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Chapter 6 Ex vivo kidney perfusion with different perfusion solutions

ABSTRACT

Normothermic machine perfusion (NMP) of donor kidneys provides the 
opportunity for pre-transplant ex-vivo organ assessment. This study evaluated 
four different perfusion solutions to determine which solution is most 
suitable for prolonged NMP. Porcine kidneys and blood were obtained from a 
slaughterhouse. Kidneys underwent NMP at 37°C during 7 hours, with 4 different 
TIVJYWMSR�WSPYXMSRW��Rɸ!ɸ��TIV�KVSYT��+VSYT���GSRWMWXIH�SJ�6&'W�ERH�E�TIVJYWMSR�
solution based on Williams’ Medium E. Group 2 consisted of RBCs, albumin and 
a balanced electrolyte solution. Group 3 contained RBCs and a medium based 
on a British clinical NMP solution. Group 4 contained RBCs and a medium used 
in 24-hour perfusion experiments. During perfusion all kidneys were functional. 
Flow rates for solutions 1 and 2 were similar, solutions 3 and 4 showed lower 
FYX�QSVI� WXEFPI� ƽS[� VEXIW�� 8LMSFEVFMXYVMG� EGMH� VIEGXMZI� WYFWXERGIW� [IVI�
WMKRMƼGERXP]�LMKLIV�MR�WSPYXMSR���ERH���GSQTEVIH�XS�XLI�SXLIV�KVSYTW��0IZIPW�SJ�
MRNYV]�QEVOIV�2�EGIX]P�¼�(�KPYGSWEQMRMHEWI�[IVI�WMKRMƼGERXP]�PS[IV�MR�WSPYXMSR�
2 in comparison with solution 3 and 4. Perfusion solution 2 showed lowest 
levels of injury markers, indicating that this perfusate is probably most suitable 
for prolonged NMP.

INTRODUCTION

Worldwide, the standard donor kidney preservation method is static cold storage 
(CS). However, in the Netherlands hypothermic machine perfusion (HMP) is 
clinically used to preserve all deceased donor kidneys. HMP showed a decrease 
in delayed graft function and an increase of 1- and 3-year renal graft survival in 
comparison with CS preservation. [1,2].

Due to the increased use of donor kidneys of inferior quality, it is of the utmost 
importance to establish an even further optimised method for preservation. The 
use of normothermic machine perfusion (NMP) for such marginal donor kidneys 
is increasingly being considered. Pre-clinical studies have shown that NMP may 
lead to a better transplant outcome compared to CS alone [3]. As donation 
after cardiac death and extended criteria donor kidneys are less tolerant to 
hypothermic storage compared to organs derived from standard criteria donor 
TVSGIHYVIW��QEVKMREP�UYEPMX]�HSRSV�SVKERW�GSYPH�FIRIƼX�JVSQ�214�TVIWIVZEXMSR�
[4,5]. This method provides the opportunity for pre-transplant organ diagnostics 
and ex-vivo interventions prior to transplantation to improve post-transplant 
renal function. Nowadays, many transplantation centres have started to invest 
in this promising normothermic ex-vivo perfusion strategy. However, at this time 
the question remains what the exact formulation of an NMP solution should be. 
Most likely, a normothermic perfusion solution has to contain an oxygen carrier, 
a colloid and a balanced electrolyte composition [6]. Clinical renal NMP has so 
far mostly been conducted for very short periods of around 1h [7]. However, 
for adequate organ assessment and resuscitation, longer NMP times are likely 
necessary [8]. This study evaluated four different normothermic perfusion 
solutions, three existing solutions to which we did not make any alterations 
and one newly designed solution, in a porcine kidney donation model. The aim 
was to determine which NMP medium will be most suitable for prolonged NMP 
of ischaemically injured donor kidneys.
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MATERIALS AND METHODS

����/MHRI]�ERH�FPSSH�VIXVMIZEP
Viable porcine kidneys from domestic landrace pigs (sow; type Topigs 20) and 
blood were obtained from a local slaughterhouse (Kroon Vlees, Groningen, 
the Netherlands). Pigs were stunned with a bi-temporal electric shock and 
subsequently exsanguinated according to normal slaughterhouse procedures. 
Autologous blood was collected and heparin (5000 international units per ml (IU), 
0)3o�TLEVQE��&EPPIVYT��(IRQEVO�[EW�EHHIH�XS�TVIZIRX�FPSSH�JVSQ�GPSXXMRK��
Kidneys were retrieved rapidly after circulatory death of the pig, resulting in 
approximately 20 minutes of warm ischaemia (WI) before cold preservation. 
%JXIV�XLI�;-�TIVMSH��OMHRI]W�[IVI�ƽYWLIH�ERH�GSSPIH�[MXL�����QP�WSHMYQ�GLPSVMHI�
(NaCl) (0.9%) (Baxter, Utrecht, the Netherlands) at 4°C, which marked the start 
of cold ischaemia (CI). Kidneys were dissected free of excess fatty tissue and 
blood vessels were exposed. Next, kidneys were connected to a Kidney Assist 
Transport HMP device (Organ Assist, Groningen, the Netherlands). This HMP 
machine preserved kidneys with cold (0-4°C) UW machine perfusion solution 
(Belzer UW-MP solution, Bridge to Life Ltd, Columbia, SC) for 2-4 hours using 
oxygenated pulsatile HMP at a mean arterial pressure of 25 mmHg. Heparinised 
EYXSPSKSYW�FPSSH�[EW�PIYOSG]XI�HITPIXIH�YWMRK�E�PIYOSG]XI�ƼPXIV��&MS6����TPYW�
BS PF, Fresenius Kabi, Zeist, the Netherlands), centrifuged and subsequently 
supernatant plasma was removed.

