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Donor kidney assessment may improve organ utilisation. Normothermic Machine
Perfusion (NMP) has the potential to facilitate this advance. The mechanism of action
is not yet determined and we aimed to assess mitochondrial function during NMP.
Anaesthetised pigs (n = 6) had one kidney clamped for 60 min. The healthy
contralateral kidney was removed and underwent NMP for 8 h (healthy control (HC),
n = 6). Following 60 min warm ischaemia the injured kidney underwent HMP for 24 h,
followed by NMP for 8 h (n = 6). Mitochondria were extracted from fresh tissue for analysis.
Injured kidneys were analysed as two separate groups (IMa, n = 3 and IMb, n = 3). Renal
resistance was higher (0.39ï, ± 0.29 vs. 1.65ï, ± 0.85; p = 0.01) and flow was lower (55ï, ±
28 vs. 7ï, ± 4; p = 0.03) during HMP in IMb than IMa. NMP blood flow was higher in IMa
versus IMb (2-way ANOVA; p < 0.001) After 60 min NMP, O2 consumption was
significantly lower in IMb versus IMa (p ≤ 0.002). State-3 respiration was significantly
different between the groups (37ï, ± 19 vs. 24ï, ± 14 vs. 10ï, ± 8; nmolO2/min/mg; p =
0.049). Lactate levels were significantly lower in IMa versus IMb (p = 0.028). Mitochondrial
respiration levels during NMP may be suggestive of kidney viability. Oxygen consumption,
renal blood flow and lactate can differentiate severity of kidney injury during NMP.
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GRAPHICAL ABSTRACT |

INTRODUCTION

The population of organ donors has shifted in recent decades
from younger healthy patients with isolated cerebral trauma
to older and higher risk patients with more co-morbidities.
The result is that clinicians accepting organs for transplant
have increasing uncertainty about organ quality. The ability
to accurately predict the quality of an organ by a safe and
reproducible assessment prior to transplant is desirable for
both patients and clinicians. As a result of the drive to utilise
more organs there has been a steady increase in the use of
donation after circulatory death (DCD) kidneys [1], which
sustain warm ischaemic injury. Following transplantation
this injury is amplified and results in ischaemia-
reperfusion injury (IRI) which is a complex cascade
involving immune mediation, mitochondrial dysfunction,
complement activation and oxidative damage to cells and
tissues [2]. Attempts to minimise IRI by improving organ
preservation methods may improve outcomes following
transplant.

Kidney normothermic machine perfusion (NMP) is a
preservation method that is based on pumping an
oxygenated red blood cell-based perfusion solution via the
renal artery at physiological temperature. NMP reanimates
the organ and allows the measurement of perfusion
parameters such as renal blood flow and renal resistance,
metabolic parameters such as pH and acid-base balance and
measures of function such as creatinine clearance. NMP also
offers the opportunity to assess organ viability and in future may
provide enough information for clinicians to base decisions on
whether to accept an organ for transplant [3]. Cerebral injury
followed by organ preservation with standard cold preservation

causes hypoxia with a significant stunning of mitochondria and
cellular energy metabolism whilst adequate function after
transplantation of the kidney depends on immediate cellular
ATP production. Short periods of NMP can replenish ATP and
may improve early outcomes after transplant [4]. Recently
published work showed that prolonged NMP of discarded
human kidneys was feasible and there was some evidence of
histological improvement at the end of perfusion [5]. However,
the mechanisms of action of NMP are not clear and to target
interventions or improve means of assessment a better
understanding is necessary.

The impact of IRI on mitochondrial function is significant and
has direct and indirect consequences. Unrecoverable
mitochondrial injury leads to mitophagy and loss of
mitochondria which has a direct impact on cell energetics and
may lead to apoptosis/necrosis [6]. Indirect consequences of
mitochondrial injury result from the production of free
radicals which cause damage to DNA, proteins, cell organelles
and lipids [7]. To date, assessment of mitochondrial function
during hypothermic oxygenated machine perfusion (HOPE) and
NMP has been performed in rat and clinical models of liver
transplant, but not in kidneys [8]. Given the pivotal role of
mitochondria as the cellular engine we hypothesised in this
study that NMP would aid mitochondrial recovery in a pig
model of kidney injury.

