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Renal temperature reduction progressively
favors mitochondrial ROS production
over respiration in hypothermic kidney
preservation
Koen D. W. Hendriks1,2*† , Isabel M. A. Brüggenwirth3†, Hanno Maassen2, Albert Gerding4, Barbara Bakker5,
Robert J. Porte3, Robert H. Henning1 and Henri G. D. Leuvenink2

Abstract
Background: Hypothermia, leading to mitochondrial inhibition, is widely used to reduce ischemic injury during kidney preservation. However, the exact effect of hypothermic kidney preservation on mitochondrial function remains
unclear.
Methods: We evaluated mitochondrial function [i.e. oxygen consumption and production of reactive oxygen species
(ROS)] in different models (porcine kidney perfusion, isolated kidney mitochondria, and HEK293 cells) at temperatures
ranging 7–37 °C.
Results: Lowering temperature in perfused kidneys and isolated mitochondria resulted in a rapid decrease in oxygen
consumption (65% at 27 °C versus 20% at 7 °C compared to normothermic). Decreased oxygen consumption at lower
temperatures was accompanied by a reduction in mitochondrial ROS production, albeit markedly less pronounced
and amounting only 50% of normothermic values at 7 °C. Consequently, malondialdehyde (a marker of ROS-induced
lipid peroxidation) accumulated in cold stored kidneys. Similarly, low temperature incubation of kidney cells increased
lipid peroxidation, which is due to a loss of ROS scavenging in the cold.
Conclusions: Lowering of temperature highly affects mitochondrial function, resulting in a progressive discrepancy
between the lowering of mitochondrial respiration and their production of ROS, explaining the deleterious effects
of hypothermia in transplantation procedures. These results highlight the necessity to develop novel strategies to
decrease the formation of ROS during hypothermic organ preservation.
Keywords: Machine perfusion, Hypothermic preservation, Kidney transplantation, Reactive oxygen species,
Mitochondrial function
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Background
The current shortage of donor organs remains a major
problem in transplantation medicine. To expand the
donor pool, an increasing number of suboptimal
organs are accepted [1, 2]. These suboptimal, or socalled extended criteria donor organs, are more susceptible to the ischemic periods during procurement,
preservation, and eventually transplantation [3]. After
transplantation of the organ in the recipient, the preexisting injury to cells, together with the ensuing influx
of immune cells, results in substantial organ injury,
a phenomenon known as ischemia/reperfusion (I/R)
injury [3]. Key to I/R injury is mitochondrial failure,
both resulting in reduction of adenosine triphosphate
(ATP) production and the generation of reactive oxygen species (ROS) [4, 5]. Nowadays, several techniques
are employed to mitigate organ damage, such as the
inclusion of antioxidants in preservation solutions and
the use of oxygenated hypothermic machine perfusion
(HMP), which both reduce the formation of ROS and
improve post-transplantation graft function [5–8]. Nevertheless, cooling, either by static cold storage or HMP,
remains the cornerstone in organ preservation, and has
been widely accepted and successfully used for decades.
The beneficial effects of forced cooling are attributed
to the deceleration of all metabolic processes, resulting
in a hypometabolic state with decreased mitochondrial
activity as reflected by lower oxygen consumption [9].
It should be noted, however, that a kidney undergoes
various temperature shifts during the course of a transplantation procedure. Immediately after procurement,
the core organ temperature is around 33 °C. After
the first cold flush in the donor, temperature drops to
10–20 °C, decreasing further to 1–3 °C during subsequent cold storage. During backtable preparations in
preparation for transplantation, temperature increases
slightly to 2–6 °C with a rapid increase to around 20 °C
just before reperfusion in the recipient procedure and a
subsequent full rewarming once vascular anastomoses
are in place [10, 11].
To our knowledge, the exact effect of cooling at different temperatures on kidney mitochondrial oxygen consumption and ROS production are hitherto
unreported. A better understanding of mitochondrial
behavior at different temperatures may yield information that is critical to optimize transplantation
protocols and reduce I/R injury. Here, we explored
mitochondrial oxygen consumption in porcine kidneys while mimicking the transplantation procedure by
manipulating temperature in a closed kidney perfusion
circuit. To verify results obtained in whole kidney and
identify the underlying mechanisms, we additionally
examined mitochondrial function, ROS production and
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scavenging-capacity in isolated mitochondria and in an
in vitro cell model.

