18,19. The low number of animals is a limitation of this study. 
Especially since only four animals were included in the control group, due to technical 
failures. However, in all treatment groups the number of animals was similar (N = 6). 
This means also power to show differences between controls and treatment groups was 
equal. The main outcome parameter, serum creatinine, was significantly reduced by 
early ARA290 treatment. Observing the tendency of reduced serum creatinine levels by 
repetitive and late ARA290 treatment, the number of animals may have been too low 
to show significant differences in these groups. It is unlikely that the accumulative dose 
impairs renoprotective capacities of repetitive ARA290 treatment as the half-life is only 
several minutes. Possibly secondary activation of the EPOR2-βcR2 receptor complex is 
detrimental in rats. However, porcine models are more suitable to further investigate 
timing of ARA290 for translation to the human setting as pigs are physiologically more 
comparable to human. This study shows the importance of timing and gives direction 
to design of large animal models testing the protective capacities of ARA290 against 
renal I/R injury.

In this study the animals were euthanized three days post-reperfusion. No differences 
were found in α-SMA expression in contrast to the porcine I/R model19. Morphologically, 
ARA290 treatment reduced tubular dilatation and cell death indicating reduced 
structural damage. Villanueva et al. showed that α-SMA expression can already be up-
regulated 24 hours after renal ischemia/reperfusion24. Seven days post-reperfusion 
ARA290 prevented increased expression of α-SMA following porcine renal I/R19. 
Although α-SMA expression can be up-regulated early following I/R, three days post-
reperfusion might have been too early to measure changes in this study.
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Conclusions
In conclusion, this study shows the renoprotective properties of early post-reperfusion 
administrated ARA 290. Early administration at one hour post-reperfusion is distinctly 
more effective than treatment at four hours post-reperfusion. Besides, this study shows 
the anti-inflammatory capacities of ARA290. Considering the renoprotective and anti-
inflammatory effects of ARA290, it is a promising treatment to attenuate renal I/R 
injury following renal transplantation. Especially, DCD- or older DBD kidneys at risk for 
DGF and PNF are potential targets of ARA290 mediated cytoprotection. These results 
warrant further investigation of the protective effects and timing of ARA290 in large 
animal models of renal transplantation.
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Abstract

Introduction
In contrast with various pre-clinical studies, recent clinical trials suggest that high dose 
erythropoietin (EPO) treatment following kidney transplantation does not improve 
short-term outcome and that it even increases the risk of thrombotic events. ARA290 
is a non-erythropoietic EPO derivative and does not increase the risk of cardiovascular 
events, but potentially has cytoprotective capacities in prevention of renal ischemia/
reperfusion injury. 

Materials & Methods
Eight female Dutch Landrace pigs were exposed to unilateral renal ischemia for 45 
minutes with simultaneous cannulation of the ureter of the ischemic kidney. ARA290 
or saline was administered by an intravenous injection at 0, 2, 4 and 6 hours post-
reperfusion. The animals were sacrificed seven days post-reperfusion.

Results
ARA290 increased glomerular filtration rate during the observation period of seven 
days. Furthermore, ARA290 tended to reduce MCP-1 and IL-6 expression 15 minutes 
post-reperfusion. Seven days post-reperfusion ARA290 reduced interstitial fibrosis. 

Conclusions
The improvement in renal function following renal ischemia/reperfusion and reduced 
structural damage observed in this study by ARA290 warrants further investigation 
towards clinical application. 
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Introduction

Despite many achievements in transplantation the persistent shortage of deceased 
donors remains a major problem. This shortage resulted in an evident increase in living 
donation, but also forced transplant teams to accept more kidneys from marginal 
deceased brain death (DBD) donors and deceased circulatory death (DCD) donors. In 
2011, 50% of the deceased donor kidneys in the Netherlands were retrieved from DCD 
donors while in 1996 this was only 6%1,2.

A donor kidney is by definition exposed to a period of ischemia which lasts until the 
kidney is re-connected to the circulation of the recipient. This period of ischemia can be 
divided into three phases: primary warm ischemia, cold storage and secondary warm 
ischemia. Primary warm ischemia is the time between end of cardiovascular circulation 
and start of cold storage. Cold storage starts when the donor organ is flushed with 4 
Cº preservation solution. Secondary warm ischemia is the time between end of cold 
storage and reperfusion of the donor organ in the recipient. The whole ischemic process 
results in a cascade causing renal damage and is associated with the phenomenon 
of ischemia/reperfusion (I/R) injury. In DCD donation, the primary period of warm 
ischemia is variable and explicitly extended compared to the controlled circumstances 
in DBD donation. This results in a significant increase in the risk of delayed graft function 
(DGF) and primary non function (PNF). Death censored graft survival at 15 years of DCD 
kidneys is significantly reduced compared to DBD kidneys, 46% and 60%, respectively. 
Excluding primary non-functioning kidneys equals long-term graft survival of DCD and 
DBD kidneys3. Thus, short-term function of DCD kidneys appears to be crucial for long-
term survival. The major part of I/R injury manifests itself during the reperfusion phase. 
Therefore, cytoprotective treatment early on during the reperfusion phase could key to 
enhance immediate function and improve long-term graft survival of DCD kidneys. 

Erythropoietin (EPO) is a potential cytoprotective glycoprotein. In various renal I/R 
models it has been shown that administration of EPO before reperfusion4 as well as 
after reperfusion5 can be cytoprotective. Protective EPO treatment has pronounced 
anti-inflammatory and anti-apoptotic capacities5,6. Enhanced activity of endothelial 
nitric oxide synthase (eNOS) is presumably responsible for the immediate effect of 
EPO on renal function7,8. However, the exact pathway of cytoprotection by EPO is not 
yet fully elucidated. The proposed cytoprotective mechanism is binding of EPO to a 
heteromeric EPOR2-βcR2 receptor complex consisting of two EPO receptors and two 
beta common receptors (EPOR2-βcR2)

9. The binding affinity of the classic, erythropoietic 
complex of two EPO receptors for EPO is distinctly larger than the binding affinity of the 
protective EPOR2-βcR2 complex10. Thus, to induce local tissue protection, considerably 
higher systemic doses of EPO are required than the normal therapeutic doses used for 
stimulation of erythropoiesis10. 
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Renal I/R models have been widely used to mimic warm ischemic injury following DCD 
donation. Based on pre-clinical renal I/R experiments, activation of the protective EPO 
pathway could improve quality of DCD kidney4–6. Recently, the protective effect of high 
dose EPO treatment in deceased kidney transplantation has been evaluated in four 
clinical studies. None of these studies was able to demonstrate a reduction of DGF or 
PNF11–14. High dose EPO treatment even resulted in an increased risk of thrombotic 
events in the first year after transplantation (Epoetin 24.4% vs. placebo 6.4%)13. However, 
the EPO doses were relatively low to induce cytoprotection compared to used doses in 
most animal models4–6. Therefore it is questionable whether protective, systemic EPO 
levels were obtained in these clinical trials, although the risk of cardiovascular adverse 
events was already increased. 

To prevent these cardiovascular adverse effects, EPO derivatives have been developed 
which only activate the protective EPOR2-βcR2 complex and do not stimulate 
erythropoiesis. ARA290 is the newest generation EPO analogue. It is a small synthetic 
peptide, which selectively binds to the EPOR2-βcR2 complex. It has already been 
shown that ARA290, also known as pyroglutamate helix B-surface peptide (pHBSP), 
is not erythropoietic15. Patel et al showed that administration of ARA290 or EPO after 
reperfusion improves renal function in a rodent model of renal I/R. Mechanistically, 
ARA290 and EPO increase the phosphorylation of survival pathway Akt. Activation 
of pro-inflammatory glycogen synthase kinase-3β and nuclear factor-κβ were 
inhibited by ARA290 and EPO. Furthermore, ARA290 and EPO were able to increase 
phosphorylation of eNOS16. The effect of ARA290 on these pathways could explain both 
the anti-inflammatory capacities and the effect on renal function.

Diminution of I/R injury in rodents showed the potential of ARA290 as cytoprotective 
agent following transplantation. We hypothesized that post-reperfusion administered 
ARA290 protects against renal I/R injury. For that purpose, ARA290 was tested in a 
porcine renal I/R model. 



113

ARA290 protects against renal I/R in pigs

7

Materials & methods

Animals
Eight Dutch Landrace pigs (50-70 kg.) were used. They were housed individually with 
free access to water. The pigs were fasted overnight before surgery.

The animal experiments were approved by the animal ethics committee of the 
university Groningen (DEC-RuG, 4762, Groningen, the Netherlands) and were performed 
according to international and Dutch guidelines of animal research. The experiment was 
designed  according to the principle of replacement by alternative methods, reduction 
of the number of animals and the refinement of experiments as EU policy as laid out in 
Towards Responsible Animal Research (EMBO R 4, 104-107).  Based on the assumed 
effect size a minimal group size of four was calculated.

ARA290
ARA290 (ARAIM Pharmaceuticals, Ossining, USA) is a small synthetic peptide consisting 
of eleven amino acids. It has been derived from the binding site of EPO to the protective 
EPOR2-βcR2 complex and it does not bind to the classical EPOR2 complex. The plasma 
half-life is approximately 2 minutes.

I/R model
In this study we used a unilateral I/R model without contralateral nephrectomy to 
reduce animal discomfort as a refinement. The pigs were randomized either into the 
vehicle treated control group or the ARA290 group. Four animals were included in 
each group. Saline was used as vehicle treatment. ARA290 (10 nmol/kg) or saline 
was administered intravenously. Animals were treated at 0, 2, 4 and 6 hours post-
reperfusion. 

Prior to the procedure ketamine, xylazine and atropine were administered intramuscularly 
to reduce anxiety. General anaesthesia was induced by intravenous administration of 
midazolam and maintained with isoflurane 2,5%. Intubation and surgical conditions 
were optimized using pancuronium and analgesia was performed with fentanyl. During 
the procedure the animals were mechanically ventilated.

The jugular vein and the carotid artery were cannulated and surgery was started by 
a medial laparotomy. The left renal artery and renal vein were dissected and prior to 
clamping heparin (70 IU/kg) was injected intravascularly. Prior to ischemia a blood 
sample as well as a needle biopsy were taken. Baseline renal cortical perfusion 
was checked by Laser Doppler (t=-45). Renal ischemia for 45 minutes was induced 
by clamping both the renal artery and renal vein. During ischemia the ureter of the 
ischemic kidney was cannulated and subsequently tunnelled to the dorsal site of the 
animal. The cannula ended in a small backpack and it was connected to a swivel system. 
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After 43 minutes of ischemia a blood sample and biopsy of the ischemic kidney were 
taken (t=-2). At t=0 blood flow was restored by removal of the clamps. At t=15 the 
last needle biopsy was taken as well as a blood sample after which the abdomen was 
closed. Animals were allowed to wake up and housed in adjacent metabolic cages in a 
temperature controlled environment.

During the seven day follow-up, daily blood samples were taken via the cannulated 
jugular vein enabling stress free blood sampling. Urine was collected continuously via 
swivel system connected to the ischemic kidney.

After seven days animals were anesthetized and the kidneys were exposed. Before 
removal of both the ischemic and the contralateral kidneys, they were flushed via 
the aorta using Ringer’s Lactate at 4°C. Subsequently all animals were sacrificed by 
administration of lethal dose of pentobarbital.

Samples
Blood and urine samples were stored at -80°C. A cortical sample of the kidney was snap 
frozen in N2 and stored at -80°C for qRT-PCR analyses. For immunohistochemistry and 
morphology a cortical sample was fixated in 4% formalin and subsequently embedded 
in paraffin.

Glomerular	filtration	rate
Primary endpoint of the study was renal function defined as GFR. In our model plasma 
creatinine levels cannot be used to monitor renal function as the healthy, contralateral 
kidney will compensate the loss of renal function of the I/R kidney. To be able to measure 
renal function of the I/R kidney, we cannulated the ureter of this kidney. In this way 
we were able to monitor urinary output of the I/R kidney continuously. This technique 
diminishes animal discomfort which justifies the more complex determination of renal 
function. The GFR of the I/R kidney was calculated using plasma creatinine levels 
and urinary creatinine excretion of the I/R kidney. The GFR was calculated using the 
following formula:  GFR = urinary creatinine level (mM) * urine volume (ml)  / plasma 
creatinine level (mM) * time (minutes).

Real-time reverse transcription polymerase chain reaction (qRT-PCR)
RNA was extracted from snap frozen tissue using Trizol reagent according to the 
manufacturer’s instructions (Invitrogen, Breda, the Netherlands). Total RNA was 
treated with DNAse I to remove genomic DNA contamination (Invitrogen, Breda, the 
Netherlands). The integrity of total RNA was analysed by gel electrophoresis. cDNA 
synthesis was performed from 1-μg total RNA using M-MLV (Moloney murine leukaemia 
virus) Reverse Transcriptase and oligo-dT primers (Invitrogen, Breda, The Netherlands). 
Primer sets were designed using Primer Express 2.0 software (Applied Biosystems, 
Foster City, CA). 
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Amplification and detection were performed with the ABI Prism 7900-HT Sequence 
Detection System (Applied Biosystems) using emission from SYBR green master mix 
(Applied Biosystems). The PCR reactions were performed in triplicate. After an initial 
activation step at 50 °C for 2 min and a hot start at 95°C for 10 min, PCR cycles 
consisted of 40 cycles at 95°C for 15 sec and 60°C for 60 sec. Dissociation curve 
analysis were performed for each reaction to ensure amplification of specific products. 

Gene expression of TNF-α, IL-6, MCP-1, α-SMA, TGF-β and β-actin (housekeeping gene) 
were determined. Primers are shown in table 1. Gene expression was normalized with 
the mean of β-actin mRNA content and calculated relative to controls or contralateral 
kidneys. Results were finally expressed as 2–ΔCT (CT threshold cycle), which is an index 
of the relative amount of mRNA expression in each tissue.

Immunohistochemistry
In paraffin embedded kidney samples were cut into 3-μm-thick sections. The morphology 
was evaluated by Periodic Acid-Schiff (PAS) staining. Immunohistochemical staining for 
α-SMA (pre-fibrotic changes) was performed. 

