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A cell-free nutrient-supplemented perfusate
allows four-day ex vivo metabolic
preservation of human kidneys

Marlon J. A. de Haan 1,2,10, Marleen E. Jacobs 1,2,10, Franca M. R. Witjas1,10,
Annemarie M. A. de Graaf1, Elena Sánchez-López 3, Sarantos Kostidis 3,
MartinGiera 2,3, FranciscoCalderonNovoa 4, TunpangChu4,MarkusSelzner4,
Mehdi Maanaoui5, Dorottya K. de Vries6,7, Jesper Kers8,9, Ian P. J. Alwayn6,7,
Cees van Kooten1, Bram Heijs2,3, Gangqi Wang1,2,11 , Marten A. Engelse1,2,11 &
Ton J. Rabelink 1,2,11

The growing disparity between the demand for transplants and the available
donor supply, coupled with an aging donor population and increasing pre-
valence of chronic diseases, highlights the urgent need for the development of
platforms enabling reconditioning, repair, and regeneration of deceased
donor organs. This necessitates the ability to preserve metabolically active
kidneys ex vivo for days. However, current kidney normothermic machine
perfusion (NMP) approaches allow metabolic preservation only for hours.
Here we show that human kidneys discarded for transplantation can be pre-
served in a metabolically active state up to 4 days when perfused with a cell-
free perfusate supplemented with TCA cycle intermediates at sub-
normothermia (25 °C). Using spatially resolved isotope tracing we demon-
strate preservedmetabolic fluxes in the kidneymicroenvironment up to Day 4
of perfusion. Beyond Day 4, significant changes were observed in renal cell
populations through spatial lipidomics, and increases in injurymarkers such as
LDH, NGAL and oxidized lipids. Finally, we demonstrate that perfused kidneys
maintain functional parameters up to Day 4. Collectively, these findings pro-
vide evidence that this approach enables metabolic and functional preserva-
tion of human kidneys over multiple days, establishing a solid foundation for
future clinical investigations.

Numerous studies have demonstrated that machine perfusion sur-
passes static cold storage (SCS) in terms of transplantation outcomes,
thereby enabling the transplantation of organs that would otherwise
be discarded1–5. Consequently, there has been a noticeable shift away
from SCS-based preservation towards perfusion-based preservation
methods. With technological advancements and the development of
more sophisticated perfusion platforms, there is a growing awareness
of the benefits ofmaintaining perfused organs in ametabolically active

state, known as warm perfusion. This approach holds tremendous
potential for resuscitation, repair, rejuvenation, and even regeneration
of deceased donor organs6,7.

While significant progress has been made in extending perfusion
over multiple days for liver transplantation8–10, unfortunately, this
approach cannot be readily applied to the kidney, which constitutes
the majority of transplant organs. The extracorporeal perfusion of red
blood cell (RBC)-based perfusates through the kidney invariably leads
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to haemolysis, resulting in the accumulation of free haemoglobin.
Unlike the liver, which can convert free haemoglobin into bilirubin and
excrete it into bile, in the kidney, this process directly leads to acute
kidney injury11,12. RBC-based perfusion of human kidneys with sub-
sequent transplantation has only been described up to 6 h, and even
then, there is no definitive proof of functionality13. Moreover, the
kidney has an exceptionally high metabolic demand to maintain elec-
trolyte reabsorption and corticomedullary gradients, making meta-
bolic preservation a critical objective, especially for kidney donation14.

Two decades ago, Brasile et al. proposed cell-free perfusion at
subnormothermia as approach for prolonged ex vivo preservation of
donor kidneys15–17. Lowering preservation temperature reduces the
metabolic rate, and therewith oxygen requirements. It has been
demonstrated that at subnormothermia (20−32 °C), the oxygen
demand of the graft can be met using a cell-free perfusate, thereby
negating the need for RBCs18–21. Moreover, it was recently demon-
strated that at subnormothermia (28 °C) there is sufficient metabolic
activity to support molecular and cellular repair processes22.

In this study, we perfused human kidneys discarded for trans-
plantation with a cell-free perfusate supplemented with TCA cycle
intermediates at subnormothermia (25 °C) up to 8 days. Spatial
metabolic flux measurements, a method we recently developed23,24,
were performed on kidney biopsies taken at different timepoints
during perfusion. Through this approach, we were able to dissect the
specific nutrients required for the metabolic preservation of the kid-
ney. Our findings demonstrate that by using a cell-free nutrient-sup-
plemented perfusate, we can achieve both metabolic and structural/
functional preservation of discarded human donor kidneys for at
least 4 days.

Results
Subnormothermic culture platform
The primary objective of this study was the development of a platform
that supports multi-day ex vivo preservation of metabolically active
human kidneys. The platform consists of a custom made air-tight
organ chamber (Fig. 1A) within which continuous assessment of
hemodynamic parameters and perfusate sampling through arterial,
venous, and ureteral cannulation is possible. Renal flow is maintained
by a pressure controlled centrifugal pump set at 75mmHg. The kid-
neys areperfusedwith an acellular perfusate containingDMEMF12 and
human serum albumin as main components. To support renal meta-
bolismweutilized aperfusate rich in glutamine, citrate and acetate (for
full composition see Supplementary Table 1)24–27. The temperature was
kept constant at 25 °C throughout the entire culture period, and oxy-
genation was achieved by saturating the acellular perfusate with car-
bogen (95% O2, 5% CO2) using a long-term oxygenator. Initial
experiments using porcine kidneys have demonstrated the effective-
ness of this method in delivering oxygen at subnormothermia (Sup-
plementary Fig. 1).

To optimize hemodynamic control and electrolyte balance, urine
was recirculated, as previous studies have shown its beneficial
effects28–30. To address the accumulation of metabolic waste products
in a closed system during prolonged perfusion, we incorporated
continuous haemodialysis. Continuous haemodialysis is driven by an
independent pump, which removes small molecular waste products
through a dialysis filter at a rate of 40mL/h. Substitution solution (for
composition see Supplementary Table 1) is added post-filter at the
same rate, resulting in a continuous 5% fluid exchange.

Perfusion dynamics during 8-day culture
We perfused three human kidneys that were deemed unsuitable for
transplantation (for donor data see Supplementary Table 2). The main
objective in this phase was to explore the potential duration of ex vivo
preservation using this platform, and to describe what happens to a
kidney graft as it fails during long-term perfusion. The perfusion of all

three kidneys was ended after an 8-day period due to progressive
disturbances in perfusion dynamics (Fig. 1).

Uponconnectionof the kidneys to the cultureplatform, renalflow
increased during the first hours of perfusion, accompanied by a
decrease in vascular resistance (Fig. 1B, C). Renal flow remained stable
until Day 5-Day 6 of perfusion, after which it gradually decreased.
Oxygen delivery has a linear relationship with renal flow and remained
between 5 and 15mL O2/min throughout the 8-day period (Fig. 1D).
Oxygen uptakewas constant during the first days and lactate clearance
was observed. However, after Day 4, oxygen uptake decreased below
0.5ml O2/ min (Fig. 1D). Concurrently, the perfusate pH for all three
kidneys decreased below 7.30 (Fig. 1E), while there was a progressive
increase in perfusate lactate leading up to Day 8 (Fig. 1F). Perfusate
glucose remained within normal range (Fig. 1G). These observations
suggest a metabolic shift towards glycolysis.