Methods
Kidney procurement

Porcine kidneys were obtained from a local slaughterhouse. Pigs averaging 5 months of age and 130 kg were
killed by electrocution followed by exsanguination. After
30 min of circulatory arrest, kidneys were obtained,
flushed via the renal artery with 180 ml of ice-cold NaCl
0.9% (Baxter BV, Utrecht, The Netherlands) and subsequent HMP was applied.
Hypothermic machine perfusion

HMP (Kidney Assist Transport, Organ Assist, Groningen, The Netherlands) was used for preservation of the
kidney, delivering a pulsatile flow of Belzer University of
Wisconsin (UW) machine preservation solution (Belzers MP, Bridge to Life Ltd., London) at 4 °C oxygenated
with 100% O
 2 at a rate of 100 ml/min. The system was
pressure-controlled with a mean arterial pressure of
25 mmHg.
Closed‑circuit kidney perfusion at different temperatures

After 2 h of HMP, kidneys (n = 4) were flushed with 50 ml
of cold NaCl 0.9%, placed in an organ chamber and connected to a closed-circuit kidney perfusion system with
a mean arterial pressure of 80 mmHg. The system was
perfused with 500 ml Williams Medium E (Life technologies, USA) supplemented with 400 mg/l amoxicillin–clavulanate (Sandoz, Almere, The Netherlands), 0.112 mg/l
creatinine (Sigma-Aldrich, The Netherlands) and 80 g/l
Bovine Serum Albumin (PAA Laboratories GmbH,
Austria). The oxygenator was supplied with a carbogen
mixture of 95% O
 2 and 5% CO2 at a flow of 500 ml/min.
Temperature of the perfusion fluid was controlled by a
water bath connected to the oxygenator throughout the
experiment. Arterial and venous oxygenous tensions as
well as kidney flow were continuously recorded. Oxygen
consumption was calculated as ΔhPa (pO2 [hPa] arterial − pO2 venous [hPa]) * (flow [ml/min]/weight [g]).
The initial temperature of the perfusion solution was
set at 7 °C for 15 min. Subsequently, temperature was
increased by 5 °C every 15 min until a temperature of
37 °C was reached. Also, the decreasing curves was evaluated: after the increasing temperature curve, the same
kidneys were exposed to similar measurements while
decreasing the temperature every 15 min from 37 to 7 °C.
Oxygen consumption in isolated porcine kidney
mitochondria

Porcine kidney biopsies (n = 5) were obtained within
30 min after circulatory death of the animal and stored
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on ice for maximal 3 h in a mitochondrial buffer solution (250 mM sucrose, 10 mM TRIS and a pH of 7.4 at
4 °C). Then, mitochondria were isolated according to the
method of Mildaziene et al. [12] and placed on ice.
Mitochondrial oxygen consumption was measured
using a Clark electrode (Rank Brothers Ltd, UK), with
the chamber of the oxygraph connected to a water bath,
enabling adjustment of temperature between 7 and 37 °C.
After a stable temperature was reached, stored mitochondria were suspended in 800 μl of Mitochondrial
Respirometry Solution (MiR05: 0.5 mM EGTA, 3 mM
MgCl2·6H2O, 20 mM taurine, 10 mM KH2PO4, 20 mM
HEPES, 1 g/l BSA, 60 mM potassium-lactobionate,
110 mM sucrose, pH 7.1 at 30 °C). State three respiration
was measured in response to the substrates glutamate
and malate with an ADP generating system consisting
of ATP (500 mM), hexokinase (500 U/ml), and glucose
(1 M). Oxygen consumption rates were normalized to
protein content (Bradford assay, Bio-Rad) and expressed
as pmol O
 2/min/mg mitochondrial protein. A Q10 line
was fitted for both the increasing en decreasing curve for
each kidney, using R (version 3.5.1) package respirometry.
Mitochondrial H2O2 production in isolated porcine kidney
mitochondria