MATERIALS AND METHODS

Animals and Materials
Animal welfare and experimental procedures were in adherence
with Home Office codes of practice and the Animals (Scientific
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Procedures) Act 1986. Study design was ratified and local ethical
approval was obtained through standard University of Oxford
procedures. Landrace pigs (50–60 kg) were used.

Sample Size Calculation
Sample size was based on Mitochondrial oxygen consumption,
ATP levels and Complex I activity and calculated from previous
rat kidney studies. The calculations yielded groups sizes of 3, 7,
and 8 respectively and following discussion with our local animal
ethics board, n = 6 was selected to balance the principle of
Reduction with statistical power. Full power calculations are
detailed in Supplementary Appendix SA2.

Study Design
Paired kidneys from pigs (n = 6) were allocated to either
uninjured control or injury group. Healthy controls (HC) were
retrieved, static cold stored (3 h) during transfer back to the
laboratory and perfusate preparation, and placed on
normothermic machine perfusion (NMP) for 8 h. The injury
model group kidneys (IM) were subjected to 60 min warm
ischaemia followed by 24 h hypothermic machine perfusion
(HMP) and then 8 h NMP, Figure 1. The combination of
warm and cold ischaemia was used to simulate the injury
sustained in DCD donation. The degree of injury was selected
following pilot pig auto-transplants performed by collaborators
in the MePEP consortium, a collaboration between University of
Aarhus, Erasmus University Rotterdam, University Medical
Centre Groningen and University of Oxford funded by the
Lundbeck Foundation. The experiments demonstrated that
75 min warm ischaemia followed by 16 h cold ischaemia (CI)
and auto-transplant caused significant acute kidney injury but no
mortality [9]. For logistical reasons 16 h CI was not practical so to
account for the increase in CI to 24 h, we reduced the WI from 75
to 60 min.

Anaesthesia
Animals were sedated and anaesthetized following standard
protocols for the study centre. Anaesthesia was maintained
with isoflurane in oxygen via positive-pressure ventilation.
Remifentanil 2 μg/ml (GlaxoSmithKline) was given as a
continuous intravenous infusion for analgesia, and
maintenance fluids were delivered at 2 ml per kg per h
(Hartmann’s solution, Aqupharm; Animalcare, York,
United Kingdom) throughout surgery. Oxygen saturation,
heart rate, respiratory rate, expired carbon dioxide level, body
temperature, electrocardiography and blood metabolic
parameters were monitored throughout surgery. 25,000 units
heparin was given intravenously prior to clamping of the renal
vessels.

Surgical Technique
The pig was placed supine and the abdomen opened through a
midline incision. The kidney allocated to the injury group was
dissected and the renal artery and vein were exposed and cross-
clamped for 60 min. During the period of warm renal ischaemia,
the contralateral kidney, allocated to healthy control, was
dissected free from surrounding attachments. 10 min prior to
the end of 60 min WI the healthy kidney was removed, flushed
with 250 ml Soltran and placed on static cold storage (SCS). At
the end of 60 min WI the kidney was removed, flushed with
250 ml Soltran and placed on HMP.

FIGURE 1 | Schematic diagram of the study methods illustrating the
differing injury sustained and preservation methods between the injury groups
(n = 6) and the control group (n = 6).
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Hypothermic Machine Perfusion
The renal artery was cannulated and the kidney was connected to
the Kidney Assist-transport device (Kidney Assist transport,
XVIVO. Groningen, Netherlands). The circuit was filled with
500 ml of cold Belzer MPS® UW solution (Bridge to Life Ltd.,
United Kingdom). Perfusion was commenced at an arterial
pressure of 25 mmHg and renal blood flow, renal resistance
and temperature were monitored throughout perfusion.

Normothermic Machine Perfusion
The Kidney Assist device (Kidney Assist, XVIVO, Groningen,
Netherlands) was used for NMP. Kidney Assist consumables were
used however the circuit was modified to minimise the length of
tubing and to accommodate a custom organ chamber. The device
was primed with perfusate containing albumin and an autologous
red blood cell (RBC) suspension added to produce a haematocrit
of 25%. Following cannulation of the renal artery the kidney was
connected and perfusion was commenced at a pressure of
70 mmHg. Urine volume was replaced with Ringer’s lactate
diluted with sterile water to half strength to maintain
electrolyte homeostasis and avoid hypernatraemia.