The perfusate level of lactate dehydrogenase (LDH), an enzyme
marker for cellular injury, indicated relatively low cellular injury until
Day 4 of perfusion, followed by a progressive increase up to Day 8
(Fig. 1H). Tubular injurymarkersKIM1 andNGALweremeasuredwithin
the perfusate as urine was recirculated (Fig. 1I, J). Perfusate KIM1
exhibited a gradual increase throughout the 8-day period, whereas
perfusate NGAL levels demonstrated the largest increase between Day
6 and Day 8. The potassium concentration increased following the
start of perfusion but remained within normal range thereafter for the
8-day period (Fig. 1K). By Day 8, kidney weight had increased with
28 ± 1% compared to baseline (Fig. 1L; Day 0: 283 ± 39, Day 8:
363 ± 52 g). Throughout the 8-day period there were no noticeable
changes in the macroscopic appearance of the kidneys (Fig. 1M). His-
tological analysis of tissue biopsies taken during perfusion revealed
progressive damage to the apicalmembrane of tubular cells, including
the loss of tubular lumen between Day 6 and Day 8 (Fig. 1N).

Lipidomics at single cell resolution highlight phenotypic
remodeling
To gain a deeper understanding of lipidomic and metabolomic chan-
ges during multi-day kidney perfusion, cortex biopsies (4mm) were
taken at five different timepoints (Day 0, Day 2, Day 4, Day 6, Day 8)
throughout the 8-day perfusion period from all three human kidneys.
These biopsies were subjected to high spatial resolution matrix-
assisted laser desorption/ionization mass spectrometry imaging
(MALDI-MSI), as previously described24. This technique allows the
simultaneousmapping of hundreds of lipids andmetabolites per pixel
while providing spatial information at subcellular resolution (5 × 5 µm2

pixel size, with an average renal cell diameter of approximately
10 µm)31. FollowingMALDI-MSImeasurements, we performed Uniform
Manifold Approximation and Projection (UMAP) analysis based on the
lipidomic data, combined with post-MALDI-MSI immunofluorescence
staining for cell type identification (Fig. S2A). We could distinguish
LTL+proximal tubules, ECAD+ tubules andpodocytes fromother renal
cell types (Fig. 2A and Supplementary Fig. 2) based on distinct lipid
signatures, composed of phospholipids predominantly present in cell
membranes. Proximal tubule, ECAD+ tubule andpodocyte identitywas
confirmed by immunofluorescence staining on post-MALDI-MSI ana-
lysed tissue through alignment with cell type distribution (Supple-
mentary Fig. 2A, B).

First, we evaluated the impact of 8-day ex vivo perfusion on cell
phenotypic preservation by analysing changes in lipid species profiles.
Unsupervised clustering was performed for the ECAD+ tubules
(Fig. 2B), podocytes (Fig. 2C) and proximal tubules (PT) (Fig. 2D),
respectively. Different subsets of cell phenotypes were observed,
characterized by distinct lipid signatures (Fig. 2B−D). Throughout the
8-day perfusion period, a gradual shift in relative composition of the
different cell phenotypes occurred. Unsupervised hierarchical clus-
teringof thedifferent timepoints for each cell population revealed that
lipid remodeling predominantly occurred between Day 6 and Day 8 of
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perfusion (Fig. 2E, G, I). For example, phenotype PT_3, which was
minimally present on Day 0, accounted for more than 30% of PTs on
Day8 andwas characterizedbya lipidmarker atm/z865.6. Thismarker
has previously been identified as an indicator of injury in proximal

tubules following ischemia/reperfusion injury in a murine model24.
In parallel, a decrease of PT_1 and PT_2 phenotypes was observed from
Day 0 to Day 8. Comparing the spatial segmentation with immuno-
fluorescence staining revealed that the abnormal PT_3 phenotype
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Fig. 1 | Perfusion dynamics during 8-day subnormothermic culture of human
kidneys. Three discarded human kidneys were cultured for an 8-day period.
A Schematic overview of organ culture platform. Kidneys were preserved in a
custom-designed organ chamber. A pressure controlled centrifugal pump set at
75mmHg perfused the renal artery with acellular perfusate after it passed through
anoxygenator. Perfusion temperaturewasmaintainedat subnormothermia (25 °C)
throughout the entire culture period. Arterial, venous and ureteral cannulation
allowed continuous assessment of perfusion parameters. Urine was recirculated.
Continuous hemofiltration allowed removal of small molecular weight waste pro-
ducts and substitution with fresh solution. Renal flow (B) and vascular resistance
(C) throughout the 8-day period. D−G Metabolic perfusate dynamics throughout
the 8-day period. Oxygen delivery as calculated from the pO2 in the arterial inflow
andoxygenuptake as calculated from thedelta pO2 between the arterial inflowand

venous outflow (D). Perfusate pH (E), perfusate lactate (F), and perfusate glucose
(G) as measured in the arterial inflow. H−K, Perfusate injury markers throughout
the 8-day period. Perfusate LDH (H) as marker for general cell damage. Perfusate
KIM1 (I) and perfusate NGAL (J) as markers for proximal tubular and distal tubular
injury, respectively. Because urine is recirculated tubular injury markers were
measured within the perfusate (arterial inflow). Perfusate potassium as marker for
general cell damage (K). LWeight gain (%) after the 8-day period.MMacroscopic
appearance of discarded human kidneys throughout the 8-day period. One out of
three representative kidneys shown. N Representative images of PAS histology on
cortex biopsies (n = 3 perfusions with biopsies taken at Day 0, Day 2, Day 4, Day 6
andDay 8 from each kidney). Black arrows highlight areas that demonstrate loss of
tubular lumen. Bars represent 100 µm. Source data are provided as a Source
Data file.
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Fig. 2 | Spatial lipidomics reveals epithelial phenotypic remodeling during
8-day subnormothermic culture of human kidneys. A Lipid heterogeneity in
biopsies taken at different timepoints (Day 0, Day 2, Day 4, Day 6, Day 8) from
human kidneys (n = 3) throughout the 8-day culture period allows identification of
themain epithelial cell types, visualized in UMAP plot ofMALDI-MSI data (5 × 5 µm2

pixel size). Sub clustering of ECAD+ tubular cells (B), podocytes (C), and proximal
tubular cells (PT) (D) displays different epithelial phenotypes within each cell type.
Dot plots display expression of cluster-specific lipid features. E Percentage of each
ECAD+ tubular phenotype in biopsies taken at different timepoints during 8-day
culture.FHierarchical clusteringof thepercentageof ECAD+ tubular phenotypes in
biopsies taken at different timepoints. G Percentage of each podocyte phenotype

in biopsies taken at different timepoints during 8-day culture. H Hierarchical
clustering of the percentage of podocyte phenotypes in biopsies taken at different
timepoints. IPercentageof each tubular PTphenotype inbiopsies taken at different
timepoints during 8-day culture. J Hierarchical clustering of the percentage of PT
tubular phenotypes in biopsies taken at different timepoints.
K Immunofluorescence staining on post-MALDI-MSI samples taken at different
timepoints during 8-day organ culture (top panel). Spatial segmentation showing
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White arrows highlight the area of PT_3. Bars represent 200μm. Source data are
provided as a Source Data file.
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mainly colocalized with LTL staining in the Day 6 and Day 8 biopsies
(Fig. 2K), confirming the phenotypic changes within proximal tubules.
These observations suggest that cellular phenotypes are preserved up
to Day 4-Day 6 of ex vivo preservation.