����4IVJYWMSR�WSPYXMSRW
*SYV�I\TIVMQIRXEP�KVSYTW�[IVI�HIƼRIH��Rɸ!ɸ��TIV�KVSYT��[MXL�E�HMJJIVIRX�214�
solution in each group. Prior to kidney retrieval, the perfusion solution which 
would be used during the experiment was determined. All four perfusion 
solutions contained autologous porcine RBCs, but the composition of each NMP 
medium was different (table 1).
In our laboratory, ample experience has been gained with perfusion of porcine 
kidneys and rodent livers using Williams’ Medium E [9–11]. This perfusate does 
not contain a vasodilator and we decided not to make alterations to the initial 
solution. The perfusion solution of group 2 was developed by our group as the 
TSXIRXMEPP]�ƈMHIEP�GPMRMGEP�214�QIHMYQƉ��XS�GSRXEMR�IPIGXVSP]XIW�MR�TL]WMSPSKMGEP�
concentrations and exert a physiological colloid osmotic pressure on the 
glomerular membrane. The group 3 perfusate was a colloid-free clinically used 

British NMP solution, which is currently utilised in a randomised controlled trial 
comparing 1h NMP with CS of human deceased donor kidneys in the United 
Kingdom [7]. As for group 4, this solution was successfully used in a porcine 
autotransplantation study in Aarhus, Denmark (unpublished data). It is based 
on the perfusate designed by Weissenbacher et al., who perfused discarded 
human kidneys during 24 hours [8].

8EFPI��� Composition of the four perfusion solutions.

Group 1 Group 2 Group 3 Group 4
350 ml autologous 
RBCs

350 ml autologous 
RBCs

170 ml autologous 
RBCs

290 ml autologous 
RBCs

���K�FSZMRI�WIVYQ�
EPFYQMR
(Bovine Serum Albumin 
fraction V, Roche, 
Mannheim, Germany)

����QP�%PFYQER�����
K�P
(Sanquin Plasma 
Products B. V., 
Amsterdam, 
Netherlands)

120 ml saline, adenine, 
glucose, mannitol
(SAG-M)
(also Sanquin)

����QP�%PFYQER�
����K�P
(Sanquin Plasma 
Products B. V., 
Amsterdam, 
Netherlands)

500ml Williams’ 
Medium E
(Gibcoâ William’s 
Medium E + 
GlutaMAXTM, Life 
Technologies Ltd, 
Bleiswijk, Netherlands)

250 ml NaCl 0,9%
(Fresenius Kabi 
Nederland B.V., Zeist, 
Netherlands)

290 ml Ringerslactate
(Baxter BV, Utrecht, 
Netherlands)

����QP�2E'P����	
(also Fresenius Kabi 
Nederland B.V)

10 ml Augmentin
(1200mg/10 ml)
(Sandoz B.V., Almere, 
Netherlands)

2 ml Augmentin
(1200 mg/10ml)
(also Sandoz BV)

2 ml Augmentin
(1200 mg/10ml)
(also Sandoz BV)

8 ml Augmentin
(1200 mg/10ml)
(also Sandoz BV)

�����ΥQSP�P�GVIEXMRMRI
(Sigma-Aldrich, 
Zwijndrecht, 
Netherlands)

�����ΥQSP�P�GVIEXMRMRI
(also Sigma-Aldrich)

�����ΥQSP�P�GVIEXMRMRI
(also Sigma-Aldrich)

�����ΥQSP�P�
creatinine
(also Sigma-Aldrich)

21 ml NaHCO3 8,4%
(also B. Braun)

27 ml NaHCO3 8,4%
(also B. Braun)

8 ml NaHCO3 8,4%
(also B. Braun)

����QP�1K73������QK�
ml
(0,4 mmol/ml)
(Teva Nederland B.V., 
Haarlem, Netherlands)

10 ml mannitol 15%
(also Baxter BV)

10 mg mannitol
(also Baxter BV)
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8EFPI��� Continued.