Deparaffinised sections were subjected to antigen retrieval. The sections for α-SMA 
staining were incubated for one night in 0.1M Tris/HCl buffer (pH 9.0). Next, endogenous 
peroxidase was blocked using 0,3% H2O2 for 30 minutes. The incubation time of the 
α-SMA antibody (1:10000, Clone 1A4, Sigma) was 1 hour. For the α-SMA staining we used 
a secondary peroxidase-conjugated goat-anti-mouse antibody (1:100, DAKO, Glostrup, 
Denmark) and a tertiary peroxidase-conjugated rabbit-anti-goat antibody (1:100, DAKO, 
Glostrup, Denmark). The incubation time of the secondary and tertiary antibodies 
was 30 minutes. Then the peroxidase activity was visualized by 3,3-diaminobenzidine 
tetrachloride (DAB) incubation for 10 minutes.

Table 1 - qRT-PCR primers

Gene Forward Reverse Amplicon 
lenght 

(bp)
β-actin TCTGCGCAAGTTAGGTTTTGTC CGTCCACCGCAAATGCTT 78

TNF-α GGCTGCCTTGGTTCAGATGT CAGGTGGGAGCAACCTACAGTT 63

IL-6 AGACAAAGCCACCACCCCTAA CTCGTTCTGTGACTGCAGCTTATC 69

MCP-1 ACTTGGGCACATTGCTTTCCT TTTTGTGTTCACCATCCTTGCA 84

α-SMA ACGAAGCCCAAAGCAAAAGA GTTGGTGATGATGCCGTGTTC 67

TGF-β GGGAGGGTGTTCATGGTAGGA AGCTCACCCCAAATTCATCTTC 66
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Subsequently, the sections were scanned using APERIO scanscope (Aperio, Vista, 
United States). The expression of the immunohistochemical staining of each section 
was quantified using APERIO image scope software. 

NOx determination
Total nitrite and nitrate levels (NOx) in blood and urine were used as a marker of nitric 
oxide synthase activity. As nitrite oxidizes rapidly to nitrate, we used the enzyme nitrate 
reductase to convert nitrate into nitrite. Next the nitrite levels were determined using 
the Griess reaction17. NOx clearance was calculated using the following formula: NOx 
clearance = urine flow (ml/min) * urinary NOx (µmol/ml) / plasma NOx (µmol/ml).

Statistical analyses
All data are presented as mean±standard error of the mean (SEM). To analyse the data 
the two-way ANOVA or the Mann-Whitney U test was used depending on type of data. 
p<0.05 was considered significant.
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Results

ARA290 improved renal function
Plasma creatinine levels of all animals increased in the first 24 hours after reperfusion. 
After the first day, plasma creatinine levels declined during the remaining 6 days. 
Plasma creatinine levels and urine flow did not differ between vehicle- and ARA290 
treated animals (Figure 1A and 1B).  The glomerular filtration rate (GFR) of the I/R 
kidney was calculated based on daily plasma creatinine levels and 24-hours urine via 
the cannulated ischemic kidney. The GFR of the I/R kidney was markedly increased by 
ARA290 treatment post-reperfusion in the first seven days post-reperfusion (p<0.05, 
Figure 1C). No differences were found in haemoglobin, haematocrit, urea or aspartate 
transaminase plasma levels. No cardiovascular adverse events were observed in 
vehicle- or ARA290 treated animals. 

Figure 1 - Effect of ARA290 on clinical markers of renal function. 
No differences were found in plasma creatinine levels (A) or urine flow (B) between vehicle- or ARA290 
treated animals. The GFR of ARA290 treated animals was significantly increased in the first seven days 
post-reperfusion. ARA290 resulted in immediate renal function, while control kidneys started functioning 
after 48 hours (C, p<0.05).

The	anti-inflammatory	effect	of	ARA290
Two minutes prior to reperfusion, after 43 minutes of ischemia, IL-6 and MCP-1 mRNA 
expression doubled. At this time point ARA290 treatment has not yet been started 
and there are no differences in mRNA expression of IL-6 or MCP-1 (Figure 2). ARA290 
tended to reduce an early increase of interleukin-6 (IL-6) and monocyte chemotactic 
protein-1 (MCP-1) mRNA expression at 15 minutes post-reperfusion relative to the 
baseline (p=0.06, Figure 2). In contrast to IL-6 and MCP-1, ARA290 did not influence 
tumour necrosis factor- α (TNF-α) mRNA expression at 15 minutes post-reperfusion. 
Seven days post-reperfusion no differences in inflammation were found. 

A B C
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Figure	2	-	Effect	of	ARA290	on	acute	inflammation.	Warm ischemia doubled mRNA expression of IL-6 
and MCP-1 at 2 minutes prior to reperfusion. ARA290 tends to reduce mRNA expression of IL-6 and MCP-1 
relative to baseline only 15 minutes after the first administration of ARA290, indicative of its direct anti-
inflammatory effect (p=0.06).

ARA290 reduced structural damage
In the control group I/R kidneys show morphological interstitial fibrotic injuries by PAS 
staining. These processes are markedly reduced in ARA290 treated animals (Figure 3A 
and 3B). To further investigate these interstitial processes an immunohistochemical 
staining for α –smooth muscle actin (α-SMA) was performed (Figure 3C and 3D). 
Quantification of the intensity showed increased interstitial α-SMA expression in the 
ischemic kidneys of the controls compared to the contralateral kidneys, indicative 
of fibrotic changes. ARA290 prevented the interstitial increase of α-SMA expression 
(p<0.05, Figure 4). In addition to the immunohistochemical staining, α-SMA mRNA 
and transforming growth factor- β (TGF-β) mRNA expression were measured. ARA290 
prevented the increase of TGF-β mRNA expression in the ischemic kidney at seven days 
post-reperfusion relative to the contralateral kidney. Also an increase in α-SMA mRNA 
expression tends to be prevented (Figure 5A and 5B).

BA
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Figure 3 - Effect of ARA 290 on structural damage. The morphology of ischemic kidneys at seven 
days post-reperfusion is shown by a PAS staining in representative sections of control group (A) and 
ARA290 treated group (B). ARA290 attenuated morphological injury at seven days post-reperfusion. Im-
munohistochemical α-SMA staining shows expression at seven days post-reperfusion in the control group 
(C) and the ARA290 treated group (D). 

Figure 4 - Effect of ARA 290 on 
interstitial	α-SMA	expression.
Intensity of the interstitial α-SMA staining 
has been quantified using APERIO 
scanscope. ARA290 prevented an increase 
of interstitial α-SMA expression relative to 
the contralateral kidneys (4, p<0.05).

Figure 5 - Effect of ARA290 on mRNA expression of markers of structural damage. qRT-PCR 
analyses show TGF-β and α-SMA mRNA expression at seven days post-reperfusion relative to contralateral 
kidney. ARA290 prevented an increase of TGF-β mRNA expression (p<0.05, A). A similar tendency was 
observed in α-SMA mRNA expression (B).

BA

C D

BA
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The effect of ARA290 on nitric oxide synthase activity
ARA290 did not influence total nitrite and nitrate (NOx) plasma levels. However, 24 hours 
post-reperfusion urinary NOx excretion of ARA290 treated animals was significantly 
increased compared to the controls (p<0.05, Figure 6A). ARA290 also increased NOx 
clearance compared to vehicle treatment at 24 hours post-reperfusion (p<0.05, Figure 
6B).

Figure 6 -  Effect of ARA290 on urinary NOx concentration and NOx clearance. ARA290 tended to 
result in an immediate increase in urinary NOx concentration. At 24 hours post-reperfusion urinary NOx 
concentration is significantly increased by ARA290 (A; p<0.05. At 24 hours post-reperfusion administered 
ARA290 increased NOx clearance (B, p<0.05). 

A B
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Discussion

The present study shows that ARA290, a synthetic EPO derivative, administrated 
post-reperfusion is beneficial in renal ischemia reperfusion injury.  ARA290 increased 
GFR in the first seven days post-reperfusion, indicative of improved renal function. 
Moreover, ARA290 prevented structural damage evidenced by reduced α-SMA and 
TGF-β expression. ARA290 tends to reduce acute inflammation. Importantly, we did 
not observe any thrombotic or other cardiovascular adverse effects in ARA290 treated 
animals. The number of animals was calculated for the primary endpoint and limits any 
conclusions concerning secondary outcomes. Nevertheless, the effect of ARA290 on 
the main outcome parameter, renal function, is profound.

A number of studies have shown that EPO and EPO analogues can be renoprotective in 
renal I/R injury4–6. It has already been shown in vitro and in vivo that ARA290 does not 
bind the erythropoietic EPOR2 complex9,15. This suggests that the main cytoprotective 
route of EPO and EPO analogues is mediated by binding to the EPOR2-βcR2 receptor 
complex. Unfortunately, the exact distribution of this receptor complex in renal tissue is 
unclear as there is no antibody for the EPOR2-βcR2 receptor complex available. Cassis 
et al. observed tubular staining of both the EPOR and βcR in healthy kidneys. Ischemia 
resulted in increased tubular expression of the EPOR. Besides also the vessels and 
glomeruli showed faint EPOR and βcR staining after ischemia18. This suggests EPOR 
and βcR are distributed in both vascular and tubular tissue after renal ischemia/
reperfusion injury. The proposed cytoprotective pathway of the EPOR2-βcR2 receptor 
complex is the Janus kinase-2 (JAK-2) pathway. In vitro it has been shown that the 
JAK-2 pathway is required for protection by EPO19. Phosphorylation of JAK-2 results in 
potent anti-inflammatory and anti-apoptotic effects. ARA290 influences downstream 
pathways of JAK-2, such as activation of pro-survival pathway Akt and inhibition of 
pro-inflammatory pathways p38 mitogen activated protein kinase, glycogen synthase 
kinase-3β and nuclear factor-κβ20–22. In this study design it was not possible to measure 
activation of these pathways as tissue samples suitable for western blot analysis were 
obtained seven days post-reperfusion.

The anti-inflammatory or anti-apoptotic effects do not explain the immediate 
improvement of renal function. Activation of eNOS is also a downstream result of JAK-
2 phosphorylation7 and most interestingly eNOS is able to induce a direct increase of 
GFR23. Patel et al showed that ARA290 treatment after renal ischemia increases eNOS 
phosphorylation in rats. Our study was focussed on the functional effect of ARA290 
and in this study design we are not able to measure eNOS phosphorylation. However, 
we did observe increased urinary NOx clearance. This suggests an increased activity of 
nitric oxide synthase. Unfortunately, we cannot distinguish between NOx derived from 
activated eNOS or the inflammatory, inducible NOS. 
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Based on the anti-inflammatory capacities of ARA290 and the increased eNOS 
phosphorylation shown by Patel et al., the increased NOx clearance is presumably the 
result of enhanced eNOS activity. The cytoprotective pathway of ARA290 needs further 
investigation to fully understand this promising way of tissue protection. 

Conclusions
The immediate stimulative effect of ARA290 treatment post-reperfusion makes 
ARA290 a potential drug to reduce DGF and PNF following renal transplantation. Its 
effect on structural damage suggests that also graft survival could be positively affected 
by ARA290 treatment post-transplantation. The advantage of ARA290 when compared 
to other cytoprotective treatments is the moment of administration. The majority of 
protective agents or regimen against I/R injury have to be administered prior to- or 
during ischemia, while ARA290 can be administered post-reperfusion.

This has significant clinical advantages: especially, in DCD transplantation it is ethically 
and practically not possible to treat the donor. Therefore, cytoprotective treatment of 
the recipient is necessary to improve short- and long-term outcome of organs retrieved 
from these donors. Since DCD donors are far more available than DBD donors, improving 
the quality and function of DCD donor kidneys is an opportunity to reduce the shortage 
of donor organs. 

In conclusion, this study shows the renal protective effect of early administration of 
ARA290 post-reperfusion. ARA290 lacks the erythropoietic capacities of EPO and 
does not increase the risk of cardiovascular adverse events. Therefore, ARA290 may 
translate this promising way of cytoprotection to the transplantation clinic. Further 
research should focus on the protective mechanism and the long-term effect of 
ARA290 in models of renal transplantation. Based on the results of this study, ARA290 
is a promising drug to prevent I/R injury and to improve renal function rapidly following 
renal transplantation.
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Abstract

Introduction
Erythropoietin (EPO) presumably mediates cytoprotection via a heteromeric receptor 
complex (EPOR2-βCR2) consisting of two EPO receptors (EPOR) and two β common 
receptors (βCR). In this study, we investigated the role of the EPOR in renal ischemia/
reperfusion injury. Furthermore, the protective capacities of the non-erythropoietic EPO 
derivative, ARA290, were tested.

Materials & Methods
Transgenic EPOR-/- mice (n=32) and wild type (WT) mice (n=32) were subjected to 35 
minutes of bilateral renal ischemia. Animals were randomized and treated with saline 
or ARA290 after reperfusion. Animals were sacrificed after one or three days. Renal 
function, plasma markers of cellular injury and cortical necrosis were determined.

Results
Following ischemia/reperfusion, renal function in transgenic EPOR-/- mice was 
comparable to WT mice. No difference in extent of cortical necrosis was observed 
between transgenic EPOR-/- and WT mice. ARA290 treatment did not affect renal 
function, plasma markers of cellular injury or cortical necrosis in WT- or transgenic 
EPOR-/- mice after renal ischemia/reperfusion injury.

Discussion
In this ischemia/reperfusion model,  absence of the erythropoietin receptor does 
not affect renal function or structural injury. Furthermore, no protective capacities of 
ARA290 were observed in WT mice. Consequently, the need of EPOR for protective 
ARA290 treatment could not be determined.
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Introduction

Erythropoietin (EPO) is proposed as treatment to reduce ischemia/reperfusion injury 
after renal transplantation. However, the cytoprotective pathways of EPO are not yet 
fully elucidated. The classical EPOR2 receptor complex regulates erythropoiesis, while 
protection is mediated by binding to the EPOR2-βCR2 complex, consisting of the EPO 
receptor (EPOR) and the β common receptor (βCR)1. However, cytoprotection is only 
induced using high systemic doses compared to the doses required for stimulation 
of erythropoiesis. This can be explained by lower binding affinities of protective 
receptor complexes, causing the increased risk of adverse events by protective EPO 
treatment2. To overcome unwanted stimulation of erythropoiesis, non-erythropoietic 
EPO derivatives, like CEPO and ARA290, have been developed3,4. CEPO is not able to 
bind the classic EPOR2 complex due to its carbamyl group, while ARA290 is derived 
from the binding site of EPO to the protective EPOR2-βCR2 complex3,4. These derivatives 
improve renal function, reduce inflammation and attenuate structural injury in models 
of renal ischemia/reperfusion4–10. So, substances like CEPO and ARA290 may induce 
cytoprotection without increasing risk of cardiovascular adverse events. 

