
Article https://doi.org/10.1038/s41467-024-52140-9

Normothermic ex vivo kidney perfusion
preserves mitochondrial and graft function
after warm ischemia and is further enhanced
by AP39

Masataka Kawamura 1,2,3,4, Catherine Parmentier 1,3, Samrat Ray1,3,
Sergi Clotet-Freixas1,5,6, Sharon Leung7, Rohan John8,9, Laura Mazilescu1,2,3,10,
Emmanuel Nogueira1,3, Yuki Noguchi1,3, Toru Goto 1,3, Bhranavi Arulratnam1,
Sujani Ganesh1, Tomas Tamang1, Kaitlin Lees1,7,11, Trevor W. Reichman1,3,
Ana C. Andreazza 12, Peter K. Kim 7,13, Ana Konvalinka 1,5,8,11,14,
Markus Selzner 1,3,11,15 & Lisa A. Robinson 2,7,11,13,15

Wepreviously reported that normothermic ex vivo kidney perfusion (NEVKP)
is superior in terms of organ protection compared to static cold storage (SCS),
which is still the standard method of organ preservation, but the mechanisms
are incompletely understood. We used a large animal kidney autotransplant
model to evaluatemitochondrial function during organ preservation and after
kidney transplantation, utilizing live cells extracted from fresh kidney tissue.
Male porcine kidneys stored under normothermic perfusion showed pre-
served mitochondrial function and higher ATP levels compared to kidneys
stored at 4 °C (SCS). Mitochondrial respiration and ATP levels were further
enhanced when AP39, a mitochondria-targeted hydrogen sulfide donor, was
administered during warm perfusion. Correspondingly, the combination of
NEVKP and AP39 was associated with decreased oxidative stress and inflam-
mation, and with improved graft function after transplantation. In conclusion,
our findings suggest that the organ-protective effects of normothermic per-
fusion are mediated by maintenance of mitochondrial function and enhanced
by AP39 administration. Activation of mitochondrial function through the
combination of AP39 and normothermic perfusion could represent a new
therapeutic strategy for long-term renal preservation.

Theoptimal renal replacement therapy forpatientswith end-stage kidney
disease is kidney transplantation1. Expanding the use of marginal grafts
and increasing the donor pool are essential strategies to shorten
the waiting period for deceased donor kidney transplantation2. Although
static cold storage (SCS) is widely used worldwide because of its simpli-
city, this preservation method has been reported to decrease the meta-
bolic activity of the organ and aggravate ischemia-reperfusion injury3.

Ischemia-reperfusion injury is an unavoidable insult that occurs
during organ preservation and is caused by a decrease in oxygen
supply during ischemia, which causes cells to switch to anaerobic
metabolism and impairs mitochondrial function4. Accumulation of
succinate and reversal of electron transport in the mitochondrial
complex during reperfusion leads to reactive oxygen species release
and mitochondrial injury, which is reflected in reduced ATP
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production, triggering inflammation and organ damage5–8. These
observations highlight the importance of maintaining cellular mito-
chondrial function during organ preservation.

We have studied NEVKP as a method to maintain kidneys in a
physiological environment ex vivo9. We have reported that NEVKP is
superior in organ protection compared to SCS3. More recently,
through proteomic and genomic approaches, we found that NEVKP
maintains the levels of key proteins involved in mitochondrial bio-
synthesis in porcine kidneys in amodel of donation after cardiac death
(DCD)10. We also reported that NEVKP promotes the expression of
genes related tomitochondrial metabolism11. To our knowledge, there
have been no previous reports evaluating mitochondrial function
using live cells from preserved organs. In this study, using a porcine
kidney autotransplantation model we showed that NEVKP has a
superior mitochondrial protective effect as compared to SCS and that
NEVKP prevents subsequent oxidative stress and inflammation.

In recent years, NEVKP has been recognized as an emerging
platform for therapeutic interventions12. The ability to offer a near-
physiological environment ex vivo provides the opportunity tomodify
a single organ prior to transplantation through cell therapy or drug
administration13,14. AP39 is a compound used to supply hydrogen
sulfide (H2S) within mitochondria15. Hydrogen sulfide released
from AP39, which has a mitochondrial target domain, has been shown
to function as an electron donor at the mitochondrial membrane,
supporting mitochondrial electron transport and ATP production16,17.
While there have been reports of organ protection using AP3918,19,
to our knowledge, there are no reports of AP39 administered during
NEVKP in large animals followed by transplantation. In this study,
we aimed to enhance graft protection from ischemia by administering
AP39 during perfusion after prolonged warm ischemia to stimulate
the mitochondrial metabolic capacity of the cells of the renal cortex,
thus further improving graft survival.

Results
5 h of NEVKP improves ischemia-reperfusion injury
We first examined how 5 h of NEVKP affects the graft function after
60min of warm ischemia and kidney autotransplantation(Fig. 1A).
Plasma creatinine and urea nitrogen continued to increase in both the
SCS and NEVKP groups after transplantation but were significantly
lower in the NEVKP group from postoperative day (POD) 2 to POD 3
compared to the SCS group (Fig. 1B). Creatinine clearance and frac-
tional excretion of sodium (FeNa), an indicator of ischemia-
reperfusion injury, were measured using urine 24-h collections on
the second post-transplant day (Fig. 1C). The NEVKP group showed a
trend toward higher urine output compared to the no WI and SCS
experimental groups. This could be explained by the diuretic effect of
sodium excretion arising from ischemia-reperfusion injury and by the
fact that some pigs in the SCS group had markedly low urine output.
Therewasno significant difference in creatinine clearance between the
NEVKP and SCS groups, although a trend toward higher creatinine
clearance was observed in the NEVKP group (Fig. 1C). FeNa was sig-
nificantly lowerwithmachine perfusion preservation compared to SCS
(Fig. 1C). Since our previous study showed that ischemia-reperfusion
injury in the kidney peaked on postoperative days 2–3, we sacrificed
the pigs on day 3 and evaluated the kidney tissue20. The tubular injury
and inflammation scores were significantly elevated in the SCS and
NEVKP groups compared to the group transplanted with healthy kid-
neys without ischemia (Fig. 1D).