To further assess how the relative abundances of lipids change
during the 8-day culture, we compared the lipid species characteristic

for the main tubular subsets (Fig. 3A, B). Due to donor variation,
average lipid peak intensities were normalized to their level at Day 0.
The spatial distributions and relative abundances of the different lipid
markers for the main renal cell types remained similar until Day 6 of
perfusion (Fig. 3A). This suggests preservation of the main cell mem-
brane lipid components without degradation up to Day 6-Day 8 of
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Fig. 3 | Spatial lipid species distribution changes during 8-day sub-
normothermic culture of humankidneys. ARepresentative images demonstrate
changes in spatial distribution of lipid species characteristic for normal renal cell
phenotypes at different timepoints during 8-day organ culture, as recorded by
MALDI-MSI (5 × 5 µm2 pixel size) (n = 3 perfusions with biopsies taken at Day 0,
Day 2, Day 4, Day 6 and Day 8 from each kidney). Lipid species m/z values are
representative for PT_1 and PT_2 (m/z 766.5), PT_1 (m/z 810.5), podocytes (m/z
838.6), and all tubular structures (m/z 885.6). Right panel shows relative fold
change compared to baseline (Day 0) for each timepoint during culture. Scale

bar = 200μm. B Representative images demonstrate changes in spatial distribu-
tion of lipid species that are characteristic for abnormal PT phenotype (PT_3) at
different timepoints during 8-day organ culture, as recorded by MALDI-MSI
(5 × 5 µm2 pixel size) (n = 3 perfusions with biopsies taken at Day 0, Day 2, Day 4,
Day 6 and Day 8 from each kidney). Right panel shows relative fold change com-
pared to baseline (Day 0) for each timepoint during culture. Bars represent
200 μm. All images generated from same samples as shown in Fig. 2K with IF
staining and spatial segmentation. Bars represent 200μm. Source data are pro-
vided as a Source Data file.
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ex vivo perfusion. In contrast, the relative abundance of lipid markers
characteristic for the PT_3 proximal tubules exhibited a considerable
increase on Day 8 as compared to Day 0 (Fig. 3B). Assessment of their
spatial distribution and relative abundance indicates that this remo-
deling began between Day 4 and Day 6, progressively worsening
towards Day 8, as evidenced by a more homogenous distribution
throughout the tissue.

To investigate the underlying factors contributing to the changes
in lipid speciesprofile,we assessed theoccurrenceof lipidperoxidation.
FromDay6of perfusiononwards,weobserved aprogressive increase in
the perfusate levels ofmalondialdehyde (MDA) (Fig. 4A), an indicator of
oxidative stress. Targeted lipidomics confirmed the increased abun-
dance of oxidized lipids in the perfusate on Day 8 as compared toDay 0
throughDay 4 (Supplementary Fig. 3).While the abundance of oxidized
lipids in the perfusate was relatively low until Day 4 to Day 6 of perfu-
sion, a significant increase was observed on Day 8.

Next, we performed untargeted lipidomics analysis on kidney
tissue perfused for 8-days, comparing it with non-perfused kidney
control tissue. InDay8 tissue, the lipid species demonstrating themost
significant fold change were all oxidized phospholipid species
(Fig. 4B). The spatial distribution of these oxidized phospholipids was
assessed within the MALDI-MSI analysed biopsies (Fig. 4C). This sup-
ports that oxidized lipid species are absent between Day 0 and Day
4-Day 6 of ex vivo perfusion, with progressive oxidative stress taking
place between Day 4-Day 6 and Day 8 of perfusion resulting in the
accumulation of peroxidised lipid species towards Day 8. Additionally,
comparing the spatial distribution of the oxidized phospholipid PE(O-
36:2) on Day 8 of perfusion (Fig. 4C) with the spatial segmentation of

the different cell clusters (Fig. 2K) demonstrates that it co-localizes
with the PT_3 proximal tubules. These findings indicate that oxidative
stress progressively worsens after Day 4 of perfusion. Consequently,
we proceeded to evaluate the metabolic activity using spatially
resolved isotope tracing after 4- and 8-day ex vivo perfusion.

Isotope tracing indicates preserved metabolic activity during
prolonged culture
Defective metabolism and metabolic recovery play a key role in the
response to kidney injury32,33. To assess preservation of central carbon
metabolism and changes in nutrient partitioning during 8-day perfu-
sion we applied our recently described spatial dynamic metabolomics
platform24. In short, dedicated cortex biopsies were taken on Day 0,
Day 4 andDay 8 of perfusion and incubatedwith 13C-labeled glucose or
glutamine for 2 h at 37 °C. Next, we used MALDI-MSI to spatially
visualize 13C-enrichment of downstream intermediates of glycolysis
and the TCA cycle at subcellular resolution.

We found that all renal cell types identified in the biopsies main-
tained active cell metabolism and could use glucose and glutamine as
nutrient sources for glycolysis and the TCA cycle after 4- and 8-days of
perfusion (Fig. 5). The enrichment of the 13C6-glucose-derived
isotopologues, 13C3−3PG,

13C3-Lactate and 13C2-Glutamate demon-
strated active glycolysis and contribution of glucose to the TCA cycle,
respectively (Fig. 5A−F). The enrichment of 13C5-glutamine-derived
isotopologues, 13C5-Glutamate, 13C4-Succinate,

13C4-Malate and 13C3-
Glutamate, demonstrated passage through the entire oxidative TCA
cycle (Fig. 5H−N). A partial contribution of glutamine to reductive TCA
could not be ruled out.

0 2 4 6 8
0

10

20

30

40

50

Perfusate: Lipid Peroxidation

Time (days)

M
D

A 
(μ

M
)

A

Day8_1
Day8_2
Day8_3

C Day 0 Day 2 Day 4 Day 6 Day 8

PE
 3

6:
2;

O

100

0

%

0 2 4 6 8
0

1

2

3

Day 

R
el

at
iv

e 
fo

ld
 c

ha
ng

e
(v

s.
 D

ay
 0

)

B
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species measured in 8-day perfused tissue samples as compared to control kidney
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200μm. Source data are provided as a Source Data file.
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Next, we focused on metabolic changes in the different proximal
tubule phenotypes identified during 8-day perfusion (Fig. 5A). Analysis
of the isotopologues derived from 13C6-glucose revealed that all PT
phenotypes exhibited an increase in U-13C6-hexose and 13C3−3PG
enrichment during perfusion as compared to PT at Day0 (Fig. 5B, C). A
higher 13C3-G3P enrichment was also observed after perfusion, point-
ing to a side branch of glycolysis (Fig. 5D). The enrichment of 13C3-

lactate and 13C2-glutamate from glucose carbons revealed no differ-
ences during 8-day perfusion (Fig. 5E, F). These findings suggest an
active glycolysis pathway and the contribution of glucose to the TCA
cycle until Day 8 of perfusion. Notably, the carbon contribution of 13C5-
glutamine to glutamate is about 5 times higher than 13C6-glucose
(Fig. 5G). As the conversion of glutamate to α-ketoglutarate (α-KG) is
very significant in mitochondria, this demonstrates a higher
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contribution of glutamine as carbon source for the TCA cycle as
compared to glucose.

The presence of 13C-labeled TCA cycle intermediates derived from
13C5-glutamine confirms the continued activity of the TCA cycle until
Day 8 of perfusion (Fig. 5H−N). At Day 0, PT_1 and PT_2 (PT_3 being
almost absent) displayed heterogeneity in their metabolic dynamics,
as shown by 13C5-glutamine-derived 13C4-aspartate and 13C3-Glutamate
(Fig. 5M, N). However, this metabolic heterogeneity between different
PT phenotypes was lost during perfusion, particularly at Day 8
(Fig. 5M,N). ComparingDay 8 toDay0, therewas a significant increase
in 13C5-glutamate and decrease in 13C4-aspartate in PT (Fig. 5J, M).

To evaluate the relative enzyme activity in the TCA cycle at dif-
ferent timepoints during perfusion, we conducted Q-Flux analysis
(13C5-glutamine-based method) using equations from a recent pub-
lication that validated this approach34. Previously we demonstrated
that after 2 h of ex vivo incubationwith 13C5-glutamine a pseudo-steady
state is reached, allowing Q-flux analysis24. This analysis reveals a
decrease in the fractional contribution of succinate-to-succinate
dehydrogenase forward flux on Day 8, while the succinate dehy-
drogenase forward flux relative to malate dehydrogenase flux was
increased at Day 8 (Fig. 5O). Overall, we observed a decreasing trend in
the fraction of 13C3-glutamate that is derived from 13C5-glutamate
through the entire oxidative TCA cycle (Fig. 5O). Most importantly, we
observed no differences in the relative rate of TCA cycle enzymes
betweenDay0 andDay 4 of perfusion (Fig. 5O). This finding underpins
that subnormothermic machine perfusion (sNMP) allows multi-day
ex vivo metabolic preservation of diseased human donor kidneys.