Perfusate
Autologous red blood cells (RBC) were prepared from whole
blood. Blood was filtered using a leukocyte filter (CompoFlex,
Fresenius Kabi, Bad Homburg vor der Hohe, Germany) and
then centrifuged at 3,000 x g for 20 min at room temperature.
The RBCs were washed with 1x phosphate-buffered saline (PBS)
and removed by centrifugation at 3,000 x g for 20 min. The
washed, isolated RBCs were used for perfusion and added to
obtain a haematocrit of 25%. The perfusion solution contained:
250 ml 5% human serum albumin (Alburex, CSL Behring UK
Limited, West Sussex, RH16 1AH, UK); 6 ml glucose (B. Braun);
3 ml calcium gluconate (B. Braun); 10 mg mannitol (Sigma
Aldrich) and 1000 μmol/L creatinine (Sigma Aldrich). The
pH was buffered with 5 ml 8.4% sodium bicarbonate to a
physiological pH of 7.2–7.45. The perfusate was
supplemented with 1200 mg Co-amoxiclav. A Verapamil
bolus of 0.25 mg was added at the beginning of NMP and
then 0.25 mg/h was added. Prior to commencing NMP,
perfusate was analysed using ABL90 FLEX blood gas analyser
to ensure values were physiological. Any alterations to
normalise electrolyte and acid-base balance were made prior
to connecting the kidney and commencing perfusion.

Sampling
Perfusion characteristics including renal blood flow, intrarenal
resistance and urine production were monitored. Arterial
perfusate, venous perfusate and urine samples were taken
hourly and blood gas analysis was carried out hourly on the
ABL90 FLEX blood gas analyser (Radiometer, Copenhagen,
Denmark). Blood and urine samples were centrifuged at
12,000 x g for 12 min at 4°C and the supernatant stored at
-80°C for further analysis. Punch and tru-cut needle biopsies
were taken prior to NMP after 1 h NMP and at the end of
perfusion. Early analysis of mitochondrial function in the
injured kidney group suggested evidence of recovery and so

additional biopsies were taken at 2, 4 and 6 h in the final 3
kidneys. Biopsies were either prepared immediately to extract
mitochondria, stored in formalin or snap-frozen in liquid
nitrogen and stored at −80°C.

Wet/Dry Ratio
Punch biopsies (5 × 8mm) were collected, weighed and
dehydrated for 24 h in an incubator set at 60°C. They were
then re-weighed and the wet/dry (W/D) weight ratio was
calculated by dividing the wet by the dry weight. This ratio
determines the proportion of accumulated fluid during the
perfusion and the greater the ratio, the greater the volume of
fluid accumulated.

Mitochondrial Assessment
Mitochondrial Isolation and Respiration
Mitochondria were isolated from the biopsies collected during
perfusion and their function was assessed by O2 consumption in a
Clarke-type electrode, as previously described [10]. Briefly,
biopsies were placed on a Petri dish on wet ice in 1:10
(weight: volume) ice-cold mitochondria isolation buffer (IBc,
Tris-MOPS 10 mM, EGTA/Tris 1mM, Sucrose 0.2M, pH 7.4).
Biopsies were minced with a scalpel and subsequently
homogenised in a pre-cooled glass-teflon homogeniser.
Homogenates were centrifuged at 600 x g for 10 min at 4°C.
The supernatants were transferred to pre-cooled clean tubes and
further centrifuged at 7,000 x g for 10 min at 4°C. The supernatant
was then discarded and the pellet containing the mitochondria
was gently suspended by pipetting. 25 uL of the mitochondrial
suspension were then added to an oxygen electrode (Oxygraph,
Hansatech) chamber, equilibrated at 30°C with 1 ml of EBc buffer
(KCl 0.125M, Tris/MOPS 10 mM, EGTA/Tris 10 mM, Pi 1 mM).
Oxygen concentrations (nmol/ml) were recorded. Using
Hamilton micro syringes, succinate (final concentration in
chamber 5 mM) was added to the chamber and state 2
respiration O2 consumption was recorded. After 5 min, ADP
was injected into the chamber (final concentration 150 µM) and
the state 3, ADP-dependent mitochondrial respiration was
recorded. Mitochondrial O2 consumption following the
addition of ADP was calculated and normalised to
mitochondrial protein concentration in each sample.
Mitochondrial protein concentration was determined by BCA
assay (Thermo Scientific) according to manufacturer’s
instructions.

