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INTRODUCTION

Transplantation is the preferred treatment for end-stage 
kidney disease, but it suffers from a severe shortage of 

available organs. Approximately 100 000 patients are cur-
rently waiting for a donor kidney, with only 18 000 kidney 
transplants performed in the United States each year.1 This 
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Background. The ideal preservation temperature for donation after circulatory death kidney grafts is unknown. We investigated 
whether subnormothermic (22  °C) ex vivo kidney machine perfusion could improve kidney metabolism and reduce ischemia-
reperfusion injury. Methods. To mimic donation after circulatory death procurement, kidneys from 45-kg pigs underwent 60 min 
of warm ischemia. Kidneys were then perfused ex vivo for 4 h with Belzer machine perfusion solution UW at 22 °C or at 4 °C before 
transplantation. Magnetic resonance spectroscopic imaging coupled with LCModel fitting was used to assess energy metabolites. 
Kidney perfusion was evaluated with dynamic-contrast enhanced MRI. Renal biopsies were collected at various time points for 
histopathologic analysis. Results. Total adenosine triphosphate content was 4 times higher during ex vivo perfusion at 22 °C 
than at 4 °C perfusion. At 22 °C, adenosine triphosphate levels increased during the first hours of perfusion but declined afterward. 
Similarly, phosphomonoesters, containing adenosine monophosphate, were increased at 22 °C and then slowly consumed over 
time. Compared with 4 °C, ex vivo perfusion at 22 °C improved cortical and medullary perfusion. Finally, kidney perfusion at 22 °C 
reduced histological lesions after transplantation (injury score: 22 °C: 10.5 ± 3.5; 4 °C: 18 ± 2.25 over 30). Conclusions. Ex vivo 
kidney perfusion at 22°C improved graft metabolism and protected from ischemia-reperfusion injuries upon transplantation. Future 
clinical studies will need to define the benefits of subnormothermic perfusion in improving kidney graft function and patient’s survival.
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scarcity led to the expansion of the donor pool beyond 
standard-criteria kidney donors, including extended crite-
ria donors and donation after circulatory death (DCD).1,2 
Although organs from these donors allow a higher survival 
rate than dialysis, their use is complicated by an increased 
rate of delayed graft function (DGF)3 and acute rejection.4

DCD grafts are particularly vulnerable to ischemia-rep-
erfusion (IR) injury, an issue that is not addressed at all by 
current standard storage strategies, including static cold stor-
age and nonoxygenated hypothermic machine perfusion (eg, 
LifePort).5,6 With this approach, prolonged periods (>24 h) of 
cold ischemia are associated with tubular necrosis, DGF, and 
poor graft survival.4,7,8 Although static cold storage is the most 
prevalent method for renal allograft preservation, hypother-
mic machine perfusion without oxygen was shown to reduce 
DGF and to improve 1- and 3-y graft survival.9 Hypothermic 
storage slows but does not entirely suspend cellular metabo-
lism, resulting in a slow but inexorable consumption of cel-
lular energy stores.10 In a prior preclinical study, we found 
that, at 4 °C, oxygen supplementation was required to main-
tain adenosine triphosphate (ATP) levels.10 In the COMPARE 
study, oxygen supplementation reduced biopsy-proven acute 
rejection but did not improve kidney graft survival or glo-
merular filtration rate at 12 mo.11

Although cold anoxic storage aims to arrest cell 
metabolism, ex vivo perfusion at physiologic normother-
mic temperature (37  °C) provides a continuous flow of 
warmed, oxygenated perfusate containing nutritional 
substrates, thereby maintaining the metabolic activity 
of the tissue.12 Normothermic red cell–based-perfusion 
of porcine kidneys at 37  °C improved early postopera-
tive creatinine and urea clearance in DCD grafts.13 In 
addition, normothermic ex vivo perfusion allows graft 
assessment, reconditioning, and repair.14,15 Using a red 
cell–based plasma-free solution, perfusion of marginal 
kidneys at 37 °C reduced DGF compared with static cold 
storage.16 However, perfusion of organ at 37 °C is limited 
by the availability and cost of a blood perfusion system, 
complex heating system, tight pH and glucose control, 
red blood cell hemolysis, and risk of infection and immu-
nization.17,18 In addition, failure of the perfusion machine 
would rapidly lead to graft loss.