Renal function during 4-day culture
Following the demonstration of metabolic preservation for more than
4 days, we included an additional five human kidneys (for donor data
see Supplementary Table 2). These kidneys were cultured for a 4-day
period during which perfusion dynamics, renal function and tissue
histology were assessed (Fig. 6). Renal flow and vascular resistance
remained stable throughout the 4-day period (Fig. 6A, B). The kidneys
maintained a consistent oxygen uptake around 1mL O2/min
(Fig. 6C, D). The pH levels were within normal range after 3 h of per-
fusion and ended at 7.37 ± 0.05 on Day 4 (Fig. 6E). In contrast to the
observed accumulation of injurymarkers towards the end of the 8-day
perfusions (Fig. 2), relatively minor increases in perfusate LDH, KIM1
and NGAL were observed throughout the 4-day period (Fig. 6H−J).
Histological scoring of periodic acid-Schiff (PAS) staining by a renal
pathologist was performed on the five kidneys that were perfused for
the 4-day period (Fig. 6K, Supplementary Fig. 4). Wedge biopsies were
taken at the endof the 4-dayperfusion and control biopsieswere taken
from the contralateral kidneys (only for Day4_1 and Day4_2).

Finally, we assessed renal function during ex vivo preservation. In
all kidneys glomerular filtration was observed, as indicated by urine
production (Fig. 6L). To examine the integrity of the glomerular fil-
tration barrier, fluorescently labeled dextrans of 20 kDa and 500 kDa
were added to the perfusate on Day 1 and Day 3 of perfusion. The
20 kDa dextrans were filtered into the urine whereas the 500 kDa

dextrans were retained within the vascular compartment, indicating
preserved barrier function (Fig. 6M, N). During the 4-day sub-
normothermic culture period we observed active tubular transport,
demonstrated by the reabsorption and secretion of electrolytes and
metabolites (Fig. 6O, P). Sodium and glucose were reabsorbed
(Fig. 6O) whereas potassium and urea were secreted (Fig. 6P). In con-
trast, during the 8-day perfusions, the kidneys lost their ability to
create electrolyte gradients between Day 4 and Day 6 of preservation
(Supplementary Fig. 5).

Porcine perfusion dynamics do not reflect human perfusion
dynamics
To provide proof-of-concept, and to demonstrate that it is feasible to
procure, preserve for 4 days, and transplant a kidney, living-donor
porcine kidney perfusions and auto-transplantation experiments were
performed (Supplementary Figs. 6, 7, n = 3). Male Yorkshire pigs
(30 kg, 3-month-old) were used for this purpose. Graft retrieval and
auto-transplantation were performed as previously described35,36.

Upon connection of the porcine kidneys to the culture platform,
vascular resistance decreased during the first hours of perfusion,
accompanied by an increase in renal flow (Supplementary Fig. 6A, B).
However, after 12−24 h vascular resistance began to increase, leading
to a gradual reduction in renal flow. At this point, perfusion dynamics
of these porcine kidneys started to differ considerably from our pre-
vious observations in human kidneys (Supplementary Fig. 6E, F). Fur-
thermore, at the conclusion of multi-day perfusion, the porcine
kidneys had gained 114−308% compared to their initial weight, a
notable contrast to our findings in human kidneys (Supplementary
Fig. 6C, D, G).

Because of these distinct differences in perfusion dynamics, we
conclude that the outcomes of porcine auto-transplantation follow-
ing multi-day sNMP will not accurately predict the outcomes of
human kidney transplantation. Despite these differences with the
human perfused kidneys, two of the perfused porcine kidneys were
auto-transplanted after 4-day perfusion (Supplementary Fig. 7).
Kidney#1 was transplanted following a contralateral nephrectomy.
Initially, a uniformly perfused pink kidney was observed after
reperfusion. However, in the following hour the kidney developed
haemorrhagic infarction and the pig entered a distributive shock that
required large doses of pressors and fluids. The experiment was
terminated 2.5 h after reperfusion. We believe the intraparenchymal
blood was a reflection of disturbed vascular permeability, as was also
supported by the weight gain of the kidney during perfusion. For the
transplantation of Kidney#3 the contralateral kidney remained
in situ. After reperfusion, a patchy appearance with pink and darker
regions was noted, as is often observed in donation after circulatory
death. Notably, reperfusion differed significantly from Kidney#1, as
minimal pressors and fluids were required to maintain blood pres-
sure. The pig was sacrificed after 7 days. Again, the kidney showed
regions of haemorrhagic infarction and intraparenchymal blood,
reflective of disrupted vascular permeability, albeit to a lesser extent
when compared to Kidney#1.

Fig. 5 | Spatial dynamicmetabolicmeasurements onbiopsies taken atdifferent
timepoints during 8-day culture. A Representative spatial segmentation of
proximal tubule phenotypes at different timepoints during 8-day human kidney
perfusion (n = 3 perfusionswith biopsies taken atDay 0, Day 4 andDay 8 fromeach
kidney). Bars represent 200 μm. B−F Images and graphs showing the spatial
dynamic metabolic measurements using U-13C6-glucose on biopsies after 2 h’
incubation (n = 3 perfusions with biopsies taken at Day 0, Day 4 and Day 8 from
each kidney). Graphs are shown as log2 fold change compared to PT1 at Day 0. Bars
represent 200μm. One way ANOVA test. G Direct carbon contribution of different
nutrients to glutamate in proximal tubule cells, as measured from the glutamate
isotopologuesM+ 2,M+ 3, andM+ 5 (n = 3perfusionswith biopsies taken atDay0,
Day 4 and Day 8 from each kidney). Two-tailed unpaired t test. H−N, Images and

graphs showing the spatial dynamic metabolic measurements using U-13C5-gluta-
mine on the biopsies obtained at different timepoints during the 8-day organ cul-
tureperiod after 2 h incubation (n = 3perfusionswith biopsies taken atDay 0,Day 4
and Day 8 from each kidney). Graphs are shown as log2 fold change compared to
PT1 atDay 0. Bars represent 200μm.OnewayANOVA test (exactp values infigure).
Two-tailed paired t test compared to PT1 (#p <0.05). O Relative flux rate of dif-
ferent TCA cycle steps (n = 3 perfusions with biopsies taken atDay 0, Day 4 andDay
8 from each kidney). One way ANOVA test. Data are represented as mean ± SD. All
images generated from same samples as shown in Fig. 2K with IF staining, mole-
cular histology and spatial segmentation. Source data are provided as a Source
Data file.
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Discussion
In this study, we developed a kidney culture platform that integrates
cell-free nutrient-supplementedperfusion at subnormothermia (25 °C)
with urine recirculation, and continuous hemofiltration. Eight dis-
carded human kidneys were perfused up to 8 days. Using spatially

resolved single cell resolution isotope tracing we demonstrate active
metabolism in the different renal cell types over this period. However,
beyond Day 4-Day 6 of perfusion, we observed significant changes in
lipid composition in nephron segments, as assessed through spatial
lipidomics. In parallel, considerable increases in perfusate injury
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ture of eight human kidneys. Course of renal flow (A) and vascular resistance (B)
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pO2 (C) measured in the arterial inflow and venous outflow. Oxygen delivery (D) as
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of Control_1 and Control_2, respectively. Representative PAS staining’s can be
found in Figure S4. L−P, Renal function during 4-day perfusion. L Urine flow.
M Assessment of glomerular filtration barrier on Day 1 and Day 3 of perfusion. Low
molecular mass 20 kDa fluorescent dextran (FITC-labeled) and high molecular
mass 500kDa fluorescent dextran (TRITC-labeled) were infused with subsequent
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M,N fluorescence intensity of dextran in the urinewasnormalized forfluorescence
intensity of dextran in the perfusate. Perfusate and urine concentrationdifferences
demonstrates tubular reabsorption of sodium and glucose (O) and secretion of
potassium and urea (P) during perfusion at subnormothermia (25 °C). Data are
presented as mean± SEM. Source data are provided as a Source Data file.
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markers and oxidative stress were observed beyond Day 4. Up to
4-days perfused human kidneys maintained functional parameters.