NEVKP restoresmitochondrial function to levels similar to those
in normal kidney tissue
We next hypothesized that normothermic machine perfusion would
maintain mitochondrial function ex vivo. Cell suspensions dissociated
from fresh kidney biopsies, as previously shown, were plated, allowed
to attach overnight, and then subjected to assessment of metabolic

function in a Seahorse instrument, as previously performed21,22. Mito-
chondrial respiration, assessed by measuring oxygen consumption
rate (OCR) was significantly lower in the SCS preservation group
compared to normal, healthy tissue taken from the contralateral kid-
ney 5-h after organ preservation (Fig. 2A). However, in the NEVKP
group, OCR levels were maintained to the same degree as in healthy
kidneys. The NEVKP group had significantly higher basal OCR, ATP-
linked respiration, maximal respiration capacity, and reserve capacity
compared to SCS-preserved kidneys during cellular metabolic stress
(Fig. 2A, B). Early after transplantation, differences in mitochondrial
respiratory capacity between groups were less noticeable, while ATP-
linked respiration was significantly lower in the SCS group than in the
healthy kidney group (Supplementary Fig. 1). The increased aerobic
metabolism in NEVKP-preserved kidneys was accompanied by a sig-
nificant increase in intracellular levels of ATP compared to SCS-
preserved kidneys after the end of organ preservation and early
(30min) after kidney transplantation (Fig. 2C). We then examined
mitochondrial morphology in the renal cortex and found that most
mitochondria in the no WI group—corresponding to healthy kidneys—
were elongated before transplantation, whereas in the 5-h NEVKP
group, most mitochondria were fragmented and rounded (Fig. 2D). In
the SCS group, mitochondrial morphology was not as much rounded,
showing a pattern between the no WI and the warm perfusion group
(Fig. 2D). Based on semiquantitative scoring of mitochondrial frag-
mentation, there was a significant difference between the no WI and
NEVKP groups before transplantation, and between the SCS and
NEVKP groups at 30min after implantation (Fig. 2D). In agreement, the
SCS group showed significantly increased plasma circulating cell-free
mtDNA (ccf-mtDNA) levels, which are known to be released extra-
cellularly when mitochondria are under stress, compared to the noWI
group (Fig. 2E). A trend towards higher levels of plasma ccf-mtDNAwas
seen in the SCS group compared to NEVKP-preserved kidneys. Taken
together, thesedata suggest thatNEVKPpreserves aerobicmetabolism
and increases ATP levels in the renal cortex, which may contribute to
the ability of NEVKP to ameliorate renal ischemia-reperfusion injury
after transplantation.

NEVKP prevents oxidative stress in transplanted kidneys
subjected to WI
Ischemia-reperfusion injury in the kidney leads to metabolic damage,
mainly in the form of mitochondrial dysfunction, as well as inflam-
mation marked by the release of reactive oxygen species and activa-
tion of neutrophils (Fig. 3A). To assess whether NEVKP affords
protection, we measured TBARS, a marker of oxidative stress induced
by ischemia-reperfusion injury, before organ removal and daily up to
day 3 after renal transplantation (Fig. 3B). There was no significant
difference between the groups at baseline and POD 1. In turn, the
NEVKPgroupdemonstrated a significant decrease inTBARS compared
to the SCS group from POD 2 onward (Fig. 3B). To assess the effects of
NEVKP on neutrophil activation, we measured plasma levels of mye-
loperoxidase (MPO). On POD3, the SCS group showed a significant
increase in MPO compared to the no WI group (Fig. 3C). Lower MPO
valueswere found in theNEVKPgroupcompared to the SCSgroup, but
the differencewasnot statistically significant (Fig. 3C). Taken together,
these data suggest that the beneficial metabolic effects of NEVKP are
associated with reduced oxidative stress.

Administration of AP39 during NEVKP is feasible and safe
Having determined that NEVKP-mediated protection is associatedwith
the preservation ofmitochondrial function in the graft, we next sought
to determine whether additional organ-protective effects might
be achieved by further enhancing mitochondrial function with
AP39 (Fig. 4A). As in the first protocol, 60min of warm ischemia was
followed by 5 h of NEVKP with subsequent autotransplantation and
contralateral nephrectomy. AP39 was administered in the perfusate
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immediately after the start of perfusion in the intervention group
(NEVKP + AP39). As we have previously reported, renal blood
flow increased over time with normothermic machine perfusion
(Fig. 4B), and the NEVKP +AP39 group showed a similar significant
increase in renal blood flow (Fig. 4B). Perfusion was maintained under
pressure fixation, and intravascular resistance decreased to a similar