Subnormothermic (22  °C) ex vivo kidney perfusion 
was proposed as an alternative to perfusion at 37  °C.19 
Importantly, a previous study demonstrated that, com-
pared with perfusion at 37  °C, kidney perfusion with 
blood:PlasmaLyte at 22  °C reduced acute tubular necrosis 
and improved kidney function in a DCD porcine model.20 In 
liver grafts, perfusion of a cell-free, oxygenated perfusate at 
22 °C promoted mitochondrial respiration and ATP stores 
before transplantation.21 Overall, these studies suggest that 
22 °C might be the optimal temperature to protect against 
kidney (IR) injuries, whereas avoiding complex normother-
mic perfusion machines.

Several tools are used to predict the suitability of kidney 
grafts. Although MRI is a well-established clinical diagnos-
tic tool for assessing kidney graft function,22 31P magnetic 
resonance spectroscopic imaging (pMRSI) enables the detec-
tion of high-energy phosphate metabolites such as ATP.22 In 
fact, we previously reported that, in porcine kidneys, warm 
ischemia reduced energy stores, which correlated with kidney 
viability.10

MATERIAL AND METHODS

Ex Vivo Kidney Perfusion
Kidneys were assigned to the following ex vivo perfusion 

groups: (i) 4  °C with passive oxygenation of the perfusate 
(4  °C), (ii) 4  °C with active oxygenation (PO2 >100kPa) of 
the perfusate (4  °C + O2), (iii) 22  °C ex vivo kidney perfu-
sion with active oxygenation (PO2 >100kPa) of the perfusate 
(22 °C + O2, Figure 1A). Passive oxygenation corresponded to 
ambient air oxygen diffusion.

Immediately after retrieval, kidneys were flushed with 
Belzer machine perfusion solution (MPS) UW Machine 
Perfusion Solution and immediately perfused for 4 h (before 
autotransplantation) or 42 h (time course experiment) using 
a homemade MRI-compatible pulsatile perfusion machine as 
published.10 Belzer MPS UW solution can be stored between 
2 °C and 25 °C and has a pH of 7.4 at 22 °C. Active oxy-
genation was achieved using a 0.15 m2 membrane oxygenator 
(Biochrom Ltd, Cambridge, United Kingdom), maintaining 
the PO2 levels at 100 kPa for the whole preservation time. 
The PO2 levels during passive oxygenation were set at 20 kPa. 
The perfusion module was kept in an isolating box that pas-
sively kept the kidney at the desired temperature. Systolic and 
diastolic pressure were set at 40 and 20 mmHg, respectively.

MRI Imaging
Measurements were performed on a 3 Tesla multinuclear 

Prisma-fit 3T whole-body MRI scanner (Siemens Healthineers, 
Erlangen, Germany). 1H imaging was performed with the body 
coil using a T2-weighted sequence (turbo SE, TR 6 530 ms, 
TE 110 ms, 2 mm slices) for kidney localization and structural 
imaging. Dynamic-contrast enhanced MRI with gadolinium 
(Gd-MRI) was used to determine the perfusion distribution 
between the cortex and the medulla and as an estimate of glo-
merular filtration rate as previously described.7,10 Data were 
collected using a dynamic 2D saturation-prepared turbo flash 
sequence with the scanner body coil. This sequence has an 
inversion time of 255 ms, a flip angle of 12°, 1.3 mm × 1.3 mm 
resolution, and 6 slices of 4 mm (1 mm gap), TR 500 ms, and 
a TE of 1.4 ms. The perfusion-descending cortical slope was 
determined using the angle of the linear regression between 
the maximum signal value and the lowest intensity point after 
the initial peak.21