Mitochondrial Aconitase Activity Assay
Aconitases are a family of iron-sulfur enzymes that catalyse the
conversion of citrate to isocitrate. Aconitases are reversibly
inactivated by reactive oxygen species, and aconitase activity in
the mitochondrial compartment is thus indicative of
mitochondrial oxidative stress. Aconitase activity in the
mitochondria isolated from the kidney biopsies collected
before and at the end of NMP was assessed by a
colorimetric aconitase activity assay (Sigma Aldrich), per
manufacturer’s instructions. Mitochondrial aconitase
activity in these samples was normalised to the
mitochondrial protein concentration.
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Histology
Samples were preserved in formalin, processed, sliced and stained
usingHaematoxylin and Eosin. Tissue injury was assessed using four
categories; tubular dilatation, tubular sloughing, cytoplasmic
vacuolation and apoptosis. For each category, a severity of injury
was ascribed from 0–3; 0 = normal, 1 = mild, 2 = moderate and 3 =
severe. The sum of the scores were calculated for each kidney biopsy
at three time points (T0 = prior to perfusion, T1 = after 1 hNMP and
Tend = end of NMP). Depending upon the sum of the scores,
kidneys were then allocated to one of three groups of injury for each
time point: A = 0–2, B = 3-4 and C =>5. Slides were assessed by a
renal pathologist who was blinded to the grouping (HC or IM).

Statistical Analysis
Data are presented as mean (s.d.) or as median (range). Normality
was assessed using the Shapiro-Wilk test, and non-parametric data
were analysed with the Mann–Whitney U test. Continuous variables
were analysed using Area under the curve (AUC) and One or two-
way analysis of variance (ANOVA) and multiple groups were
compared using one or two-way analysis of variance (ANOVA)
with Tukey’s multiple comparisons. Categorical data were compared
using Chi-squared test. Statistical analysis was performed using InStat
and Prism 8 and 9 software (GraphPad Software, San Diego, CA,
United States). p < 0.050 was considered statistically significant.

RESULTS

One kidney allocated to the injury group was hydronephrotic and
anatomically abnormal and was excluded. To replace this excluded
kidney and ensure n = 6 in each group an additional experiment

was performed. Three kidneys in the injury model (IM) group had
perfusion stopped prior to 8 h due to macroscopic appearance
(globally poor perfusion) and according to the criteria for perfusion
termination in Supplementary Appendix SA1. Kidneys in the IM
groupwere either able to perfuse successfully for 8 h (n = 3) or were
terminated early (n = 3). As a result, we have analysed the IM
kidneys in two groups, those that perfused successfully for 8 h
(IMa) and those that were terminated early (IMb).

Weight and Wet/Dry Ratio
There was no significant change in weight during NMP in any of
the groups, although HC and IMa kidneys had a mean increase in
weight of 20% and 10%, respectively and IMb kidneys had a mean
reduction in weight of 12% (data missing for final IMb kidney,
therefore n = 2 so unable to perform any statistics).

Hypothermic Machine Perfusion
Intrarenal resistance decreased in both IM groups and there was a
significantly lower mean intrarenal resistance at the start of HMP
(T0) between IMa and IMb (2-way ANOVA: 0.39 ± 0.29 vs.
1.65 ± 0.85; p = 0.01) but not at the end of HMP (2-way ANOVA:
0.25 ± 0.14 vs. 0.51 ± 0.17; p = 0.76), Figure 2. Renal blood flow
increased throughout HMP in both groups and was significantly
higher at the start (2-way ANOVA: 55 ± 28 vs. 7 ± 4; p = 0.03) and
end (2-way ANOVA: 68 ± 25 vs. 20 ± 8; p = 0.03) of HMP in the
IMa compared to IMb group, Figure 2.

