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Effects of erythropoietin on ischaemia/reperfusion injury
in a controlled nonheart beating donor kidney model
Atul Bagul, Sarah A. Hosgood, Monika Kaushik and Michael L. Nicholson

Department of Transplant Surgery, University Hospitals of Leicester, Leicester, UK

Introduction

Kidney transplantation remains the best modality for the

treatment of end-stage renal failure (ESRF) [1]. Because

of lack of suitable organs for transplantation from tradi-

tional sources [2], there is renewed interest into other

alternatives such as live donors and nonheart beating

donors (NHBD) [3]. Though the results are encouraging,

delayed graft function and primary nonfunction are sig-

nificant problems resulting from prolonged warm ischae-

mia (WI) [4–8] combined with cold ischaemia (CI)

during transport and storage [9–12]. These insults are

aggravated after reperfusion as a result of complex mech-

anisms and the combined ischaemia/reperfusion (I/R)

injury [13–15] is a major cause of morbidity during

transplantation [16,17].

Erythropoietin (EPO) is a major regulator of prolifera-

tion and differentiation of erythroid progenitor cells

through its anti-apoptotic actions is up-regulated by

hypoxia [18,19] and has also been shown to have a direct

action on proximal renal tubular epithelial cells against I/R

injury [20]. In addition in vivo evidence from rodent
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Summary

Erythropoietin (EPO) has been shown to have an anti-apoptotic action and

has the potential to protect against ischaemia/reperfusion injury. This study

investigated the effect of high dose EPO (5000 U), administered as a bolus at

the onset of reperfusion and at the onset of cold storage in a model of con-

trolled nonheart beating donors kidneys. Porcine kidneys(n = 6) were subjected

to 10min warm ischaemia and preserved as follows: Group 1:16 h Cold storage

+2 h Normothermic perfusion (16 h CS + 2 h NP) Group 2:16 h CS + 2 h

NP + EPO given at the onset of reperfusion Group 3:18 h CS (static hypother-

mic storage) Group 4:18 h CS + EPO given at the onset of cold storage

Haemodynamic and functional parameters were assessed during 3-h reper-

fusion using autologous blood. Renal blood flow improved in Groups 1 and 2

vs. Groups 3 and 4 though no difference was noted between Groups 3 and 4

(563 ± 119 vs. 491 ± 95 vs. 325 ± 70 vs. 418 ± 112, respectively; P = 0.012).

Total urine output showed no difference between Groups (271 ± 172 vs.

359 ± 184 vs. 302 ± 21 vs. 421 ± 88; P = 0.576). Percentage serum creatinine

fall at 3 h was significantly better in Groups 1 and 2 vs. Group 3 (64 ± 17 vs.

60 ± 11 vs. 44 ± 13 vs. 52 ± 8; P = 0.04). Fractional-excretion of sodium was

significantly lower for Groups 1 and 2 vs. Group 3 and 4 (17 ± 14 vs. 18 ± 9

vs. 49 ± 21 vs. 45 ± 16 respectively; P = 0.002). There was significant improve-

ment in oxygen consumption in Groups 2 vs. Groups 3 and 4 (P = 0.037)

(39 ± 10 vs. 46 ± 10 vs. 24 ± 12 vs. 24 ± 7 respectively). EPO added at the

time of reperfusion improved oxygen consumption when added to NP in

comparison to static hypothermic storage but did not exert any other major

benefits.
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models and in vitro evidence in human cell lines confirm its

protective actions against ischaemic renal damage [21–23],

brain, heart [24–26], liver [16] and bowel [27]. The EPO

receptor is known to be expressed not only in the human

and rodent renal tubular cell, but also in porcine renal

tubular cells [21,28,29]. Current literature review reveals

only one porcine model [28] that confirms the potential

application of EPO though restricted to WI, which clearly

address the benefits of a porcine model over a rodent

model [28,30–32]. The Aim of the study was to determine

the effects of high dose of EPO administered as a bolus in a

model of a controlled NHBD porcine kidney.