Group 1 Group 2 Group 3 Group 4
6,5 ml 
calciumgluconate
(0,225 mmol/ml)
(B. Braun Melsungen 
AG, Melsungen, 
Germany)

3 ml heparin
�EPWS�0)3o�TLEVQE

4,8 ml 
calciumgluconate
(0,225 mmol/ml)
(also B. Braun)

11 ml glucose 5%
(also Baxter BV)

3,75 mg 
(I\EQIXLEWSRI
(also Centrafarm)

9,6 ml glucose 5%
(also Baxter BV)

����QP�/'P������QK�QP
(1 mmol/ml)
(Centrafarm BV, Etten-
Leur, Netherlands)

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

0,2 mL Na3PO4
(3 mmol/ml)
(Apotheek A15, 
Gorinchem, 
Netherlands)
90 ml sterile water
(also Fresenius Kabi)

In addition to the above-mentioned constituents, in group 2 a syringe 
infusion pump infused total parenteral nutrition (SmofKabiven) (Fresenius Kabi 
Nederland B.V., Zeist, Netherlands) at a rate of 0.5 ml/h and insulin (1000 IU, also 
Novo Nordisk A/S) at a rate of 0.005 ml/h. After every hour, urine production was 
recirculated in group 2 to maintain a stable electrolyte balance.

In the third group, 170 ml pure RBCs were mixed with 120 ml saline, adenine, 
glucose and mannitol (SAG-M), leading to a haematocrit of 0.5-0.65 l/l, to mimic 
the composition of a typical clinically used unit of RBCs (which is utilised in the 
British clinical NMP perfusate). During these experiments, three syringe infusion 
pumps were used to infuse Flolan (GlaxoSmithKline B.V., Zeist, Netherlands) at a 
rate of 5 ml/h, glucose 5% (Baxter B.V., Utrecht, Netherlands) at a rate of 4 ml/h 
and a mixture of 150 ml of Synthamin-17 10% (Baxter Healthcare Ltd., Norfolk, 
United Kingdom), 6 ml NaHCO3 8.4% (B. Braun Melsungen AG, Melsungen, 
Germany), 30 IU insulin (1000 IU, Novo Nordisk A/S, Bagsværd, Denmark) and 
Cernevit (Baxter B.V., Utrecht, Netherlands) at a rate of 20 ml/h, according to 
the protocol of the current UK clinical study. During NMP of the fourth group, a 

syringe infusion pump infused verapamil (2.5 mg/ml, also Sandoz B.V.) dissolved 
in saline at a rate of 0.3 ml/h. Urine production was also recirculated in this group 
after every hour to maintain a stable electrolyte balance.

����214�WIXYT
The perfusion setup was identical to the one described previously by our group 
[12]. The kidneys were perfused in a sinusoid pulsatile fashion at a set pressure 
of 110/70 mmHg and oxygenated with carbogen during all experiments. 
Perfusion was controlled by a custom-made electronic interface and control 
software (LabView Software, National Instruments Netherlands B.V., Woerden, 
XLI�2IXLIVPERHW��%�WGLIQEXMG�ƼKYVI�SJ�XLI�RSVQSXLIVQMG�TIVJYWMSR�GMVGYMX�MW�
WLS[R�MR�ƼKYVI���

*MKYVI����7GLIQEXMG�ƼKYVI�SJ�XLI�RSVQSXLIVQMG�TIVJYWMSR�GMVGYMX�

����9VMRI�ERH�TIVJYWEXI�EREP]WMW
Hourly, arterial perfusate and urine samples were taken. In groups 2 and 4, 
in which urine was recirculated, perfusate samples were taken prior to urine 
recirculation. Arterial blood gas samples of the perfusate were analysed after 
0, 240 and 420 minutes of NMP. Perfusion parameters were documented 
every half hour. Concentrations of lactate dehydrogenase (LDH) and aspartate 
aminotransferase (ASAT), sodium, glucose and creatinine were measured with 

6



126 127

Chapter 6 Ex vivo kidney perfusion with different perfusion solutions

standard clinical assays in the perfusate. Creatinine clearance and fractional 
sodium excretion (FENa+) were calculated to determine renal function. Both 
2�EGIX]P�¼�(� KPYGSWEQMRMHEWI� �2%+� �EPWS� 7MKQE�%PHVMGL�� EW� E�QEVOIV� SJ�
renal tubular dysfunction/injury, and thiobarbituric acid reactive substances 
(TBARS) (Lipid Peroxidation (MDA) Assay Kit, Sigma-Aldrich B.V., Zwijndrecht, 
Netherlands), to quantify oxidative stress, were measured in the perfusate.

����,MWXSPSK]
A needle biopsy of the upper renal cortex was taken prior to the start of NMP. 
At the end of each experiment surgical tissue samples from the upper cortex 
[IVI�GSPPIGXIH��8LIWI�FMSTWMIW�[IVI�JSVQEPMR�Ƽ\IH��TEVEƾR�IQFIHHIH��GYX�ERH�
stained with haematoxylin and eosin (HE) to assess changes in renal morphology 
as a result of NMP. A scoring method, based on existing histological scoring 
W]WXIQW�[EW�HIZIPSTIH�?��A�ERH�ZIVMƼIH�F]�ER�I\TIVMIRGIH�VIREP�TEXLSPSKMWX��
Biopsies were evaluated using light microscopy by two independent examiners, 
in random order. All biopsies were scored on a scale of 0-3 on glomerular 
dilatation, tubular dilatation and tubular necrosis. A score of 0 indicated no signs 
of dilatation or cell necrosis and a score of 3 indicated severe dilatation/damage.