Normothermic Machine Perfusion
Renal Blood Flow
There was a significant difference in RBF between the three
groups (2-way ANOVA: p=<0.001). RBF was significantly

FIGURE 2 | (A) Histogram showing Intrarenal resistance (IRR) and (B) Renal blood flow (RBF) during Hypothermic Machine Perfusion (HMP) of Injury model kidney
groups IMa and IMb (1-way ANOVAwith = p < 0.05 *). (C) Line graph showing renal blood flow and (D)Cumulative Urine Output during NormothermicMachine Perfusion
of Healthy and Injury model kidney groups IMa and IMb (2-way ANOVA analysed over 5 h NMP with = p < 0.05*).
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higher in HC compared with IMb (2-way ANOVA with Tukey’s
multiple comparisons; p = 0.029) and IMa compared with IMb
(2-way ANOVA with Tukey’s multiple comparisons; p < 0.001)
and interestingly RBF was higher in IMa compared with HC (2-
way ANOVA with Tukey’s multiple comparisons; p = 0.002),
Figure 2. The groups, including Tukey’s multiple comparisons
were compared over 5 h NMP, which was the duration of
perfusion with all 12 kidneys included.

Cumulative Urine Production
There was a significant difference in cumulative urine production
between the three groups (2-way ANOVA: p=<0.0029). Urine
production was significantly higher in HC and IMa when
compared with IMb (2-way ANOVA with Tukey’s multiple
comparisons; p = 0.005 and p = 0.004, respectively). There was
no difference in urine output between HC and IMa (2-way
ANOVA with Tukey’s multiple comparisons; p = 0.8). The
groups including Tukey’s multiple comparisons were
compared over 5 h NMP, which was the duration of perfusion
with all 12 kidneys included, Figure 2.

Oxygen Consumption
There was a significant difference in O2 consumption between the
three groups over 5 h NMP (2-way ANOVA p = <0.0001). O2

consumption was significantly higher in IMa compared with IMb
and HC (2-way ANOVA with Tukey’s multiple comparisons p =
0.002 and p = 0.04, respectively) and HC compared with IMb (2-
way ANOVA with Tukey’s multiple comparisons over 5 h NMP,
p = 0.04), Figure 3. Two of the three ischaemic kidneys that were
terminated early, at hours 5 and 6 showed an inability to consume

oxygen with PvO2 increasing from 9 to 76 kPa and 16–50 kPa
over the final hour and with oxygen consumptions of 1 and
11 kPa/ml/min/g respectively. The median PvO2 and oxygen
consumption of the 3 injured kidneys that completed 8 h
NMP was 8.6 kPa and 57 kPa/ml/min/g, respectively.

Lactate
There was a significant difference in perfusate lactate levels
between HC, IMa and IMb groups respectively over the first
5 h NMP, which included all 12 kidneys (2-way ANOVA, p =
<0.031). Perfusate lactate levels were significantly lower in IMa
compared with IMb but not HC versus IMa or IMb (2-way
ANOVA with Tukey’s multiple comparisons over 5 h NMP, p =
0.028), Figure 3.

Renal Function
Creatinine clearance was significantly higher in the healthy
control group compared to both IMa and IMb groups (Two-
way ANOVA, p ≤ 0.0001) although there was no difference in
CrCl over time (Two-way ANOVA with Tukey’s multiple
comparisons over 5 h NMP, p = 0.88). Urine albumin:
creatinine ratio was significantly lower in the healthy control
group compared to both IMa and IMb groups (2-way ANOVA,
p ≤ 0.0001) but with no difference over time (2-way ANOVAwith
Tukey’s multiple comparisons over 5 h NMP, p = 0.99), Figure 4.

Markers of Injury
Perfusate LDH levels were significantly different between groups
over 5 h NMP (AUC and One-way ANOVA: 2070 ± 952 vs.
4106 ± 319 vs. 3168 ± 700IU/L; p ≤ 0.02) with a significant

FIGURE 3 | (A) Line graph showing oxygen consumption (B) Perfusate lactate levels (C) Perfusate AST and (D) Perfusate LDH levels during Normothermic
Machine Perfusion of Healthy and Injury model kidney groups IMa and IMb (2-way ANOVA analysed over 5 h NMP with = p < 0.05 *). AST, aspartate transaminase, LDH,
lactate dehydrogenase (* = p < 0.05).