Materials and methods

Retrieval

Kidneys were retrieved from large white pigs weighing

60- to 70-kg culled under schedule 1 of the UK Home

Office regulations. After a warm ischaemic period of

10 min, kidneys were flushed with 200-ml hyperosmolar

citrate solution (HOC; Soltran, Baxter Healthcare Ltd,

Thetford, UK) at 4 �C, delivered at a hydrostatic pressure

of 100 cm/H2O. The kidneys were then stored on ice in

polystyrene boxes. Autologous blood was collected in a

sterile receptacle containing 25 000 U of heparin (Multip-

arin; CP Pharmaceuticals, Wrexham, UK) and then trans-

ferred to CPDA-1 blood bags (Baxter Healthcare Ltd) for

storage.

Experimental design

The following groups were assigned:

Porcine kidneys (n = 6) were subjected to 10min WI

and preserved after as follows:

Group 1: 16-h Cold storage (CS) + 2-h Normothermic

perfusion [33] (NP).

Group 2: 16-h CS + 2-h NP (EPO given as a bolus at

onset of reperfusion).

Group 3: 18-h CS (static hypothermic storage).

Group 4: 18-h CS (EPO given as a bolus at onset of

cold storge).

Normothermic perfusion (NP) circuit

The isolated organ preservation system (IOPS) was

designed using paediatric cardiopulmonary bypass tech-

nology and was used for ex-vivo normothermic perfu-

sion (Medtronic bioconsole system; Medtronic,

Watford, UK) [33]. Kidneys were flushed with gelofu-

sine at 4 �C (B Braun, Sheffield, UK) to remove any

residual HOC and then perfused with 500 ml of leuko-

cyte depleted autologous blood, plus 500 ml of priming

solution consisting of Ringer’s lactate (Baxter Healthcare

Ltd), with the addition of mannitol 5 g (Baxter Health-

care Ltd), dexamethasone 10 mg (Organon Labs Ltd,

Cambridge, UK), cefuroxime 750 mg (Britannia Phar-

maceuticals Ltd, Surrey, UK) and 12-ml sodium bicar-

bonate 8.4% (Fresenius Kabi, Warrington, UK). This

system was supplemented with the vasodilator sodium

nitroprusside (Mayne Pharma PLC, Leamington Spa,

UK) during the first hour (25 ml/h). This was then

replaced with a continuous infusion of 5% glucose

(7 ml/h). Insulin (100 U; Noro Nordisk Bagsvaerd,

Denmark) and 25 ml of 8.4% sodium bicarbonate

(Fresenius Kabi) were added to a nutrient and multivi-

tamin preparation (Nutriflex; B. Braun) and this mix-

ture was infused at a rate of 20 ml/h throughout the

perfusion period. A crystalloid solution (Ringer’s lac-

tate) was used to replace the urine output. The perfus-

ate was oxygenated with a mixture of 95% oxygen and

5% carbon dioxide. The mean arterial pressure (MAP)

was set at 75 mmHg and kidneys were perfused for a

period of 2 h. Renal blood flow (RBF) and intra-renal

resistance (IRR) were measured throughout perfusion.

Blood gases were measured for calculation of oxygen

consumption in ml/min/g [(PaO2 art – PaO2 ven) ·
flow rate/weight] and acid-base haemostasis.

Reperfusion circuit

The kidneys were then reperfused for 3 h, at MAP

85 mmHg with autologous blood on the IOPS [31–33] so

as to assess renal viability and function. For this second

stage of perfusion, a white cell filter was not included in

the circuit in order to more accurately reflect the clinical

situation at the time of transplant reperfusion. The

manipulating agent human recombinant EPO was used in

a high dose of 5000 U. In the 16 h CS + 2 h NP kidneys

(Group 1), EPO was administered as a bolus into the

blood at the start of the 2 h NP phase. In the 18 h CS

kidneys (Group 4) EPO was administered as bolus flush

at the onset of the CS period.

Functional and biochemical parameters

Hourly serum and urine samples were used for bio-

chemical assays and whole blood for haematology. Cre-

atinine clearance [urinary creatinine (Ucr) · urinary

volume (V)/plasma creatinine (Pcr)] and fractional

excretion of sodium [(Ut · U flow)/(GFR · Pt) ·100]

were calculated and serum creatinine levels recorded

hourly. Blood gases were measured for calculation of

oxygen consumption in ml/min/g [(PO2 in arterial

blood – PO2 in venous blood) – (flow rate/weight)],

acid-base homeostasis. RBF and IRR were continuously

recorded.
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Serum Asparate Aminotransferase (AST) levels were

also measured at pre-reperfusion and 3-h postreperfusion

in all groups.

