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ABSTRACT

Normothermic machine perfusion (NMP) of donor kidneys provides the 
opportunity to assess and improve organ viability prior to transplantation. 
This study explored the necessity of an oxygen carrier during NMP and if 
LEIQSKPSFMR�FEWIH� S\]KIR� GEVVMIV� ,&3'����� �,IQSTYVIo� MW� E� WYMXEFPI�
alternative for red blood cells (RBCs) as an oxygen carrier. Porcine kidneys were 
perfused with a perfusion solution containing either no oxygen carrier, RBCs 
SV�,&3'�����JSV�����QMRYXIW�EX���q'��6IREP�ƽS[�ERH�VIWMWXERGI�HMH�RSX�HMJJIV�
WMKRMƼGERXP]�FIX[IIR�KVSYTW��0EGXEXI�ERH�%7%8�PIZIPW�[IVI�LMKL�HYVMRK�214�
and oxygen consumption was low in the no oxygen carrier group indicating that 
the use of an oxygen carrier is necessary for NMP. Cumulative urine production 
ERH�GVIEXMRMRI�GPIEVERGI�MR�XLI�6&'�KVSYT�[IVI�WMKRMƼGERXP]�LMKLIV�XLER�MR�XLI�
HBOC-201 group. Oxygen consumption, injury markers and histology did not 
HMJJIV�WMKRMƼGERXP]�FIX[IIR�XLIWI�X[S�KVSYTW��,S[IZIV��QIXLEIQSKPSFMR�PIZIPW�
increased to 45% after 360 minutes in the HBOC-201 group. In conclusion, HBOC-
201 could be used as an alternative for RBCs, however high methaemoglobin 
levels in these kidneys indicate that HBOC-201 is probably less suitable for 
periods of prolonged perfusion. Also, in comparison with perfusion with RBCs, 
VIREP�JYRGXMSR�MW�WMKRMƼGERXP]�MQTEMVIH�

INTRODUCTION

Renal transplantation is limited by the shortage of donor kidneys. Despite the 
increase in donor kidney utilisation from both donation after circulatory death 
�('(�ERH�I\XIRHIH�GVMXIVME�HSRSVW�XS�MRGVIEWI�XLI�HSRSV�TSSP��E�WMKRMƼGERX�
number of kidneys are discarded due to the concerns about their quality 
[1–3]. DCD allografts have higher rates of delayed graft function and are more 
prone to ischaemic damage [4–6]. This organ shortage and declined quality of 
transplanted organs has led to the requirement for better organ preservation 
techniques.

Normothermic machine perfusion (NMP) is a technique that has been 
revisited in the last years to reduce ischaemic injury and assess organ viability 
prior to transplantation, potentially enhancing the use of inferior quality donor 
kidneys and improve transplant outcomes [7–11]. NMP recreates a semi-
physiological environment outside the body with delivery of oxygen, physiological 
temperature and providing essential nutrients. To date there is no NMP medical 
grade perfusion solution nor is there an agreed composition. However, most 
NMP studies have relied on a red blood cell (RBC)-based perfusion solution, with 
RBCs being the oxygen carriers to deliver oxygen to the tissues [12–16]. Although 
the use of RBCs resembles normal physiology, it has several limitations. Firstly, 
RBCs need to be retrieved from human donors and they have a relatively short 
shelf life. Secondly, there is a risk of infection and transmission of blood-borne 
infections [17–19]. Additionally, prolonged ex-vivo perfusion either by the use 
SJ�GIRXVMJYKEP�SV�VSPPIV�TYQT�HIZMGIW�GER�HEQEKI�6&'W��PIEHMRK�XS�WMKRMƼGERX�
haemolysis [20–22].

Acellular synthetic oxygen carriers were initially developed and tested as an 
alternative to packed RBC transfusions [23,24] and these haemoglobin-based 
oxygen carriers (HBOC) could be a promising alternative for RBCs during NMP. 
8LI�TSP]QIVMWIH�FSZMRI�HIVMZIH�,&3'������EPWS�ORS[R�EW�,IQSTYVIo�LEW�
previously been studied in liver NMP in pre-clinical and clinical studies achieving 
promising results [25–28]. In a study with discarded human livers, NMP with 
IMXLIV�ER�,&3'ſ���ſFEWIH�TIVJYWMSR�ƽYMH�SV�6&'�VIWYPXIH�MR�WMQMPEV�TIVJYWMSR�
SYXGSQIW�ERH�S\]KIR�GEVVMIV�GETEGMX]��MRHMGEXMRK�XLEX�,&3'ſ����MW�E�WYMXEFPI�
alternative for RBC [25]. HBOC-201 is universally compatible and requires no type 
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or cross match prior to administration, it is easily accessible and remains stable 
at room temperature for at least three years [23,24]. The aim of this study was 
to determine if an oxygen carrier is necessary for renal NMP and if HBOC-201 
can act as an RBC substitute to carry and deliver oxygen to the kidney.