Transplant International | Published by Frontiers May 2022 | Volume 35 | Article 104206

Hunter et al. Kidney Viability During Machine Perfusion



difference between HC and IMa but not HC and IMb over 5 h
NMP (AUC and One-way ANOVA with multiple comparisons
(p < 0.05). Perfusate AST was no different over 5 h NMP (AUC
and One-way ANOVA: 1089 ± 985 vs. 2447 ± 271 vs. 1757 ±
1189IU/L; p = 0.19), respectively, Figure 3.

Mitochondrial Assessment
ADP-dependent (State-3) respiration is defined as ADP-
dependent oxygen consumption, and reflects the
mitochondrial respiration coupled with ATP production. This
was measured “real-time” in mitochondria isolated from biopsies
taken immediately prior to normothermic machine perfusion. A
significant difference was seen between the 3 groups at the
beginning of NMP (Kruskal-Wallis: 37 ± 19 vs. 24 ± 14 vs.
10 ± 8; nmolO2/min/mg; p = 0.049). Comparison between the
groups showed a higher level of state-3 respiration in the HC
group compared to IMb (Mann-Whitney, p = 0.0024) but not
IMa (Mann-Whitney, p = 0.38). There was no difference in mean
mitochondrial respiration throughout perfusion between the 3
groups (One-way ANOVA: 33 ± 23 vs. 29 ± 13 vs. 14 ± 7 nmolO2/
min/mg; p = 0.38). Mitochondrial aconitase activity was
measured as a marker of mitochondrial oxidative stress and
there was no difference at the beginning and end of NMP in
either healthy kidneys or injured kidneys and no difference
between the two groups (One-way ANOVA p = 0.506), Figure 4.

Histology
There was a significant difference in injury severity (ISS) score
between the healthy control kidneys and both ischaemic model
groups at the beginning of preservation (T0) (Chi-Squared: p =
0.01), however at the end of preservation (T8) there was no
difference between HC and IM groups (Chi-squared p = 0.76).

There was a significant worsening of injury severity score in HC
from T0 to T8 (Chi-squared p = 0.007), but no difference in ISS in
the IM kidneys from T0 to T8 (Chi-squared p = 0.99).

DISCUSSION

This study set out to assess whether mitochondrial respiratory
capacity, analysed during normothermic machine perfusion
(NMP), had the potential as an indicator of kidney viability.
ADP-dependent state-3 respiration assessed from freshly isolated
mitochondria at the end of the preservation period was lower in
ischaemic kidneys that performed poorly during NMP (IMb),
compared to healthy controls. This difference was significant
despite the small numbers (n = 3) present in the two injury model
groups. The original study design included paired kidneys to
compare a “gold standard” healthy control with kidney injury
that was at the extent of what would be considered viable. 60 min
warm ischaemia with 24 h cold ischaemia was selected, as the
combination of WI and CI was clinically relevant, and the
durations were based on previous work that showed 75 min
WI plus 16 h CI followed by auto-transplant led to significant
but recoverable acute kidney injury [11]. During the project it
became clear that in some of the kidneys the injury sustained was
unrecoverable, as they were significantly deteriorating and
appeared to be non-viable during NMP. We used pre-
established criteria to decide upon perfusion termination
(Supplementary Appendix SA1) and of the 6 injury group
kidneys 3 were terminated early. This resulted in the injury
group being split into two groups, those that completed 8 h of
NMP successfully (IMa, n = 3) and those that were terminated
early (IMb, n = 3). The authors recognise the limitation that the

FIGURE 4 | (A) Line graph showing urine albumin:creatinine ratio and (B) creatinine clearance during Normothermic Machine Perfusion of Healthy and Injury model
kidney groups IMa and IMb (2-way ANOVA analysed over 5 h NMP with = p < 0.05 *). (C) Graph showing mean State-3 respiration and (D) mitochondrial aconitase
activity during Normothermic Machine Perfusion of Healthy and Injury model kidney groups IMa and IMb (* = p < 0.05).
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small group size has on the strength of the findings. With
hindsight, it would have been beneficial to have continued the
perfusion of all kidneys to the common endpoint of 8 h. However,
the clear differences between the 2 sub-groups are discussed in
detail below and to minimise the effect of the small group sizes we
have mainly analysed the data over 5 hNMPwhich includes all 12
experimental kidneys.