Recent data suggest the involvement of a third receptor complex, βCR-VEGFR2, in 
EPO-mediated cytoprotection11. This finding further questions the role of the different 
receptor complexes. Renal I/R studies with βCR knock-out mice showed that EPO-
mediated protection is dependent on this receptor12,13. In cardiac I/R, EPO was still 
protective in absence of the EPOR14. The role of the EPOR in acute renal injury is 
therefore debatable. To be able to fully utilize EPO-mediated cytoprotection, further 
knowledge of its protective receptor complexes is essential.

In this study, we therefore investigated the role of the EPOR in renal I/R and potential 
protection by ARA290, as it is suggested that EPO can be protective in the absence of 
the EPO receptor. We hypothesized that transgenic EPOR-/- mice are more prone to 
renal I/R than wild-type (WT) mice. Furthermore, we expect ARA290 induced protection 
against renal I/R in EPOR-/- mice will be compromised compared to ARA290 treatment 
in WT mice. To investigate these hypotheses, WT and transgenic EPOR-/- were subjected 
to renal I/R. Next, renal function and cortical necrosis were studied.
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Materials & Methods

Animals
Transgenic-rescued EPOR-null mutant mice (EPOR-/-) were used because complete 
EPOR knock-out is lethal due to ineffective erythropoiesis15. The EPOR is only expressed 
by erythroid cells in these transgenic EPOR-/- mice. The genetic background of the 
transgenic EPOR-/- mice is C57Bl/6J. C57Bl/6J mice were therefore used as wild-
type (WT) controls. Both WT- and transgenic EPOR-/- mice were bred and housed at 
the central animal facility of the University Medical Center Groningen. The mice were 
housed individually with free access to water and chow. The animal experiments were 
approved by the animal ethics committee of the university of Groningen (DEC-RuG, 
6195A, Groningen, the Netherlands). The experiments were performed according to 
international and Dutch guidelines of animal research.

ARA290
ARA290 (ARAIM Pharmaceuticals, Ossining, USA) is a small synthetic peptide consisting 
of eleven amino acids. It has been derived from the binding site of EPO to the protective 
EPOR2-βcR2 complex and it does not bind to the classical EPOR2 complex. The plasma 
half-life is approximately two minutes.

Study design
This experiment was divided into two parts: 24- and 72 hours follow-up respectively. 
Each part consisted of two wild-type and two transgenic EPOR knock-out groups (Table 
1). Animals were treated at 1 minute and 6 hours post-reperfusion, based on earlier I/R 
experiments in mice. The used concentration of ARA290 was 10 nmol/kg (10 nmol/
kg = 12.58 ug/kg) and saline (0.9%) served as vehicle treatment. Both ARA290 and 
saline were injected intraperitoneally. A bilateral I/R model was used to determine the 
effectiveness of ARA290. The warm ischemic time was 35 minutes and the rats were 
sacrificed either 24- or 72 hours post-reperfusion. One mouse was excluded because of 
a surgical complication.
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Surgical procedure
Animals were anesthesized using 4% isoflurane and subsequently 2% isoflurane 
was used for continuous anesthesia. Once the abdomen was opened, bilateral renal 
ischemia of 35 minutes was performed by clamping the vena and arteria renalis with 
non-traumatic clamps. As an analgesic, buprenorfine was used (per-operative: 0.1 mg/
kg). After either 24- or 72 hours, blood samples were collected under anaesthesia. After 
this, the animals were sacrificed by exsanguination. Kidneys were flushed via the aorta 
with 4 ml 0.9% NaCl at 4°C prior to removal.

Samples
Blood samples were stored at −80°C and plasma parameters were measured by 
the clinical laboratory center of the University Medical Center Groningen. For the 
morphology, a midcornal part of the kidney was fixed in 4% formalin and embedded in 
paraffin.

Renal morphology
Kidney sections were cut (4-μm) and the morphology was evaluated by periodic acid-
Schiff (PAS) staining. Sections were scanned using APERIO scanscope (Aperio, Vista, 
United States) and subsequently the extent of cortical necrosis was calculated using 
APERIO image scope software.

Statistical analyses
All data are presented as median ± interquartile range. The Mann Whitney U test 
was used to analyze the data. All groups were compared to controls. A p<0.05 was 
considered significant.

Table 1 - Study design

Group Treatment Follow-up Number of 
animals

WT – Vehicle Saline 24 hours 8

WT – ARA290 10 nmol/kg ARA 290 24 hours 8

EPOR-/-  – Vehicle Saline 24 hours 8

EPOR-/- – ARA290 10 nmol/kg ARA290 24 hours 8

WT – Vehicle Saline 72 hours 8

WT – ARA290 10 nmol/kg ARA290 72 hours 7

EPOR-/-  – Vehicle Saline 72 hours 8

EPOR-/- – ARA290 10 nmol/kg ARA 290 72 hours 8
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Results

Clinical parameters after 24 hours reperfusion
After 24 hours of reperfusion, the median of creatinine levels of vehicle treated WT 
mice was 75 µmol/l. Transgenic EPOR-/- did not affect plasma creatinine or urea levels 
compared to controls. Nor were plasma creatinine or urea levels reduced by ARA290 
treatment in WT or EPOR-/- mice (Figure 1A and 1B). Similar results were observed for 
LDH or ASAT levels (Figure 2A and 2B). Transgenic EPOR knock-out or ARA290 did not 
affect these plasma parameters of cellular injury.

Figure 1 – Plasma markers of renal function. Plasma creatinine (A) and urea (B) levels were not 
affected by EPOR-/- or ARA290. 

Figure 2 – Plasma parameters of cellular injury. Plasma LDH (A) and ASAT (B) levels were not affected 
by EPOR-/- or ARA290. 
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Figure 3 – Cortical necrosis. An overview of the quantification of renal necrosis is shown in figure A, 
while figure B shows a close-up. EPOR-/- or ARA290 did not affect the extent of structural injury (C).

Cortical necrosis after 24 hours reperfusion
The percentage of cortical necrosis was quantified using Aperio Imagescope software 
(Figure 3A and 3B). Necrosis was mainly observed in the cortico-medullary region. 
At 1 day post-reperfusion, 10 percent of the cortical medular region was necrotic in 
vehicle treated WT mice. EPOR-/- or ARA290 treatment did not affect the percentage of 
necrosis ( Figure 3C).

A

B

C
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Clinical parameters after 72 hours reperfusion
After 72 hours of reperfusion, the median of creatinine levels of vehicle treated WT 
mice was 25 µmol/l. Transgenic EPOR-/- did not affect plasma creatinine or urea levels 
compared to controls. Nor were plasma creatinine or urea levels reduced by ARA290 
treatment in WT or EPOR-/- mice (Figure 4A and 4B). Comparable results were observed 
for LDH or ASAT levels (Figure 5A and 5B). Transgenic EPOR knock-out or ARA290 did 
not affect these plasma parameters of cellular injury.

Figure 4 – Plasma markers of renal function. Plasma creatinine (Figure 4A) and urea (Figure 4B) levels 
were not affected by EPOR-/- or ARA290. 

Figure 5 – Plasma parameters of cellular injury. Plasma LDH (Figure 5A) and ASAT (Figure 5B) levels 
were not affected by EPOR-/- or ARA290.
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Discussion

This study was designed to reveal the role of the EPOR in renal I/R. Secondarily, we 
investigated the alleged protective effect of ARA290 in WT and transgenic EPOR-/- 
mice. At one- and three days following renal I/R, clinical markers of renal function and 
cellular injury were not different in EPOR-/- compared to WT mice. Also, the extent of 
cortico-medullary necrosis after 24 hours post-reperfusion was equal in EPOR-/- and WT 
mice. This suggests that the role of the EPOR in endogenous cytoprotection is limited in 
these conditions. Furthermore, ARA290 was not renoprotective in WT mice subjected 
to 35 minutes of bilateral I/R.

The finding that transgenic knock-out of the EPOR did not affect renal I/R injury is in 
line with the results of Teng et al14. In a model of cardiac I/R, the endogenous role of 
the EPOR was investigated in WT mice,  the transgenic EPOR-/- mice expressing the 
EPOR in erythroid cells only, and the EPOR knock-out mice expressing the EPOR in 
hematopoietic- and endothelial cells. No differences in myocardial injury between WT 
and these two types of EPOR knock-out mice were observed after five months14. 

Teng et al. also investigated the role of the EPOR in EPO mediated cardioprotection 
against I/R14. EPO treatment was still cytoprotective against cardiac I/R injury in the 
EPOR knock-out mice expressing the EPOR in hematopoietic- and endothelial cells. 
Unfortunately, the effect of EPO treatment following cardiac I/R was not evaluated in 
both types of EPOR knock-out mice. This proposed experiment may demonstrate that 
endothelial expression of EPOR is required for EPO mediated cytoprotection against 
I/R.

We speculate that endothelial activation is inevitable for EPO mediated cytoprotection, 
because absence of endothelial nitric oxide synthase (eNOS) prevents renoprotection 
by EPO16. Besides, activation of eNOS is partly mediated by the βCR since eNOS is 
not phosphorylated in βCR knock-out models11, 12. These experiments clearly show the 
importance of the βCR in EPO mediated cytoprotection. However, the βCR has to form 
a complex with the EPOR or VEGFR2 to be bound by EPO. The precise structure and 
function of these complexes have not been fully elucidated yet. 

In this study ARA290 treatment after renal I/R was not renoprotective in WT mice. 
This is in contrast with an earlier study in which ARA290 was protective against renal 
I/R in C57Bl/6J mice3. ARA290 is derived from the binding site of EPO to the EPOR2-
βCR2 complex and has shown its protective capacities in several models3,8–10,17–19. 
Consequently, this is highly suggestive for a role of the EPOR in ARA290 mediated 
cytoprotection. However, this study defaulted to demonstrate this suggestion as ARA290 
treatment was not renoprotective in WT mice. Therefore, no conclusions concerning the 
role of the EPOR in ARA290 mediated renoprotection can be drawn.
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An important draw back of this study is the limited renal injury induced by 35 minutes 
of bilateral warm ischemia in our model. Only ten percent of cortico-medullary necrosis 
was found 24 hours post-reperfusion. Plasma creatinine increased to 75 µmol/l, while 
in healthy mice plasma creatinine is approximately 15 µmol/l, indicating that some 
dysfunction was present. Next to the small increase in plasma creatinine, variation 
within all groups was large. We have no explanation for this since all experiments were 
performed according to a standardized protocol. 

To conclude, lacking the EPO receptor does not increase renal injury following I/R, as 
measured by renal function and necrosis. Unfortunately, based on this study, it cannot 
be concluded whether the EPOR is required for cytoprotective ARA290 treatment due 
to the mentioned limitations of this study. Performing this experiment again with 
extended warm ischemia and adding EPO as a tertiary treatment group may elucidate 
the role of the EPOR in EPO mediated cytoprotection following renal I/R. Thus, further 
research should focus on the EPOR, but also the βCR and VEGFR2, as we opine a pivotal 
role of endothelial activation in EPO mediated protection. This may eventually result in 
development of more specific and effective non-erythropoietic EPO derivatives.
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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

p

Cytoprotection

Increase GFR

EPOR

EPO
EPOR

VEGFR2

AMPKEPOR

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.



143

Erythropoietin-mediated protection in kidney transplantation

9

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. 
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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.
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Abstract

Introduction
High erythropoietin (EPO) levels following renal transplantation have been associated 
with increased mortality. However, EPO also has a cytoprotective effect. In this study, we 
investigated the role of the functional EPO single nucleotide polymorphism, rs1617640, 
in deceased donor kidney transplantation. 

Materials & Methods
The genotypes of rs1617640 were determined in 986 deceased donors and 981 
recipients of a deceased donor kidney. Subsequently, the effect of the different 
genotypes in recipients or donors on death censored graft survival, primary non-
function, delayed graft function and acute rejection was analyzed. Furthermore, plasma 
EPO levels were determined in a part of our cohort. 

Results
The TT genotype of EPO SNP rs1617640 in deceased donor kidneys was associated 
with reduced death censored graft survival and an increased incidence of delayed 
graft function compared to the GG genotype. Surprisingly, plasma EPO levels were 
significantly higher in recipients with the TT genotype compared to the GG genotype. 

Discussion
This is the first study showing an association between functional promoter EPO SNP 
rs1617640 and outcome of deceased donor kidney transplantation. These findings give 
new insights in the role of EPO in renal transplantation and may inspire translation of 
EPO mediated cytoprotection to the transplantation clinic. 
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Introduction

Erythropoietin (EPO) mediated cytoprotection has been widely evidenced by experimental 
studies1–3. Based on these promising experimental studies, high dose EPO treatment 
of recipients of a deceased donor kidney has been tested in four clinical trials. The aim 
of these studies was to improve short-term outcome after transplantation. However, 
none of these studies showed improved short-term graft function or reduced incidence 
of delayed graft function (DGF)4–7. The used EPO doses were apparently not sufficient 
to attenuate short-term function following transplantation, while the risk of adverse 
events already increased in one clinical trial4.

In experimental studies, it has been demonstrated that renal ischemia/reperfusion 
(I/R) injury can be reduced by EPO treatment pre- as well as post-reperfusion1–3. 
The pleiotropic function of EPO can be explained by its binding to different receptor 
complexes. Erythropoiesis is mediated by binding of EPO to a homodimeric receptor 
complex (EPOR2) consisting of two EPO receptors (EPOR), while cytoprotection is 
induced by binding to a heteromeric complex (EPOR2-βCR2) consisting of two EPOR 
and two β common receptors (βCR). The binding affinity of the EPOR2-βCR2 is lower, 
indicating that higher doses of EPO are required to activate the protective receptor 
complex3,8. However, a combination of the vascular endothelial growth factor receptor-2 
and the βCR (VEGFR-2-βCR) has also been proposed as an important receptor complex 
for EPO mediated cytoprotection9.