Porcine kidney mitochondria were isolated as described
above and energized with succinate in a mitochondrial
buffer (20 mM MOPS, 110 mM KCl, 10 mM ATP, 10 mM
MgCl2, 10 mM sodium succinate and 1 mM EGTA pH
7.5). H2O2 production was measured by Amplex red
assay (ThermoFisher, USA) at 4, 22 and 37 °C every
10 min for 30 min by measuring fluorescence (585 nM
using a Synergy 2 Multi-Mode plate reader, BioTek). Fluorescence levels were corrected for mitochondrial protein and expressed as relative values to its 37 °C value.
Lipid peroxidation in cold stored porcine kidneys

Porcine kidneys were obtained as described above (n = 4)
and preserved on ice (4 °C) in UW solution for 16 h. Lipid
peroxidation was quantified by measurement of malondialdehyde (MDA) using the OxiSelect TBARS assay kit
(Cell Biolabs, USA) in samples taken 30 min after slaughter (37 °C) and after 16 h of cold storage. Lipid peroxidation levels were corrected for the amount of protein and
expressed as relative to normothermic levels.
Cell culture

Human epithelial kidney cells (HEK293) were cultured in
Dulbecco’s modified eagle medium (Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA) and
1% penicillin/streptomycin. For experiments, cells were
plated in poly-l-lysine coated 6 wells plates and grown
until 90% confluency.
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Oxygen consumption in HEK293 mitochondria

HEK293 cells were freshly trypsinized and resuspended
in Hank’s balanced salt solution (Gibco, USA) supplemented with 25 mM HEPES. Oxygen consumption was
measured as described above, using 1.5 × 106 cells per
experiment. Cells were permeabilized using digitonin
(20 μg/ml) to allow entrance of substrates. Uncoupled
respiration was measured in the presence of FCCP
(1 μM, Sigma-Aldrich). Oxygen consumption was
expressed as percentage of its 37 °C value.
Mitochondrial membrane potential

HEK293 cells were plated in 96 wells dark plates and
incubated at 37 °C or 4 °C. Mitochondrial membrane
potential was measured using JC1 (1 μg/ml, SigmaAldrich) by quantifying the fluorescence emission shift
from green (529 nm) monomers to red (590 nm) aggregates. FCCP (1 μM, Sigma-Aldrich) was used as uncoupled control. Data are expressed as ratio red/green,
relative to control at 37 °C.
Lipid peroxidation in HEK293 cells

HEK293 cells were incubated for 6 h at different temperatures (7, 17, 22, 32, 37 °C) or treated with 500 μM
H2O2 for 4 h at 37 °C or 4 °C. After harvesting, lipid
peroxidation was quantified as described above and
expressed relative to 37 °C.
Mitochondrial superoxides

HEK293 cells were cultures in sterile 96 wells dark
plates till confluent. 1 h prior the experiment, cells
were washed with pre-warmed HBSS and medium was
replaced with HBSS. At the same time, for the positive
control, antimycin A was added to the positive controls. Afterwards, MitoSox reagent was added (5 μM,
Thermofisher) and plates were incubated for 90 min
at 37, 22 or 4 °C. Fluorescence was measured (ex/
em: 510/580 nm) using a Synergy 2 Multi-Mode plate
reader (BioTek).
Cell survival assay

Cell viability was assessed by a Neutral Red (NR) assay
to quantify the number of living cells. Following incubation with 50 mg/ml NR dye (Sigma Aldrich) for 1 h
at 37 °C, cells were lysed, and absorbance was measured
at 450 nm using a Synergy 2 Multi-Mode plate reader
(BioTek).
Western blotting

Cell lysates were obtained using RIPA lysis buffer
(50 mM Tris–Cl pH = 8.0, 150 mM NaCl, 1% Igepal Ca 630, 0.5% Sodium Deoxycholate, 1.0% SDS,
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0,4% protein inhibitor cocktail, 1 mM sodium orthovanadate, 10 mM NaF, 10 mM B-mercaptoethanol).
Protein concentration was measured with a Bio-Rad
protein assay on a Synergy H4 plate reader. Samples
were loaded to 4–20% SDS pre-casted gels (Bio-Rad
TGX gels) and transferred to a nitrocellulose membrane (Bio-Rad). The membranes were blocked with
5% skimmed milk and incubated with primary (O/N at
4 °C) and secondary (1 h at room temperature) and visualised using SuperSignal (Perkin Elmer) on a ChemiDoc MP imaging system (Bio-Rad) and quantified using
ImageLab 6.0 (Bio-Rad). Antibodies used were: antiMnSOD2 (1:1.000 Enzo), anti-B-actin (1:10.000 Santa
Cruz), Goat-anti-rabbit-peroxidase (GARPO, 1:000
Dako). Full membranes are shown in Additional file 1:
Figure S1.
Statistical methods