31P Magnetic Resonance Imaging Spectroscopy
pMRSI was performed as described previously.7 Briefly, a 

single loop 31P-tuned coil fixed at the bottom of the perfusion 
tank allows the measurement of the signal. Scanner embedded 
body coil was used for 1H imaging and for shimming to ensure 
field homogeneity. pMRSI consisted of 3D spatial encoding, 
with a field of view 250 × 250 × 160 mm3, matrix size 16 × 16 × 8, 
nominal spatial resolution 15.6 × 15.6 × 20 mm3, TR 1.0 s, flip 
angle of 35°, echo delay 0.6 ms, bandwidth 4000 Hz, and 2k 
sampling points. Elliptical encoding with 18 weighted aver-
ages resulted in an acquisition time of 45 min. The resonance 
of the inorganic phosphate (Pi, 5.2 ppm), which is uniformly 
present in the container and the kidney, was used as a refer-
ence for quantification of the pMRSI signal. Excitation pulse 
bandwidth has been adjusted to the ATP frequency range (Pi 
resonance—500 Hz). An exponential time filter with 20 Hz 
frequency width and zeroth and first order phase corrections 
were used to process the spectra. The metabolites (ATP, phos-
phomonoesters  [PME], Pi, phosphocreatine/PCr) were fitted 
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with Gaussian peaks using the syngo.via software (SIEMENS, 
Erlangen, Germany) and were estimated over the whole 
kidneys by averaging pMRSI voxels containing graft tissue, 
resulting in a single spectrum. Quantification results provided 
by 3D 31P-MRSI at 3 T were analyzed with LCModel for mag-
netic resonance spectroscopy fitting as previously described.23 
The 3 ATP peaks were quantified separately to prevent meth-
odological bias because of excitation profile imperfection. In 
each condition, pMRSI allowed the detection of α-, β-, and 
γ-ATP and PME composed by phosphocholine, phosphoetha-
nolamine (PE), and adenosine monophosphate (AMP). ATP 
and PME concentration (mM) were quantified from the fitting 

and using the concentration of the inorganic-phosphate buffer 
(Pi, 25 mmol/L) as reference.7 As single ATP concentration 
was calculated by average of the α-, β-, and γ-ATP values, 
ATP maps were generated using the spectroscopy software 
(Syngo MR Spectroscopy Evaluation, Siemens Healthineers, 
Erlangen, Germany). The colors represent the metabolite con-
centration normalized to the Pi for each voxel.

Animals and Surgery
The study was approved by the University of Geneva’s 

animal ethics committee (protocol number: GE83/33556). 
Female pigs of 5 mo old were obtained from the animal facility 

FIGURE 1. Ex vivo subnormothermic perfusion improves kidney perfusion. A, Experimental groups and design. Kidneys were retrieved 
after 60 min warm ischemia and placed into a hypothermic + passive oxygenation (4  °C), hypothermic + active oxygenation (4  °C + O2), or 
subnormothermic + active oxygenation (22 °C + O2) perfusion machine with or without oxygen for 4 h. Kidney were autografted into the same 
pig. Dynamic-contrast enhanced MRI analysis was performed prior (4 °C + O2, 22 °C + O2) and after transplantation (4 °C, 4 °C + O2, 22 °C + O2). 
B, Pretransplant representative Gd uptake in cortex (top) and medulla (bottom) of kidneys during hypothermic (blue line) or subnormothermic 
(red) perfusion and Gd perfusion-DS quantification (right, n = 5/group). Bars indicate mean ± SEM, and asterisks indicate the significance of the 
difference between perfusions methods by Student’s t  test or 1-way ANOVA and Tukey test. *P < 0.05, **P < 0.01. n = 4 to 6 per group. DS, 
descending slope.
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of Arare, Switzerland (n = 16). All pigs were maintained under 
standard conditions. Water and food were provided ad libi-
tum. Animals were premedicated and anesthetized as previ-
ously described.24 Animals were kept intubated and ventilated 
during the procedure. An arterial line was inserted in the 
internal carotid artery. Monitoring included heart rate, sys-
temic blood pressure, pulse oximetry, and end-tidal CO2.

Kidneys were explanted and transplanted back into the 
same animal (autotransplantation).24 To mimic circulatory 
arrest during DCD procurement, renal arteries were crossed 
clamped for 60 min before collection. Kidneys were then 
immediately flushed and perfused as described earlier in the 
ex vivo kidney perfusion section above. At the end of the per-
fusion, both kidneys were transplanted sequentially onto the 
vena cava and aorta using a 6-0 running suture. After 2 h of 
reperfusion, pigs were sacrificed using 100 mEq of potassium 
chloride intravenously.