MATERIALS AND METHODS

����7XYH]�HIWMKR
8LVII�I\TIVMQIRXEP�KVSYTW�[IVI�HIƼRIH� �R!��TIV�KVSYT�ERH�OMHRI]W�[IVI�
VERHSQP]�EWWMKRIH�XS�IEGL�KVSYT��%JXIV�[EVQ�MWGLEIQME��GSPH�ƽYWL�[MXL�����
ml of UW-cold storage solution (Belzer UW-CS solution, Bridge to Life Ltd, 
Columbia, SC, USA) was performed to mark the start of cold ischaemia. To 
mimic living donor kidney donation, warm ischaemia time was kept as short 
as possible. Subsequently, kidneys were cold stored in UW-CS solution for 120 
minutes. Next, the kidneys in the three groups were subjected to 360 minutes 
of pulsatile NMP with a mean arterial pressure of 85 mmHg, with a perfusion 
solution supplemented with HBOC-201 (haemoglobin glutamer – 250 (bovine), 
HbO2 Therapeutics, Souderton, PA, USA), allogeneic cross-matched porcine 
RBCs or no oxygen carrier.

����)XLMGW�ERH�ERMQEPW
This study made use of the left-over contralateral (right) kidney of 50 kg female 
laboratory pigs (Danish Landrace and Yorkshire crossbreed) that was removed 
for the purpose of another series of experiments. All animal care and animal 
procedures followed local regulations and guidelines set by the European Union 
(directive 2010/63/EU). The study which led to the availability of these kidneys 
was approved by The Danish Animal Experiments Inspectorate (reference-
number 2016-15-0201-01145).

����7YVKMGEP�TVSGIHYVI
4VSGIHYVIW�[IVI� TIVJSVQIH� EW� TVIZMSYWP]� HIWGVMFIH� ?��A�� &VMIƽ]�� EJXIV� XLI�
MRHYGXMSR�SJ� EREIWXLIWME�� EREIWXLIWME�[EW�QEMRXEMRIH�F]�7IZSƽYVERI� ERH�
intravenous (iv) Remifentanyl for analgesics. In a sterile setting, a permanent 
WIQM�GIRXVEP�ZIRSYW�GEXLIXIV����*V�����GQ��'EVIƽS[��&(��2.��97%�[EW�TPEGIH�
through an ear vein into the jugular vein. After midline incision, left retroperitoneal 
nephrectomy was performed for other experimental purposes. After closure of 

the midline incision the pig was returned to the stables. The next day the pig was 
anaesthetised again following the same procedures and the right kidney, which 
we used in this study, was removed prior to autotransplantation of the left kidney.

����2SVQSXLIVQMG�QEGLMRI�TIVJYWMSR
Kidneys preserved during NMP were perfused with a pressure-controlled 
perfusion system as described in our previous studies [30]. This setup was 
controlled by a custom-made electronic interface and software (LabVIEW 
Software, National Instruments Netherlands BV, Woerden, the Netherlands). 
The perfusion circuit consisted of an oxygenator with built-in heat exchanger 
(Terumo Denmark, Herlev, Denmark), a magnetic pump head (Medos Deltastream 
Pumpdrive DP2, Medos Medizintechnik AG, Stolberg, Germany) connected to 
E�GIRXVMJYKEP�TYQT��(IPXEWXVIEQ�(4���1IHSW�1IHM^MRXIGLRMO�ERH�E�0MJI4SVXo�
SVKER� GLEQFIV� �3VKER� 6IGSZIV]� 7]WXIQW�� -PPMRSMW�� 97%� [MXL� E� 0MJI4SVXo�
Disposable Cannula 3mm Straight (also Organ Recovery Systems). Flow was 
QSRMXSVIH�YWMRK�ER�YPXVEWSRMG�GPEQT�SR�ƽS[�TVSFI��8VERWSRMG�7]WXIQW�)YVSTI�
BV, Elsloo, the Netherlands). Pressure was measured directly after the straight 
cannula using a pressure transducer (TruWave disposable pressure transducer, 
Edwards Lifesciences, Irvine, California, USA).

The components of the three different perfusion solutions are displayed in 
table 1. The perfusate was supplemented with a bolus of 300 mg amoxicillin-
clavulanate (Bowmed, Wrexham, United Kingdom) at baseline with additional 
doses of 60 mg amoxicillin-clavulanate every hour during NMP. A bolus dose 
of 1.25 mg verapamil (Orion Pharma, Copenhagen, Denmark) was given at the 
baseline and continuous infusion of 0.25 mg/h verapamil was administered 
once the kidney was connected. Perfusate temperature was kept at 37°C and 
oxygenated with 0.5 l/min carbogen (95% O2 / 5% CO2).

The total volume of each solution was 450 ml. The plasma volume in the 
RBC group was 269 ml. To obtain a plasma volume of 450 ml in the no oxygen 
carrier group, all components, apart from the RBCs, were multiplied by 1.67. 
To allow for a fair comparison between the RBC group and HBOC-201 group 
we composed an HBOC-201 based perfusate that had a similar electrolyte 
concentration, oncotic pressure and haemoglobin concentration as the RBC 
group. The calculated oncotic pressure in the RBC group was 1.872 J/l and in 
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the HBOC-201 group 1.868 J/l. Haemoglobin concentration was 89 g/l in the 
RBC group and 86 g/l in the HBOC-201 group.