Values were presented as mean ± standard error of the
mean (SEM). Statistical analysis was performed using
SPSS Statistics 23. Graphs were made using GraphPad
PRISM version 2.0 software (San Diego, CA). Graphs and
Q10 line presented in Additional file 1: Figure S2 were
made in R (version 3.5).

Results
Lowering temperature dramatically decreases
mitochondrial oxygen consumption, in accord of a Q
 10
effect

To assess the influence of temperature, whole kidney
oxygen consumption was measured in a closed kidney
perfusion model at different temperatures, both in an
increasing and decreasing curve (Fig. 1a). Increasing and
decreasing showed very similar results, however, a shift
was seen around 22 °C. The increasing curve showed
higher oxygen consumption compared to de decreasing
curve. The average of the increasing and decreasing curve
is plotted in Fig. 1b. Lowering of temperature from 37 °C
to just below room temperature, 17 °C, provoked a strong
decrease in oxygen consumption, with oxygen consumption stabilizing at temperatures below 17 °C. Live oxygen
and flow registrations are shown in Additional file 1: Figure S1A and B.
To substantiate that the cold induced decrease in renal
oxygen consumption originates from inhibition of mitochondrial respiration, we isolated porcine kidney mitochondria and measured state three (mitochondria with
unlimited access to substrates, indicating maximal respiration) oxygen consumption at different temperatures
(Fig. 1c). When expressed as relative to 37 °C, oxygen
consumption decreased similarly in isolated mitochondria compared to whole kidney (Fig. 1d). Q10 reflects the
rate of change of a physiological process as a consequence
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of a 10 °C change in temperature. Whereas a Q
 10 around
2 is typical for a strict chemical reaction, higher Q
 10 factors reflect involvement of biological processes. Interestingly, the observed oxygen consumption in the present
study has a Q10 of 2.2 (as fitted in Fig. 1d), advocating that
temperature affects a chemical (single enzymes) rather
than a biological process. In Additional file 1: Figure S2,
Q10 lines were plotted for every kidney perfusion experiment for both the increasing and decreasing temperature
route.
Lowering temperature induces ROS damage due
to only modest inhibition of mitochondrial H2O2
production

To investigate whether decreased mitochondrial oxygen
consumption at lower temperatures is accompanied by
decreased ROS production, mitochondrial H
 2O2 production was measured at different temperatures in isolated
mitochondria from porcine kidneys using the Amplex
Red assay. Validation of temperature effects of the assay
are presented in Additional file 1: Figure S2A. Cooling at 4 °C lowered mitochondrial H
 2O2 production by
about 50% compared to 37 °C (Fig. 1e), signifying that
the decrease in H2O2 was relatively smaller compared
to the decrease in oxygen consumption. To substantiate
that ROS-induced damage accumulates at lower temperatures, we measured MDA in porcine kidneys that
were cold stored at 4 °C for 16 h. Indeed, MDA increased
nearly twofold when compared to 37 °C (p < 0.01, Fig. 1f ).
Hypothermia induces failure of endogenous antioxidant
capacity