Based on promising experimental studies, high dose EPO treatment has been tested 
in clinical kidney transplantation. The aim of these studies was to improve short-term 
outcome of deceased donor kidneys after transplantation by high dose EPO treatment 
of recipients. However, none of these studies showed improved short-term graft 
function or reduced incidence of delayed graft function (DGF)6–9. These EPO doses were 
apparently not sufficient to attenuate short-term function following transplantation, 
while stimulation of erythropoiesis already increased the risk of adverse events in one 
clinical trial6.

Besides the local cytoprotective capacities of EPO, continuous high EPO levels are 
detrimental. For instance, recombinant erythropoietin (rhEPO) treatment of anemia 
(target hemoglobin level: 13.5 compared to 11.3 g/dl) was associated with an increased 
risk of cardiovascular adverse events in patients with chronic kidney disease10. In line 
with these findings, higher plasma EPO levels after transplantation are associated with 
increased mortality illustrating the contradictory effects of EPO11. 
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Recently, a functional, single nucleotide polymorphism (SNP), rs1617640, was identified 
in the promoter region of the EPO gene12. Tong et al. showed that the TT genotype 
of rs1617640 increased EPO concentrations in the human vitreous body by 7.5 times 
compared to the GG genotype12. Several studies associated this SNP with development 
of diseases, like schizophrenia, myelodysplastic syndrome, diabetic retinopathy 
and diabetic end-stage renal disease12–15. The TT genotype was associated with an 
increased risk of diabetic retinopathy and diabetic end-stage renal disease12,15, while 
the GG genotype was associated with an increased risk of myelodysplastic syndrome13.
Furthermore, patients with the TT genotype more often required renal replacement 
therapy following cardiac surgery16. These findings show that this EPO SNP, rs1617640, 
is functional and plays a role in development of renal dysfunction.

The clinical effects of EPO are difficult to predict, because activation of the local 
protective pathways also results in an increased risk of cardiovascular adverse effects 
by enhanced platelet reactivity and stimulation of erythropoiesis3,4,17. Therefore, the 
aim of this study is to increase knowledge of the endogenous role of EPO in renal 
transplantation. We hypothesized that the genotype TT of rs1617640 is associated with 
reduced graft survival after deceased donor kidney transplantation. The effect of EPO 
SNP rs1617640 on post-transplant graft function has therefore been investigated in the 
REGaTTA cohort, a large single center renal transplant cohort. 
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Materials & Methods

Study population
Transplantations (n=1430) between 1993 and 2008 were retrospectively selected for 
our genetic study. Exclusion criteria were more than two re-transplantations (N=22), 
absence of DNA (N=65), simultaneous kidney/pancreas or kidney/liver transplantation 
(N=65), loss of follow-up (N=4), technical problems (N=3). 1271 donors and recipients 
were genotyped. Nine recipients and four donors were excluded as genotyping of 
rs1617640 was unsuccessful. Living donor kidney transplantations were excluded 
(N=282) as ischemia/reperfusion injury is limited in these transplantations. This 
resulted in inclusion of 981 recipients and 986 donors. After transplantation time to 
graft failure was monitored and censored for death with a functioning graft. Graft failure 
was defined as return to dialysis or re-transplantation. Clinical parameters of donors 
and recipients were retrieved from medical files and documented. A cardiac event 
was defined as myocardial ischemia or sudden cardiac death. The study protocol was 
approved by the institutional review board of the University Medical Center Groningen. 
All recipients gave informed consent. This was not required for deceased donors. All 
procedures have been performed according to Dutch law and to the principles of the 
Declaration of Helsinki.

Plasma EPO levels after transplantation were used to investigate the functional role of 
the EPO SNP on plasma EPO levels after renal transplantation. Sinkeler et al. measured 
plasma EPO levels after transplantation 11. Blood samples of all recipients, who visited 
the outpatient clinic between August 2001 and July 2003 and who had a functioning 
graft for at least one year, were included. Recipients on erythropoiesis stimulating 
treatment or ferritin-depleted patients were excluded. EPO SNP analyses of 274 donor 
kidneys and 273 recipients were covered by Sinkeler’s cohort and these recipients 
were used to investigate the functional effect of the EPO SNP on plasma EPO levels. 
For the adjusted univariate general linear model, 12 donor kidneys and 13 recipients 
were excluded because of missing at least one of the a priori defined covariates. The 
endogenous EPO resistance index (ERI) was calculated by the following formula: ERI = 
plasma EPO (IU/l) / plasma hemoglobin (g/dl).

Rs1617640, located in the promoter region of the EPO gene on chromosome 7, was 
selected as it is the only known functional EPO SNP. Tong et al. showed that EPO levels 
in the human vitreous body were 7.5 times higher in TT genotype subjects compared to 
GG genotype subjects12. As rs1617640 is located in the promoter region, the functional 
effect of the GT genotype is expected in between the effect of the TT- and GG genotype. 
Therefore, the outcome of the GT- and GG genotype was compared to the TT genotype 
(reference group).



158

Chapter 10

Study endpoints
The primary end point of this study was death censored graft survival, defined as the 
need for dialysis or re-transplantation. Secondarily, the effects on primary non-function 
(PNF), delayed graft function (DGF) and acute rejection were analyzed. PNF was defined 
as no graft function after transplantation and DGF was defined as need for dialysis 
within the first week after transplantation. Acute rejection was defined as biopsy proven 
rejection within the first year after transplantation. The Banff 2007 classification was 
used to re-evaluate all biopsies. For analysis of death censored graft survival, DGF and 
acute rejection, PNF kidney grafts were excluded as these kidneys never functioned. 

DNA isolation and SNP analysis
DNA isolation and subsequent SNP analysis of the REGaTTA cohort has been described 
earlier18–21. Peripheral whole blood of recipients or lymphatic tissue of deceased donors 
was used for DNA extraction by a commercial kit following manufacturer’s instructions. 
DNA concentration was calculated by the NanoDrop nucleic acid application. Isolation 
procedures were repeated if the concentration of DNA was too low.

For SNP genotyping, the Illumina VeraCode GoldenGate assay kit (Illumina, San Diego, 
CA, USA) was used according to the terms of use. Genotype clustering and calling were 
performed using BeadStudio Software (Illumina). 

Laboratory analysis
All general clinical parameters, like plasma creatinine and proteinuria, have been 
measured by the laboratory of the University Medical Center Groningen. EPO levels 
(IU/l) after renal transplantation have been measured by Immulite 2000 assay11. 

Statistics
Data were analyzed with SPSS 20.0 (SPSS Inc., Chicago, USA). Data were presented 
as mean±standard deviation or median [interquartile range] depending on the 
distribution. The Hardy-Weinberg equilibrium was tested in donors and recipients. 
Patient characteristics were compared by Mann-Whitney U-or χ2 test depending on the 
type of data.

The effect of EPO SNP rs1617640 on graft survival was initially analyzed and plotted 
by Kaplan-Meier analyses. The TT genotype was used as reference group meaning that 
the outcome of the GT- and GG genotype was compared to the TT genotype. Estimated 
survival was defined as the area under the survival curve. Cox regression analyses were 
performed to adjust for a priori defined factors, potentially influencing graft survival. 
These factors include donor age, donor gender, donor type, recipient age, recipient 
gender, total human leucocyte antigen-A (HLA), -B and, -DR mismatch, cold ischemia 
time, the number of transplantation, use of corticosteroids, use of cyclosporine and use 
of mycophenolate mofetil. 
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The effect of the EPO SNP on PNF, DGF and acute rejection was analyzed by binary 
logistic regression, adjusting for the potentially influencing factors mentioned above. 

EPO levels and ERI were log transformed to obtain normally distributed values. Mean 
values of the genotype groups were compared in a univariate general linear model, 
adjusting for factors potentially influencing plasma EPO levels as shown by Sinkeler et 
al.11: urinary protein excretion, creatinine clearance, plasma hemoglobin level, recipient 
age, recipient gender, use of azathioprine, use of cyclosporine, plasma C-reactive 
protein, mean corpuscular volume, plasma triglycerides level, total plasma cholesterol 
level, use of diuretics, renin-angiotensin-aldosterone inhibition and plasma ferritin level. 
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Results

Main patient and transplantation characteristics of the donors and recipients are shown 
in table 1. The EPO SNP in donor kidneys or recipients did not affect the incidence of 
cardiac events in recipients. In both donors and recipients EPO SNP rs1617640 was 
distributed according to the Hardy-Weinberg equilibrium (recipients: p=0.45; donors: 
p=0.06). The genotype frequencies of TT, GT and GG are shown in figure 1. No difference 
in distribution of rs1617640 between donors and recipients was observed (p=0.11).

Figure 1 – Distribution of rs1617640 in donors and recipients. No differences were observed in 
distribution of this EPO SNP between donors and recipients.
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Table 1 – Transplantation characteristics of donor- and recipient 
genotypes 

Donor kidney SNP TT (n=353) GT (n=497) GG (n=136) p-valuea

Gender recipients: male, n (%) 205 (58) 291 (59) 76 (56) 0.86

Age recipients, yearsa 51 [39-59] 51 [40-60] 51 [42-60] 0.97

Gender donors: male, n (%) 183 (52) 261 (53) 74 (54) 0.88

Age donors, yearsa 46 [32-54] 45 [31-55] 48 [34-55] 0.43

Donortype
    DBD, n (%)
    DCD, n (%)

276 (78)
77 (22)

403 (81)
94 (19)

105 (77)
31 (23)

0.45

Cold ischemia timea 1260 
[960-1440]

1220 
[960-1490]

1080 
[910-1380]

0.026

Tx with no HLA mismatch, n (%) 67 (19) 133 (27) 31 (23) 0.096

Previous transplant, n (%) 46 (13) 50 (10) 11 (8) 0.21

Long-term immunosuppression
    Corticosteroids, n (%)   
    Cyclosporin, n (%)
    Mycophenolate mofetil, n (%)

332 (94)
300 (85)
231 (65) 

468 (94)
426 (86)
332 (67)

133 (98)
127 (93)
103 (67)

0.21
0.04
0.08

Recipient SNP TT (n=388) GT (n=449) GG (n=144) p-valuea

Gender recipients: male, n (%) 228 (58.8) 258 (57.5) 83 (57.6) 0.93

Age recipients, yearsa 51 [40-60] 51 [41-60] 50 [39-60] 0.44

Gender donors: male, n (%) 193 (49,7) 239 (53.2) 81 (56.2) 0.36

Age donors, yearsa 46 [32-55] 46 [31-56] 44 [31-52] 0.58

Donortype
    DBD, n (%)
    DCD, n (%)

296 (76.3)
92 (23.7)

361 (80.4)
88 (19.6)

122 (84.7)
22 (15.3)

0.079

Cold ischemia timea 1220 
[960-1440]

1200 
[960-1440]

1200 
[930-1470]

0.81

Tx with no HLA mismatch, n (%) 88 (22.7) 110 (24.6) 29 (20.1) 0.026

Previous transplant, n (%) 44 (11.4) 44 (9.8) 19 (13.2) 0.49

Long-term immunosuppression
    Corticosteroids, n (%)   
    Cyclosporin, n (%)
    Mycophenolate mofetil, n (%)

364 (94)
336 (87)
269 (69)

426 (95)
393 (87)
294 (66)

138 (96)
120 (83)
101 (70)

0.62
0.48
0.39

DBD – deceased brain death; DCD – deceased circulatory death.

Donor and recipient characteristics were analyzed by Kruskal-Wallis or χ2 test depending on type of data. 
aMedian [interquartile range]
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The effect of the EPO gene polymorphism rs1617640 on outcome after renal 
transplantation

The general, uncorrected effect of EPO SNP rs161740 on graft survival in donors and 
recipients is shown in figures 2A and 2B. The EPO SNP in recipients did not affect death 
censored graft survival, while figure 2A shows that death censored graft survival of the 
TT genotype was inferior compared to the GG genotype. The estimated mean death 
censored graft survival of a TT donor kidney was 13.7 years, while this was 15.1 years 
for a GG donor kidney (p=0.031). The estimated mean graft survival of GT genotype 
kidneys was 14.0 years and not significantly increased compared to TT genotype 
kidneys.

The adjusted effect for a priori defined potential confounders is shown in table 2. Cox 
regression analysis revealed that GG genotype donor kidneys were independently 
associated with improved graft survival compared to the TT genotype (Table 2; hazard 
ratio: 0.52, 95% CI: 0.27-0.99, p = 0.046). 

PNF of deceased donor kidneys was not affected by rs1617640 (Table 2). In line with the 
effect on graft survival, the incidence of DGF was higher in TT genotype donor kidneys 
compared to the GG genotype (Table 2; 39.2% compared to 28.7%, respectively). The 
GG genotype was independently associated with a reduced incidence of DGF (Table 
2; odds ratio: 0.52, 95% CI: 0.31-0.87, p = 0.016). No differences were observed in 
incidence of acute rejection between donor genotypes GG or GT compared to TT (Table 
2; 27.1%, 29.2% and 35.9% respectively).

The GT- or GG genotype in recipients did not affect death censored graft survival, 
incidence of PNF, incidence of DGF or acute rejection compared to the TT genotype 
(Table 2).
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Figure 2 – Effect of rs1617640 in recipients and donor kidneys on death censored graft survival. 
Estimated mean graft survival of GG genotype donor kidneys is superior to the TT genotype (A). No 
differences in graft survival were observed between recipient genotypes (B). The Kaplan-Meier survival 
curves were compared using a log-rank test.