8EFPI��� The composition of the perfusion solutions.

2S�S\]KIR�GEVVMIV RBC Hemopure

181 ml of cross-matched 
allogeneic RBCs

277 ml HBOC-201
(HBO2 Therapeutics) 

������QP�%PFYQER����K�P 
(Alburex, CSL Behring, 
Lyngby,Denmark)

����QP�%PFYQER����K�P
(CSL Behring)

����QP�%PFYQER����K�P
(CSL Behring)

�����QP�%PFYQER�����K�P
(CSL Behring)

5 ml calcium gluconate
(B. Braun, Melsungen, 
Germany)

3 ml calcium gluconate
(B. Braun)

1,3 ml calcium gluconate
(B. Braun)

8,35 ml NaHCO3

(B. Braun)
5 ml NaHCO3

(B. Braun)
9 ml NaHCO3

(B. Braun)

10 ml glucose 5%
(B. Braun)

6 ml glucose 5%
(B. Braun)

10 ml glucose 5%
(B. Braun)

8 IU insulin
(Novo Nordisk A/S,  
Bagsværd, Denmark)

5 IU insulin
(Novo Nordisk A/S)

8 IU insulin
(also Novo Nordisk A/S)

16,7 mg mannitol 
(Sigma Aldrich)

10 mg mannitol
(Sigma Aldrich)

16,7 mg mannitol
(Sigma Aldrich)

�����QQSP�P�GVIEXMRMRI
(Sigma Aldrich)

�����QQSP�P�GVIEXMRMRI
(Sigma Aldrich)

�����QQSP�P�GVIEXMRMRI
(Sigma Aldrich)

8SXEP�TPEWQE!�����QP 8SXEP�TPEWQE!������QP 8SXEP�TPEWQE!������QP

Total volume = 450 ml Total volume = 450 ml Total volume = 450 ml

����&PSSH�ERH�YVMRI�GSPPIGXMSR�ERH�EREP]WMW
Arterial and venous blood gas samples were analysed every 30 minutes on the 
ABL90 FLEX blood gas analyser (Radiometer Medical ApS, Brønshøj, Denmark) 
for pH, sodium, potassium, lactate, partial oxygen and carbon dioxide pressure, 
oxygen saturation and methaemoglobin (metHb) levels. Blood and urine samples 
were taken hourly, centrifuged and stored at -80°C for further analysis.

4IVJYWMSR�TEVEQIXIVW�WYGL�EW�VIREP�TIVJYWEXI�ƽS[��VIREP�ZEWGYPEV�VIWMWXERGI�
and urine production were monitored regularly. The concentration of aspartate 
amino transferase (ASAT) and creatinine were measured in the samples with 
routinely automated test methodology carried out by the clinical biochemistry 
laboratory at University Medical Center Groningen in The Netherlands. HBOC-
201 samples required a tenfold dilution, as the intense red colour of these 
samples (caused by dissolved HBOC-201) would otherwise interfere with 
colorimetry-based routine analyses. Due to this issue, it proved impossible to 
measure several other standard markers such as lactate dehydrogenase in the 
HBOC-201 samples. Creatinine clearance, fractional sodium excretion (FENa+) 
and total sodium transport were calculated to determine renal function during 
NMP. In urine samples neutrophil gelatinase-associated lipocalin (NGAL) (NGAL 
pig ELISA kit, Enzo Life Sciences, Zandhoven, Belgium) levels were measured. To 
quantify oxidative stress, thiobarbituric acid reactive substances (TBARS) (Lipid 
Peroxidation (MDA) Assay Kit, Sigma-Aldrich B.V., Zwijndrecht, Netherlands) 
were measured according to the manufacturer’s protocol.

Oxygen consumption (ml O2/min per 100 g) was calculated as follows:

Hb is the haemoglobin concentration in mmol/L, SO2 is oxygen saturation 
in %, pO2 is the partial oxygen pressure in mmHg, K is the solubility constant of 
oxygen in water at 37C and equals 0.0225 (ml O2 per kPa), Q is the renal blood 
ƽS[�MR�0�QMR�ERH�g is the weight of the kidney in grams prior to the start of NMP.
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����,MWXSPSK]
Cortical 3 mm punch biopsies were taken of the upper renal cortex prior to the 
start of NMP. At the end of each experiment a surgical tissue sample of the 
YTTIV�GSVXI\�[EW�GSPPIGXIH��&MSTWMIW�[IVI�JSVQEPMR�Ƽ\IH��TEVEƾR�IQFIHHIH�ERH�
stained with Periodic Acid-Schiff (PAS) to assess changes in renal morphology. 
A scoring method, based on existing histological scoring systems [31], was 
developed. Biopsies were evaluated using light microscopy by two independent 
examiners, in random order. If the examiners did not report the same scores, 
they discussed their observations until a consensus was reached. All biopsies 
[IVI�WGSVIH�SR�E�WGEPI�SJ�������ɸ!ɸRSRI���ɸ!ɸQMPH���ɸ!ɸQSHIVEXI���ɸ!ɸWIZIVI�JSV�
glomerular dilatation, tubular dilatation and tubular necrosis.