extent in both NEVKP- and NEVKP +AP39-treated groups as blood
flow increased (Fig. 4B). Administration of AP39 significantly increased
the total urine output during 5 h of perfusion compared to NEVKP
alone. Urinary glucose levels were not significantly different between
the two groups, suggesting that osmotic diuresis had little effect
(Fig. 4B). Renal blood flow rate, intrarenal vascular resistance at 5 h,
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Fig. 1 | Five-hour normothermic ex vivo perfusion ameliorates ischemia-
reperfusion injury compared to renal preservation with static cold storage.
A Schemaof the study design: kidneys retrieved from 30-kgpigs were subjected to
60min of warm ischemia, randomized to 5 h of ex vivo warm perfusion or static
cold storage, and followed for 3 days after autotransplantation and contralateral
nephrectomy. The no warm ischemia group that underwent transplantation after
minimal storagewasused as shamcontrol (n = 5 pigs/NoWI, 6 pigs/SCS, and6pigs/
NEVKP). B Plasma creatinine levels and urea nitrogen from preoperative to day 3
(n = 5 pigs NoWI, 6 pigs SCS, and 6 pigs NEVKP). C 24-h urine storage test from day
2 to day 3. 24-hour urine output, creatinine clearance, and fractional excretion of
sodium (n = 5 pigs NoWI, 6 pigs SCS, and 5 pigsNEVKP). In one animal in theNEVKP

group, the urine sample could not be collected postoperatively due to technical
error and was excluded from the analysis. D PAS stained image at the border
between renal cortex and medulla obtained on day 3, comparing tubular injury
score and inflammation score (n = 5 pigs No WI, 6 pigs SCS, and 6 pigs NEVKP).
Scale bar, 100μm. Results are presented asmeans ± SD. Comparisons between two
groups were made using the two-tailed unpaired t test, and comparisons between
three groups were made using ANOVA and the Tukey post hoc test. Panel (A),
created with BioRender.com, was released under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International license. WI, ischemia; SCS, static cold
storage; NEVKP, normothermic ex vivo kidney perfusion.
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and total urine output were significantly correlated with graft function
after implantation (Supplementary Fig. 2). In both NEVKP and
NEVKP +AP39 groups, lactate levels decreased to a similar extent with
perfusion (Fig. 4B). Glucose levels increased over time due to the
administration of dextrose during perfusion, and the observed
increase was similar in both groups (Fig. 4B). These results support

that administration of AP39 together with NEVKP is feasible, safe, and
confers physiologic improvement of kidneys subjected to WI.

AP39 treatment improves graft function after WI
We next evaluated graft function and the extent of ischemia-
reperfusion injury after kidney autotransplantation. Tubular injury
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scores and inflammation scores from kidney sections on POD 3 were
numerically lower in the NEVKP + AP39 group compared to the NEVKP
group, although the difference was not significant (Fig. 5A). Plasma
creatinine and blood urea nitrogen levels started to decrease in the
NEVKP +AP39 group on POD2 and were significantly lower on POD 3
compared to the NEVKP group (Fig. 5B). There was no significant dif-
ference in 24-h urine output between the two groups on the second
day after transplantation (Fig. 5C). The FeNa was significantly lower on
POD 3 when AP39 was administered during perfusion compared to
perfusion alone (Fig. 5C). We also administered AP39 to the SCS group
when flushing blood with UW solution before preservation (SCS +
AP39 group). Although the SCS + AP39 group had significantly lower
plasma creatinine and urea nitrogen on postoperative day 3 compared
to the SCS group, they were significantly higher than in the NEVKP +
AP39 group (Supplementary Fig. 3). These results indicate that
administration of AP39 together with NEVKP improves graft function
beyond the beneficial effects conferred by NEVKP alone.

AP39 administration amplifies the protective effects of NEVKP
on renal mitochondrial function
We next evaluated whether AP39 treatment together with NEVKP
enhances mitochondrial function compared to NEVKP alone. Intra-
cellular ATP levels in the AP39 experimental group were significantly
higher after 5 h of organ preservation, at the time of pre-implantation,
but no significant differences were observed after implantation
(Fig. 6A). The Seahorse analyzer was used to measure mitochondrial
respiration (Fig. 6B). With the addition of AP39 during perfusion, basal
OCR, ATP-linked respiration, maximal respiration capacity, and
reserve capacitywere all significantly increased compared to perfusion
alone (Fig. 6C). Significant differences in maximal respiration capacity
were also observed at the early post-transplant time (Supplementary
Fig. 4). Assessment of mitochondrial morphology by Hsp60 staining
showed that mitochondria in the renal cortex were more fragmented
and rounded when AP39 was administered during 5 h of NEVKP
(Fig. 6D). There was no significant difference between the two groups
in the early post-transplant phase (Fig. 6D). There was no significant
difference in ccf mtDNA levels after organ preservation or transplan-
tation, suggesting that this mechanism of injury may not be heavily
involved, although it is possible that we were underpowered to detect
a significant difference in the early post-reperfusion period (Fig. 6E).

Administration of AP39 in combination with NEVKP reduces
oxidative stress and inflammation
We then examined howoxidative stress and inflammationwere altered
by AP39 administration, measuring TBARS andMPO levels. At both 1 h
and 5 h of perfusion, with a similar trend at 3 h of perfusion, adminis-
tration of AP39 resulted in significantly lower perfusate TBARS levels
compared to levels seen with perfusion alone (Fig. 7A). On POD3 after
transplantation, kidneys subjected to AP39 together with NEVKP were
associated with significantly lower plasma TBARS levels compared to
grafts subjected to NEVKP alone (Fig. 7A). Plasma levels of MPO were
significantly reduced on POD 2 in the NEVKP +AP39 group compared
to in the NEVKP alone group (Fig. 7B). These results indicate that AP39

in combination with NEVKP confers further protection from ischemia-
induced oxidative stress and inflammation beyond the effect con-
ferred by NEVKP alone.