Characterization of metabolic and lipidomic changes during
multi-day perfusion was performed through MALDI-MSI, allowing the
simultaneousmapping of hundreds of lipids andmetabolites per pixel
while providing spatial information at subcellular resolution (5 × 5 µm2

pixel size). Combining this with isotope tracing made it possible to
observe cell-type-specific metabolic changes during multi-day
perfusion24. Metabolic preservation was assessed based upon 13C6-
Glucose and 13C5-Glutamine nutrient partitioning. This yielded unex-
pected insights into the metabolic activity at different timepoints fol-
lowing prolonged ex vivo preservation. Contrary to an expected
decrease in %-enrichment of 13C-labeled downstream metabolites on
Day 8 of perfusion as compared to Day 0 and Day 4, we observed
persistent metabolic activity in both glycolysis and TCA cycle
(Fig. 5E, F). Thisfindingwas surprising considering the accumulationof
cell injury (Fig. 1H−K), decrease in oxygen uptake between Day 4 and
Day 8 (Fig. 1D), increased lactate abundance (Fig. 1F), and decreased
perfusate pH (Fig. 1E). However, the initial spatial heterogeneity in TCA
metabolism among different tubular epithelial segments was lost after
4 days, and some reductive TCA activity could not be ruled out. To
further assess preservation of mitochondrial metabolism, we per-
formed Q-flux analysis, a recently described method34, which demon-
strated no differences in the relative rate of TCA cycle enzymes
between Day 0 and Day 4 of perfusion (Fig. 5O).

All kidneys maintained functional parameters up to Day 4 of
perfusion. The glomerular filtration barrier was assessed through the
infusion of small (10 kDa) and large (500 kDa) molecular weight (MW)
labeledDextrans. LargeMWdextranswere retainedwithin the vascular
compartment, whereas the small MW dextrans were filtered into the
urine (Fig. 6M, N). Active tubular transport machinery throughout the
4-day period was confirmed by electrolyte gradients between perfu-
sate and urine (Fig. 6O, P). Sodium and glucose were reabsorbed,
whereas potassium and urea were excreted. Renal reabsorption and
secretion was comparable if not more pronounced during sub-
normothermic perfusion (sNMP) as compared to a recent case report
describing 48 h normothermic human kidney perfusion37. Our data
demonstrating active metabolism and functionality up to 4 days after
procurement can also be seen as remarkable from the perspective that
thesewerediscardedhumankidneys that hadpre-existingdamage and
injury. For example, one of the kidneys was a retransplant organ.

Metabolic activity is crucial for maintaining the intricate balance
of electrolytes, pH, and waste product removal necessary for proper
kidney function. Preserving the metabolic processes within the kid-
neys is therefore essential for future organ donor function. In the field
of organ transplantation, ex vivo normothermic perfusion has been
widely employed by most research groups as a strategy to preserve
metabolic activity of the donor organ, and has been described up to
48 h for the kidney using RBC-based perfusates38. However, although
this approach has proven promising for liver preservation, it cannot be
directly applied to the kidney due to the inevitable occurrence of
haemolysis and subsequent acute kidney injury when RBCs are used
for oxygenation11,12. Brasile et al. pioneered cell-free perfusion of kid-
neys at subnormothermia two decades ago15,17,39. Their research find-
ings indicated that subnormothermic kidney perfusion, as opposed to
cold preservation, could effectively mitigate reperfusion injury and
recover function ex vivo, while avoiding the necessity of RBCs as an
oxygen carrier39–41. This requires, however, careful supplementation of
nutrients to maintain cell metabolism. The kidney’s unique anatomy,
where energy-demanding mass solute transport in the renal cortex is
coupled to a hypoxic medullary environment that facilitates urine
concentration through a countercurrent system, gives rise to sig-
nificantmetabolic heterogeneity. To address these complexmetabolic
changes, we here applied a spatial approach that allows for an inte-
grated and simultaneous assessment ofmetabolic changes in different

cell types at various timepoints during theorganpreservationprocess.
Our approach not only focuses on the epithelial metabolism, but also
examines changes in neighboring endothelial cells, resident immune
cells, and stromal cells. By using this approach, we could gain a com-
prehensive understanding of the metabolic changes that occur in dif-
ferent cell types and their interplay during organ preservation and
develop a scientific basis for nutrient suppletion during perfusion.

The question whether these kidneys can be transplanted naturally
arises, to provide definitive evidence of their suitability for transplan-
tation. Unfortunately, conducting such an experiment is at this stage
unfeasible. The human kidneys utilized in our study were formally
discarded and are ineligible for transplantation under Eurotransplant
regulations. While one could argue that porcine kidney auto-
transplantation could serve as substitute, our own investigation into
this area showed profound differences in perfusion dynamics between
porcine and human kidneys (Supplementary Fig. 6). Because of these
differences, we are of the opinion that the outcomes of porcine auto-
transplantation following multi-day sNMP will not accurately predict
the outcomes of human kidney transplantation. We believe that our
current assessmentofmetabolic and functionalpreservationof human
kidneys following multi-day sNMP lays the groundwork for further
exploration of clinical application in transplantation medicine. One
option is to follow the legal and ethical framework that has been
developed to assess xenograft kidney donor organs that were trans-
planted in brain death recipients, to assesses function after 4-day
sNMP42,43. Alternatively, a step-wise approach may be of interest,
starting with relatively short periods and extending perfusion time
once safety in small cohorts of recipients has been demonstrated after
transplantation. The latter approach is currently being employed to
evaluate the safety and feasibility of normothermic kidney perfusion
(ISRCTN13292277 and NCT04693325).

In conclusion, our study showcases that using a cell-free nutrient-
supplemented perfusate enables extended ex vivo preservation of
metabolically active kidneys. By preserving kidneys in a metabolically
active state for days rather thanhours,weopenpossibilities for further
advancements in transplantation. Existing protocols already direct
donor organs through specialized facilities known as Organ Perfusion
and Regeneration-units for assessment and potential pre-treatment
using short periods of (cold) machine perfusion. Remarkable break-
throughs in liver preservation highlight the vast potential for pro-
longed graft preservation, such as the successful transplantation of
previously discarded livers44, transplantation after 3-day ex vivo
preservation9, immunomodulation during machine perfusion10, and
even bile duct regeneration through cholangiocyte organoid
transplantation45. These advances underscore the transformative
impact of prolonged organ preservation and demonstrate the game-
changing potential in the field of transplantation.

Methods
Human kidneys
This research complies with all relevant ethical regulations. Leiden
University Medical Center received authorization from the Dutch
government (BWBR0008974, 2555663-CZ/IZ/2562427) for kidney
transplantation and associated research. Prior to organ retrieval for all
human kidneys, donor research consent was obtained by Euro-
transplant, the centralized donation organization in The Netherlands
(BWBR008066, Art13). This consent was acquired by an independent
organ donation coordinator unaffiliated to the research team.