����7XEXMWXMGEP�EREP]WMW
Data analysis was performed using GraphPad Prism Version 8.3.1 (GraphPad 
software Inc., La Jolla, CA, USA). For all continuous longitudinally measured 
variables, the area under the curve (AUC) was calculated. A one-way ANOVA 
with multiple comparisons was used to compare AUC values between groups if 
the data were normally distributed (Shapiro Wilk test) and had homogeneity of 
variances (tested by means of a Bartlett test). If data failed these assumptions 
the Kruskal-Wallis test with Dunn’s multiple comparisons test was used. Two-
WMHIH�T�ZEPYIW�SJ������SV�PIWW�[IVI�GSRWMHIVIH�XS�MRHMGEXI�WXEXMWXMGEP�WMKRMƼGERGI��
8S� MRHMGEXI�XLI� PIZIP�SJ�WMKRMƼGERGI� MR�XLI�KVETLW��EWXIVMWOW�[IVI�TPSXXIH� MR�
XLI�KVETLW��3RI�EWXIVMWO����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ�������8[S�
EWXIVMWOW�����MRHMGEXI�E�T�ZEPYI�SJ�Ƶ������ERH�XLVII�EWXIVMWOW������E�T�ZEPYI�SJ�
T�Ƶ�������

RESULTS

����;EVQ�ERH�GSPH�MWGLEIQME�XMQI�ERH�OMHRI]�[IMKLX
Warm ischaemia time was kept as short as possible and the mean duration was 
5 ± 3 min in the no oxygen carrier group, 4 ± 3 min in the RBC group and 3 ± 1 
QMR�MR�XLI�,&3'�����KVSYT��8LIVI�[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�FIX[IIR�XLI�
KVSYTW��T!�������7XEXMG�GSPH�WXSVEKI�XMQI�HMH�RSX�HMJJIV�WMKRMƼGERXP]�FIX[IIR�
XLI�KVSYTW��T!������ERH�[EW�����r���QMR�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT��������
± 1.95 min in the RBC group and 117.6 ± 4.28 min in the HBOC-201 group. Kidney 
[IMKLX�HMH�RSX�HMJJIV�WMKRMƼGERXP]�FIX[IIR�XLI�KVSYTW�[MXL�E�QIER�[IMKLX�SJ�����

± 13 g in the no oxygen carrier group, 204 ± 30 g in the RBC group and 211 ± 12 
K�MR�XLI�,&3'�����KVSYT��T!������FIJSVI�XLI�WXEVX�SJ�214�

����214�TIVJYWMSR�GLEVEGXIVMWXMGW
Flow values were stable throughout perfusion in all groups with mean values of 
145 ± 42 ml/min/100gr in the no oxygen carrier group, 126 ± 26 ml/min/100gr 
MR� XLI�6&'�KVSYT�ERH�����r���QP�QMR����KV� MR� XLI�,&3'�����KVSYT��ƼKYVI�
�%�ERH��&��%PXLSYKL�ƽS[�ZEPYIW�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT�[LIVI�LMKLIV�
HYVMRK�214�XLMW�HMH�RSX�VIEGL�WXEXMWXMGEP�WMKRMƼGERGI��T!�������1IER�VIREP�
resistance was 0.35 ± 0.10 mmHg/ml/min in the no oxygen carrier group, 0.34 
± 0.07 mmHg/ml/min in the RBC group and 0.34 ± 0.04 mmHg/ml/min in the 
,&3'�����KVSYT�ERH�XLIVI�[IVI�RS�WMKRMƼGERX�HMJJIVIRGIW�FIX[IIR�KVSYTW�
�T!�������ƼKYVI��'�ERH��(�

Figure 1. (A) Flow (ml/min/100g); (B) %9'�SJ�ƽS[��(C) renal resistance (mmHg/ml/min) and (D) 
AUC of renal resistance (all mean ± SD).
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����1IXEFSPMG�EGXMZMX]�HYVMRK�214
There was a relatively large difference in cumulative urine production between 
the groups. Total urine production after 360 minutes of NMP was 42 ± 21 ml 
in the no oxygen carrier group, 98 ± 92 ml in the RBC group and 5 ± 2 ml in 
XLI�,IQSTYVI�KVSYT��ƼKYVI��%�ERH��&��8LMW�HMJJIVIRGI�[EW�SRP]�WXEXMWXMGEPP]�
WMKRMƼGERX�MR�XLI�6&'�KVSYT�[LIR�GSQTEVIH�XS�XLI�,&3'�����KVSYT��T!�������
'VIEXMRMRI� GPIEVERGI� EPWS� HMJJIVIH� WMKRMƼGERXP]� FIX[IIR� KVSYTW�� %JXIV� ����
minutes of perfusion, average clearance levels were 0.79 ± 0.70 ml/min in the 
no oxygen carrier group, 6.11 ± 7.08 ml/min in the RBC group and 0.23 ± 0.20 ml/
QMR�MR�XLI�,&3'�����KVSYT��8LI�%9'�SJ�XLI�6&'�KVSYT�[EW�WMKRMƼGERXP]�LMKLIV�
MR�GSQTEVMWSR�[MXL�XLI�RS�S\]KIR�GEVVMIV�KVSYT��T!������ERH�XLI�,IQSTYVI�
KVSYT��T!�������ƼKYVI��'�ERH��(��*)2E+ levels throughout perfusion were 
WMKRMƼGERXP]�PS[IV�MR�XLI�6&'�KVSYT�MR�GSQTEVMWSR�[MXL�XLI�RS�S\]KIR�GEVVMIV�
KVSYT��T!�������%X�X!����QMRYXIW�EZIVEKI�*)2E+ was 6 ± 7% in the RBC group 
ZIVWYW����r���	�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT��T!������ERH����r���	�MR�XLI�
,&3'�����KVSYT��T!�������ƼKYVI��)�ERH��*�

*MKYVI�����%�Cumulative urine output (ml); (B) AUC of cumulative urine output; (C) creatinine 
clearance (ml/min); (D) AUC of creatinine clearance; (E) fractional sodium excretion (FENa+) (%); 
(F) AUC of FENa+ (all mean ± SD).

8SXEP� XVERWTSVX� SJ� WSHMYQ�[EW� WMKRMƼGERXP]� LMKLIV� MR� XLI� 6&'� KVSYT� MR�
GSQTEVMWSR�[MXL�XLI�RS�S\]KIR�GEVVMIV�KVSYT��T!������ERH�XLI�,&3'�����KVSYT�
�T!�������ƼKYVI���
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*MKYVI�����%�Total sodium transport (mmol/min) and (B) AUC of total sodium transport (mean ± SD).

8LI�KVSYT�[MXL�RS�S\]KIR�GEVVMIV�LEH�E�WMKRMƼGERXP]� PS[IV� VIREP�S\]KIR�
consumption than the HBOC-201 group during the entire period of NMP 
�T!�������8LI�HMJJIVIRGI�FIX[IIR�XLI�RS�S\]KIR�GEVVMIV�KVSYT�ERH�XLI�6&'�
KVSYT�EPQSWX�VIEGLIH�WXEXMWXMGEP�WMKRMƼGERGI��T!�������%X�XLI�IRH�SJ�TIVJYWMSR�
�X!����QMRYXIW�QIER� S\]KIR� GSRWYQTXMSR� PIZIPW� [IVI� ����� r� �����QP32/
QMR����K�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT��ERH�XLMW�[EW�WMKRMƼGERXP]�PS[IV�XLER�
values of 1.53 ± 0.13 mlO2�QMR����K�MR�XLI�6&'�KVSYT��T!������ERH������r������
mlO2�QMR����K�MR�XLI�,&3'�����KVSYT��T!�������ƼKYVI��%�ERH��&�

*MKYVI�����%�Oxygen consumption (mlO2/min/100g) and (B) AUC of oxygen consumption (mean 

± SD).

����-RNYV]�QEVOIVW�HYVMRK�214
In contrast with the RBC and HBOC-201 group, in the no oxygen carrier group 
lactate increased throughout the 360 minutes of perfusion. The differences in 
lactate levels at the end of perfusion in comparison with at the start of NMP 

(delta lactate) were 8.8 ± 3.0 mmol/l in the no oxygen carrier, 1.1 ± 1.5 mmol/l 
in the RBC group and -1.3 ± 2.1 mmol/l in the HBOC-201 group. The increase in 
PEGXEXI�HYVMRK�TIVJYWMSR�[EW�WMKRMƼGERXP]�LMKLIV�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT�
MR�GSQTEVMWSR�[MXL�XLI�6&'�KVSYT��T!������ERH�MR�GSQTEVMWSR�[MXL�XLI�,&3'�
����KVSYT��T! ��������ƼKYVI���

*MKYVI�����%�Lactate levels and (B)�HIPXE�PEGXEXI��PEGXEXI�GLERKI�Xɸ!ɸ����QMR�ZIVWYW�Xɸ!ɸ���QMR�

(mean ± SD).