A

B
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Table 2 – The effect of donor kidney and recipient genotypes of SNP   
rs1617640 on outcome of renal transplantation

Donor kidney SNP Reference: TT 
(n=353)

GT 
(n=496)

p-
value

GG 
(n=136)

p- 
value

Death censored graft 
survival   
  Est. mean GS, yr (95% CI)a

  Hazard ratio (95% CI)
       Crudeb

       Adjustedc

13.7 (13.0-14.3)

1.00
1.00

14.0 (13.5-14.6)

0.85 (0.60-1.21)
0.92 (0.64-1.32)

0.37

0.37
0.65

15.1 (14.2-15.9)

0.50 (0.26-0.96)
0.52 (0.27-0.99)

0.031

0.037
0.046

PNF 
  Incidence 
  Odds ratio (95% CI)
       Cruded

       Adjustede

5.4 %

1.00
1.00

6.0 %

1.13 (0.63-2.04)
1.12 (0.61-2.07)

0.69
0.71

5.1 %

0.95 (0.39-2.32)
1.02 (0.41-2.55)

0.92
0.96

DGF
  Incidence 
  Odds ratio (95% CI)
       Cruded

       Adjustedf

39.2 %

1.00
1.00

37.7 %

0.94 (0.70-1.26)
1.05 (0.75-1.47)

0.66
0.79

28.7 %

0.62 (0.40-0.97)
0.52 (0.31-0.87)

0.035
0.016

One year acute rejection 
  Incidence 
  Hazard ratio (95% CI)
       Cruded

       Adjustedf

35.9 %

1.00
1.00

29.2 %

0.76 (0.56-1.02)
0.78 (0.57-1.07)

0.07
0.12

27.1 %

0.66 (0.42-1.04)
0.68 (0.43-1.10)

0.07
0.11

Recipient SNP Reference: TT
 (n=388)

GT 
(n=449)

p- 
value

GG 
(n=144)

p-
value

Death censored graft 
survival   
  Est. mean GS, yr (95% CI)a

  Hazard ratio (95% CI)
       Crudeb

       Adjustedc

13.9 (13.3-14.6)

1.00
1.00

14.0 (13.5-14.6)

1.02 (0.71-1.47)
1.07 (0.74-1.55)

0.93

0.92
0.73

14.2 (13.2-15.1)

0.90 (0.53-1.52)
0.95 (0.56-1.62)

0.68

0.68
0.86

PNF 
  Incidence 
  Odds ratio (95% CI)
       Cruded

       Adjustede

6.2 %

1.00
1.00

5.8 %

0.93 (0.53-1.65)
1.00 (0.55-1.82)

0.81
0.99

4.2 %

0.66 (0.26-1.65)
0.74 (0.29-1.91)

0.37
0.54

DGF
  Incidence 
  Odds ratio (95% CI)
       Cruded

       Adjustedf

39 %

1.00
1.00

36.9 %

0.91 (0.68-1.22)
1.07 (0.77-1.51)

0.54
0.68

33.3 %

0.78 (0.52-1.18)
0.96 (0.60-1.56)

0.24
0.88

One year acute rejection 
  Incidence 
  Hazard ratio (95% CI)
       Cruded

       Adjustedf

31.6 %

1.00
1.00

32.9 %

1.06 (0.79-1.43)
1.00 (0.73-1.37)

0.71
0.99

28.3 %

0.85 (0.55-1.31)
0.80 (0.51-1.26)

0.71
0.33

Est. – estimated; GS – graft survival; CI – confidence interval; PNF – primary non-function; DGF – delayed graft function
aKaplan-meier survival analysis with log-rank test. Primary non-function grafts were excluded.
bCox regression analysis. Primary non-function grafts were excluded.
cCox regression analysis adjusted for donor age, donor gender, donor type, recipient age, recipient gender, HLA mismatch, 
cold ischemia time, number of transplantation, use of corticosteroids, use of cyclosporine, use of mycophenolate mofetil. 
Primary non-function grafts were excluded.
dLogistic regression.
eLogistic regression adjusted for donor age, donor gender, donor type, recipient age, recipient gender, HLA mismatch, 
cold ischemia time, number of transplantation, use of corticosteroids, use of cyclosporine, use of mycophenolate mofetil.
fLogistic regression adjusted for donor age, donor gender, donor type, recipient age, recipient gender, HLA mismatch, 
cold ischemia time, number of transplantation, use of corticosteroids, use of cyclosporine, use of mycophenolate mofetil. 
Primary non-function grafts were excluded.
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The effect of the EPO gene polymorphism rs1617640 on plasma EPO levels 
after renal transplantation

Plasma EPO (IU/l) and hemoglobin (Hb, g/dl) levels after transplantation were 
determined in recipients of the REGaTTA cohort (Table 3). No differences were observed 
in plasma EPO levels after transplantation between donor kidney GG- or GT- and TT 
genotypes. However, plasma EPO levels were significantly higher in recipients with the 
TT genotype compared to the GG genotype (Table 3; log EPO: 1.28 vs. 1.16; p = 0.015). 
The plasma EPO level in GT recipients was not significantly lower than in TT recipients 
(Table 3; log EPO: 1.28 vs. 1.23; p = 0.3). In figure 3, homozygote donor – recipient 
combinations were defined to illustrate that the plasma EPO level is depending on the 
genotype of the recipient.

Table 3 – The effect of rs1617640 on plasma EPO levels after 
transplantation

Donor kidney SNP Reference: TT 
(n=89)

GT 
(n=141)

p-
value

GG 
(n=44)

p- 
value

Hb (g/dl) 13.9 ± 1.6 13.9 ± 1.6 14.0 ± 1.5

EPO (IU/l) 15.6 [10.2-23.7] 17.1 [12.0-23.3] 18.1 [10.6-27.6]

ERI (EPO / Hb) 1.16 [0.74-1.89] 1.22 [0.84-1.76] 1.19 [0.71-2.06]

Log EPO
    Crudea
   Adjustedb

1.21 ± 0.26
1.21 ± 0.26

1.25 ± 0.25
1.25 ± 0.25

0.34
0.41

1.25 ± 0.27
1.26 ± 0.27

0.42
0.47

Log ERI
    Crudea
   Adjustedc

0.07 ± 0.27
0.07 ± 0.27

0.11 ± 0.27
0.11 ± 0.27

0.37
0.74

0.11 ± 0.29
0.11 ± 0.29

0.51
0.38

Recipient SNP Reference: TT 
(n=94)

GT 
(n=139)

p- 
value

GG 
(n=40)

p-
value

Hb (g/dl) 13.9 ± 1.6 13.9 ± 1.6 13.9 ± 1.8

EPO (IU/l) 17.9 [13.6-28.5] 16.6 [11.8-23.7] 13.1 [8.8-20.5]

ERI (EPO / Hb) 1.35 [0.88-2.16] 1.20 [0.81-1.85] 0.97 [0.64-1.56]

Log EPO
    Crudea
   Adjustedb

1.28 ± 0.27
1.28 ± 0.27

1.23 ± 0.22
1.23 ± 0.23

0.14
0.30

1.15 ± 0.29
1.16 ± 0.29

0.009
0.015

Log ERI
    Crudea
   Adjustedc

0.14 ± 0.30
0.14 ± 0.30

0.09 ± 0.24
0.08 ± 0.24

0.14
0.20

0.01 ± 0.30
0.02 ± 0.30

0.011
0.028

Hb – hemoglobin; EPO – erythropoietin; ERI – Erythropoietin resistance index (plasma EPO / plasma Hb)
aUnivariate general linear model
bUnivariate general linear model adjusting for recipient age and gender, urinary protein excretion, creatinine clearance, 
plasma hemoglobin level, use of azathioprine, use of cyclosporine, plasma C-reactive protein, mean corpuscular vol-
ume, plasma triglycerides level, total plasma cholesterol level, use of diuretics, renin-angiotensin-aldosterone inhibition 
and plasma ferritin level.
cUnivariate general linear model adjusting for recipient age and gender, urinary protein excretion, creatinine clearance, 
use of azathioprine, use of cyclosporine, plasma C-reactive protein, mean corpuscular volume, plasma triglycerides 
level, total plasma cholesterol level, use of diuretics, renin-angiotensin-aldosterone inhibition and plasma ferritin level.
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Figure 3 – Plasma EPO levels after transplantation of homozygote combinations of donors and 
recipients. This figure illustrates that the plasma EPO levels after transplantation depend on the genotype 
of the recipient and not the genotype of the donor as significantly shown in table 3. A GG donor kidney 
transplanted to a TT recipient tends to increase EPO production to the need of a TT recipient, while a TT 
kidney transplanted to a GG recipient tends to reduce EPO production.

Furthermore, the endogenous erythropoietin resistance (ERI) index was calculated, to 
define the effectiveness of EPO in stimulation of erythropoiesis. In TT recipients, the ERI 
was significantly higher compared to GG genotype recipients (Table 3; log ERI: 0.14 vs. 
0.02; p = 0.028). The EPO SNP in donor kidneys did not affect the ERI (Table 3; log ERI: 
0.07 vs. 0.11; p = 0.38).
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Discussion
In this study, we showed that the functional EPO SNP, rs1617640, affected outcome of 
deceased donor kidneys. The TT genotype of deceased donor kidneys was associated 
with impaired death censored graft survival and a higher incidence of delayed graft 
function after transplantation. The EPO SNP in recipients did not affect outcome of 
renal transplantation. These results implicate renal EPO signaling as an important 
mediator of both short-term outcome and long-term graft survival.

Functionally, plasma EPO levels after transplantation were higher in recipients with the 
TT genotype compared to the GG genotype. Thus, plasma EPO levels were dependent 
on the genotype of the recipient instead of the genotype of the donor kidney. This is 
surprising as the transplanted kidney most likely produces these plasma EPO levels. 
However, a functional effect on expression level of EPO was expected as rs1617640 is 
located in the promoter region of the EPO gene. Higher EPO levels in the TT genotype 
confirms the functionality of rs1617640 as demonstrated by Tong et al.12. 

Strikingly, hemoglobin levels of GG recipients were normal despite lower plasma EPO 
levels, suggesting that the EPO variant of the GG genotype is more active or erythropoietic 
receptors are more efficiently activated. A more active EPO variant in GG genotype 
subjects is unlikely as rs1617640 is located in the promoter region. Besides, the GG 
genotype is strongly associated with myelodysplastic syndromes (MDS) as shown by 
Ma et al.13. This association makes a more active EPO variant of GG genotype subjects 
even more unlikely, because MDS is characterized by ineffective erythropoiesis and 
stimulation of erythropoiesis by rhEPO is one of the treatment options for MDS22. 

Thus, erythropoietic receptor complexes are presumably more efficiently activated in 
GG recipients. To investigate this effect, the endogenous EPO resistance index was 
calculated. The EPO resistance was significantly higher in TT recipients the compared 
to the GG genotype. This indicates that higher systemic EPO levels were required to 
regulate erythropoiesis. Thus, a GG donor kidney is able to increase the production of 
EPO to the need of a TT recipient for adequate erythropoiesis. This explains that plasma 
EPO levels after transplantation were dependent on the genotype of the recipient 
instead of the donor kidney. 

In literature, increased EPO resistance is associated with increased mortality in patients 
with end-stage renal disease23. The mechanisms of increased EPO resistance are not 
fully elucidated, but include inflammation, receptor interactions and intracellular 
signaling24. In this study increased EPO levels, based on genetic background, were 
associated with increased EPO resistance. Clinically, these findings imply that TT 
genotype patients with end-stage renal disease might require higher doses of rhEPO to 
treat anemia compared to GG genotype patients. The precise mechanism of increased 
EPO resistance of the TT genotype has to be further investigated.
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In this cohort, no differences in distribution of rs1617640 were observed between 
donors and recipients. This implicates that the EPO SNP did not play a role in the 
development of chronic kidney disease. However, the TT genotype of rs1617640 is 
associated with the development of diabetic end-stage renal disease and an increased 
need of renal replacement therapy following cardiac surgery12,16. In the pathophysiology 
of both diabetic nephropathy and renal ischemia/reperfusion, activation of endothelial 
nitric oxide synthase (eNOS) is compromised indicating endothelial dysfunction25,26. 
Since EPO is able to increase eNOS activity, the effect of the EPO SNP on outcome 
of renal transplantation might be explained by endothelial dysfunction. This is 
supported by experimental studies indicating the pivotal role of eNOS for EPO mediated 
renoprotection9,27,28. 

Experimental studies evidently showed the protective capacities of EPO in renal 
ischemia/reperfusion injury1,2,29–31. EPO mediated cytoprotection is based on the 
binding of EPO to receptor complexes as EPOR2-βCR2 or βCR-VEGFR-28,9. Binding affinity 
of these complexes is lower compared to the erythropoietic EPOR2 complex. Thus, in 
response to injury, a local peak of EPO levels induces cytoprotection, while continuous 
high plasma levels of EPO cause cardiovascular adverse events. As mentioned above, 
increased phosphorylation of eNOS is an important mediator of EPO to reduce 
endothelial dysfunction and improve renal function9,27,28,32. Only the genotype of the 
donor kidney affected outcome after transplantation, indicating that a local effect 
of EPO is responsible for these differences. In line with the erythropoietic receptor 
complex, we speculate that also resistance of the cytoprotective receptor complexes 
might be increased by continuous higher levels of EPO in TT subjects. The peak in local 
EPO concentration in response to injury in TT donor kidneys might be less effective 
to induce cytoprotection. Thus, increased EPO resistance of TT donor kidneys might 
explain the inferior outcome after transplantation compared to the GG genotype.

Recently, immunosuppressive capacities of EPO have been demonstrated by Cravedi 
et al. EPO inhibited proliferation of T-cells in vitro33. This effect was mediated by the 
EPOR, because ARA290, a non-erythropoietic EPO derivative which is derived from the 
binding site to the EPOR2-βCR2 complex34–37, did not modulate T-cell immunity. Cravedi 
et al.33 speculate that the role of EPO in T-cell immunity might be responsible for the 
observed protective effects of EPO in kidney transplant recipients33. However, in this 
study, the genotype of EPO in donor kidneys or recipients did not affect the incidence of 
acute rejection. Besides, only the genotype of donor kidneys affected outcome of renal 
transplantation. Therefore, it is more likely that reduced activation of local, protective 
pathways against endothelial dysfunction and ischemia/reperfusion injury in the TT 
genotype donor kidneys was responsible for the observed effect of the EPO SNP.
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The single center, retrospective design of this study is the main limitation. However, 
the independent effects on graft survival and plasma EPO levels validate the 
functionality of the EPO SNP in this study design. Furthermore, EPO plasma levels were 
measured in ~28 % of all recipients at a single time after transplantation and the time 
between transplantation and blood samples varied. It would have been interesting to 
investigate the effect of the EPO SNP on plasma EPO levels at standardized times after 
transplantation. 

This is the first clinical study showing the important role of local EPO signaling in deceased 
donor kidney transplantation. These findings in combination with experimental studies 
suggest an endogenous cytoprotective function of EPO. Intervention in EPO mediated 
cytoprotection may therefore improve short- and long-term graft function following 
deceased donor kidney transplantation. To date, clinical trials failed to translate 
EPO mediated cytoprotection to the clinic, while the risk of cardiovascular events 
increased4–7. Therefore, non-erythropoietic EPO derivatives have been developed, 
which can be titrated safely to protective levels. In experimental studies, these non-
erythropoietic EPO derivatives showed great potential to improve renal function without 
increasing risk of cardiovascular adverse events34–40. 