Discussion
The molecular aspects behind the beneficial effects of normothermic
ex vivo machine perfusion relative to static cold storage (the standard
conventional method of organ preservation) remain incompletely
understood23. It has been assumed that metabolism is maintained
during normothermic perfusion, but this has not been adequately
assessed until now. Here, we evaluated the mitochondrial function of
biopsy-derived kidney cells after normothermic ex vivo machine per-
fusion. In line with our previous reports, our results indicated that 5 h
of normothermicmachine perfusionmay reduce ischemia-reperfusion
injury and protect organs in the short term20 and that oxygen con-
sumption of living cells in the renal cortex was predominantly
increased, suggesting a maintenance of the mitochondrial metabolic
capacity conferred byNEVKP. In addition, ATP levels werepreserved in
living cells derived from ischemic kidneys subjected towarmperfusion
to a similar extent to those obtained from normal kidneys. Along with
the maintenance of mitochondrial function, significant differences in
TBARS, a marker of oxidative stress, were observed at 3 days post-
transplantation. Because the measurements were performed using
plasma concentrations rather than tissue concentrations, they may
reflect delayed elevation of markers of oxidative stress. These findings
are consistent with reports that mitochondrial metabolic capacity
during organ preservation is critical for the development of graft
function and may represent a new therapeutic target in organ
preservation.

Consequently, we aimed to enhance graft protection from ische-
mia by stimulating metabolic capacity in the renal cortex with the
administration of mitochondria-targeted drugs in the perfusate.
Hydrogen sulfide released from AP39, which has a mitochondrial tar-
get domain, has been shown to function as an electron donor at the
mitochondrial membrane, supporting mitochondrial electron trans-
port and ATP production16,17. AP39 has been shown to be useful in
kidneys preserved by SCS and perfused under subnormothermic
conditions18,24,25. Our study is thefirst to examine the efficacy ofAP39 in
the setting of perfusion under normothermic conditions and in a large
animal model of transplantation. In support of these mechanisms, 5 h
of NEVKP with AP39 resulted in a superior activation of mitochondrial
metabolic capacity and an increase in ATP levels compared to warm
perfusionwithout AP39. Correspondingly, oxidative stress levels in the
perfusate decreased, and arterial blood flow and urine excretion,
indicators of superior graft function during perfusion, increased.
Observations from our prior studies did not support a strong corre-
lation between ex vivo creatinine clearance and postoperative renal
function (data not shown). Thus, we didnotmeasure ex vivo creatinine
clearance in the present study, but this could certainly be considered
for future studies. This intervention also conferred a benefit with
respect to graft function after transplantation. What can be drawn
from these findings is the fact thatmaintainingmitochondrial function
in ischemic kidneys is essential for good graft function after

Fig. 2 | Differences in mitochondrial function and ATP levels based on the
method of organ preservation. A Oxygen consumption rate in cells extracted
from renal cortex tissue for analysis of mitochondrial respiration after organ pre-
servation (n = 3 pigs/No WI, 3 pigs/SCS, and 3 pigs/NEVKP; n = 17 replicates/No WI,
n = 17 replicates/SCS, and 18 replicates/NEVKP). Changes from baseline to after
metabolic stress. B Differences in baseline oxygen consumption rates, calculated
ATP-linked respiration, maximal respiration capacity, and reserve capacity (n = 3
pigsHealthy Kidney, 3 pigs SCS, and 3 pigs NEVKP; n = 17 replicates Healthy Kidney,
n = 17 replicates SCS, and 18 replicates NEVKP). C ATP concentration per 100000
cells obtained from renal cortical tissue after organ storage and before implanta-
tion and at 30min after implantation (n = 5 pigs No WI, 5 pigs SCS, and 5 pigs

NEVKP). D Immunofluorescence co-staining of Hsp60 (green) and DAPI (blue)
within porcine kidneys after organ storage and before implantation and at 30min
after implantation. Scale bar, 10 μm (n = 5 pigs No WI, 6 pigs SCS, and 6 pigs
NEVKP). ECirculating cell-freemiDNA at 3 h and 3 days after reperfusion (n = 5 pigs
No WI, 6 pigs SCS, and 6 pigs NEVKP). Results are presented as means ± SD.
Comparisons between two groups were made using the two-tailed unpaired t test,
and comparisons between three groups were made using ANOVA and the Tukey
post hoc test. WI, ischemia; SCS, static cold storage; NEVKP, normothermic ex vivo
kidney perfusion; OCR, oxygen consumption rate; ATP, adenosine triphosphate;
mtDNA, mitochondrial DNA.
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transplantation. The combination of warm perfusion, which attempts
to preserve the organ as close as possible to its physiological envir-
onment outside the body, and mitochondria-activating agent may be
of potential therapeutic utility. It has been reported that exposure of
cultured cells to AP39 increased the concentration of hydrogen sulfide
in the culture supernatant over a 7-day period17. We thus inferred that
the effects of AP39 would persist within a 5-h circuit. As AP39 is a
mitochondria-targeted H2S donor, we did not assess direct binding to
renal tubular/cortex cells in our study. However, recent research work
demonstrated that exposure of kidneys to AP39 in the context of
ischemia-reperfusion injury reduced apoptotic injury of renal tubular

cells19. In addition, exposure to AP39 of a number of cultured cell
types, including microvascular endothelial cells, cardiac myoblasts,
pancreatic islet cells, human trophoblasts, and neuroblastoma cells,
has been shown to result in mitochondrial protection, suggesting
direct uptake of AP39 by these cells15,17,26–28. While the addition of AP39
during SCS provided some degree of organ protection, the combina-
tion of warm perfusion and AP39 provided a benefit that exceeded it.
Indeed, there is a growing recognition of the numerous advantages
offered by treating organs alone, outside the body, such asminimizing
side effects29. In this study, no apparent adverse events were observed
in the group treated with the drug. Nonetheless, the practical