Along with the lactate levels, ASAT values also increased in the no oxygen 
carrier group during NMP. The AUC of the no oxygen carrier group was 
WMKRMƼGERXP]�LMKLIV�XLER�XLI�6&'�KVSYT��T!�������)RH�TIVJYWMSR�PIZIPW�[IVI�EPWS�
WMKRMƼGERXP]�LMKLIV�MR�XLI�RS�S\]KIR�GEVVMIV�KVSYT�EX�����r�����9�P�MR�GSQTEVMWSR�
[MXL�PIZIPW�SJ�����r����9�P�MR�XLI�6&'�KVSYT��T!�������FYX�RSX�MR�GSQTEVMWSR�
[MXL�����r����9�P�MR�XLI�,&3'�����KVSYT��T!�������ƼKYVI���

*MKYVI�����%�ASAT levels (U/l) and (B) AUC of ASAT (mean ± SD).
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NGAL concentration in the urine was stable in the RBC group and the no 
S\]KIR�GEVVMIV�KVSYT�ERH�HIGVIEWIH� MR� XLI�,&3'�����KVSYT��ƼKYVI��%��%W�
a result of the higher cumulative urine production in the RBC group absolute 
NGAL levels were highest in this group. Calculated absolute NGAL levels in the 
PEWX�LSYV�SJ�214�[IVI�WMKRMƼGERXP]�LMKLIV�MR�XLI�6&'�KVSYT�GSQTEVIH�XS�XLI�
,&3'�����KVSYT��T!�������ƼKYVI��&��8LI�%9'�SJ�EFWSPYXI�2+%0�[EW�EPWS�
WMKRMƼGERXP]�LMKLIV�MR�XLI�6&'�KVSYT�MR�GSQTEVMWSR�[MXL�XLI�,&3'�����KVSYT�
�T!�������ƼKYVI��'�

*MKYVI��� (A) Urinary NGAL concentration (ng/ml); (B) absolute NGAL in the urine (ng) and (C) AUC 
absolute urinary NGAL (mean ± SD).

8&%67�EW�E�QEVOIV�JSV�S\MHEXMZI�WXVIWW��UYERXMƼIH�F]�QIEWYVMRK�XLI�1(%�
GSRGIRXVEXMSR��[IVI�WMKRMƼGERXP]�LMKLIV�MR�XLI�,&3'�����KVSYT�MR�GSQTEVMWSR�
[MXL�XLI�RS�S\]KIR�GEVVMIV�KVSYT��T!�������8LI�WXEVXMRK�PIZIPW�SJ�1(%�[IVI�
highest in the HBOC-201 group and increased during perfusion. In the RBC group 
levels started close to zero and increased during perfusion to levels just below 
IRH�ZEPYIW�SJ�XLI�,&3'�����KVSYT��ƼKYVI��%�ERH��&�

*MKYVI��� (A) MDA concentration (µM) in the perfusate and (B) AUC MDA (mean ± SD).

����*SVQEXMSR�SJ�QIXLEIQSKPSFMR
The blood gas analyses that were performed every 30 minutes revealed that 
methaemoglobin levels increased in each kidney perfused with HBOC-201. At 
the start of perfusion the percentage of metHb was 8.66 ± 1.40%, while after 360 
minutes of perfusion levels had increased to 44.48 ± 1.45%. Individual values 
TIV�OMHRI]�SJ�XLI�,&3'�����KVSYT�EVI�WLS[R�MR�ƼKYVI���

*MKYVI��� Individual methaemoglobin levels (%) of kidneys perfused with (A) HBOC-201 and (B) 
red blood cells (RBCs).
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During perfusion it was also noticeable that these kidneys became darker in 
colour. Flushing out of the HBOC-201 after NMP resulted in the kidney returning 
XS�MXWƅ�SVMKMREP�TEPI�GSPSYV��ƼKYVI���%���(�

*MKYVI������%�/MHRI]�VMKLX�EJXIV�GSPH�ƽYWL��(B) kidney after 60 minutes of perfusion with HBOC-
201; (C) kidney after 360 minutes of perfusion with HBOC-201 and (D)�OMHRI]�EJXIV�ƽYWL�[MXL�����
ml of saline.

����1EGVSWGSTMG�ETTIEVERGI�ERH�LMWXSPSK]
As described earlier, left retroperitoneal nephrectomy was performed for other 
experimental purposes one day before nephrectomy of the right kidney. On 
the day of the left nephrectomy, inspection revealed a well perfused, pink, left 
kidney without patches or lashes. The right kidney was not inspected or touched 
whilst in situ. Interestingly, after anaesthetising the pig and reopening the midline 
incision the next day for right nephrectomy, the right kidney had several red 
PEWLIW�SR�MX��*MKYVI���%�WLS[W�E�X]TMGEP�OMHRI]�HMVIGXP]�EJXIV�GSPH�ƽYWL��(YVMRK�
NMP all kidneys were well perfused (pale in the no oxygen carrier group, pink in 
the RBC group and globally dark purple in the HBOC-201 group as a result of the 
methaemoglobin formation) and none of these organs had a patchy appearance.

Histological analysis revealed that all of our kidneys had already sustained 
some injury despite very short warm ischaemic times, which became evident 
from the presence of tubular necrosis before the start of NMP. Table 2 shows 
tubular necrosis and dilatation as well as glomerular dilatation scores before 
XLI�WXEVX�SJ�214��Xɸ!ɸ��ERH�EJXIV���LSYVW�SJ�214��Xɸ!ɸ�����-RMXMEP�WGSVIW�EW�[IPP�
EW�XLI�IRH�ZEPYIW�HMH�RSX�HMJJIV�WMKRMƼGERXP]�FIX[IIR�KVSYTW�

8EFPI����Histological damage scores at baseline and after 6 hours of NMP.