Histology

Wedge biopsies taken pre-CS, postpreservation and

postreperfusion, were fixed in 4% formalin and then

dehydrated and embedded in paraffin wax. Sections were

cut at 4 lm and then stained with haematoxylin and

eosin for evaluation using light microscopy. Sections were

scored over five fields assessing changes in seven morpho-

logical parameters (tubular dilatation, epithelial shedding,

tubular debris, condensed tubular nuclei, RBC presence,

intracytoplasmic vacuolation and glomerular shrinkage).

Each parameter was scored using the following semi-

quantitative scale: 0 none; 1 mild; 2 moderate; 3 severe.

Statistical analysis

Values are presented as mean ± SD. Continuous vari-

ables such as serum creatinine were plotted as level ver-

sus time curves for each kidney and the mean area

under the curve was calculated using Microsoft�
excel

Software (Reading, UK). These were then compared

using the Kruskal–Wallis test with Dunn’s post-test

(graphpad instat software package, San Diego, CA,

USA). Other groups were compared with the Mann–

Whitney test and anova using the same software pack-

age. A P-value of £0.05 was considered significant.

Results

Functional parameters

Pre-perfusion and postreperfusion haematocrit and hae-

moglobin levels ranged from between 0.17–0.20 l/l and

4.4–5.6 g/dl respectively, although nonsignificant falls

occurred in all groups after 3-h reperfusion (P = 0.575,

0.067 respectively).

Renal blood flow improved in Groups 1 and 2 vs.

Groups 3 and 4 though no difference was noted between

Groups 1 and 2 as well as Groups 3 and 4 (563 ± 119 vs.

491 ± 95 vs. 325 ± 70 vs. 418 ± 112, Groups 1, 2, 3 and

4 respectively; P = 0.012) (Table 1, Fig. 1a). Similarly the

IRR was significantly lower in Groups 1 and 2 vs. Groups

3 and 4 (3.1 ± 0.86 vs. 4.1 ± 1.09 vs. 9.12 ± 4.3 vs.

7.3 ± 1.95, Groups 1, 2, 3 and 4 respectively; P = 0.012)

(Table 1, Fig. 1b).

Renal function

The total urine output showed no difference between

Groups (271 ± 172 vs. 359 ± 184 vs. 302 ± 211 vs.

421 ± 88; Groups 1, 2, 3 and 4 respectively; P = 0.576)

(Table 1). Percentage of serum creatinine fall at 3 h

was significantly better in Groups 1 and 2 vs. Group 3,

though no difference was seen between Groups 1, 2

and 4 (64 ± 17 vs. 60 ± 11 vs. 44 ± 13 vs. 52 ± 8;

P = 0.04). The area under curve of creatinine

(1756 ± 280 vs. 1726 ± 244 vs. 2156 ± 401 vs.

1849 ± 184 respectively) (Table 1, Fig. 1c) and Creati-

nine clearance (3.8 ± 4.1 vs. 3.4 ± 2 vs. 2.2 ± 1.7 vs.

3.2 ± 0.98 respectively) (Table 1, Fig. 1d) showed no

difference among all four groups. The fractional excre-

tion of sodium was significantly lower for Groups 1

and 2 vs. Groups 3 and 4 (45 ± 39 vs. 46 ± 23 vs.

117 ± 38 vs. 107 ± 34 respectively; P = 0.002) (Table 1,

Fig. 1d) suggesting better renal tubular function in

these groups.

There was a significant improvement in oxygen con-

sumption in Group 2 vs. Group 3 (P = 0.037) and a mar-

ginal significance between Group 1 vs. Group 3 (39 ± 10

vs. 46 ± 10 vs. 24 ± 12 vs. 24 ± 7, Groups 1, 2, 3 and 4

respectively) (Table 1) though no difference was noted

between Groups 1 and 2 as well as Groups 3 and 4. Kid-

neys in Groups 1 and 2 maintained their acid base bal-

ance though Group 3 kidneys became severely acidotic

(P = 0.025) following 3 h reperfusion, in contrast to

Table 1. Area under curve (AUC) for functional parameters: 3-h reperfusion.