Fig. 3 | Evaluation of the effect of NEVKP on oxidative stress and inflammation
markers associated with mitochondrial injury in ischemia-reperfusion injury.
A Graphical representation of the biological response triggered by mitochondrial
injury in ischemia-reperfusion injury. Mitochondrial dysfunction releases reactive
oxygen species and mtDNA, which in turn activate inflammatory pathways.
B Comparison of plasma levels of TBARS, a marker of oxidative stress, from pre-
operative to day 3 post-implantation (n = 5 pigs/No WI, 6 pigs/SCS, and 6 pigs/
NEVKP). C Plasma concentration of myeloperoxidase, a marker of inflammation, at

1–3 days post-implantation (n = 5 pigs NoWI, 6 pigs SCS, and 6pigsNEVKP). Results
are presented as means ± SD. Comparisons between two groups were made using
the two-tailed unpaired t test, and comparisons between three groups were made
using ANOVA and the Tukey post hoc test. Panel (A), created with BioRender.com,
was released under aCreativeCommonsAttribution-NonCommercial-NoDerivs 4.0
International license. WI, ischemia; SCS, static cold storage; NEVKP, normothermic
ex vivo kidney perfusion; ATP, adenosine triphosphate; mtDNA, mitochondrial
DNA; TBARS, 2-thiobarbituric acid reactive substances; MPO, myeloperoxidase.
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introduction of normothermic perfusion equipment in the clinical
settingmayprove costly or technically challenging. If such is the case, a
short cold flush with AP39 and subsequent SCS preservation can be
considered.

There are several limitations to this study. One is the small num-
ber of large animals used, due to ethical and economic considerations.

Second, the experimental animals did not have any of the common
donor/recipient issues that can impact transplant outcomes (e.g.,
advanced age, multiple comorbidities, infection, resuscitation, embo-
lization, multiple vessels, size mismatch, etc.). By eliminating these
factors, wewereable todirectly assess the effectivenessof our strategy
in organ preservation without the influence of confounding factors.
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NEVKP+AP39). In one animal in the NEVKP group, the urine sample could not be
collected postoperatively due to technical error and was excluded from the ana-
lysis. Results are presented as means ± SD. Comparisons between the two groups
were made using the two-tailed unpaired t test. Panel (A), created with BioR-
ender.com, was released under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International license. NEVKP, normothermic ex vivo kidney perfusion.
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Third, we used a novelmethod for assessingmitochondrial function in
tissues. Unlike previous reports, which often used frozen serum or
plasma and evaluated by mass spectrometry, we analyzed mitochon-
drial respiratory capacity and ATP production using living cells
extracted before and after transplantation from the renal cortex,
which is a highly metabolically active region, mostly due to the high
energy demands required for tubular transport and reabsorption30,31.
We believe this method is more appropriate because it allows us to
assessmitochondrial activity in real-time and in the graft tissue itself32.
ccf-mtDNA is widely used as a method to assess mitochondrial injury,
however, the results in this experiment were not consistent with the
othermitochondrial assessmentmethod33,34. This assaywas performed
on frozen plasma and analyzed simultaneously when all samples were
collected, which may have resulted in variations in the cryopreserva-
tion period among samples. In addition, mitochondrial morphology in
kidney tissue is typically evaluated by electron microscopy, but
because the tissue could not be preserved in an appropriatemanner, it
was alternatively stained with Hsp60 and evaluated using confocal

microscopy. Finally, the histopathological evaluation methods we
used, tubular injury score and inflammation score, are semi-
quantitative methods. The accuracy and sensitivity of the tests are
limited. In particular, the small number of animals used in this
experimental system may have made it difficult to detect differences.
Creatinine clearancemeasurements also have limited utility becauseof
the difficulty of accurately measuring urine output in pig cages. We
believe that serum creatinine, BUN, and fractional excretion of sodium
can provide a complementary assessment of the ischemia-reperfusion
injury model. These findings are similar to previous observations in
which we observed superior function of kidneys transplanted after
NEVKP compared to hypothermic machine perfusion, despite similar
histology between the two groups3.

SCS has long been the standardmethod of preserving kidneys35. It
is widely used throughout the world because of its simplicity, low cost,
and ease of technique. Currently, hypothermic ex vivo perfusion
(HMP) with or without oxygen is becoming the new standard method
of organ preservation for kidneys from DCD and donation after brain
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death (DBD) with expanded criteria in European countries36–38. HMP
has been shown to reduce delayed graft function and improve graft
survival after transplantation compared to SCS. HMP has relatively
simple logistics and economic advantages over NEVKP, while NEVKP
better enables the potential assessment of organ function. In addition,
their proximity to the physiological environment could offer the
potential for future interventions to repair damaged organs or induce

immune tolerance through cell therapy. Studies that directly compare
NEVKP andHMP are currently limited but should be the focus of future
investigation39.