The first interesting finding was the difference in perfusion
parameters between the two injury groups during HMP. Kidneys
from the injury model group that completed 8 h NMP
successfully (IMa) had lower renal resistance at the beginning
of HMP and higher renal blood flow at the beginning and end of
HMP compared with kidneys in the injury model group that were
terminated on NMP early (IMb). Despite these differences, the
renal resistance significantly reduced in the IMb group
throughout HMP and was no different to the IMa value at the
end of HMP. This suggests that for IRR, the values obtained at the
beginning of HMP may be more predictive of viability than the
end values or the change during perfusion. Clinical studies have
shown that renal resistance, both during HMP and at the end of
perfusion may be predictive of long term graft survival [12, 13]. In
a sub-group analysis of the European MP-trial a cut off of
>0.4 mmHg/ml/min at the end of perfusion was suggested,
which was based on HMP of human kidneys on the Lifeport
Kidney Transporter [13]. Our study used pig kidneys on the
Kidney Assist Transporter device and the IRR values at the end of
perfusion were 0.25 (IMa group) and 0.51 (IMb group) which
correlates with the >0.4 mmHg/ml/min, despite these clear
methodological differences. Systematic review and meta-
analysis data demonstrate that HMP of deceased donor
kidneys reduces DGF but the effect on graft survival is less
clear and there is no effect on PNF [14, 15]. As a predictor of
function, there is not enough evidence that IRR during HMP can
be used in isolation. However, it may be valuable in selecting
those kidneys that are marginal and would benefit from
additional testing such as NMP and/or biopsy.

ADP-dependent mitochondrial respiration was lower in the
IMb group immediately prior to NMP compared with the HC
and IMa groups. Despite the small numbers and variation at
different time points throughout NMP,mitochondrial respiration
remained stable across the groups, with similar values at the
beginning and end of NMP. This suggests that 8 h NMP supports
mitochondrial respiration but does not aid mitochondrial
recovery. It is unclear whether this is due to the kidneys
having sustained unrecoverable injury or whether the pseudo-
physiological state during NMP does not provide the
environment or substrates required. From the perspective of
potential translation into organ assessment in the clinical field,
it was interesting to observe that mitochondrial respiration
showed the same pattern as calculated oxygen consumption.
Calculated oxygen consumption can be assessed in real-time
and requires only venous and arterial blood gas analysis. This
is in contrast to isolating mitochondria and analysing fresh
samples for respiratory function, which is very resource
intensive and impractical in the clinical context. An alternative
possibility would be to assess respiratory capacity directly in
permeabilized tissue biopsies, avoiding the need for

mitochondrial isolation, but unlike net oxygen consumption,
allowing a thorough measurement of respiratory capacity [16].
In addition, the level of mitochondrial respiration at the
beginning of NMP may have the potential to be predictive of
organ viability. This study has not conclusively demonstrated a
link between oxygen consumption/mitochondrial respiration and
organ viability during NMP but it is clear that organs with poor
perfusion parameters during NMP were those with low O2

consumption and low ADP-dependent state-3 respiration at
the end of cold preservation.

Mitochondrial aconitase activity was measured as a marker
of oxidative damage, as oxidative stress reversibly inactivates the
enzyme. No significant differences were found between the
groups, although interestingly the levels in HC kidneys
dropped from the beginning to the end of perfusion. This
suggests that NMP itself may cause oxidative damage,
consistent with a reperfusion event after a period of
sustained ischaemia [17] despite the lack of kidney injury.
Histological data also show that NMP has an effect on
healthy tissue, with an increase in the injury severity score
(ISS). The ISS at the beginning of NMP showed, as expected,
almost no injury, but after 8 h there was evidence of tubular
injury and significant cytoplasmic vacuolation (Figure 5).
However, the change in ISS in the IM groups during
perfusion was not significant which makes histology difficult
to interpret in the context of viability. A further interesting
observation was that although the macroscopic appearance of
the IMb kidneys was globally discoloured and ischaemic, the
histology scores were no different from IMa and no different at
the end of perfusion compared with the beginning. There was no
cortical necrosis and tubular injury was mostly moderate, not
severe. Other groups have shown that tubular injury and
inflammation were lower in the 8 h NMP group 30 mins
after auto-transplant compared to controls however the
findings were marginal and did not persist at 3 days after
transplant [18].