Baseline (t=0) After NMP (t=360)

No O2 
carrier

RBC Hemopure P No O2 
carrier

RBC Hemopure P  

8YFYPEV�RIGVSWMW 1 (1 -1) 2 (1-2) 1.5 (1-2) 0.42 2 (1 – 3) 2 (1 – 3) 2 (1-3) 0.40

8YFYPEV�HMPEXEXMSR 0 (0-0) 0 (0-1) 0 (0-0) 0.09 1 (0 – 1) 0 (0 -1) 0 (0-1) 0.56

Glomerular 
dilatation

0 (0-0) 0 (0-1) 0 (0-1) 0.72 0.5 (0 – 1) 0 (0 – 1) 1 (0 – 1) 0.85
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DISCUSSION

With a growing number of studies focussing on the use of NMP as a renal 
preservation, evaluation and resuscitation technique, there is a need for 
developing a medical grade perfusion solution with a standardised composition. 
Until now, most NMP studies have used either pure RBCs or whole blood as the 
oxygen carrier in the perfusate. The aim of this study was to establish whether an 
oxygen carrier is necessary and if HBOC-201 could be an acceptable alternative 
to RBCs in ex vivo kidney NMP during 360 minutes.

Intravascular resistance (and hence also flow) values did not differ 
WMKRMƼGERXP]�FIX[IIR�KVSYTW�HIWTMXI�XLI�JEGX�XLEX�,&3'�����MW�PIWW�ZMWGSYW�
and has a diameter of approximately one thousandth of the diameter of a RBC, 
[LMGL�WLSYPH�XLISVIXMGEPP]�VIWYPX�MR�E�RIX�PS[IV�VIWMWXERGI�ERH�LMKLIV�ƽS[�ZEPYIW�
when perfusion pressure is kept constant [25]. The group without an oxygen 
GEVVMIV�� XLI� WSPYXMSR�[MXL� XLI� PS[IWX� ZMWGSWMX]�� HMH� WLS[�LMKLIV� ƽS[� ZEPYIW�
XLER�XLI�SXLIV�X[S�KVSYTW�EPXLSYKL�XLMW�HMH�RSX�VIEGL�WXEXMWXMGEP�WMKRMƼGERGI��
Urine production is largely determined by the perfusate’s oncotic pressure and 
despite calculated values being comparable in the RBC and HBOC-201 group, 
the kidneys perfused with HBOC-201 produced only very small amounts of urine. 
Possibly the hydrostatic pressure over the glomerular membrane is lower in the 
HBOC-201 group than in the RBC group. In contrast to the RBC group, fractional 
excretion of sodium was high and there was almost no sodium reabsorption in 
the HBOC-201 group indicating severely impaired tubular function. Creatinine 
clearance values were low in the HBOC-201 group indicating that glomerular 
function was also impaired. Interestingly, urinary NGAL, an early marker of renal 
tubular injury, was lower in the HBOC-201 group than the RBC group. In contrast 
to renal function being superior in the RBC group, HBOC-201 kidneys did not 
seem to sustain more injury during NMP with regard to histological analysis, 
lactate and ASAT levels in comparison with the RBC group.

In liver transplantation several studies have shown that the use of HBOC-201 
leads to similar outcomes in comparison with the use of RBCs. Two studies 
VITSVXIH�WMKRMƼGERXP]�LMKLIV�S\]KIR�GSRWYQTXMSR�MR�PMZIVW�TIVJYWIH�[MXL�,&3'�
201 versus RBCs [25,26]. However, this does not seem to be the case in kidney 
TIVJYWMSR� EW� XLIVI�[IVI� RS� WMKRMƼGERX� HMJJIVIRGIW� MR� S\]KIR� GSRWYQTXMSR�

between the kidneys perfused with RBCs or HBOC-201 in our study, nor in the 
study recently performed by Aburawi et al [32]. In the latter study a potential 
drawback of the use of HBOC-201, the accumulation of methaemoglobin, was 
FVMIƽ]�HMWGYWWIH�FYX�RS�HEXE�SR�GSRGIRXVEXMSRW�[IVI�VITSVXIH��%PWS��RS�GSRXVSP�
group without an oxygen carrier was reported. Although the perfusion solution 
GSRXEMRMRK�XLI�QIX,F�GSYPH�FI�ƽYWLIH�SYX�TVMSV�XS�XVERWTPERXEXMSR��XLI�UYIWXMSR�
remains if HBOC-201 would be suitable for prolonged periods of normothermic 
kidney perfusion, since the percentage of metHb is likely to increase even further 
with NMP durations >360 min.