Histopathologic Analysis of Biopsies
Cortical kidney biopsies were obtained at baseline, after 

60min of warm ischemia, after 4 h of ex vivo perfusion, and 
at  2 h after autotransplantation. Biopsies were immediately 
flash frozen or formalin fixed and embedded in paraffin. 
Fixed kidney biopsies were cut into sections of 3 μm thick-
ness and stained with silver Jones and Periodic Acid-Schiff. 
Slides were scanned using a Axio Scan z1 slide scanner (Zeiss). 
Histopathologic analysis score was performed based on those 
described by Goujon et al25,26 using Zen software (Zeiss). 
Whole biopsies were assessed and blinded to group assign-
ment. The following categories were assessed: glomerular 
integrity, tubular dilatation, brush border integrity, cellular 
debris in lumina of tubules, interstitial edema, and tubular cell 
vacuolization. Briefly, to assess glomerulus integrity, >10 glo-
meruli were randomly selected from the section and assigned 
a score of 0 to 3. The same procedure was followed in the 
remaining categories. After that, the score for each category 
was converted to a percentage. The final score was converted 
to a final scale from 0 to 5 according to the percentage of 
damage: 0% to 15% (0), 15% to 30% (1), 30% to 45% (2), 
45% to 60% (3), 60% to 75% (4), and >75% (5) using the 
following formula: (CategoryFinal Score/3) *100. The final score 
for each biopsy ranged from 0 to 30, with 30 the highest score 
corresponding to more severe damage. Scoring was performed 
blindly by 2 independent researchers.

RT-qPCR Analysis
Kidney biopsy powder was homogenized in Tripure 

Isolation Reagent (Roche, Switzerland). Total RNA was 
extracted as previously described.27 cDNA was synthesized by 
random hexamer priming with the Verso cDNA kit (Prime 
Script RT reagent, Takara). RT-qPCR was performed with 
Power SYBR Green Master Mix (Ref: 4367659, Applied 
Biosystems, Thermo Fisher Scientific AG, Switzerland) in a 
ViiA 7 Real-Time PCR System (Applied Biosystems, Thermo 
Fisher Scientific AG, Switzerland). Amplification data were 
analyzed using the QuantStudio 1.3 software (Thermo Fisher 
Scientific AG, Switzerland). Fold changes were calculated 
using relative standard curves methods, using ribosomal pro-
tein RPL27 genes as standards. Inflammatory gene expression 
was quantified 2 h after reperfusion and compared with their 
respective baseline. Primers’ sequences are indicated in Table 
S1 (SDC, http://links.lww.com/TXD/A437).

Metabolite Analysis
Tissue samples were preextracted and homogenized by 

the addition of 150 μL of MeOH:H2O (4:1) in the Cryolys 
Precellys 24 sample homogenizer (2 × 20 s at 10 000 rpm, 
Bertin Technologies, Rockville, MD, United States) with 
ceramic beads. The bead beater was air-cooled down at a 
flow rate of 110 L/min at 6 bar. Homogenized extracts were 
centrifuged for 15 min at 4000 g at 4 °C (Hermle, Gosheim, 
Germany). The resulting supernatant was collected and ana-
lyzed by hydrophilic interaction liquid chromatography cou-
pled to tandem mass spectrometry (HILIC-MS/MS). Proteins 
were extracted using 20 mmol/L Tris-HCl (pH 7.5), 4M guan-
idine hydrochloride, 150 mmol/L NaCl, 1 mmol/L Na2EDTA, 
1 mmol/L EGTA, 1% Triton, 2.5 mmol/L sodium pyrophos-
phate, 1 mmol/L betaglycerophosphate, 1 mmol/L Na3VO4, 
and 1 μg/mL leupeptin using the Cryolys Precellys 24 sample 
Homogenizer (2 × 20 s at 10 000 rpm, Bertin Technologies, 
Rockville, MD, United States) with ceramic beads. BCA 
Protein Assay Kit (Thermo Scientific, Massachusetts, United 
States) was used to measure (A562 nm) total protein concen-
tration (Hidex, Turku, Finland), and samples were normalized 
based on the tissue weight before the LC-MS/MS analysis by 
extracting with different volumes of MeOH:H2O (4:1, v/v). 
Extracted samples were analyzed by HILIC-MS/MS in both 
positive and negative ionization modes using a 6495 triple 
quadrupole system (QqQ) interfaced with a 1290 UHPLC 
system (Agilent Technologies). Raw LC-MS/MS data were 
processed using the Agilent Quantitative analysis software 
(version B.07.00, MassHunter Agilent technologies). Relative 
quantification of metabolites was based on extracted ion 
chromatogram areas for the monitored MRM transitions. 
Peak areas of detected metabolites were analyzed in “R” soft-
ware, and signal intensity drift correction and noise filtering 
(if necessary, using CV [QC features] >30%) was done within 
the MRM PROBS software.