Healthy kidneys were deliberately selected as a control to
determine the impact of NMP as a preservation technique on
uninjured organs and to see what readings NMP of a “normal”
kidney produced. Kidneys were perfused for 8 h and had stable
blood flow and oxygen consumption throughout. Lactate levels
remained stable, although cellular injury markers, AST and LDH
did rise throughout perfusion. This pattern was also observed by
Kaths et al in their DCD auto-transplant model [19]. Healthy
kidneys in this study retained glomerular and tubular function,
demonstrated by the ability to clear creatinine and the absence of
proteinuria, which remained stable throughout the 8 h NMP.
This was in contrast to kidneys in both injury groups which,
despite the IMa group producing a good urine volume, did not
clear creatinine and had gross proteinuria. This suggests that
tubular and glomerular function during NMP may not be a
helpful marker of viability in injured kidneys and could be
considered the clinical equivalent of delayed graft function.
Other groups have effectively used CrCl and fractional
excretion of sodium during NMP to demonstrate function and
compare kidneys although the kidney injury was less severe than
in our model [20–22].
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The striking feature of the IMa group that perfused
successfully for 8 h was that absolute values of renal blood
flow, oxygen consumption and urine output were higher than
the healthy control group. In order to sustain ATP production,
oxygen consumption increases which results in an increase in
renal blood flow [23–25]. This results in an increased glomerular
filtration rate, and hence increased urine output, as seen in the
IMa group. Therefore, the tubular load of electrolytes destined for
active reabsorption rises and the increased oxygen delivery is
matched by increased demand. However, the inability of the
kidney to compensate for increases in oxygen consumption
renders it particularly sensitive to alterations in oxygen
metabolism that result in decreased kidney oxygen tension
(pO2) [26]. We did not directly measure tissue oxygen tension
in this study but it is certainly worth further investigation and
may be the most accurate way to assess this complex equilibrium
during NMP and help decide on optimal pO2 value and oxygen
delivery.

Although the objective of the study was the assessment of NMP
as a preservation technique, the main limitation was the absence of
a transplant end point, which offers clinically relevant functional
data. In the context of animal ethics and refinement, we minimised
the number of animals required, the cost and the severity of the
model, without a significant compromise to the outcome [27]. A
pig model was selected as the heterogeneity of discarded human
kidneys makes mechanistic work challenging. The pig has genetic,
anatomical, and immunological similarities to the human and is
recognised as an excellent translational model [28–30]. The
authors acknowledge that the concept of organ viability during
NMP is difficult to define and for the kidneys that were considered
non-viable (IMb group) and terminated on NMP early, they all
scored 5 (data not shown) using the published viability score [3],
which is considered un-transplantable. This score was designed for
human kidneys undergoing 1 h of NMP and may not be directly
translatable but is widely used in experimental work.We developed
our own criteria for termination of pig kidney NMP on the basis of
previous experience (Supplementary Appendix SA1). In addition,
long term outcomes after DCD transplant are equivalent to DBD,
despite the warm ischaemic injury the kidneys sustain. Other
factors, such as chronic rejection, fibrosis and drug toxicity
impact on graft survival and longevity, which are unlikely to be
linked to biomarkers during NMP [31].

In conclusion, we have shown that this pig kidney model with
60 min warm ischaemia and 24 h cold ischaemia offers an
extreme of injury that appears to be at the interface between
viable and non-viable. We have shown the impact of NMP on
uninjured, healthy kidneys as a benchmark for future work. We
have demonstrated that ADP-dependent state-3 mitochondrial
respiration levels at the beginning of NMP may be suggestive of
kidney viability during NMP and that parameters directly
measurable during NMP including oxygen consumption, renal
blood flow and lactate can differentiate injured kidneys into those
that are comparable with healthy controls and those that appear
non-viable.
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