����7XEXMWXMGEP�EREP]WMW
For all continuous longitudinally measured variables, such as ASAT and LDH, 
the area under the curve (AUC) was calculated. A one-way ANOVA was used 
to compare AUC values between groups if the data were normally distributed 
(D’Agostino-Pearson test) and had homogeneity of variances (tested by means 
of a Bartlett test). If data failed these assumptions the Kruskal-Wallis test 
was used. For post hoc comparisons, an unpaired t-test was used when an 
ANOVA had been performed and a Mann-Whitney test was utilised for post hoc 
comparisons in case of a Kruskal-Wallis test. Two-sided p-values of 0.05 or less 
[IVI�GSRWMHIVIH�XS�MRHMGEXI�WXEXMWXMGEP�WMKRMƼGERGI�

RESULTS

����4IVJYWMSR�TEVEQIXIVW
In table 2 data (mean, minimum and maximum) on warm and cold ischaemia, 
HMP duration and weight prior to the start and after NMP as well as delta weight 
�HMJJIVIRGI�MR�[IMKLX�EX�Xɸ!ɸ����ZIVWYW�Xɸ!ɸ��EVI�TVIWIRXIH��(IPXE�[IMKLX�[EW�
WMKRMƼGERXP]�LMKLIV�MR�KVSYT���MR�GSQTEVMWSR�[MXL�KVSYT����Tɸ!ɸ�������8LIVI�[IVI�
RS�SXLIV�WMKRMƼGERX�HMJJIVIRGIW�FIX[IIR�XLI�ZEPYIW�SJ�EPP�I\TIVMQIRXEP�KVSYTW�
(YVMRK� 214� VIREP� EVXIVMEP� ƽS[� MRGVIEWIH� HYVMRK� XLI� ƼVWX� ��� QMRYXIW� SJ�
VITIVJYWMSR�MR�KVSYT���ERH����%JXIV����QMRYXIW�ƽS[�VEXIW�X]TMGEPP]�WXEVXIH�XS�
HIGVIEWI��4IVJYWMSRW�MR�KVSYT���ERH���WXEVXIH�[MXL�PS[IV�ƽS[�ZEPYIW��FYX�WLS[IH�
E�QSVI�GSRWXERX�ƽS[�XLVSYKLSYX�XLI�214��)RH�ZEPYIW�EJXIV���LSYVW�SJ�214�[IVI�
ETTVS\MQEXIP]����QP�QMR����K�MR�EPP�KVSYTW��ƼKYVI���

*MKYVI����6IREP�EVXIVMEP�ƽS[��QP�QMR����KV�SJ�XLI�JSYV�I\TIVMQIRXEP�KVSYTW�HYVMRK�214��QIER�
+ SD). Group 1: Williams’ Medium E based perfusate with physiological colloid concentration; 
Group 2: Newly developed perfusate with balanced elektrolytes, physiological colloid concentration 
and urine recirculation; Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical 
perfusate developed for porcine autotransplantation studies, with several added elektrolytes, 
sub-physiological colloid concentration and urine recirculation.
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����9VMRI�ERH�TIVJYWEXI�EREP]WMW

3.2.1 Renal function
+VSYT���WLS[IH�XLI�LMKLIWX�PIZIPW�SJ�YVMRI�SYXTYX��ƼKYVI����'YQYPEXMZI�HMYVIWMW�
MR�KVSYT���[EW�WMKRMƼGERXP]�LMKLIV�MR�GSQTEVMWSR�[MXL�KVSYT����Tɸ!ɸ�������KVSYT�
���Tɸ!ɸ������ERH�KVSYT����Tɸ!ɸ�������+VSYT���LEH�E�WMKRMƼGERXP]�LMKLIV�YVMRI�
TVSHYGXMSR�XLER�KVSYT����Tɸ!ɸ�������(MYVIWMW�MR�KVSYT���[EW�WMKRMƼGERXP]�PS[IV�
XLER�MR�KVSYT����Tɸ!ɸ�������7SQI�SJ�XLI�OMHRI]W�MR�KVSYT���HMH�RSX�TVSHYGI�
YVMRI�EX�Xɸ!ɸ����ERH�Xɸ!ɸ�����PIEHMRK�XS�PS[IV�EZIVEKI�PIZIPW�SJ�GYQYPEXMZI�YVMRI�
TVSHYGXMSR�EX�Xɸ!ɸ����ERH�Xɸ!ɸ����

*MKYVI��� Cumulative diuresis (ml) (A) and AUC (B) of the four experimental groups during NMP 
�QIER���7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ����������MRHMGEXIW�E�T�ZEPYI�SJ�Ƶ�������+VSYT�
1: Williams’ Medium E based perfusate with physiological colloid concentration; Group 2: Newly 
developed perfusate with balanced elektrolytes, physiological colloid concentration and urine 
recirculation; Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical perfusate 
developed for porcine autotransplantation studies, with several added elektrolytes, sub-physio-
logical colloid concentration and urine recirculation.