In conclusion, the TT genotype of promoter EPO SNP rs1617640 in deceased donor 
kidneys reduced death censored graft survival and increased incidence of DGF. This 
effect is probably mediated by altered EPO signaling in the kidney, as the EPO SNP 
in recipients did not affect outcome after transplantation. The findings of this study 
give new insight in the role of EPO in renal transplantation and may therefore help 
to translate EPO mediated cytoprotection by non-erythropoietic EPO derivatives to the 
transplantation clinic.
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Summary

In chapter 1, the main topics of this thesis are introduced. After transplantation, 
the  outcome of DBD- and DCD kidneys is inferior compared to living donor kidneys. 
It is therefore important to improve transplant outcome of deceased donor kidneys. 
For that purpose, three potential treatment strategies are investigated in this thesis: 
α-melanocyte stimulating hormone (α-MSH) treatment, normothermic recirculation 
and treatment with ARA290, a non-erythropoietic EPO derivative.

In chapter 2, new insights in the immediate effect of brain death on renal function 
and inflammation are presented. Brain death caused a triphasic response in renal 
function. Immediately following brain death renal function was distinctly reduced, while 
hyperfiltration was observed in the second hour after brain death. In the third hour renal 
function decreased to baseline levels. Inflammation was not observed at four hours 
after induction of brain death.

In chapter 3, the renoprotective capacities of α-MSH, an anti-inflammatory 
neuropeptide, were tested in a DBD kidney transplantation model in pigs. Recipients of 
a DBD donor kidney were treated with α-MSH. Unexpectedly, α-MSH neither improved 
renal function nor reduced inflammation in the first ten hours after transplantation. 

In chapter 4, the protective effect of normothermic recirculation of DCD donors was 
investigated in a rodent model. In this experimental setting, normothermic recirculation 
did not affect renal function, inflammation or tubular necrosis.

In chapter 5, a rodent model of brain death was used to test the protective effect of 
ARA290 on the donor kidney in an isolated perfused kidney model. ARA290 treatment 
did not improve renal function and did not reduce renal inflammation or acute kidney 
injury.

In chapter 6, it is shown that ARA290 treatment after reperfusion protects against 
renal I/R injury. ARA290 treatment at one hour after reperfusion improved renal 
function and reduced inflammation, while treatment at four- or one and four hours 
after reperfusion did not result in renoprotection.

In chapter 7, pigs were treated with ARA290 after renal I/R. In the first seven days 
after reperfusion, ARA290 improved recovery of renal function. Furthermore, ARA290 
reduced structural injury at seven days post-reperfusion.

In chapter 8, the role of the EPO receptor in the development of renal I/R injury was 
investigated. Transgenic knock-out of the EPO receptor did not affect renal function or 
the extent of cortical necrosis. No differences in renal function or cortical necrosis were 
observed between wild-type- and transgenic knock-out mice treated with ARA290 after 
renal I/R.
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In chapter 9, recent clinical trials testing cytoprotective EPO treatments in renal 
transplantation are reviewed. EPO treatment in transplant recipients did not improve 
short-term function after transplantation of deceased donor kidneys, while the incidence 
of thrombotic events increased. The non-erythropoietic EPO derivatives are promising 
alternatives for EPO to induce renoprotection in transplantation without the increased 
risk of cardiovascular adverse events.

In chapter 10, the endogenous role of EPO mediated cytoprotection is illustrated 
by the effect of a functional EPO single nucleotide polymorphism on the outcome of 
transplantation. The TT genotype of the EPO polymorphism in deceased donor kidneys 
is associated with reduced graft survival and an increased incidence of delayed graft 
function. 
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General discussion

Graft survival of living donor kidneys is superior compared to DBD and DCD kidney 
transplantation. Transplant outcome of marginal DBD and DCD donor kidneys has to be 
improved to fully utilize the donor pool potential. In this thesis, three potential, protective 
strategies have been tested in animal models. In addition to these therapeutical 
studies, new insights in the effects of brain death on the pathogenesis of renal injury 
and dysfunction were obtained in a porcine model. These novel observations may 
inspire to future interventional studies.

The	effect	of	brain	death	on	renal	function,	inflammation	and	renal	metabolism
Brain death caused a triphasic response in renal function as demonstrated in chapter 
2. Furthermore, no systemic- or renal inflammation was observed in the brain dead 
donors, even though brain death donation is known to be associated with both systemic- 
and renal inflammation1–4. Aggressive fluid treatment to stabilize hemodynamics 
presumably prevented hypoperfusion of the peripheral organs, suggesting that the 
systemic inflammation as described in brain dead donors is caused by hypoperfusion. 
This implicates the important role for donor management to preserve organ quality.

Ten hours after transplantation, renal inflammation increased compared to fifteen 
minutes post-reperfusion, indicating that detrimental pathways are not fully activated 
immediately after transplantation. Furthermore, early after reperfusion renal 
metabolism shifts from aerobic to anaerobic.  These findings suggest a window of 
opportunity for cytoprotective treatment of recipients in the first hours after reperfusion. 
In addition, the observations in the brain dead donors might inspire new approaches for 
improvement of donor management. 

Next, the different treatment strategies to reduce renal ischemia/reperfusion injury will 
be discussed.

α-melanocyte	stimulating	hormone
Physiologically, α-MSH is produced by the pituitary gland which function is compromised 
by brain death. In several models including renal I/R, it has been shown that exogeneous  
α-MSH administration improves renal function and reduces renal inflammation5-8. 
However, in chapter 3 we show that α-MSH treatment of porcine recipients of a DBD 
kidney did not result in improved function or reduced inflammation. Recovery of renal 
function was even impaired by α-MSH. The most likely explanation for the ineffectiveness 
of α-MSH treatment is a reduction in mean arterial pressure, which was caused by 
each dose of this compound.  The changes in hemodynamics in combination with the 
absence of a beneficial effect on renal function excludes α-MSH as a potential treatment 
for transplant recipients to improve short-term function following renal transplantation. 
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Normothermic recirculation
The protective capacities of normothermic recirculation are observed in clinical 
studies9–13. However, in chapter 4 we could not confirm these observations in a DCD 
transplantation model in rats. Transplantation in rats is challenging and a large variation 
in severity of the acute kidney injury between the animals was observed. Also, entire 
donor rats were normothermically recirculated after warm renal ischemia, while in 
the clinical setting, only abdominal organs are artificially recirculated. This model was 
chosen as artificial recirculation in rats would further increase the variation. However, 
these limitations may explain the negative results of this study. Further research should 
be performed in larger animals, as it will be easier to apply normothermic recirculation 
in these models.

Erythropoietin mediated cytoprotection

The endogenous role of EPO mediated cytoprotection in renal transplantation is 
demonstrated in chapter 10 in which we show that a functional EPO polymorphism 
in deceased donor kidneys affects graft survival and incidence of DGF following 
transplantation. This effect on graft survival is independent of plasma EPO levels 
indicating that not influenced erythropoiesis, but local cytoprotection is responsible for 
the observed differences in short- and long-term outcome of transplantation. 

The proposed protective pathways of EPO include either activation of the EPOR2-βCR2- 
or the βCR-VEGFR2 complex14. In literature, it is demonstrated that the βCR is crucial 
for EPO mediated protection. Endothelial activation is also essential, as EPO is not 
renoprotective in endothelial nitric oxide synthase (eNOS) knockout mice14–16. Non-
erythropoietic EPO derivatives are proposed to bind receptor complexes containing both 
the EPOR and the βCR17. Nevertheless, the role of the EPO receptor in EPO mediated 
cytoprotection is questioned, because absence of this receptor did not affect renal I/R 
injury, as is demonstrated in chapter 8. This study was however limited by low levels of 
renal injury. 

ARA290 is derived from the binding site of EPO to the EPOR2-βCR2 and it presumably 
only binds this receptor complex. However, this has not been confirmed by us or 
other research groups. Besides, binding of ARA290 to the βCR-VEGFR2 complex has 
never been investigated. Thus, the role of the EPOR in EPO mediated cytoprotection 
remains questionable. Further research should focus on the binding of EPO and non-
erythropoietic derivatives to different receptor complexes.
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The adverse effects of EPO mediated cytoprotection are caused by stimulation of 
erythropoiesis and activation of platelets18,19. In our review, chapter 9, we pointed to 
the increased risk of cardiovascular adverse effects by EPO treatment following renal 
transplantation. Although relative high doses of EPO were administrated, cytoprotective 
levels were not reached. These studies thereby exclude EPO itself as systemic, 
cytoprotective agent. 

However, experimental studies with non-erythropoietic EPO derivatives, like ARA290 
and CEPO, are promising. In chapter 6 and 7, we showed that ARA290 treatment after 
reperfusion improved renal function, reduced inflammation and mitigated structural 
injury. In chapter 8, these protective capacities of ARA290 were not confirmed in a 
mice model of renal ischemia/reperfusion. This may be explained by minor renal injury 
and large variation observed in treatment- and control groups. 

ARA290 treatment of brain death donors was not protective, as shown in chapter 5. 
However, this was the first experiment testing the protective capacities of ARA 290, 
testing a dose of 1 nmol/kg. In the latter I/R experiments a dose of 10 nmol/kg was  
protective and the ineffective treatment of DBD donors might be clarified by the dose 
of 1 nmol/kg. 

Dosing and particularly timing are crucial to successfully induce cytoprotection by non-
erythropoietic EPO derivatives. ARA290 has proven its protective capacities against 
renal I/R injury in our models and in two other I/R experiments17,20. In all models, the first 
dose of ARA290 was administered within six hours after transplantation. Furthermore, 
our I/R model in rats suggests that administration at one hour after reperfusion is more 
effective than administration after four hours. EPO mediated cytoprotection is mediated 
by eNOS activation, which function is compromised in the first 24 hours after renal I/
R21. This explains why non-erythropoietic EPO derivatives have to be administered in the 
first hours after transplantation.

Unfortunately, timing of ARA290 cannot be translated directly from rats or pigs to 
humans because of differences in physiology and metabolic rate. Nevertheless, the 
ischemia/reperfusion experiments in mice, rats and pigs suggest that ARA290 should 
be administered early after reperfusion. Naturally, we aimed to show the protective 
effect of ARA290 in a transplantation model. Two DCD transplantation experiments in 
rats have been performed. Unfortunately, these transplantation models were unstable 
due to a large variation in renal injury. These data are therefore not included in this 
thesis. Nevertheless, ARA290 treatment of recipients of a deceased donor kidney is 
a promising strategy to improve transplant outcome. The results of this thesis warrant 
further investigation in models of renal transplantation.
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To conclude, this thesis provided new insights in the effects of brain death on renal 
function and the development of inflammation. α-MSH treatment and normothermic 
recirculation did not improve renal function or reduce renal ischemia/reperfusion injury. 
However, ARA290 treatment of recipients of a deceased donor kidney is a promising 
strategy to improve transplant outcome. Next, the future implications will be discussed.
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Future perspectives

The results of this thesis give further direction to new research projects to improve 
outcome of deceased donor kidney transplantation. The ultimate goal is translation of 
performance-enhancing strategies to the clinic. Three protective strategies were the 
main focus of this thesis. Nevertheless, investigation of renal function, metabolism 
and inflammation in brain dead donors also resulted in new insights. These findings 
implicate the importance of fluid administration for treatment of brain dead donors. To 
further investigate the effect of brain dead donor treatment on quality of donor organs, 
different treatment strategies like fluid administration and inotropic treatment could 
be compared. This study should not only focus on donor kidneys, as aggressive fluid 
treatment may be detrimental for the lungs. 

Mechanistically, it would be interesting to investigate the role of uncontrolled 
hemodynamics in development of ischemia/reperfusion injury and brain death related 
systemic- and renal inflammation. In our porcine brain dead model, mean arterial 
pressure was measured via a catheter in the arteria carotis. Possibly, renal flow was not 
correctly represented by this system. We therefore propose to measure renal flow during 
brain death using hyperpolarized magnetic resonance imaging. Hyperpolarization of 
metabolic markers could even elucidate the precise metabolic alterations during brain 
death22–24.

Investigation of normothermic recirculation in experimental models is notable, as 
NR recirculation is already used clinically in several hospitals worldwide. However, as 
mentioned before, experimental evidence is limited and this promising strategy has 
to be improved. Further investigation should be performed in large animal or human 
studies, as this is technically simpler and will reduce variation of ischemic injury.

The two potentially cytoprotective agents, α-MSH and ARA290, have been tested as 
treatment of recipients. Based on the study described in chapter 3, we conclude that 
there is no role for α-MSH in treatment of recipients after transplantation. On the other 
hand, ARA290 turned out to be a promising performance enhancing agent to improve 
renal function following transplantation. ARA290 treatment of recipients potentially 
improves renal function, but may also reduce inflammation and structural injury. This 
suggests ARA290 could improve both short- and long-term outcome. 

Chapter 10 supports our conclusions from experimental ARA290 studies, as this is 
the first study showing the endogenous cytoprotective role of EPO in deceased donor 
kidney transplantation. Ideally, the association between the EPO SNP and outcome of 
deceased kidney transplantation will be confirmed in a different transplantation cohort 
in the near future. 
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Further investigation of the genes important for EPO mediated renoprotection, like βCR, 
EPOR and eNOS, may further elucidate this pathway. To gain best insight in pathways 
activated by EPO-mediated cytoprotection, an experimental renal I/R model could be 
performed in which high dose EPO- and ARA290 treatment are compared to controls 
with as main outcome parameter a gene expression array.

The most important future perspective of this thesis is translation of EPO mediated 
cytoprotection by non-erythropoietic EPO derivatives to the transplantation clinic. 
ARA290 and CEPO are the most likely candidates for this translation. It would be most 
elegant to first confirm the renoprotective capacities in a porcine DCD transplantation 
model. Besides this translational future perspective, ARA290 should also be further 
investigated in experimental models. In brain death donors only 1 nmol/kg has been 
tested, while in renal I/R a dose of 10 nmol/kg was renoprotective. We suggest to also 
test a dose of 10 nmol/kg in a DBD donation model. Furthermore, it would also be 
interesting to test ARA290 in a brain death transplantation model, treating the donor 
as well as the recipient. To gain insight in the protective pathways of ARA290, this 
derivative could be tested in βCR knock-out mice subjected to renal I/R.