In this study we also evaluated mitochondrial morphology after
organ preservation and transplantation by fluorescent immunostain-
ing. Our major finding at the morphology level was that mitochondria
protected by warm perfusion were more fragmented, small, and
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rounded. This suggests that these morphological changes may indi-
cate structural mitochondrial remodeling. It is generally accepted that
elongated mitochondria have higher membrane potential due to
increased OXPHOS activity than fragmentedmitochondria40. Based on
this, it is logical to think that inducing elongationmay be beneficial for
cell function and survival41. However, there is emerging evidence that
fragmentation may be beneficial for cell health and viability under
some stress conditions42,43. The purpose of mitochondrial fragmenta-
tion is not entirely clear, but it has been shown that fragmentation
could be a precursor to prepare cells to degrade damaged mito-
chondria and/or induce death in defective cells44. Further, mitochon-
drial fragmentation occurs during oxygen deprivation in many
systems. During hypoxia, mitochondria also alter their oxidative
phosphorylation activity to decrease oxygen consumption and ROS
production44. Since fragmented mitochondria show decreased mito-
chondria potential, it is possible that fragmentation may be another
mechanism for reducing oxygen consumption or decreasing ROS
production. In fact, C.elegans with a mutation in mitochondria fusion
genes showed rounded fragmentedmitochondria, however, they were
more resistant to oxidative stress compared to the wild type or the

fission mutant43, suggesting that pre-fragmented mitochondria may
have some protective properties under oxidative stress conditions.
Recently, localized mitochondrial fission at the site of membrane
damage was shown to signal for membrane repair42. It is thus plausible
that fragmentation of mitochondria is not detrimental to the cell or
indicative of irreversible injury but, instead, may reflect an adaptive
cellular response to stress to aid in the survival of the cell45. Never-
theless, since the significance of this finding has not yet been suffi-
ciently investigated, further cause-effect studies using clinical and
experimental specimens will be required.

In conclusion, this study shows that the organ-protective effects
of normothermic perfusion are associated with the maintenance of
mitochondrial function. This concept had not been previously inves-
tigated in detail and could be of therapeutic interest. This work also
demonstrates that AP39 activates mitochondrial function and clearly
improves renal function after transplantation. Activation of mito-
chondrial function through the combination of AP39 and normother-
mic perfusion could represent a potential new therapeutic target for
long-term renal preservation.We speculate that the clinical application
of this novel normothermic perfusion technique with AP39 could

Fig. 6 | AP39 administration further activates mitochondrial function in the
kidney during NEVKP. A ATP concentration per 100000 cells was obtained from
renal cortical tissue at time points after organ storage and before implantation, and
at 30min after implantation (n = 5pigs/NEVKPand 5pigs/NEVKP+AP39).BOxygen
consumption rate in cells extracted from renal cortex tissue for analysis of mito-
chondrial respiration after organ preservation. Changes from baseline to after
metabolic stress (n = 3 pigs NEVKP and 3 pigs NEVKP +AP39; n = 18 replicates
NEVKP and 15 replicates NEVKP +AP39). C Differences in baseline oxygen con-
sumption rates, calculated ATP-linked respiration, maximal respiration capacity,
and reserve capacity (n = 3 pigs NEVKP and 3 pigs NEVKP+AP39; n = 18 replicates

NEVKP and 15 replicates NEVKP +AP39). D Immunofluorescence co-staining of
Hsp60 (green) and DAPI (blue) within porcine kidneys at time points after organ
storage andbefore implantation and at 30min after implantation (n = 6pigsNEVKP
and 5 pigs NEVKP+AP39). Scale bar, 10 μm.ECirculating cell-freemiDNAat 3 h and
3 days after reperfusion (n = 6 pigs NEVKP and 5 pigs NEVKP +AP39). Results are
presented as means ± SD. Comparisons between the two groups were made using
the two-tailed unpaired t test. NEVKP, normothermic ex vivo kidney perfusion;
OCR, oxygen consumption rate; ATP, adenosine triphosphate; mtDNA,
mitochondrial DNA.
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increase the number of viableorgans for transplantation. Thepotential
for extended preservation time could help solve the geographic pro-
blem of organ transfer, resulting in reduced economic costs. Our plan
is to move forward and study the effects of AP39 in combination with
warm perfusion in the clinic.

Methods
Animals
All preclinical research protocols were performed using 12-week-old
male Yorkshirepigs (29–31 kg). Pigswere housed and acclimated in the
pens for one week prior to the study. All pigs were raised under con-
ditions of 18–22 °C, 30–50% humidity with a 12 h light/dark cycle and
had free access to water and food. All protocols were reviewed and
approved by the Animal Care Committee, Toronto General Hospital
and adhered to the Canadian Council on Animal Care Certificate of
Good Animal Practices Guidelines.

Experimental design
The study design involved two major protocols. First, based on the
hypothesis that warm perfusion would preserve mitochondrial func-
tion during organ preservation after warm ischemia, a comparisonwas
made between SCS and NEVKP. The kidneys were resected after
60min of warm ischemia and stored in SCS (n = 6) or NEVKP (n = 6) for
5 h. Subsequently, we performed removal of the contralateral kidney
and autotransplantation and followed the pigs for 3 days. In addition, a
‘no warm ischemia’ group (no WI, n = 5), in which transplantation is
performed promptly without ischemia after kidney retrieval, was
added as a sham group. Second, we tested whether supplementation
with the mitochondria-targeted hydrogen sulfide donor, AP39, during
5 h of NEVKP could further contribute to functional improvement after
warm ischemia (NEVKP + AP39, n = 5). The warm ischemia time and
follow-up period were the same as in the first protocol. Cases with
surgical complications (anastomotic stenosis, abdominal wall scar
hernia) were excluded.