During perfusion, pH in group 3 declined without stabilisation whereas the 
other groups reached a more balanced level of approximately 7.4 after 7 hours 
SJ�214��ƼKYVI���

*MKYVI��� pH of the four experimental groups during NMP (mean + SD). Group 1: Williams’ Medium 
E based perfusate with physiological colloid concentration; Group 2: Newly developed perfusate 
with balanced elektrolytes, physiological colloid concentration and urine recirculation; Group 3: 
Colloid-free British clinical NMP perfusate; Group 4: Preclinical perfusate developed for porcine 
autotransplantation studies, with several added elektrolytes, sub-physiological colloid concen-
tration and urine recirculation.

'VIEXMRMRI�GPIEVERGI�[EW�PS[�MR�EPP�KVSYTW��ƼKYVI����2IZIVXLIPIWW��MR�KVSYT�
��ERH���MX�[EW�WMKRMƼGERXP]�LMKLIV�XLER�MR�KVSYT����FSXL�T� �������ERH�KVSYT���
�VIWTIGXMZIP]�T� �������ERH�Tɸ!ɸ������

*MKYVI��� Mean creatinine clearance (ml/min) (A) and AUC (B) of the four experimental groups 
HYVMRK�214����7(�����MRHMGEXIW�E�T�ZEPYI�SJ�Ƶ�����������MRHMGEXIW�E�T�ZEPYI�SJ�T�Ƶ��������+VSYT����
Williams’ Medium E based perfusate with physiological colloid concentration; Group 2: Newly 
developed perfusate with balanced elektrolytes, physiological colloid concentration and urine 
recirculation; Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical perfusate 
developed for porcine autotransplantation studies, with several added elektrolytes, sub-physio-
logical colloid concentration and urine recirculation.
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FENa+ was high in all groups, indicating that tubular function was severely 
MQTEMVIH��ƼKYVI���MR�XLIWI�MWGLEIQMGEPP]�HEQEKIH�OMHRI]W��*)2E+ in group 3 
[EW�WMKRMƼGERXP]�LMKLIV�GSQTEVIH�XS�KVSYT����Tɸ!ɸ�������KVSYT����Tɸ!ɸ������
ERH�KVSYT����T� ��������%PP�SXLIV�KVSYTW�HMH�RSX�HMJJIV�WMKRMƼGERXP]�

*MKYVI����Mean fractional excretion of sodium (FENa+) (A) and AUC (B) of the four experimental 
KVSYTW�HYVMRK�214����7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ�����������MRHMGEXIW�E�T�ZEPYI�SJ�
T�Ƶ��������+VSYT����;MPPMEQWƅ�1IHMYQ�)�FEWIH�TIVJYWEXI�[MXL�TL]WMSPSKMGEP�GSPPSMH�GSRGIRXVEXMSR��
Group 2: Newly developed perfusate with balanced elektrolytes, physiological colloid concentration 
and urine recirculation; Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical 
perfusate developed for porcine autotransplantation studies, with several added elektrolytes, 
sub-physiological colloid concentration and urine recirculation.

3.2.2 Renal injury
%7%8�PIZIPW�HYVMRK�214�[IVI�EREP]WIH��ƼKYVI���EW�E�QEVOIV�JSV�KIRIVEP�GIPP�
MRNYV]��8LI�QIER�%9'�[EW�HIXIVQMRIH�JSV�IEGL�KVSYT��+VSYT���LEH�WMKRMƼGERXP]�
LMKLIV�PIZIPW�SJ�%7%8�GSQTEVIH�XS�KVSYT����Tɸ!ɸ������ERH�KVSYT����Tɸ!ɸ�������
FYX� RSX� GSQTEVIH� XS� KVSYT� ��� 0IZIPW� MR� KVSYT� �� [IVI� WMKRMƼGERXP]� LMKLIV�
GSQTEVIH�XS�KVSYT����Tɸ!ɸ������ERH�KVSYT����Tɸ!ɸ������

*MKYVI��� ASAT levels (U/l) (A) and AUC (B) of the four experimental groups during NMP (mean + 
7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ����������MRHMGEXIW�E�T�ZEPYI�SJ�Ƶ�������+VSYT����;MPPMEQWƅ�
Medium E based perfusate with physiological colloid concentration; Group 2: Newly developed 
perfusate with balanced elektrolytes, physiological colloid concentration and urine recirculation; 
Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical perfusate developed for 
porcine autotransplantation studies, with several added elektrolytes, sub-physiological colloid 
concentration and urine recirculation.