Conclusion
This thesis is a combination of experimental research and clinical outcome leading 
protective strategies to enter clinical trials. Normothermic recirculation has already been 
used clinically, but more vigorous evidence would increase interest of transplantation 
centers and could thereby increase the DCD donor pool for kidneys. α-MSH treatment of 
recipients seems no beneficial treatment for short-term outcome after transplantation. 
The negative results in our porcine transplantation study denounce this agent to 
more basic experimental models. The most promising treatment of recipients to 
protect against renal I/R injury is treatment with ARA290. A successful porcine DCD 
transplantation experiment may be the last step before ARA290 can be tested in a 
clinical trial.
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Een niertransplantatie is de meest effectieve behandeling voor chronisch nierfalen. 
Voorafgaande aan een niertransplantatie zijn patiënten in het eindstadium van nierfalen 
afhankelijk van dialyse om het bloed te zuiveren van afvalstoffen. Voor patiënten betekent 
dit dat zij meerdere malen per week gedialyseerd moeten worden in het ziekenhuis. 
Dus dialyse is beperkend voor patiënten en bovendien geassocieerd met co-morbiditeit 
zoals een verhoogd risico op infecties. Tevens kan chronisch nierfalen gepaard gaan 
met verminderde productie van erythropoëtine (EPO) door de nier. EPO reguleert 
de productie van rode bloedcellen en een te lage plasma EPO spiegel veroorzaakt 
bloedarmoede. Patiënten met chronisch nierfalen worden daarom vaak behandeld 
met een synthetische variant van erythropoëtine (rhEPO). Na een niertransplantatie 
zijn patiënten niet meer afhankelijk van dialyse en rhEPO. Transplantatie is daarom een 
effectieve behandeling, die de kwaliteit van leven aanzienlijk verbetert.

Helaas is er een wachtlijst voor een niertransplantatie, omdat het aanbod van 
donornieren te laag is. De laatste jaren is deze wachtlijst nauwelijks afgenomen, ondanks 
het feit dat levende donatie steeds vaker voorkomt en de criteria voor postmortale 
donatie verruimd zijn. Dit betekent dat er patiënten op de wachtlijst sterven, omdat 
er geen donornieren beschikbaar zijn. Daarom is het van groot belang het aanbod van 
donornieren te vergroten en de uitkomsten na transplantatie te verbeteren. 

De verschillende stadia tussen donatie en transplantatie van een nier worden 
gekenmerkt door perioden van zuurstofgebrek, welke ook wel ischemische perioden 
genoemd worden. De primaire warme ischemie is de tijd tussen het stoppen van de 
doorbloeding van de organen en het afkoelen van de donornier. Na het stoppen van de 
circulatie worden de donororganen zo snel mogelijk gespoeld met preservatievloeistof 
bij een temperatuur van 4°C. Het metabolisme en de ontstekingsprocessen worden 
daardoor vertraagd en op deze manier kunnen organen langer bewaard worden. Deze 
periode wordt de koude ischemie genoemd. De secundaire periode van warme ischemie 
is de tijd die nodig is om de donornier te implanteren in de ontvanger. Er bestaan drie 
verschillende typen donaties: levende donatie, donatie na hersendood en donatie 
na een hartstilstand. Levende donatie wordt gekenmerkt door minimale, primaire 
warme ischemie en een korte periode van koude ischemie. Postmortale donornieren 
worden blootgesteld aan aanzienlijk langere perioden van koude en warme ischemie. 
Het verschil tussen donatie na hersendood en een hartstilstand is dat hersendode 
donoren bloed circuleren in hun organen tot het moment van donatie, terwijl donatie 
na een hartstilstand betekent dat de donororganen enige tijd geen circulatie hebben. 
Dit betekent dat nieren, gedoneerd na een hartstilstand, worden blootgesteld aan de 
meeste ischemische schade. Donornieren van levende donoren functioneren dan ook 
significant beter dan nieren die gedoneerd zijn na hersendood of een hartstilstand. Dit 
verschil ontstaat voornamelijk in de periode direct na transplantatie en dit resulteert in 
kortere transplantaatoverleving van postmortale donornieren. 
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Donororganen na postmortale donatie worden blootgesteld aan langere perioden van 
zuurstofgebrek. Dit heeft tot gevolg dat er meer ischemie/reperfusie (I/R) schade 
ontstaat. In dit proefschrift worden verschillende proefdierexperimenten beschreven 
die gericht zijn op het beschermen tegen I/R schade en het verbeteren van de functie 
van nieren die zijn blootgesteld aan I/R schade. Drie strategieën worden getest om de 
uitkomsten na transplantatie van postmortale donornieren te verbeteren. Daarnaast is 
in hoofdstuk 2 het effect van hersendood op de nierfunctie, ontsteking en stofwisseling 
in de nier onderzocht in een observationele studie in varkens. In het eerste uur na 
inductie van hersendood was de nierfunctie verminderd, terwijl in het daaropvolgende 
uur de nierfunctie significant hoger was vergeleken met de uitgangswaarde. In 
het derde en vierde uur na hersendood daalde de nierfunctie tot het niveau van de 
uitgangswaarde. Dit directe effect van hersendood op de nierfunctie was onafhankelijk 
van de bloeddruk. 

Ontsteking van donororganen na hersendood is aangetoond in experimentele 
en klinische studies. Toch was er in ons model van hersendood geen sprake van 
ontsteking na vier uur hersendood. De bloeddruk van de donors werd boven 60 
mmHg gehouden middels het toedienen van vocht. Deze therapie heeft waarschijnlijk 
ischemie/reperfusie schade verminderd en ontsteking voorkomen. Dit suggereert 
dat de systemische ontsteking en ontsteking in de nier het gevolg zijn van de 
hemodynamische instabiliteit van hersendode donoren. De kwaliteit van hersendode 
donororganen zou dus kunnen verbeteren door het donormanagement te veranderen. 
In de toekomst is het interessant om te onderzoeken wat het precieze effect is van 
het behandelen van hersendode donors met vocht vergeleken met medicatie om de 
bloeddruk te stabiliseren. Ontsteking en veranderingen in de stofwisseling van de nier 
lijken met name te ontstaan na transplantatie naar de ontvanger. Na herstel van de 
bloedsomloop van de getransplanteerde nier werden verhoogde ontstekingsparameters 
gemeten en veranderde de stofwisseling van aeroob naar anaeroob. Deze bevindingen 
suggereren dat beschermende therapie, direct na herstel van de bloedsomloop van de 
getransplanteerde nier, de uitkomst van transplantatie kan verbeteren. 

Naast deze observationele studie, hebben we de volgende strategieën getest om 
de uitkomsten van niertransplantaties te verbeteren: behandeling met α-MSH, 
normotherme recirculatie en behandeling met ARA290.
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α-melanocyte	stimulating	hormone

α-MSH is een neuropeptide en voornamelijk bekend vanwege zijn functie bij de 
pigmentatie van de huid. Daarnaast heeft dit peptide ook een anti-inflammatoire 
werking. In renale ischemie/reperfusie experimenten heeft men aangetoond dat 
behandeling met α-MSH de nierfunctie verbetert en ontsteking remt. Hersendode 
donatie van nieren is geassocieerd met zowel ontsteking als verminderde nierfunctie. 
Op basis van de beschermende eigenschappen van α-MSH luidde onze hypothese dat 
behandeling met α-MSH van ontvangers van een hersendode donornier de nierfunctie 
verbetert en de ontsteking vermindert. In hoofdstuk 3 hebben wij deze hypothese getest 
in een niertransplantatie model na hersendode donatie in het varken. Behandeling 
van ontvangers met α-MSH verslechterde echter het herstel van de nierfunctie. Dit 
effect is te verklaren doordat elke gebruikte dosis α-MSH resulteerde in een daling 
van de bloeddruk. Daarnaast bleek α-MSH ontsteking niet te verminderen. Op basis 
van deze resultaten concluderen wij dat behandeling met α-MSH van ontvangers van 
een hersendode donornier niet resulteerde in verbeterde nierfunctie of verminderde 
ontsteking.

Normotherme recirculatie

Normotherme recirculatie is ontwikkeld om de kwaliteit van organen, gedoneerd na een 
hartstilstand, te verbeteren. Donatie na een hartstilstand wordt gekenmerkt door een 
aanzienlijk langere primaire warme ischemietijd dan hersendode- of levende donatie. 
Dit wordt veroorzaakt doordat er na de hartstilstand geen bloedsomloop meer is. 
Normotherme recirculatie betekent dat catheters worden ingebracht in grote bloedvaten 
van de donor en vervolgens geöxygeneerd bloed machinaal door de donororganen wordt 
gepompt. De ischemie/reperfusie schade wordt op deze manier beperkt. Verschillende 
ziekenhuizen in voornamelijk Spanje, Frankrijk en Rusland gebruiken deze techniek 
in de klinische setting. Het blijkt dat de nierfunctie van deze donornieren aanzienlijk 
verbetert door normotherme recirculatie. Echter, het experimentele bewijs voor deze 
strategie is beperkt en het behandelprotocol nog niet optimaal. 

In een model voor niertransplantatie na een hartstilstand hebben wij het effect van 
normotherme recirculatie van de rat onderzocht. Hoofdstuk 4 laat zien dat normotherme 
recirculatie niet resulteerde in verbeterde nierfunctie of verminderde nierschade. 
Mogelijk is dit te verklaren doordat wij de gehele rat hebben gerecirculeerd in plaats 
van alleen de abdominale organen. Daarnaast is het niertransplantatie model in de rat 
na een hartstilstand van de donor technisch ingewikkeld en dit resulteerde in relatief 
grote variatie. Experimenteel onderzoek naar het ideale protocol voor normothermische 
recirculatie kan daarom beter uitgevoerd worden in grotere proefdieren, zoals varkens.
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ARA290: een non-erythropoiëtisch EPO derivaat

Erythropoëtine (EPO) is berucht vanwege het gebruik door sporters om hun prestaties 
te verbeteren. Het idee om EPO te gebruiken als prestatie bevorderende therapie 
is ontstaan door de belangrijkste functie van EPO: het stimuleren van de productie 
van rode bloedcellen. Rode bloedcellen of erythrocyten zijn verantwoordelijk voor het 
zuurstoftransport in het lichaam. Echter, EPO blijkt meerdere functies te hebben. 

Naast de regulatie van de rode bloedcel productie heeft EPO een weefselbeschermende 
functie. EPO vermindert celdood en bevordert herstel na lokale schade. Deze effecten 
van EPO maken het een interessant eiwit om te beschermen tegen ischemische 
nierschade. EPO is in verschillende I/R modellen getest en blijkt inderdaad de 
nierfunctie te verbeteren, ontsteking te verminderen en structurele schade te 
voorkomen. Op basis van deze experimentele studies is behandeling met EPO getest in 
vier klinische transplantatie trials. Deze studies toonden geen beschermend effect van 
EPO, terwijl het risico op bijwerkingen wel werd verhoogd door ongewilde stimulatie van 
de erythropoëse. 

Weefselbescherming wordt veroorzaakt door binding van EPO aan een ander receptor 
complex dan het complex dat verantwoordelijk is voor regulatie van de erythropoëse. 
ARA290 is afgeleid van de binding van EPO aan het beschermende receptor complex. 
Dit betekent dat ARA290 alleen een beschermend effect heeft en geen invloed heeft 
op de erythropoëse. In verschillende modellen van acute nierschade hebben wij de 
beschermende werking van ARA290 getest.

In hoofdstuk 5 behandelen we hersendode donorratten met ARA290. In dit model 
resulteerde behandeling met ARA290 niet in verbeterde nierfunctie of verminderde 
inflammatie, omdat de dosis waarschijnlijk te laag was. In de hoofdstukken 6 en 
7 testen we een tienmaal hogere dosis ARA290 in ischemie/reperfusie modellen 
in de rat en het varken. In deze experimenten verbeterde ARA290 de nierfunctie, 
verminderde ontsteking en verminderde de ontwikkeling van structurele schade. 
Uit hoofdstuk 8 blijkt dat de EPO receptor geen effect heeft of de ontwikkeling van 
ischemie/reperfusie schade. Hoofdstuk 9 is een overzichtsartikel over de klinische 
niertransplantatie trials, waarin EPO behandeling is getest. Daarnaast wordt het 
mechanisme van weefselbescherming door EPO uitgebreid besproken. Tot slot laten 
we in hoofdstuk 10 zien dat lokale EPO expressie effect heeft op de uitkomsten 
na transplantatie van postmortale donornieren. Een genafwijking in het EPO gen 
blijkt geassocieerd te zijn met zowel transplantaatoverleving, als de incidentie van 
vertraagde functie van de donornier na transplantatie. Deze uitkomsten onderbouwen 
de hypothese dat interventie met non-erythropoëtische EPO varianten de uitkomsten 
van niertransplantatie kunnen verbeteren.
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Conclusie

Het primaire doel van dit proefschrift is het verbeteren van de uitkomsten na 
transplantatie van postmortale donornieren. Drie strategieën om dit doel te bereiken 
zijn daarom onderzocht. Behandeling van ontvangers van een hersendode donornier 
met α-MSH lijkt geen optie, omdat het herstel van de nierfunctie werd verminderd. 
In klinische trials is aangetoond dat normotherme recirculatie effectief is, maar in 
het beschreven experiment in dit proefschrift is het niet gelukt deze resultaten te 
reproduceren in een experimenteel model. Aanvullend onderzoek is vereist om het 
protocol voor normotherme recirculatie te optimaliseren. Behandeling met de non-
erythropoëtische EPO variant, ARA290, verminderde ontsteking en verbeterde de 
nierfunctie. Behandeling van ontvangers van een postmortale donornier met ARA290 
is daarom een veelbelovende strategie om I/R schade te verminderen en hiermee de 
transplantaatoverleving te verbeteren. Alvorens ARA290 getest kan worden in een 
klinische trial, zal de effectiviteit onderzocht moeten worden in een transplantatie 
model in het varken.
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Inherent aan het MD/PhD traject is de verstrengeling van de studie geneeskunde en 
het promotieonderzoek. Mijn afstuderen, ruim een jaar geleden, voelde dan ook niet 
als het einde van mijn studententijd. Er stond immers nog een periode van onderzoek 
in de planning. Nu is ook mijn proefschrift klaar! Het schrijven van dit dankwoord voelt 
dan ook als het échte einde van mijn studententijd. 