Kidney procurement and autotransplant
The surgical procedurewasperformed as previously described20. After
sedation, the pigs were intubated and ventilated. Anesthesia was
maintained with fentanyl, isoflurane, and propofol. A central venous
catheterwasplaced in the internal jugular vein for blood collection and
drug administration. After a central abdominal incisionwasplaced, the
right kidneywas dissected, and the renal artery and veinwere clamped
for 60min to mimic DCD conditions and then excised. Grafts were
immediately flushed with 300ml of University of Wisconsin (UW)
solution until no visible blood outflow was noticed from the vein. For
the SCS group, kidneys filled with UW solution were kept on ice. For
theNEVKPgroup, kidneyswere connected to a perfusionmachine. The
abdomen was subsequently closed, and after recovery from anesthe-
sia, thepigswere returned to thepen. At the endof organpreservation,
the pigs were transported back to the operating room, anesthetized,
and intubated. The median incision was reopened, and the left kidney
was removed. After 5 h of preservation, grafts were flushed again with
300ml of UW solution, and the renal artery and vein were anasto-
mosed to the aorta and vena cava, respectively. Cold ischemia timewas
within 2–3min. Anastomosis time was 25–30min. After reperfusion,
we performed end-to-end anastomosis of the ureters. A 6Fr 20 cm
ureteral stent was placed inside to prevent stenosis.

Ex vivo kidney perfusion
NEVKP was performed as previously described3,9. The renal artery and
vein were cannulated, the retrieved organ was placed in a chamber
with a clean bag over it, and the renal artery and vein were connected
to the circuit. A feeding tube was inserted into the ureter to allow the
collection of urine. Perfusate was mainly based on leukocyte filtered
erythrocytes collected from third-party pigs and 5% human albumin

solution (Supplementary Table 1). The temperature of the perfusate
was set at 38 °C to ensure that the temperature at the kidney surface
was 36–37 °C using a heat exchanger. 95% oxygen and 5% carbon
dioxide were supplied at a total rate of 2 L/min. Nonpulsatile perfusate
was circulated at a constant rate by a centrifugal pump. Perfusion was
pressure-controlled and initiated at 75mmHg, reduced to 70mmHg
after 1 h, and maintained at 65mmHg after 2 h. Physiological para-
meters were recorded every hour during the 5 h of perfusion. Ringer’s
Lactate Solutionwas supplemented to compensate for urine produced
during perfusion. Using a syringe pump, glucose (0.25 g/h), essential
amino acids (0.1 g/h), and insulin (5 IU/h) were continuously adminis-
tered into the venous reservoir, and verapamil (0.25mg/h) was admi-
nistered into the arterial line.

Administration of AP39
AP39, a mitochondria-targeted hydrogen sulfide donor, was adminis-
tered to the NEVKP +AP group aiming to enhance mitochondrial
function18. The compound was purchased from Cayman Chemical
(Ann Arbor, MI, USA). AP39 was administered at a final concentration
of 200nM dissolved in dimethyl sulfoxide for UW solution and per-
fusate with reference to previous reports15,16. Immediately after the
start of perfusion, AP39 was administered as a bolus in the perfusate.

Sample collection
Tissues were collected at baseline, before implantation after the 5-h
storage period, 30-min post-reperfusion, and on day 3. After trans-
plantation, renal biopsies were taken to include both the cortex and
medulla for the histological evaluation or only the cortex for the other
analyses. Blood was collected at baseline, pre-implantation, 1–3 h, and
1–3 day(s) post-transplant for blood gas analysis using RAPIDPoint 500
Systems (Siemens, Munich, Germany) and plasma biochemistry tests
using Piccolo Xpress (Abaxis, CA, USA). The remaining plasma was
stored. Perfusate was collected hourly from baseline. Urine during
perfusion was obtained and stored every 2 h. Transplanted pigs were
kept in a cage, and 24-hour urine was collected on the second to third
postoperative day. Urine creatinine and sodium concentrations were
measured using an Abbott Architect Chemistry Analyzer (Abbott
Laboratories, IL, USA), and creatinine clearance (CCr) and fractional
excretion of sodium (FeNa) were calculated. In one animal in the
NEVKP group, the urine sample could not be collected postoperatively
due to technical error and was excluded from the analysis.

Histology
Graft tissue at day 3, when the degree of ischemia-reperfusion injury
reaches its maximum, was used for evaluation. Paraffin-embedded
blocks were prepared from formalin-fixed tissue, and periodic acid-
Schiff (PAS) staining was performed on 3-micron sections. Tubular
injury and inflammation scores were determined in a blinded fashion
by a nephropathologist (RJ), as previously described46. The tubular
injury score is a 0–3 decision semiquantitative rating based on the
following indices: loss of tubular brush border, tubular dilation, cast
formation, and vacuolation of tubular epithelial cells. The inflamma-
tion score is a 0–3 grading scale based on the degree of inflammatory
cell infiltration into the interstitium lesion47,48.