Parameter (AUC) Group 1 Group 2 Group 3 Group 4 P-value

Serum creatinine 1756 ± 280 1726 ± 244 2156 ± 401 1849 ± 184 NS

Creatinine Cl 3.8 ± 4.1 3.4 ± 2 2.2 ± 1.7 3.2 ± 0.98 NS

Renal blood flow 563 ± 119* 491 ± 95 325 ± 70* 418 ± 112* 0.012

Intra-renal resistance 3.1 ± 0.86* 4.1 ± 1.09 9.12 ± 4.3* 7.3 ± 1.95* 0.012

O2 consumption/3 h 39 ± 10 46 ± 10� 24 ± 12� 24 ± 7 0.037

Serum Asparate Aminotransferase (AST) 596 ± 98* 724 ± 359� 239 ± 70*� 200 ± 32*� 0.001

Fractional excretion Na+ 45 ± 39* 46 ± 23� 117 ± 38*� 107 ± 34*� 0.002

NS, nonsignificant.

*P < 0.05 between Groups 1 and 3, 4.

�P < 0.01 between Groups 2 and 3, 4.
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Group 4 kidneys which showed a trend towards acidosis

(P = 0.0812) (Table 2). Similarly the postperfusion bicar-

bonate levels were significantly better for Groups 1

(P < 0.001) and 2 (P < 0.05) vs. Groups 3 and 4

(Table 2). All these parameters showed no difference

between Groups 1 and 2.
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Figure 1 (a) Renal blood flow over 3 h of reperfusion with 16 h CS + 2 h NP (Group 1), 16 h CS + 2 h NP (EPO) (Group 2), 18 h Cs (Group 3)

and 18 h CS (EPO) (Group 4). (b) Intra renal resistance. (c) Serum creatinine. (d) Creatinine clearance. (e) Fractional excretion of sodium. (f) Serum

Aspartate Amino Transferase (ASP) (values are mean ± SD).

Table 2. Acid base homeostasis, pre- and 3-h reperfusion (mean ± SD).

Parameter

Group 1 Group 2 Group 3 Group 4

Pre 3 h Pre 3 h Pre 3 h Pre 3 h

pH 7.5 ± 0.1 7.5 ± 0.1 7.43 ± 0.04 7.45 ± 0.06 7.51 ± 0.07� 7.37 ± 0.07� 7.49 ± 0.11 7.35 ± 0.12

Bicarbonate

mmol/l

24.4 ± 4.3 32.8 ± 3.8– 23.5 ± 1.35 28.2 ± 2.43* 24 ± 2.02 21.6 ± 3.7*– 20.9 ± 1.01 21.23 ± 4.9*–

Potassium

mmol/l

5.5 ± 0.2 6.3 ± 2.57– 5.9 ± 0.15 5.7 ± 1.83* 5.5 ± 0.10 10 ± 0– 5.6 ± 0.15* 9.9 ± 0.2–*.

�P < 0.05 between Group 3 pre-perfusion and 3-h reperfusion.

*P < 0.05 between Groups 2 and 3, 4.

–P < 0.001 between Groups 1 and 3, 4.
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Serum AST

The levels in Groups 1 and 2 were significantly higher

than Groups 3 and 4; no difference was noted in between

Groups 3 and 4 (596 ± 98 vs. 724 ± 359 vs. 239 ± 70.4

vs. 200 ± 31.8, P = 0.0007) (Fig. 1f).

Histology

Intracytoplasmic vacuolation was significantly increased

in the 16 h CS + 2 h NP group but the addition of EPO

reversed this change (P = 0.0132). There were no differ-

ences in any of the other parameters between any other

study groups.