Statistical Analysis
Data are presented as mean ± SEM, and differences are 

considered significant when P < 0.05. Comparisons between 
groups were analyzed using ANOVA and post hoc Tukey tests 
or Sidak’s test when indicated. Tukey’s and Sidak’s test were 
used to test for differences between 22 °C + O

2 and 4 °C perfu-
sions. Two-group comparisons were performed using Student 
t tests (Prism 9.2, GraphPad Softwares, San Diego, CA, United 
States). Fitting curves of the metabolites concentration over 
time were computed using R (version 4.1, https://cran.r-pro-
ject.org).

RESULTS

Ex Vivo Kidney Perfusion Improves Kidney Perfusion 
and ATP Generation

To mimic DCD, kidneys underwent 60 min of warm 
ischemia before procurement. Kidney grafts were then per-
fused in a homemade MRI-compatible pulsatile perfusion 
machine at 22 °C with active oxygenation (22 °C + O2), at 
4 °C with active oxygenation (4 °C + O2), or 4 °C without 
additional oxygen (4 °C, Figure 1A). After 4 h at 22 °C + O2, 
cortical and medullary flows were improved compared 
with 4  °C + O2. This was reflected by an increase in the 
perfusion-descending slope (+35% cortex +26% medulla, 
Figure 1B).



© 2022 The Author(s). Published by Wolters Kluwer Health, Inc.  5Agius et al

Next, mean ATP levels were measured by averaging pMRSI 
voxels containing graft tissue resulting in a single spectrum 
(Figure 2A). In fact, we previously demonstrated that mean 
ATP levels (average AUC of the β- and γ-ATP peaks) are 
reduced by warm ischemia and correlate with (IR) injuries.10 
Using pMRSI, α-, β-, and γ-ATP and PME containing AMP 
were only detected during ex vivo perfusion with active oxy-
genation at 4 °C and 22 °C (Figure 2A). In kidneys perfused 
at 22 °C + O2, ATP and PME levels were 3 times higher than 
at 4  °C + O2 perfusion (5.5 mmol/L versus 2.1 mmol/L and 
0.79 mmol/L versus 0.26 mmol/L, Figure 2B). This increase 
of AMP and ATP levels at 22 °C + O2 was confirmed by liq-
uid chromatography-mass spectrometry (LC-MS, +59%, 
+36% and +45%, respectively; Figure 2C). Surprisingly, PME 
and ATP concentrations tended to be higher in the medulla 
independently of the perfusion conditions, as demonstrated 
by voxel mapping of the metabolites (Figure S1, SDC, http://
links.lww.com/TXD/A437).

Kidney ATP Levels Increased up to 10 h During Ex 
Vivo Subnormothermic Kidney Perfusion

In healthy kidneys perfused at 4 °C + O2, α-, β-, and γ-ATP 
remained stable for up to 22 h of perfusions.10 To determine 
the effect of 22 °C perfusion on ATP production over time in 
DCD grafts, PME and α-, β-, and γ-ATP concentrations were 

monitored for 42 h (time course experiment). Kidney α-, β-, 
and γ-ATP concentrations were 2 times higher after 10 h of 
perfusion compared with baseline (0.5 mmol/L to 1 mmol/L 
for β-ATP, 0.75 mmol/L to 1.5 mmol/L for γ-ATP; Figure 3A) 
and 4 °C + O2