HBOC-201, in contrast to erythrocytes, does not contain nicotinamide adenine 
dinucleotide hydrogen (NADH)-dependent enzyme methaemoglobin reductase, 
which converts metHb back to haemoglobin. Therefore, when using HBOC-201 
there is a risk of a state of toxic methaemoglobinemia occurring, leading to 
a left shift of the oxygen dissociation curve. Methaemoglobinemia impairs 
oxygen delivery to tissues by decreasing the oxygen-carrying capacity of blood 
because the oxidised iron can no longer reversibly bind oxygen. In addition, the 
oxidisation of iron atoms causes the conformation of haemoglobin to change, 
PIEHMRK�XS�ER�MRGVIEWI�MR�S\]KIR�EƾRMX]�SJ�XLI�VIQEMRMRK�JIVVSYW�LEIQ�KVSYTW�
[33]. An effective treatment for the reduction of metHb is the administration of 
methylene blue. Vitamin C (ascorbic acid) can also be used to convert metHb 
back to haemoglobin but it requires high doses as it is less effective and the 
rate at which it reduces metHb is slower, making it less suitable when metHb 
levels increase above 30% [34,35].

De Vries et al. reported a steady increase in metHb levels of approximately 
10% during two hours of NMP with HBOC-201 without a liver in the perfusion 
circuit, despite the addition of vitamin C. In perfusions with a liver connected 
to the perfusion circuit the rise in metHb was much slower and became most 
prominent when the perfusion solution was oxygenated with 21% oxygen [27]. 
In our study metHb levels increased with a similar rate, approximately 10% per 
2 hours, as described by de Vries et al. where the perfusion without a liver in 
the circuit, leading to metHb concentrations of 45% in our experiments after 
360 minutes of NMP. We did not use vitamin C as this does not add to the 
standardisation of the perfusion solution and it affects the pH and osmolality 
of the perfusate. Although there is evidence that low doses of vitamin C could 
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have nephroprotective effects, there are also longstanding concerns regarding 
possible renal complications after high dose vitamin C treatments in the case 
of pre-existent impaired renal function [36–39].

Newer generations of HBOCs, such as the HBOC-201 compound utilised 
in the present study, contain large molecules of polymerised or cross-linked 
haemoglobin in an attempt to avoid known complications of free haemoglobin 
tetramers such as nephrotoxicity and extravasation, but to date no such product 
has been licensed for human use in the United States. Infusions with HBOCs in 
humans have been associated with several adverse events and safety concerns 
remain [40]. The mechanism of HBOC and free haemoglobin toxicity is still not 
fully understood but it has been suggested that haem-mediated mechanisms 
play a role. In regard to kidney nephrotoxicity this would be the result of redox 
reactions related to iron availability and the generation of reactive oxygen 
species [41,42]. In our study TBARS, measured for determination of oxidative 
stress, did increase over time in the HBOC-201 group, but a steeper increase was 
seen in the RBC group indicating that haemolysis was also present in this group.

Even though HBOC-201 presents the advantage in extended shelf life, 
ambient storage and leads to similar outcomes in terms of oxygenation 
GETEGMX]��WIZIVEP�WXYHMIW�LEZI�VITSVXIH�XLEX�MX�GER�GEYWI�WMKRMƼGERX�MRXIVJIVIRGI�
in modern laboratory analysers that rely on colorimetric assays, due to the 
JEGX�XLEX�MX�VIQEMRW�JYPP]�HMWWSPZIH�MR�XLI�ƈTPEWQEƉ�XS�FI�EREP]WIH�ERH�LEW�XLI�
same appearance as severe haemolysis [43,44]. E. Korte et al have reported 
that different routine analysers had a different sensitivity to the presence of 
HBOC-201 [44]. In our study, a tenfold dilution was required to analyse samples 
that contained HBOC-201 with routine clinical biochemistry methods and to 
minimise assay inaccuracy. Unfortunately, it proved impossible to measure 
several relevant injury markers such as lactate dehydrogenase in the HBOC-
201 samples. To date, assessment of kidneys is based on the macroscopic 
ETTIEVERGI��FPSSH�ƽS[�ERH�YVMRI�SYXTYX�HYVMRK�214�?��A��%�QSVI� MR�HITXL�
assessment, involving the detection of injury markers, appears to be more 
HMƾGYPX�ERH�XMQI�GSRWYQMRK�MR�WEQTPIW�GSRXEMRMRK�,&3'��XLIVIF]�PMQMXMRK�VIEP�
time pre-transplant assessment of kidney viability during NMP.

A potential limitation of this study is the relatively small sample size, although 
our group sizes are comparable to other studies investigating normothermic 
machine perfusion [32,46,47]. Secondly, we did not transplant kidneys after 
NMP. For a fully reliable comparison between the groups, which will also allow 
for follow-up and functional assessment in vivo, future studies should include 
(auto)transplantation of these kidneys.

In conclusion, kidneys perfused with HBOC-201�LEZI�WMKRMƼGERXP]�MQTEMVIH�
renal function during NMP in comparison with kidneys perfused with RBCs. 
Although injury marker levels are relatively low in the HBOC-201 group, high 
TBARS and high methaemoglobin levels indicate that HBOC-201 might be less 
suitable as an oxygen carrier for prolonged periods of perfusion.
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