A total of eight human kidneys were obtained for organ culture
using the described platform, after being declined for transplantation
because of various reasons (Supplementary Table 2 for donor data).
After in situ flushing of the abdominal organs with cold University of
Wisconsin (Belzer UW) preservation solution, the kidneys were
retrieved and transported to the Leiden University Medical Center on
SCS or Hypothermic Machine Perfusion (HMP). Upon arrival at the
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laboratory, the renal artery, vein and ureter were cannulated using
Luer lock connectors (Cole Parmer, Barendrecht, the Netherlands)
whilst the organ culture platform was setup in parallel. Excessive renal
fat was removed if necessary. Shortly before the start of culture kid-
neys were flushed with approximately 250mL of cold DMEM F12 to
remove the preservation solution and globally disinfected with beta-
dine.Within the culture platform the renal artery, vein and ureter were
connected to their designated outlets.

Perfusion platform and protocol for human kidneys
Perfusion platform components. The platform consists of a closed-loop
circuit connected to a custom-designed air tight organ chamber
(Mascal Design) that also serves as reservoir. A centrifugal pump
(Masterflex L/S Digital Drive 600 rpm) perfused the renal artery
through silicone tubing (LS25, Masterflex Metrohm) at a mean arterial
pressure (MAP) of 75mmHg. Pressure in the renal arterywasmeasured
in-line with a single-use pressure sensor (Edwards Lifesciences). In the
design of the platform we specifically opted for disposable compo-
nents that have been clinically validated for long-term usage. The
perfusate was oxygenated with a carbogen mixture of 95% O2 and 5%
CO2 through a long-term membrane oxygenator (Maquet Quadrox-I
neonatal, Gettinge; or Lilliput 2 ECMO, LivaNova) that was connected
to a water bath set at set at 25 °C.

With urine being recirculated a Prismaflex system (Baxter) was
connected in parallel to remove metabolic waste products and supply
fresh nutrients whilst maintaining electrolyte homeostasis. A pediatric
filter (Prismaflex HF20 set, Baxter) allowed the exchange of small
molecular weight molecules. Blood flow through the filter was set at
20mL/min. Fluid and smallmolecularweightmoleculeswere removed
at 40mL/h over the filter. Fresh perfusate was substituted post-filter at
the same rate. Thus continuous hemofiltration was performed at a
filtration fraction of 5%.

Two in-line blood-gas sensor (CDI 500 system, Terumo Cardio-
vascular Systems) allowed continuous monitoring of pO2, pCO2, pH
and temperature in the arterial inflow and venous outflow. Perfusate
sampling ports were connected through a 3-way tap (Discofix, Braun)
present on the arterial-, venous, and ureteral in-and outlet.

Perfusate components. A detailed description of the perfusate
composition is provided in Supplementary Table 1. Organ culture was
commenced with a total perfusate volume of approximately 700mL.
In brief, DMEM/F-12 (Gibco) was supplemented with Human Serum
Albumin (Alburex 20, CSL Behring bv), Insulin-Transferrin-Sodium
Selenite (ITS 100x, Sigma-Aldrich), sodium bicarbonate (Gibco), citric
acid (Calbiochem, Merck), acetic acid (EMSURE, Merck), penicillin-
streptomycin (Gibco), ciprofloxacin (Fresenius Kabi) and fungizone
(Bristol-Myers Squibb). pH was adjusted with sodium hydroxide (Cal-
biochem, Merck) until within range (Target 7.30−7.45). Sodium levels
were adjusted with distilled water (Sterile water, Versylene Fresenius)
until within range (Target: 130−145mmol L−1).

Continuous hemofiltration was performed at 40mL/h. Substitu-
tion solution was added post-hemofilter by the Prismaflex system. The
substitution solution contained the same components as the culture
perfusate except for Human Serum Albumin (for composition see
Supplementary Table 1). Additional glucose (1M solution; D-Glucose,
G8270, Sigma) was supplemented when perfusate glucose levels
dropped below 4mmol L−1, with the goal of maintaining euglycemia.

Perfusate sampling and measurement. Perfusate sampling was
performed at least three times per day throughout the culture period.
Arterial, venous and urine samples were measured directly for Blood-
gas analyses and monitoring of electrolytes and metabolites. Samples
were aliquoted into Falcon tubes (1mL) and frozen at −20 °C and/or
−80 °C for later analysis.

An iSTAT1 blood analyzer (Abbott) was used for point-of-care
blood-gas analysis (pH, pO2, pCO2, HCO3

-). Perfusate samples from the
arterial inflow and venous outflow were immediately measured using

CG4+ iSTAT cartridges (Abbott). Blood-gas analysis data were used to
calibrate the in-line shunt sensors (CDI-500 system, Terumo Cardio-
vascular Systems). Oxygen delivery (mL O2 min−1) was calculated as
Arterial pO2 (mmHg) x Solubility of O2 (0.0031mL O2 dL
fluid−1 mmHg−1) x Renal Flow (dL min−1). Oxygen uptake (mL O2 min−1)
was calculated as ΔpO2 (mmHg) x Solubility of O2 (0.0031mL O2 dL
fluid−1 mmHg−1) x Renal Flow (dL min−1). CG4 + -measured pO2 values
were used for calculation of oxygen delivery and uptake. Perfusate and
urine electrolyte (Sodium, Potassium, Chloride) and metabolite (Glu-
cose, Lactate, Urea) concentration weremeasured using Chem8 iSTAT
cartridges (Abbott). The Clinical Chemistry Laboratory within the
LUMC (re)measured sodium, potassium, urea and glucose within
arterial perfusate and urine samples according to standard operating
procedures, that had previously been stored at −80°C. LDH con-
centration was measured in perfusate samples.

Neutrophil gelatinase-associated lipocalin (NGAL) and kidney
injury molecule-1 (KIM1) levels in the perfusate were measured using a
quantitative sandwich enzyme immunoassay technique with NGAL
Quantikine ELISA kit (DLCN20, R&D systems) and KIM-1 DuoSet ELISA
kit (DY1750B, R&D systems) according tomanufacturer’s instruction in
samples that had previously been frozen and stored at −80 °C. A
thiobarbituric acid reactive substances (TBARS) assay kit (Cayman-
Chemical, 10009055) was used to measure levels of MDA in the per-
fusate according to manufacturer’s instructions in samples that had
previously been frozen and stored at −80 °C.

Glomerular sieving coefficient. Filtration of high (500 kDa) and low
(20 kDa) molecular mass dextran molecules was assessed to evaluate
the intactness of the glomerular basement membrane during ex vivo
preservation in the five human kidneys that were cultured for four
days46. 500 kDa TRITC labeled dextran (0.1mg/ml) (Sigma-Aldrich
52194) and 20 kDA FITC labeled dextran (0.01mg/ml) (Sigma-Aldrich
95648) were added to the perfusate after 24- and 72 h of culture.
Arterial and urine perfusate samples were taken every 10min after
dextran infusion for 1 h. The fluorescence signal of the arterial and
urine perfusate samples was directlymeasured using a SpectramaxM5
(Molecular devices) at wavelengths 495-525 and 555-575.

Tissue sampling and processing
Tissue punch biopsies (4mm) were taken at different time points dur-
ing 8-day organ culture (Day 0, Day 2, Day 4, Day 6, Day 8). At each
timepoint biopsies were cut longitudinally into two pieces of which one
was fixed in 4% paraformaldehyde and the other snap frozen in liquid
nitrogen and stored at −80 °C for further analysis. On Day 0, Day 4 and
Day 8 additional biopsies were taken for dynamic metabolic measure-
ments. Tissue biopsies were placed into culture plates and incubated in
a well-defined medium (Glucose free and glutamine free DMEM med-
ium (Gibco, A1443001)), supplemented with 2% FCS, 5mM glucose,
500 µM glutamine and penicillin/streptomycin (pH adjusted to 7.4) for
2 h at 37 °C and 5% CO2. For the

13C-labeling incubation, same amounts
of either U-13C6-glucose (99%, Sigma, 389374) or U-13C5-glutamine (99%,
Cambridge IsotopeLaboratories, Inc. CLM-1822-H)wereused to replace
similar un-labeled nutrients in each medium. In the end, tissue slices
were quenched with liquid N2 and stored at −80 °C for further analysis.