10
. The PME concentration was 4 times higher 

than ATP at the beginning of the perfusion (4 mmol/L of PME 
versus 1 mmol/L of α-, β-, and γ-ATP), and rapidly decreased 
to reach a plateau at 2 mmol/L. This is consistent with the 
hypothesis that the PME containing the AMP is consumed 
over time to generate ATP. Finally, after 10 h of perfusion at 
22 °C + O2, ATP levels gradually decline to ultimately reach 0 
mmol/L after 42 h of perfusion (Figure 3B). PME concentra-
tion remains stable for up to 42 h (Figure 3B).

Ex Vivo Kidney Perfusion at 22 °C Reduces Kidney 
Ischemia and Reperfusion Injuries

To evaluate the benefit of 22 °C ex vivo perfusion before 
transplantation, we examined the histological damage using 
a modified Goujon score (described in the methods section), 
shown to reflect kidney function.10,25 Kidney biopsies were 
analyzed at baseline, after 60 min of warm ischemia, at the 
end of the ex vivo perfusion, and at 1 h after transplantation. 
Surprisingly, no significant damage was observed after warm 
ischemia (Figure 4A,B). Consistent with previous findings, his-
tological damages were significantly increased at the end of the 

FIGURE 2. Energy metabolism is improved during subnormothermic perfusion. A and B, Representative of pMRSI spectra fitted with LCModel 
(A) and kidney PME and β, γ-mean ATP levels (B) during 4  °C + O2 and 22  °C + O2 perfusion before transplantation. C, Kidney AMP, ADP, 
and ATP levels measured by LC-MS. Bars indicate mean ± SEM, and asterisks indicate the significance of the difference between perfusions 
methods by Student’s t test or 1-way ANOVA and Tukey test. ****P < 0.0001. n = 4 to 5 per group. ADP, adenosine diphosphate; AMP, adenosine 
monophosphate; ATP, adenosine triphosphate; LC-MS, liquid chromatography-mass spectrometry; PME, phosphomonoesters; pMRSI, 31P 
magnetic resonance spectroscopic imaging.
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ex vivo perfusion and after reperfusion in vivo (Figure 4A,B; 
Table S2, SDC, http://links.lww.com/TXD/A437). Importantly, 
22  °C perfusion led to the greatest protection from IR 
injury (score of 22  °C + O2, 4  °C + O2,  and 4  °C: 10.5 ± 2.3, 
19.25 ± 3.9, and 18.3 ± 2.5, ± SD, Figure  4A,B). Perfusion 
of 22 °C significantly reduced tubular dilatation and luminal 
cell debris and protected the brush border (Figure 4A; Figure 
S2, SDC, http://links.lww.com/TXD/A437). In the 22  °C 
ex vivo perfusion group, interleukin (IL)-6 and IL-10 gene 
expressions were upregulated after transplantation (log2 fold-
change of 22 °C + O2, 4 °C + O2, and 4 °C: 6.5 ± 0.8, 2.4 ± 0.9, 
and 3.9 ± 0.4 and 3.9 ± 0.4, 1.4 ± 0.9, 2.6 ± 0.7, respectively), 
whereas the expression of TNFalpha and Arg1 remained unaf-
fected (Figure 4C). In addition, 2 h after kidney implantation, 
flow in the cortex and medulla improved at 22 °C + O2 (+18% 
and +4% cortex, +17% and +11% medulla compared with 
4 °C and 4 °C + O2 respectively; Figure S2, SDC, http://links.
lww.com/TXD/A437). Finally, ATP and, to a lesser extent, 
PME levels were significantly higher after transplantation in 
organs that were previously perfused 22 °C + O2 (Figure 4D). 
Altogether, ex vivo perfusion at 22°C improved kidney metab-
olism and reduced (IR) injuries during transplantation.

DISCUSSION

Here, we found that kidney graft perfusion at 22 °C with 
an oxygenated MP-Belzer solution, without oxygen carrier, 
increased ATP production and minimized IR injuries during 
transplantation compared with perfusion at 4  °C. Of inter-
est, active oxygenation did not increase ATP production at 
4 °C. In addition, the simplicity of subnormothermic perfu-
sion machine, without the need for a heating unit or oxygen 
carrier, could be easily used in a clinical setting and lower the 
costs. Altogether, perfusion of kidney graft at 22  °C could 
translate into greater utilization of kidney allograft.