Assessment of metabolic function in the graft
Mitochondrial respiration and glycolysis were evaluated by measuring
theoxygen consumption rate (OCR) andextracellular acidification rate
(ECAR), respectively, in live cells extracted from the renal cortex using
a Seahorse XFe96 analyzer (Agilent, CA, USA)49. Live cell suspensions
were first obtained from the biopsies collected from the renal cortex.
To maximize cell viability, this process was performed immediately
after tissue collection. The tissue was mechanically dissected using a
scalpel and placed in RPMI 1640 medium containing 0.1mg/ml
DNAase, 10mg/mL collagenase, and 2990 units/mL neutral protease
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and agitated regularly at 37 °C for 30min to obtain a single cell
suspension21. Biopsy-derived cells were plated in growth medium at a
density of 100,000 cells/well, in an XFe96 Cell Culture. Four to six
replicates of each condition were studied21. After letting the cells
adhere overnight at 37 °C, growth medium was replaced by Seahorse
assay medium (Agilent) containing glutamine (2mM), pyruvate
(1mM), and glucose (5.55mM). Cells were then placed in a CO2-free
incubator at 37 °C for 1 h. To inducemetabolic stress, a series of agents
were injected into Seahorsemicroplate wells: oligomycin (1μM), FCCP
(0.3μM), 2-DG (50mM), and Rot + AA (1μM). The basal level, ATP-
linked Respiration, Maximal Respiration Capacity, and Reserve Capa-
city were calculated from the average OCR curve of each condition.

Measurement of intracellular ATP levels
Intracellular ATP levels in biopsy-derived kidney cells were measured
using the CellTiter-Glo® 2.0 Assay kit and rATP standard (Promega,WI,
USA). Six replicates of 10,000 live cells/well were seeded in white 96-
well plates and incubatedovernight at 37 °C5%CO2.Cellswerewashed
with PBS, andCell-Titer Glo reagent was added. The plates were placed
in the incubator for 10min to allow the reagent to react with the cells.
Luminescence was measured using a microplate reader.

Immunofluorescence microscopy
Porcine renal biopsy samples were fixed in 4% paraformaldehyde and
embedded in paraffin. 5 µm sections were obtained, de-paraffinized in
2 washes of xylene (10min each), and rehydrated in 100%, 95%,
and 80% ethanol (5min each). Antigen retrieval was conducted by
incubating the sections in sodium citrate buffer (pH 6.0) for 20min in
a pressure cooker. Samples were then exposed to a blocking solution
containing 10% normal goat serum (Wisent) and 5% BSA (w/v) diluted
in TBST (0.1% Tween 20 v/v) for 1 h at RT. Next, samples were probed
with primary antibody against Hsp60 (Abcam, ab46798, 1:500)
and subsequently with anti-rabbit Alexa 488 secondary antibody
(Thermofisher, A-11008, 1:1000), both diluted in blocking solution.
Nuclei were stained and visualized using DAPI. Fluorescent Mounting
Medium (Agilent, S302380-2) was used to mount coverslips onto
slides. Images were taken on a Zeiss LSM980 laser-scanning confocal
microscope equipped with an Airyscan 2 module with a 63x oil
immersion objective lens. Zen 3.3 (Zeiss) software was used for image
acquisition.

Manual quantification of mitochondrial morphology
The immunofluorescence images of renal tissues stained for the
mitochondrial protein HSP60 were used to score for mitochondrial
morphology within the tubular epithelial cells. Tubules were graded
from 1 to 5 based on the mitochondrial morphology of their epithelial
cells, where a score of 1 was given to tubules that possessed epithelial
cells that all had circular (fragmented) mitochondria and a 5 to those
that only had elongatedmitochondria (see Fig. 2). A tubulewas rated a
3 if it contained medium-length mitochondria. A score of 2 was given
to tubules that had a mixture of cells with fragmented or medium-
length mitochondria and a score of 4 to tubules with medium to fully
elongated mitochondria. No tubules contained a combination of cells
with elongated mitochondria and cells with circular mitochondria. At
least 25 tubuleswere scored over 3 different sections (images) for each
kidney sample, and the average score was calculated. For each con-
dition, 5 to 6 kidneys were analyzed.

Oxidative stress and inflammation assay
Measurement of malondialdehyde (MDA) is an established method
for monitoring lipid peroxides and assessing oxidative stress50.
We quantified MDA in perfusate and plasma using the thiobarbituric
acid reactive substance (TBARS) assay kit (Cell Biolabs, CA, USA)
according to themanufacturer’s instructions. Myeloperoxidase (MPO)
is an inflammatory enzyme that causes both oxidative stress and

inflammation in the pathogenesis of reperfusion injury51,52. Plasma
MPO levelsweremeasuredusing the PigMPO /Myeloperoxidase ELISA
Kit (LS Bio, WA, USA) kit according to the manufacturer’s instructions.
Plasma was diluted 50-fold to bring its optical density measurements
within the standard curve of this assay.

Circulating cell-free mitochondrial DNA
Circulating cell-free mitochondrial DNA (ccf-mtDNA) was determined
in porcine plasma as previously reported33,53. DNA was extracted from
plasma and purified using a QIAamp DNA Mini Kit spin column (Qia-
gen, Hilden, Germany). ccf-mtDNA was collected from a total of 150μl
plasma. The absolute levels of ccf-mtDNA were estimated by inter-
polation using a standard curve created by serial dilution of oligonu-
cleotides of PCR products of known concentration (Integrated DNA
Technologies). A quantitative polymerase chain reaction was per-
formed using MT-ND4 primers to amplify the ND4 gene, which
represents the mitochondrial genome.

Statistical analysis
Statistical analyses and data visualization were conducted with
GraphPad Prism version 9. Continuous values were presented asmean
and standard deviation (SD). Comparisons between two groups were
made using the two-tailed unpaired t test, and comparisons between
three groups were made using ANOVA and the Tukey post hoc test.
P <0.05 was considered statistically significant.

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

Data availability
All data are available in the main text or the supplementary materi-
als. Source data are provided in this paper.
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