LDH levels were also measured in the perfusate as a general injury marker 
�ƼKYVI����%R�%9'�[EW�GEPGYPEXIH�[LMGL�WLS[IH�PS[IWX�PIZIPW�SJ�0(,�MR�KVSYTW�
��ERH����+VSYT���[EW�WMKRMƼGERXP]�PS[IV�GSQTEVIH�XS�KVSYT����Tɸ!ɸ������ERH�
KVSYT����Tɸ!ɸ�������+VSYT���WLS[IH�WMKRMƼGERXP]� PS[IV� PIZIPW�GSQTEVIH�XS�
KVSYT����Tɸ!ɸ������

*MKYVI��� LDH levels (U/l) (A) and AUC (B) of the four experimental groups during NMP (mean + 
7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ����������MRHMGEXIW�E�T�ZEPYI�SJ�Ƶ�������+VSYT����;MPPMEQWƅ�
Medium E based perfusate with physiological colloid concentration; Group 2: Newly developed 
perfusate with balanced elektrolytes, physiological colloid concentration and urine recirculation; 
Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical perfusate developed for 
porcine autotransplantation studies, with several added elektrolytes, sub-physiological colloid 
concentration and urine recirculation.
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2%+�GSRGIRXVEXMSR��QIEWYVIH�EX�XLI�IRH�SJ�214��[EW�WMKRMƼGERXP]�PS[IV�MR�
KVSYT���MR�GSQTEVMWSR�[MXL�KVSYT����Tɸ!ɸ�����ERH�KVSYT����Tɸ!ɸ�������ƼKYVI���

*MKYVI����1IER�2%+�GSRGIRXVEXMSR��9�0�SJ�XLI�JSYV�I\TIVMQIRXEP�EJXIV���LSYVW�SJ�214��X!�������
7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ�������+VSYT����;MPPMEQWƅ�1IHMYQ�)�FEWIH�TIVJYWEXI�[MXL�
physiological colloid concentration; Group 2: Newly developed perfusate with balanced elektro-
lytes, physiological colloid concentration and urine recirculation; Group 3: Colloid-free British clinical 
NMP perfusate; Group 4: Preclinical perfusate developed for porcine autotransplantation studies, 
with several added elektrolytes, sub-physiological colloid concentration and urine recirculation.

TBARS, concentration of malondialdehyde (MDA), were measured in all 
JSYV�KVSYTW�EW�E�QEVOIV�JSV�PMTMH�TIVS\MHEXMSR��ƼKYVI�����8&%67�PIZIPW�[IVI�
WMKRMƼGERXP]�LMKLIV�MR�KVSYT���[LIR�GSQTEVIH�XS�KVSYT����T� �������ERH�KVSYT���
�T� ��������+VSYT���WLS[IH�WMKRMƼGERXP]�PS[IV�8&%67�PIZIPW�GSQTEVIH�XS�KVSYT�
���Tɸ!ɸ�������+VSYT���WLS[IH�WMKRMƼGERXP]�PS[IV�PIZIPW�GSQTEVIH�XS�KVSYT���
�Tɸ!ɸ������ERH�KVSYT����Tɸ!ɸ������

*MKYVI���� TBARS levels (MDA (uM)) (A) and AUC (B) of the four experimental groups during NMP 
�QIER���7(����MRHMGEXIW�E�PIZIP�SJ�WMKRMƼGERGI�SJ�T�Ƶ����������MRHMGEXIW�E�T�ZEPYI�SJ�Ƶ�����������MRHM-
GEXIW�E�T�ZEPYI�SJ�T�Ƶ��������+VSYT����;MPPMEQWƅ�1IHMYQ�)�FEWIH�TIVJYWEXI�[MXL�TL]WMSPSKMGEP�GSP-
loid concentration; Group 2: Newly developed perfusate with balanced elektrolytes, physiological 
colloid concentration and urine recirculation; Group 3: Colloid-free British clinical NMP perfusate; 
Group 4: Preclinical perfusate developed for porcine autotransplantation studies, with several 
added elektrolytes, sub-physiological colloid concentration and urine recirculation.

����,MWXSPSK]
8LI� HSX� TPSXW� MR� ƼKYVI� ��� WLS[� XYFYPEV� RIGVSWMW�� XYFYPEV� HMPEXEXMSR� ERH�
KPSQIVYPEV�HMPEXEXMSR�WGSVIW�FIJSVI�XLI�WXEVX�SJ�214��Xɸ!ɸ��ERH�EJXIV���LSYVW�
SJ�214��Xɸ!ɸ�����-RMXMEP�ZEPYIW�SJ�LMWXSPSKMGEP�%82�ERH�XYFYPEV�HMPEXEXMSR�[IVI�
GSQTEVEFPI�FIX[IIR�KVSYTW��+PSQIVYPEV�HMPEXEXMSR�EX�Xɸ!ɸ����[EW�VIQEVOEFP]�
lower in group 2 in comparison with the other 3 groups.