Previously, the benefits of normothermic perfusion (37 °C) 
were linked to an increase in fatty acid metabolism and oxi-
dative phosphorylation.12 Similarly, kidney perfusion at 22°C 
improved mitochondrial ATP production, consistent with our 
hypothesis that, at 22 °C, kidneys are metabolically active.22,28 
Interestingly, in cold-stored organs, it has also been shown 
that gradual rewarming from hypothermia to normother-
mia before transplantation improves kidney function,29,30 
highlighting the importance of restoring metabolism before 
implantation. At 22 °C, we observed an increase in PME and 
ATP levels during the first 10 h of perfusion. After 10 h of 
perfusion at 22 °C, ATP level gradually declined to reach 0 
mmol/L at 42 h of perfusion. We previously reported that, at 
4 °C, in the absence of warm ischemia, ATP levels remained 
stable up to 22 h of perfusion but at significantly lower lev-
els (0.26 mmol/L).10 Similarly, ATP levels decrease during 
cold storage in the kidney28 and liver31 and correlate with the 
degree of injury. In humans, ATP predicted immediate graft 
function,10,31 and ATP is often used as a marker of viability 
during ischemia.27,32 Although long-term perfusion at 22 °C 
using MP-Belzer solution might not by viable, it is a promis-
ing strategy to recondition organs and improve initial graft 
function. Future studies should investigate the advantages of 
short-term (<10 h) reconditioning at 22 °C of previously cold-
stored organs.

In this study, LC-MS/MS was used to validate the accurate 
quantification of nucleotides by pMRSI.27 Indeed, the fitting 
of α-ATP with a broad Gaussian might include the NAD+ 
and NADH signal.10,33 Recent improvements using deep learn-
ing algorithms were used to reduce concentration estimation 
bias of metabolites with overlapping spectra.34 pRMSI also 
suffers from a relative low sensitivity compared with liquid 
chromatography or 1H imaging at a constant magnetic field.10 
Thus, the acquisition is generally performed with higher voxel 
size to achieve enough signal to noise ratio while keeping an 

FIGURE 3. Kidney ATP levels increased up to 10 h during ex vivo subnormothermic kidney perfusion. A, Monitoring of ATP levels during 
22 °C + O2 perfusion (A) up to 10 h and (B) up to 42 h. Concentration (mM) of the indicated metabolites over time, in kidney, during 22 °C + O2 
perfusion. n = 4 per group. Fitting curves are generalized additive model (formula: y ~ s(x)) with a basis size of k = 15, n = 3. ATP, adenosine 
triphosphate; PME, phosphomonoesters.
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acceptable scan time. As an example, this lack of sensitivity 
limitation hinders the measurement of ATP at 4 °C without 
oxygen. The application of machine learning35 and neural 
network can further improve pMRSI sensitivity, spatial reso-
lution, and computing time.36 Indeed, ongoing improvement 
in pMRSI spatial resolution, in combination with spatial 
phase encoding, can provide multivoxels acquisition of the 
kidney graft that enables metabolite mapping over the full 
field  of  view (Figure S1, SDC, http://links.lww.com/TXD/
A43737). Overall pMRSI remains a powerful, noninvasive tool 
to quantify ATP.10

During ex vivo perfusion at 22  °C, we did not compare 
passive versus active oxygenation of Belzer MPS UW, perfu-
sion with Hb-based oxygen carrier, or packed red blood cells. 
Importantly, oxygenated machine perfusion at 22 °C lowers 

metabolic demand compared with organs perfused at 37 °C.38 
Thus, although still metabolically active, grafts maintained 
at 22  °C could be safely perfused with MP-Belzer without 
oxygen carriers. At 22 °C, Hb-based oxygen carrier achieved 
short-term kidney function equivalent to blood.39 Similarly in 
human kidneys, compared with hemoglobin oxygen carrier, 
perfusion with packed red blood cells at 37  °C resulted in 
similar vascular flow, oxygen consumption, or ATP levels.40 It 
is likely, that, although perfusion at 22 °C allows considerable 
recovery of energy metabolism compared with 4 °C, metabo-
lism is significantly reduced (compared to 37 °C) so that pas-
sive oxygenation is sufficient for adequate oxygen delivery. 
Altogether, we hypothesize that adequate tissue oxygenation 
can be achieved at 22 °C without the use of packed red blood 
cells and complex blood perfusion machine.