De verstrengeling van studietijd en promotie maakt dat ik begin met het bedanken 
van Huize Oude Kijk. Als ik hier niet was gaan wonen in mijn eerste jaar, dan had ik 
dít boekje nooit geschreven. Eelke Bos introduceerde mij in de wondere wereld van 
Harry van Goor en Henri Leuvenink. Achteraf blijkt dit de succesvolle basis voor mijn 
promotieonderzoek. Eelke en de rest – Bedankt! De jaren in het prachtige pand aan 
de Noorderhaven had ik niet willen missen!

Henri Leuvenink – In dit dankwoord ben je nu op de tweede plek terecht gekomen... 
Toch is het duidelijk dat ik jou de meeste dank verschuldigd ben. Je bent ongelofelijk 
scherp en je adviezen gaven richting tijdens de opzet en de uitvoer van elk experiment. 
Het was ontzettend leerzaam om bij alle fases in het onderzoek betrokken te worden. De 
eigen verantwoordelijkheid waardeer ik het meest, want dit gaf mij de kans ontzettend 
veel te kunnen leren. Tegen het einde van mijn promotie traject was het wél prettig dat 
je mijn artikelen in de trein ging lezen in plaats van in bad. Een ongekende versnelling. 
Je bent waarschijnlijk de enige in Nederland die niet wordt vertraagd door de NS. 

In jouw ogen gedraagt de ideale PhD student zich als zelfrijzend bakmeel. In mijn ogen 
betekent dit dat de ideale promotor zich gedraagt als een bakblik. Het zelfrijzende proces 
wordt gekaderd, maar naar boven bestaat alle ruimte om te groeien. Mijn eigenwijsheid 
heeft wel enig deukje in het blik veroorzaakt, maar onder jouw begeleiding heb ik zeker 
kunnen rijzen. 

De tweede belangrijke man voor de begeleiding van mijn onderzoek – Harry van Goor. 
Jij vormde de perfecte combinatie met Henri. Zelden waren jullie het met elkaar eens. 
In het begin van mijn promotie was dit lastig, maar naarmate mijn onderzoek vorderde 
werd dit leuk. Het gaf mij de ruimte zelf een afweging te maken tussen jullie meningen. 
Ik bewonder je doelgerichtheid. Als ik een directe en snelle oplossing nodig had, dan 
wist ik bij wie ik moest zijn! 

Rutger Ploeg – Vanuit Oxford overzag u mijn promotietraject, want de dagelijkse 
bezigheden vonden plaats in Groningen en Aarhus. Dit weerhield u niet van waardevolle 
adviezen voor de verschillende onderzoeksprojecten en artikelen. In de toekomst hoop 
ik de manier waarop u onderzoek en kliniek combineert, te kunnen benaderen. 

Dear Bente Jespersen – Early 2012, the opportunity arose to perform part of my 
experiments in Aarhus, Denmark. The best choice, I could have ever made! Aarhus is 
great, as is your research department. I really enjoyed living in Aarhus thanks to your 
help and hospitality. And of course, I highly appreciated your advice and comments to 
the articles we published! You are by far the quickest supervisor, as I never had to wait 
more than 24 hours for a reply! 

Dear assessment committee: prof.	dr.	J	L	Hillebrands,	prof.	dr.	C	A	J	M	Gaillard	and	
prof. dr. A Bader, thanks for your critical reading and the assessment of my thesis.
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Pieter-Paul Hekking – Ik ben onwijs blij dat jij één van mijn paranimfen bent! 
Clubgenoten, studiegenoten en uiteindelijk ook nog huisgenoten! Het was een geweldige 
periode: van onze eerste stapjes op het biljartlaken in de Merleyn tot fantastische 
avonden in de inspirerende Bloopers. Ik waardeer je enorm als één van mijn beste 
vrienden! In de afgelopen jaren heb ik diners, weekenden, vakanties en feesten met 
jou mogen organiseren. Met jou als paranimf wordt in ieder geval het feest na mijn 
promotie geweldig!

Jeroen van Dorp – Op 8-jarige leeftijd kwamen we bij elkaar in het hockeyteam en 
ondanks verschillende scholen, studies en woonplaatsen hebben we altijd contact 
gehouden. Dat jij mijn paranimf zou worden, was dan ook logisch. Temeer omdat wij 
ons eerste onderzoeksproject samen hebben uitgevoerd op de middelbare school. In 
het kader van ons profielwerkstuk hebben we verschillende soorten bier gebrouwen. 
Dit onderzoek – retrospectief schortte er wel het één en ander aan de onderzoeksopzet 
– leverde geen hoog cijfer op, maar wel een overvolle zaal bij de presentatie. Het 
brouwen ging blijkbaar best goed en ons plan om een brouwerij op te richten zit nog 
altijd in de pijplijn. Helaas zijn we wel een beetje voorbijgestreefd door tientallen hippe 
brouwerijen, die de laatste jaren zijn opgericht...

Marlieke van Rijt – Jouw kennis over statistiek was essentieel voor mijn promotie. 
Waar ik jaren geleden de keuze voor de simpelste testen niet goed kon onderbouwen, 
meende ik aan het einde van mijn promotie zelfs met jou te kunnen discussiëren over 
statistische problemen. Je lessen zijn dus zeker nuttig geweest. Mocht ik toch nog 
een moeilijke vraag krijgen over statistiek, dan ben ik blij dat jij achter mij staat als 
paranimf! Naast deze nuttige bijdrage ben je natuurlijk ook mijn allerliefste, oudste 
zus! Gunstig dat Zwolle een uur dichter bij Den Haag is en ik beloof vaker langs te 
komen! Hopelijk leer ik dan net zo goed surfen als statistieken. 

Jacco Zwaagstra – De baas van het chirurgisch onderzoekslaboratorium. Zonder jou 
was ik waarschijnlijk meer kwijtgeraakt dan alleen het uiterste topje van mijn vinger. 
Jouw adviezen maken dat ik nooit meer onverzekerd op reis zal gaan en altijd netjes 
mijn jas dicht zal doen. 

Petra Ottens – Onder jouw supervisie ben ik in 2007 begonnen op het chirurgisch 
onderzoekslaboratorium. Ik heb veel geleerd van jouw ervaring met de verschillende 
proefdiermodellen en dit was onmisbaar voor het succesvolle verloop van mijn 
promotietraject!

Suzanne Veldhuis – Helaas waren niet al onze experimenten een succes... Gelukkig 
waren alle uren in het proefdierlaboratorium wel gezellig. De top 500 van het ‘Foute 
uur’ is echt de perfecte muzikale begeleiding voor een operatie! 

Uiteraard wil ik ook alle andere medewerkers van het chirurgisch onderzoekslaboratorium 
bedanken – Janneke	Wiersema–Buist,	 Jelle	 Adelmeijer,	 Ton	 Lisman,	Wijnand	
Helfrich,	Douwe	Samplonius,	Jurjen	Gerssen	en	Rozemarijn	Kox. Daarnaast gaat 
ook mijn dank uit naar de studenten die hebben meegewerkt aan mijn projecten – 
Marlot,	Linde,	Anneke	en	Ramya.
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Krakende ramen, onheilspellende tentjes en mannen in witten pakken suggereren 
weinig goeds voor de onderzoekskamers in het Triade gebouw. Toch was het zeker 
gezellig in deze krochten van het UMCG. Jeffrey,	 Cyril,	 Greg,	Marjolein,	 Rianne,	
Valerie,	 Paria,	Rolando,	Maxi,	 Andrie,	Negin,	 Astrid,	 Leon,	Dane,	Bo,	 Freeha,	
Ilsalien,	Kevin,	Welmoet,	Marc,	Wilma,	Alix,	Anne	en	Simone	– Bedankt!

Marjan Bulthuis – Jij was mijn leidraad binnen de pathologie! Hartelijk dank voor de 
begeleiding bij de verschillende kleuringen en andere adviezen!

Gertrude Nieuwenhuijs–Moeke – Bedankt voor je nuttige bijdrage aan onze artikelen 
over ARA290. Marc	 Seelen,	 Harold	 Snieder,	 Jeffrey	 Damman,	 Steef	 Sinkeler,	
Jaap	van	den	Born,	Martin	de	Borst,	Marcory	van	Dijk,	Bouke	Hepkema,	 Jan-
Luuk	Hillebrands,	Jan	Niesing,	Gerjan	Navis	en	Stefan	Bakker –Hartelijk bedankt 
voor jullie hulp in het kader van de studie naar het effect van het EPO polymorfisme op 
de uitkomsten na transplantatie. 

Het proefdierlaboratorium is een belangrijke plek geweest tijdens mijn promotietraject. 
Alle medewerkers van de Centrale Dienst Proefdieren wil ik bedanken voor de goede 
zorg voor mijn proefdieren. Mijn speciale dank gaat uit naar het microchirurgisch 
team – Michel	 Weij,	 Andre	 Zandvoort	 en	 Annemieke	 Smit–van	 Oosten. 
Jullie microchirurgische expertise was van groot belang voor de verschillende 
proefdiermodellen! 

Dear Danes from Aarhus! Nicoline and Kristian – Many thanks for introducing me to 
Aarhus! Niels – Your experience with the brain dead model in pigs was crucial for our 
experiment. In future, we should reconsider the research design as baby-sitting two pigs 
for ten hours felt infinite... However, the Julebryg – Christmas beer – after finishing our 
experiments in the middle of the night was well-deserved! C-Lab:	Birgitte,	Ilse,	Lene,	
Karin – Thanks for all your help with the sampling and analyses. Henrik,	Jørgen,	Søren	
Nielsen and Søren Rittig – Your advice in design of our study and interpretation of 
our data has been very helpful. Anna,	Ulla,	Yahor	and	Øyvind – Thanks for all surgical 
work! Dear Rikke – Your experience with the analysis of porcine samples was of great 
importance! Niels,	Chris	and	Vanaja	– Thanks for your great help in performing the 
animal experiments! 

During my last weeks in Aarhus, sick pigs delayed our experiments. I won’t forget that 
our complete transplant team worked in the weekend to finish our study on time! 
Aarhus is amazing! 

De organisatie van de ‘International Summer school of Oncology for Medical Students’ 
was ook zeker een hoogtepunt van mijn studententijd! Hylke,	Judith,	Joost,	Fenna	en	
Anniek – Bedankt voor het mooie jaar! Geweldig om de 35 internationale studenten 
alle facetten van de oncologie én Groningen te laten zien. Olga – Bedankt voor alle 
wijze lessen over het leven in het ziekenhuis.

In 2008 heb ik met veel plezier in het dagelijks bestuur van het International 
Student Congres of Medical Sciences (ISCOMS) gezeten. Mark,	 Florine,	 Ilse,	Wim,	
Janneke,	Maartje,	Nicole	en	Rianne – Ons congres was geweldig. De gezamenlijke 
congresbezoeken in Porto en Berlijn zal ik zeker niet vergeten, net als de flamboyante 
Nobelprijswinnaar met zijn tattoo stickers.
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Mijn coschappen in Zwolle waren nooit zo leuk geweest als ik geen onderdeel was 
geweest van het bestuur van het jaarlijkse benefietdiner van de Isala klinieken. Sanja,	
Anne-Fré,	Flip,	Jan	en	Marlot	– Fantastisch om ons samen in te zetten voor de Ronald 
McDonald huiskamer in het recent geopende ziekenhuis. Het diner in Havezathe den 
Alerdinck was een groot succes en de opbrengst was boven verwachting!

JC B’Nobo – Alle avonden, weekenden en reizen in de afgelopen jaren heb ik enorm 
gewaardeerd. Op een paard door de Colombiaanse Páramo was het letterlijke 
hoogtepunt, maar dat is slechts één van de vele onvergetelijke momenten. Tijdens mijn 
onderzoek heb ik altijd genoten van de ‘live verslagen’ van grote sportevenementen in 
onze Whatsapp-groep. Dankzij jullie heb ik in de afgelopen jaren geen enkel belangrijk- 
en minder belangrijk sportnieuwtje gemist.

De laatste jaren heeft mijn racefiets voor vele kilometers ontspanning gezorgd.           
Jan-Willem,	Jeroen,	Flip,	Hylke	en	alle	anderen	– Ik kijk nu al uit naar de volgende 
tochten door de Ardennen, Alpen of Dolomieten, maar het jaarlijkse hoogtepunt blijft 
natuurlijk de La Chouffe Classic.

Lieve oma – Ik heb u laten wachten op mijn afstuderen! In plaats van de beloofde zes 
jaar, zijn we nu al bijna tien jaar verder... Hopelijk maakt dit boekje het goed! 

Ties – Leuk om te zien dat je het zo goed naar je zin hebt in Groningen. En indrukwekkend 
hoe jij al je commissies, sport en studie combineert! Het is wel gewaagd om als 
onderdeel van het nierteam op ‘mijn’ laboratorium te gaan werken... Een snelle blik 
leert dat je net zo goed bent in het gebruik van handschoenen en labjassen. Succes 
met Jacco.

Willemijn – Mijn allerliefste, jongste zus! Ongelofelijk knap hoe jij bezig bent met je 
onderzoek bij de kindergeneeskunde. Ik twijfel er niet aan dat jouw promotie snel gaat 
volgen! Nogmaals bedankt voor je kritische commentaar op de Engelse grammatica 
van de verscheidene hoofdstukken. Leuk dat jij zeven jaar later ook het ISCOMS zal 
gaan organiseren. Jij, als voorzitter van het ‘scientific programme’, bent een garantie 
voor een vooruitstrevend congres!

Han en José – Tot slot wil ik ook jullie hartelijk bedanken voor alle goede adviezen en 
steun de afgelopen jaren. Fijn dat ik altijd even een maandje bij jullie mocht logeren als 
ik weer eens niet op tijd een kamer of huis geregeld had. Han – Sinds het afronden van 
mijn middelbare school is het er nog steeds niet van gekomen om een weekend weg 
te gaan... Ik stel voor dat we dit nu écht snel gaan doen! José – Zo stoer dat jij nu nog 
bent begonnen met de opleiding tot psychiater! En geestig dat we nu dus tegelijkertijd 
arts-assistent zijn. Ik weet zeker dat het helemaal goed komt! Heel veel succes!
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