*MKYVI�����7GSVIW�SR�XYFYPEV�RIGVSWMW�ERH�XYFYPEV�ERH�KPSQIVYPEV�HMPEXEXMSR�EX�Xɸ!ɸ��ERH�Xɸ!ɸ����
(mean + SD). Group 1: Williams’ Medium E based perfusate with physiological colloid concentration; 
Group 2: Newly developed perfusate with balanced elektrolytes, physiological colloid concentration 
and urine recirculation; Group 3: Colloid-free British clinical NMP perfusate; Group 4: Preclinical 
perfusate developed for porcine autotransplantation studies, with several added elektrolytes, 
sub-physiological colloid concentration and urine recirculation.
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DISCUSSION

Interest in renal ex vivo machine perfusion techniques is rising and several 
clinical NMP trials are being conducted without an established standardised 
perfusion solution. As the question which perfusion solution is most suitable for 
214�VIQEMRIH��XLMW�WXYH]�IZEPYEXIH�XLI�MRƽYIRGI�SJ�JSYV�HMJJIVIRX�RSVQSXLIVQMG�
ex-vivo perfusion solutions on renal function and kidney injury during prolonged 
NMP using a porcine kidney donation after circulatory death model.

7IZIVEP� TIVJYWMSR� TEVEQIXIVW� [IVI� QIEWYVIH�� FYX� VIREP� ƽS[� WLS[IH�
most striking differences. Flow in groups 3 and 4 maintained the most stable 
levels throughout the 7-hour NMP period. The solutions in these groups 
[IVI�WYTTPIQIRXIH�[MXL�E�ZEWSHMPEXSV�[LMPI�WSPYXMSRW�MR�XLI�ƼVWX�X[S�KVSYTW�
were not. Endogenous vasodilators can promote vascular smooth muscle 
VIPE\EXMSR�ERH�XLIVIF]�VIKYPEXI�FPSSH�VIKMSREP�ƽS[�?��A��%W�KVSYTW���ERH���
were not supplemented with a vasodilator, vasospasms could have resulted in 
VIHYGIH�VIREP�EVXIVMEP�ƽS[��4VIPMQMREV]�YRTYFPMWLIH�HEXE�JVSQ�SYV�KVSYT�JVSQ�
I\TIVMQIRXW�MR�[LMGL�[I�IZEPYEXIH�TSVGMRI�OMHRI]W�[MXL�ƽS[�WIRWMXMZI�QEKRIXMG�
VIWSRERGI�MQEKMRK�WIUYIRGIW�HYVMRK�214��WYKKIWX�XLEX�VIREP�ƽS[�HYVMRK�XLI�
ƼVWX�LSYV�SJ�214�MW�QEMRP]�QIHYPPEV��[LMGL�WLMJXW�XS�GSVXMGEP�ƽS[�EJXIV�QSVI�XLER�
ER�LSYV�SJ�TIVJYWMSR��7YGL�VIKMSREP�VIHMWXVMFYXMSR�SJ�ƽS[�QMKLX�I\TPEMR�XLI�TIEO�
seen in perfusions of groups 1 and 2, possibly due to medullary shunting during 
XLI�ƼVWX�LSYV��8LI�EHHMXMSR�SJ�E�ZEWSHMPEXSV�EX�XLI�WXEVX�SJ�214�GSYPH�PIEH�XS�E�
predominantly cortical microperfusion from the very beginning of NMP, resulting 
MR�E�QSVI�WXEFPI�ƽS[�JVSQ�XLI�WXEVX�SJ�TIVJYWMSR�EW�SFWIVZIH�MR�KVSYT���ERH����
,IRGI��MJ�E�WXEFPI�ƽS[�TEXXIVR�ERH�E�TSWWMFP]�QSVI�TL]WMSPSKMGEP�TVIHSQMRERXP]�
cortical perfusion is desired during NMP, it may be advisable to add a vasodilator 
to the perfusion solution.

Cumulative diuresis was highest in group 3, leading to a more than complete 
urinary excretion of the circulating volume of the perfusate in this group during 
the 7 hours of NMP. This resulted in considerable alterations of the electrolyte 
composition and pH as urine was not recirculated and loss of circulating 
TIVJYWMSR�ƽYMH�ZSPYQI�[EW�VITPEGIH�F]�MRXIVQMXXIRX�EHHMXMSR�SJ�WMQMPEV�ZSPYQIW�
of Ringer’s lactate, conforming to the clinical protocol for this perfusion solution. 
9VMRI�TVSHYGXMSR�[EW�WMKRMƼGERXP]�LMKLIV�MR�KVSYT���GSQTEVIH�XS�KVSYTW������

and 4. This difference can most likely be attributed to the absence of a colloid in 
only this perfusion solution. All three other groups’ perfusion solutions contained 
a considerable amount of albumin. In the intravascular space, albumin is the 
main component which maintains a normal colloid osmotic pressure [15]. The 
balance between hydrostatic pressure and colloid osmotic pressure results in 
E�TL]WMSPSKMGEP�YPXVEƼPXVEXMSR�VEXI�SZIV�XLI�KPSQIVYPEV�QIQFVERI�?��A�

Kidney function during NMP was markedly impaired in all porcine kidneys, 
possibly due to the initial warm ischaemic damage and the lack of physiological 
humoral regulatory mechanisms, such as those driven by anti-diuretic hormone 
and aldosterone. Creatinine clearance was low and high values of FENa+ were 
observed in all groups. The sudden increase in FENa+ after 3 hours of NMP 
in group 2 could have been the result of the absence of urine production in 
WIZIVEP�OMHRI]W�EX�Xɸ!ɸ����ERH�Xɸ!ɸ�����[LMPI�EX� PEXIV�XMQI�TSMRXW�EPP�OMHRI]W�
produced urine again. Elevated values of FENa+ could be the result of tubular 
necrosis as has also been reported in previous studies [17,18]. In addition, in-vivo 
creatinine clearance and FENa+�PIZIPW�EVI�MRƽYIRGIH�XS�E�KVIEX�I\XIRX�F]�LYQSVEP�
regulation. As there was no humoral regulation during the NMP experiments, 
physiological creatinine clearance and FENa+ levels are not to be expected in 
our NMP setup.