FIGURE 4. Subnormothermic perfusion reduces kidney damages. A and B, Representative cortical kidney sections (A) stained with PAS, and 
histological score (B) at the indicated time and conditions (4 °C, 4 °C + O2, 22 °C + O2). C, Expression of the indicated gene in kidney, analyzed by 
RT-PCR at baseline and after transplantation after 4 h of 4 °C, 4 °C + O2, or 22 °C + O2 perfusion. D, Representative of pMRSI spectra (left), and 
quantification (right) of kidney AMP and ATP levels during 4 °C, 4 °C + O2, or 22 °C + O2 perfusion after transplantation. The spectra are fitted using 
LCModel. Bars indicate mean ± SEM and median ± IQR. Asterisks indicate the significance of the difference between perfusions methods by 2-way 
ANOVA and Sidak post hoc test. *P < 0.05, ***P < 0.001, n = 4 per group. AMP, adenosine monophosphate; ATP, adenosine triphosphate; IQR, 
interquartile range; PAS, periodic acid-Schiff; PME, phosphomonoesters; pMRSI, 31P magnetic resonance spectroscopic imaging.
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Interestingly, we did not observe a benefit of active oxy-
genation at 4 °C, except for slightly improved graft perfusion. 
Consistently, the addition of oxygen to hypothermic machine 
perfusion did not significantly improved DCD porcine kid-
ney function.41 Similarly, a recent clinical trial failed to show 
12-mo difference in eGFR between kidneys perfused at 4 °C 
with oxygen compared with hypothermic perfusion alone.11 
Previous studies comparing oxygenated perfusion used vari-
ous flow rates (50–100 mL/min) and PO2 levels (500–650 
mmHg), complicating data interpretation.11,42-44

A potential disadvantage of normothermic preserva-
tion appears to be the generation of a proinflammatory 
milieu, with the accumulation of inflammatory mediators 
including cytokines and damage-associated molecular pat-
terns.45,46 Consistently, here both pro- and anti-inflamma-
tory cytokines (IL-6 and IL-10, respectively) were increased 
after ex vivo perfusion at 22 °C. On the other hand, com-
pared with 37 °C, ex vivo lung perfusion at 25 °C reduced 
the production of inflammatory mediators and was associ-
ated with reduced histologic graft injury after transplanta-
tion.47 Altogether, cytokines profile and its relevance over 
time in kidney graft undergoing perfusion at 22 °C needs to 
be evaluated further.

Our study has several limitations that need to be acknowl-
edged. First, the impact of perfusion at 22  °C and ATP 
levels on kidney function (serum creatinine, urea, and esti-
mated glomerular filtration rate) or urine production after 
transplantation were not assessed. Consistent with previous 
reports, no urine output was recorded during the first hour 
following transplantation.48 Interestingly, in human, urine 
production during normothermic ex vivo perfusion was not 
correlated with posttransplant kidney function.49 Moreover, 
proper assessment of kidney function could not be performed 
because of local regulation, which did not allow survival sur-
gery. Thus, the histological score, previously correlated with 
the degree of kidney injury,10,24-26 was used as a surrogate 
endpoint of kidney function. Future clinical trials should help 
determine the benefits of perfusion at 22 °C on postoperative 
graft function. In addition, the benefits of subnormothermic 
perfusion should be tested in all forms of marginal donors, 
including kidneys from old donors, after acute kidney injury, 
and after prolonged cold preservation.

In conclusion, subnormothermic perfusion of porcine DCD 
kidneys improved ATP production and reduced IRI. Perfusion 
of DCD grafts at 22 °C should be tested in clinical trials to 
determine if it can improve posttransplant graft function and 
patient survival.
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