Discussion

This is the first study assessing the effects of EPO in an

NHBD kidney model. We simulated the situation in con-

trolled NHBDs by subjecting kidneys to 10 min of WI

and 18 h CS [3].On reperfusion our study shows that

EPO was able to significantly increase the oxygen con-

sumption when added to NP compared to the NHBD

kidney subjected to static hypothermic storage, while NP

on itself only showed a marginal improvement increased

intracytoplasmic vacuolation seen during NP seemed to

be reversed with the addition of EPO to NP. In addition

the kidney with an EPO flush at the onset of CS showed

a trend towards acidosis with reperfusion, while the coun-

terpart NHBD kidneys became significantly acidotic on

reperfusion. The data presented shows that the adminis-

tration of EPO either during NP or at the start of CS did

not exert any major benefits in this model of a controlled

NHBD kidney.

Erythropoietin has not shown any toxicity in animal

models of ARF with high doses of EPO (5000 IU/kg)

[34], though its adverse sequel of thrombosis because of

raised haemocrit levels cannot be excluded in clinical set-

tings (single shot probably very safe as EPO must be

given over a prolonged period to raise Hct). It is cur-

rently being used safely as therapy for anaemia in-patient

with ESRF [35]. Ehrenreich H et al. [36] in a multicentre

randomized controlled trial showed that a dose of

100 000 U (approx. 1500 IU/kg) was safe in the acute

stroke setting. Considering the logistics of an NHBD kid-

ney and recent studies of EPO in various small animal

models [16,23,27,28,34], a high dose of 5000 U is rela-

tively safe, and it would be an ideal treatment modality

to administer this agent directly to the organ rather than

the patient as described in the experimental design. Shar-

ples et al. [20] in a rat model demonstrated that EPO

administered as a single intravenous bolus before onset of

ischaemia, at reperfusion or as late as 30 mins after

reperfusion reduced I/R injury in the rat Kidney. They

concluded that EPO directly protects the proximal tubu-

lar epithelial cells by activating EPOreceptor/JAK-2

Kinase, activating PI3K leading to Akt, upregulation of

Bcl-XL and XIAP and preventating activation of caspase-3

and thereby apoptosis. These findings have been con-

firmed by a number of other studies in such small animal

models for various organs [20,23,34,37,38].

However recently, Sepodes et.al. [16] has shown that

pretreatment with EPO significantly reduced the I/R

injury in a rat liver model, but when administered 5 min

before reperfusion rendered no such protection. Our

study results are in line with these findings. There could

be a number of explanations for the lack of effect shown.

Our model is the first in an NHBD organ to take into

consideration damage because of a combination of pro-

longed CI and WI. It is evident from the literature organs

recover relatively well when subjected to prolonged WI,

though show marked reduction in viability with a combi-

nation of hypothermia and WI [39]. The porcine kidney

model simulates the human kidney when subjected to I/R

injury [28,30–32] and should be regarded as a better

model than the use of rodent kidneys. Not surprisingly, it

has been shown that several agents found to protect the

rodent kidney fail to do so when translated to a porcine

and human kidney [30]. Though Forman JC et al. [29]

has shown EPO given at the time of ischaemia signifi-

cantly reduced I/R injury compared to controls not

receiving EPO. Patel NSA et.al. [23] also showed that a

pretreatment regime of EPO afforded better protection

over a single dose administered at the time of reperfusion

in rodent model. To address it they put forward several

explanatory hypothesis; (i) Pretreatment protocols

resulted in favourable systemic or renal haemodynamics,

though Hung et al. [40] showed a reduction in cortical

blood flow following repetitive pretreatment with EPO,

(ii) Higher steady-state plasma concentration resulting

from repetitive pretreatment (1000 IU/kg · 3 doses),

again we showed no real difference to control NP

group when a single large dose of 5000 IU was used,

(iii) Up-regulation of protective genes because of repetitive

pretreatments, though it dose not explain the beneficial

effects with a pre-reperfusion dose in various other models

not seen in our model and rat liver model [16] and 4)

Bone marrow-derived stem cell contributing to regenera-

tion of proximal tubular epithelial cells [41], again the

hypothesis represents the same shortfalls as above.

To conclude, EPO did not seem to add any major ben-

efits when used as a manipulating agent during 2 h of NP

or as a flush prior to CS in a controlled NHBD kidney.

However, it increased the oxygen consumption when

added during NP. Thus EPO though safe, has its shortfall

when applied to an NHBD kidney programme.
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