To quantify injury to renal cells, ASAT and LDH levels were measured. Highest 
levels were observed in groups 3 and 4, suggesting that most injury occurred in 
these two group. Levels of NAG, a marker for altered tubular integrity and tubular 
damage [19,20], were highest in group 3 indicating that most tubular injury 
occurred in this group. TBARS levels were measured to quantify oxidative stress 
during perfusion. Highest levels were observed in group 1 and 4, suggesting that 
kidneys in these group experienced the highest oxidative stress, which could 
have resulted in impaired cell function [21].

The main responsible organ for regulation of electrolytes is the kidney but 
XLIVI�MW�IZMHIRGI�XLEX�XLI�OMHRI]�MXWIPJ�EPWS�FIRIƼXW�JVSQ�E�FEPERGI�MR�IPIGXVSP]XIW��
such as was the case in perfusion solution 2. It has been established that an 
MQFEPERGI�MR�TSXEWWMYQ�ERH�WTIGMƼGEPP]�L]TSOEPEIQME��GER�PIEH�XS�E�ZEVMIX]�
of changes in renal function including impaired tubular transport, impaired 
urinary concentrating ability, altered sodium reabsorption and intracellular 
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acidosis [22–24]. Furthermore, perfusion solution 2 was the only solution which 
contained magnesium. Animal experiments have shown that a magnesium 
HIƼGMIRG]��[LMGL�[EW�MRIZMXEFP]�TVIWIRX�MR�XLI�SXLIV�WSPYXMSRW��PIEHW�XS�XMWWYI�
MRNYV]�EW�MX�MRHYGIW�E�TVS�MRƽEQQEXSV]�ERH�TVS�S\MHEXMZI�WXEXI��-R�LYQERW�[MXL�
hypomagnesemia, as a result of reduced calcium antagonism of magnesium, 
increased levels of catecholamines lead to restriction of renal vessels [25,26].

Our NMP setup was used in conjunction with a porcine model of DCD kidney 
donation in which slaughterhouse kidneys were utilised. A limitation of this 
study is that a slaughterhouse procedure is based on exsanguination followed 
by cardiac arrest, which makes it slightly different from an actual DCD model in 
which circulatory arrest results from cardiac ischaemia and/or failure. However, 
we observed that kidneys in our study showed ischaemic injury similar to that 
incurred after DCD [27,28]. Hence, we feel that the present slaughterhouse DCD 
model will help reduce the use of laboratory animals, while maintaining essential 
reliability and reproducibility. Although our experimental groups were relatively 
small, our group sizes are comparable to those in other porcine kidney machine 
perfusion studies [29–32].

The NMP perfusion parameters that we recorded in group 3, which was 
based on the British clinical perfusion solution used by Hosgood et al., cannot 
be fully compared to results previously reported by the Leicester/Cambridge 
group [7,33]. In our study, kidneys underwent a much longer period of NMP 
and were perfused with a higher mean arterial pressure. Furthermore, kidneys 
perfused by Hosgood et al. were transplanted after machine perfusion. For a 
fully reliable comparison between the four perfusion solutions a future study 
should include transplantation of kidneys after NMP as this will allow for actual 
follow-up and functional assessment in vivo.

In conclusion, perfusion of porcine kidneys proved feasible with all four 
solutions tested. However, the group 2 perfusion solution showed low levels 
of injury markers, low weight gain during perfusion and the lowest histological 
damage scores, indicating that this perfusate is probably most suitable 
for prolonged normothermic machine perfusion of a porcine kidney. An 
improvement for this group 2 perfusate could be the addition of a vasodilator 
XS�EGLMIZI�E�QSVI�WXEFPI�ƽS[��)ZIR�XLSYKL�SYV�WXYH]�WYKKIWXW�XLEX�XLI�KVSYT�

2 perfusate is most optimal for prolonged normothermic perfusion of porcine 
kidneys, there were substantial differences between various NMP parameters 
and perfusate markers in the four groups. This indicates that the composition 
of an NMP perfusate has a major impact on many important aspects of ex vivo 
perfusion. The slightest change in composition of the perfusion solution or the 
perfusion protocol can lead to considerable differences in perfusion dynamics, 
kidney function and tissue injury. Therefore, we feel that in both experimental 
and clinical NMP it is essential to carefully pre-specify the exact purpose and 
desired duration of NMP, as each could call for necessary adjustments in the 
perfusate and perfusion protocol.
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