No biopsies were taken before or during the perfusion of the five
human kidneys that were cultured for a 4-day period. From all eight
human kidneys cultured within our platform wedge biopsies were
taken at the end of culture and fixed in 4% paraformaldehyde or snap
frozen in liquid nitrogen and stored at −80 °C. For two of the five
human kidneys that were cultured for a 4-day period we received the
contralateral kidney from which control wedge biopsies were taken
(Control_1 and Day4_1, Control_2 and Day4_2 in Fig. 6K and Fig. S4A).

Histology
Biopsies were fixed overnight in 4% paraformaldehyde, stored in 70%
ethanol and embedded in paraffin for subsequent sectioning. Periodic

Article https://doi.org/10.1038/s41467-024-47106-w

Nature Communications |         (2024) 15:3818 11



Acid-Schiff (PAS) staining was performed on 4-μm-thick paraffin
embedded cortical tissue sections by the Pathology department using
an automatic slide stainer. Tissue slices that are compared were pro-
cessed simultaneously. Bright field images were digitized using a 3D
Histech Pannoramic MIDI Scanner (Sysmex) and viewed with Case-
Viewer software. PAS stained sections of the five four-day cultured
kidneys were assessed by a renal pathologist and scored on globally
sclerosed glomeruli (GSG), Interstitial Fibrosis and Tubular Atrophy
(IFTA), tubular cast formation, and edema.

MALDI-MSI
Tissue preparation, matrix deposition, MALDI-MSI measurements,
post MALDI-MSI staining, and data processing and analysis were per-
formed as previously described23,24. Details are provided below. In
total, 33 sections were assessed through MALDI-MSI, comprising a
total of 2.394.033 pixels analyzed for this study, resulting in an average
of 72.546 pixels per section at a spatial resolution of 5 × 5 µm2. The
average measured area for one section was 1.8mm2.

Tissue preparation and matrix deposition
Cryo preserved tissue biopsies were embedded in 10% gelatin and
cryosectioned into 10-µm-thick sections using a Cryostar NX70 cryo-
stat (Thermo Fisher Scientific) at –20 °C. The sections were thaw-
mounted onto indium-tin-oxide (ITO)-coated glass slides (VisionTek
Systems) and stored at –80 °C until further use. Slides were placed in a
vacuum freeze-dryer for 15min prior to matrix application. After dry-
ing, N-(1-naphthyl) ethylenediamine dihydrochloride (NEDC) (Sigma-
Aldrich, UK) MALDI-matrix solution of 7mg/mL in methanol/acetoni-
trile/deionized water (70/25/5% v/v/v) was applied using a SunCollect
sprayer (SunChrom GmbH). A total of 21 matrix layers was applied at
the following flow rates: layers 1–3 at 5 µL/min, layers 4–6 at 10 µL/min,
layers 7–9 at 15 µL/min and layers 10–21 at 20 µL/min (speed x,medium
1; speed y, medium 1; z position, 35mm; line distance, 1mm; N2 gas
pressure, 35 psi).

MALDI-MSI measurement
MALDI-TOF/TOF-MSIwas performedusing aRapifleXMALDI-TOF/TOF
system (Bruker Daltonics). Negative-ion-mode mass spectra were
acquired at a pixel size of 5 × 5 µm2 over a mass range ofm/z 80–1000.
Prior to analysis, the instrument was externally calibrated using red
phosphorus. Spectra were acquired with 15 laser shots per pixel (for
5 × 5 µm2 measurements) at a laser repetition rate of 10 kHz. Data
acquisition was performed using flexControl (Version 4.0, Bruker
Daltonics) and flexImaging 5.0 (Bruker Daltonics). Sections present on
the same slideweremeasured in a randomized order. Them/z features
present in MALDI-TOF-MSI dataset were further used for identity
assignment of metabolites and lipid species. The m/z values were
imported into the Human Metabolome Database47 (https://hmdb.ca/)
after re-calibration inmMass and annotated for metabolites and lipids
species with an error ≤ ±20 ppm. The 13C-labeled peaks were selected
by comparing the spectrum of control and 13C-labeling experiments,
and annotated based on the presence of un-labeled metabolites and
their theoretical m/z values. Peak intensities of the selected features
were exported for all the measured pixels from SCiLS Lab 2016b
(version 2016b, Bruker Daltonics), which were used for the following
analysis. Single ion visualizations were also obtained from SCiLS Lab.

Post-MALDI-MSI staining
Following theMALDI-MSI data acquisition, excessmatrixwas removed
by washing the slides in 100% ethanol (2 × 5min), 75% ethanol
(1 × 5min), and 50% ethanol (1 × 5min), after which tissues on the slide
were fixed using 4% paraformaldehyde for 10min. For immuno-
fluorescent staining, slides were blocked with 3% normal donkey
serum, 2% BSA, and 0.01% Triton X-100 in PBS for 1 h at room tem-
perature. Primary lotus tetragonolobus lectin (LTL, 1:300, Vector

laboratories, B1325), anti-nephrin (5 µg/mL, R&D, AF4269), and anti-
CDH1 antibody (1:300, BD Biosciences, 610181) were incubated over-
night at 4 °C, followed by correspondent fluorescent-labeled second-
ary antibodies for 1 h at room temperature Streptavidin anti-biotin
AF488 (1:300, ThermoFisher S-11223), Donkey anti-sheep IgG AF568
(1:300, Invitrogen, A-21099), Goat anti-Mouse IgG2a AF647 (1:300,
ThermoFisher, A-21241). Slides were embedded in Prolong gold anti-
fade mountant with DAPI (Thermo Fisher Scientific, P36931). The
stained tissues were scanned using a digital slide scanner (3D Histech
Pannoramic MIDI Scanner, Sysmex). Digital scanned images were
aligned with the MALDI-MSI data.

MSI data processing and analysis
For lipid analysis, features with m/z≥ 400, predominately glycer-
ophospholipids, that did not co-localize with MALDI matrix signals
were selected (signal-to-noise-ratio ≥3). The per-pixel total ion count
(TIC)-normalized intensity values for each m/z feature from all MSI
measurements were directly exported as comma-separated values
(.csv format).Upon loading in R (v. 4.0), thesevalueswere transformed
into a countmatrix for UMAP analysis bymultiplying the intensities by
100 and taking the integer. This count datamatrix was normalized and
scaled using SCTransform to generate a 2-dimensional UMAP projec-
tion using Seurat48. The spatial reconstructions of the segmentation
clusters were compared to the aligned immunofluorescence stainings,
and cell types were identified based on both immunomarker staining
and tissue morphology. Same cell types were annotated within one
cluster. The differential abundance of lipids between clusters were
analyzed using the FindAllMarkers function in Seurat. To compare
pixels from different datasets, these matrices were imported into the
Seurat package and a data integration step was performed after batch
correction using the method provided by Seurat. These integrated
datasetswereused togenerate a 2-dimensionalUMAPprojectionusing
Seurat and 3-dimensional UMAP projection using the Seurat and plotly
packages. The embedding information of the 3-dimensionalUMAPwas
translated to RGB color coding by varying red, green and blue inten-
sities on the 3 independent axes. Together with pixel coordinate
information exported from SCiLS Lab, a MxNx3 matrix was generated
andused to generatemolecular histology images inMatlab (v. R2019a.;
Mathworks).

For dynamic metabolomics, the lipid m/z features from the con-
trol kidneys were used as query. Then the MALDI-MSI data from
13C-labeling experiments of Day_0, Day_4 and Day_8 human kidneys
were used as a reference to transfer metabolite production into the
query using FindTransferAnchors and TransferData function from
Seurat package. Both the query and reference were normalized and
scaled using SCTransform. Ultimately, all the imputed metabolite
productions were combined into control kidney dataset, which con-
tained the 13C-labeling information from different nutrients. The
13C-labeled metabolite abundance was corrected to its isotope tracer
purity. Natural isotope abundance correction was performed for
metabolites using R package IsoCorrectoR49. After combining all the
imputed data into one dataset and correcting the natural isotope
abundance, the fraction enrichment of isotopologues was calculated
based on the ratio of each 13C-labeledmetabolite (isotopologue) to the
sum of this metabolite abundance in each pixel. The calculated frac-
tion enrichmentof isotopologueswasused to generate pseudo-images
together with pixel coordinate information exported from SCiLS Lab.
The average fraction enrichment values of identified clusters were
used for generating graphs and statistical analysis. Hotspot removal
(high quantile 99%) were applied to all the pseudo-images generated
from calculated values.

The fraction enrichment of isotopologues derived from 13C5-glu-
tamine were further used for relative flux rate calculation according to
the previous published Q-Flux equations34. Previously we demon-
strated that after 2 h of ex vivo incubation with 13C5-glutamine a
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pseudo-steady state is reached, allowing Q-flux analysis24. By com-
paring the glutamate (m + 5) enrichment and glutamine (m+ 5)
enrichment, the rate of GLS relative to OGDH (VGLS/VOGDH) was
determined by Eq. 1. Next, comparing the two fractional contributions
of α-KG derived from glutamine and IDH flux yields the rate of GLS
relative to IDH (VGLS/VIDH) (Eq. 2). The fraction of succinate derived
from α-KG /glu defines VOGDH/VSDH(F) (Eq. 3). The fraction of malate
derived directly from SDH forward flux was determined by dividing
malate (m + 4) enrichment by succinate (m+ 4) enrichment (Eq. 4).

VGLS

VOGDH
=

glutamate m+5ð Þ
glutamine m+ 5ð Þ
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ð1Þ
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� �
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� �
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succinate m+ 5ð Þ
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Untargeted lipidomics
Sample preparation for kidney lipid extraction. Frozen kidney tissues
were weighted and homogenized in cold LC-MS-grade water (final
concentration: 10mg/mL) with a Bullet Blender™ 24 (Next Advance Inc.,
NY, USA). Lipid extraction took place by adding 600 µLmethyl-tert-butyl
ether and 150 µL of methanol to 25 µL of tissue homogenate. Samples
were vortexed and kept at room temperature for 30min. After cen-
trifugation, the supernatant was transferred to a new microtube. The
extraction was repeated with 300 µL methyl-tert-butyl ether and 100 µL
methanol after which the supernatants were combined and 300 µL of
water was added before centrifugating once again. The upper (non-
polar) phase was transferred to glass vials and was dried under a gentle
stream of N2. Samples were reconstituted in 100 µL 2-propanol, soni-
cated for 5min and 100 µL water was added and sonicated once again
for 5min. Finally, samples were transferred to micro-vial inserts and
placed in the autosampler for LC-MS/MS analysis. Quality controls (QC)
were made by combining 15 µL from each sample.

Untargeted lipidomic analysis. Kidney lipid extracts were ana-
lysed using a LC-MS/MS based untargeted lipid profiling method50.
The LC system was a Shimadzu Nexera X2 (consisting of two
LC30AD pumps, a SIL30AC autosampler, a CTO20AC column oven
and a CBM20A controller) (Shimadzu, ‘s Hertogenbosch, The
Netherlands). The mobile phases consisted of water:acetonitrile
80:20 (eluent A) and water:2-propanol:acetonitrile 1:90:9 (eluent
B), both eluents containing 5mM ammonium formate and 0.05%
formic acid. The following gradient was applied using a flow rate of
300 µL/min: 0min 40% B, 10min 100% B, 12min 100% B. A Phe-
nomenex Kinetex C18, 2.7 µm particles, 50 × 2.1 mm (Phenomenex,
Utrecht, The Netherlands) column with a Phenomenex Secur-
ityGuard Ultra C8, 2.7 µm, 5 × 2.1 mm cartridge (Phenomenex,
Utrecht, The Netherlands) as guard column were used. The column
was kept at 50 ˚C at all times and the injection volumewas 10 µL. The
MS system was a Sciex TripleTOF 6600 (AB Sciex Netherlands B.V.,
Nieuwerkerk aan den IJssel, The Netherlands) operated in negative
ESI mode (ESI-) using the following parameters: ion source gas 1
45 psi, ion source gas 2 50 psi, curtain gas 35 psi, temperature
350 ˚C, acquisition range m/z 100-1800, ion spray Voltage −4500 V
(ESI-), declustering potential −80 V (ESI-). Information dependent
acquisition (IDA) was used to identify lipids, with the following
conditions for MS analysis: collision energy −10 V and acquisition

time 250ms; for MS/MS analysis: collision energy −45 V, collision
energy spread 25, ion release delay 30, ion release width 14 and
acquisition time 40ms. The IDA switching criteria were set for ions
greater than m/z 300 that exceed 200 cps, excluding isotopes
within 1.5 Da resulting in maximum 20 candidate ions, including a
selection of oxidized phospholipids (oxPLs) as inclusion list. MS-
DIAL (v5.1) was used to align the data and identify the different
lipids51–53. In brief, all peaks with an intensity of at least 200 ions
eluting between 0.5 and 10min of the chromatogram were con-
sidered. Alignment within samples was performed with a retention
time and MS1 tolerance of 0.15 min and 0.025 Da, respectively. MS-
DIAL lipid database version Msp20221205132019 was used for lipid
annotation having the following parameters as identification set-
tings: 0.01 and 0.05 Da for both MS1 and MS2 accurate mass toler-
ance, respectively, and including [M-H]-, [M-H2O-H]- and [M+formic
acid-H]- as adducts. Manual curation for the oxPLs species was
performed by only including those oxPLs for which the experi-
mental and reference MS/MS spectra matched. The annotation of
any other lipid class has not yet been verified as this was out of the
scope of this work. Subsequently, matching of untargeted lipi-
domics data with the results obtained fromMALDI-TOF and MALDI-
FTICRMSI analysis was based on matching accurate masses (5 ppm)
of consistently observed oxPL.

Kidney auto-transplantation
Experiments were performed at the Toronto Organ Preservation Lab
(TOPL), following a previously established protocol for porcine kidney
procurement and auto-transplantation35,36,54,55. These experiments
were carried out in accordance with the Canadian Council on Animal
Care guidelines. Animal ethical approval was granted under an Animal
User Protocol (AUP) issued by the University Healthcare Network
Animal Care Committee (AUP number 3651).

Male Yorkshire pigs (30−32 kg, 3-months-old) were used. Opera-
tive and perioperative procedures, drug administration, and follow-up
were conducted as described previously35,55. A detailed description is
provided in the supplementary materials and methods.

Statistical analyses
Perfusion parameters are presented as mean ± SEM, unless indicated
otherwise.MALDI-MSI deriveddata are presented asmean ± SD, unless
indicated otherwise. Data normality and equal variances were tested
using the Shapiro–Wilk test. All statistical tests were performed using
GraphPad Prism 9. P < 0.05 were considered statistically significant.
Exact sample size (n) for each experimental group and units of mea-
surements are provided in the text and figure captions. Figures were
created using Adobe Illustrator (Adobe Systems).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All the exported and processed MALDI-MSI data underlying the main
text and supplementary materials were deposited in Figshare at
https://doi.org/10.6084/m9.figshare.25304326.Owing to the large size
of the raw MALDI-MSI data this could not be deposited in a public
repository. The full MALDI imaging data generated in this study are
available upon request from the corresponding author (please contact
Gangqi Wang and Ton Rabelink). Source data are provided with
this paper.

Code availability
The code used for this article has been published previously24 and is
available in Zenoda at https://doi.org/10.5281/zenodo.7191331.
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