To further explore the effects of hypothermia on a deeper
level, we used kidney HEK293 cells. To verify that cooling
affects HEK293 similarly to whole organ, HEK293 oxygen
consumption and lipid peroxidation were measured at
different temperatures. Similar to porcine whole kidney,
cooling at 7 °C induced reduction of oxygen consumption
and increase of MDA in cells (Fig. 2a, b). Additionally,
we measured mitochondrial membrane potential in normothermic, hypothermic and rewarmed HEK293 cells
(Fig. 2c). In line with decreased oxygen consumption,
mitochondrial membrane potential decreases strongly
in hypothermia, which was partly restored after rewarming. Mitochondrial superoxide production was measured
using a Mitosox assay. Cooling did not induce a decrease
in superoxide formation (Fig. 2d). Together, these results
indicate that cooling also produces a relative smaller
decrease in ROS production than oxygen consumption in
HEK293 cells, comparable to whole kidneys.
Next, we hypothesized cooling to decrease the overall
anti-oxidant capacity resulting in increased MDA levels at low temperatures. To explore this, we challenged
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Fig. 1 Temperature effects on porcine kidneys. a Oxygen consumption [expressed as ΔhPa (ml/min/gr)] in perfused porcine kidneys. The
increasing and decreasing curve are expressed. Based on four independent experiments, expressed as mean, error bars represent SEM. b Average
of whole kidney oxygen consumption per temperature. Expressed as mean, error bars represent SEM. #Significant (ANOVA with Bonferroni
posthoc, p < 0.001). c State three respiration in isolated mitochondria, in response to glutamate and malate with and an ADP generating system.
Based on five independent experiments, expressed as mean, error bars represent SEM. #Significant (ANOVA with Bonferroni posthoc, p < 0.001).
d Oxygen consumption relative to 37 °C for perfused kidneys and isolated kidney mitochondria. The theoretical Q
 10 line is plotted (Q10 = 2). e
Relative ROS production, measured as mitochondrial H2O2 production at different temperatures in isolated mitochondria from porcine kidneys.
N = 4, expressed as percentage of its normothermic control, error bars represent SEM. *p < 0.01, #p < 0.001 (ANOVA with Bonferroni posthoc). f ROS
damage, measured as lipid peroxidation in porcine kidneys before and after 16 h of static cold storage in UW at 4 °C. N = 4, expressed as relative to
normothermic, error bars represent SEM. *p < 0.01, (Students t test)

both normothermic and cooled HEK293 with an exogenous oxidant (H2O2) and measured MDA levels. Normothermic HEK293 cells were able to scavenge H
 2O2

without increased MDA levels (Fig. 2e). In contrast,
cold incubated HEK293 cells showed a clear increase
in MDA in response to the H2O2 challenge. In accord,
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(See figure on next page.)
Fig. 2 Temperature effects on HEK293 cells. a State three oxygen consumption at normothermic (37 °C) and hypothermic (4 °C) circumstances
in coupled and uncoupled HEK293 cells. Based on three independent experiments, expressed as rel. to normothermic, error bars represent
SEM. #p < 0.001 (Students T test). b Lipid peroxidation (MDA) at different temperatures in HEK293 cells. N = 6, expressed as MDA levels rel. to
normothermic, error bars represent SEM. #p < 0.001 compared to 37 °C (ANOVA with Bonferroni posthoc). c Mitochondrial membrane potential in
normothermic, hypothermic and rewarmed (rew) HEK293 cells. N = 6, expressed as JC1 ratio RFU rel. to 37 °C (red [590 nm]/green [529 nm]), error
bars represent SEM. #p < 0.001 compared to 37 °C (ANOVA with Bonferroni posthoc). FCCP (carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
1 μM) as uncoupled control. d Mitochondrial superoxide production in HEK293 cells, incubated for 90 min at 37°, 22° or 4°. N = 6, expressed as
mitosox RFU, error bars represent SEM. #p < 0.001 compared to 37 °C (ANOVA with Bonferroni posthoc). e Lipid peroxidation in H2O2 stimulated
normothermic and hypothermic treated HEK293 cells. N = 6, expressed as MDA levels rel. to normothermic, error bars represent SEM. *p < 0.05
compared to control (Student t test). f HEK293 survival after 3 h H2O2 exposure at different concentrations and temperatures. N = 3, expressed as
Neutral Red absorbance rel. to untreated control. *p < 0.05 compared to non-treated (Student t test), #p < 0.001 (Students T test). g MnSOD protein
expression in normothermic and 6 h hypothermic (4 °C) HEK293 cells. Expressed as corrected values for actin, rel. to 37 °C, error bars represent SEM.
*p < 0.05 (Student t test). Full membranes shown in Additional file 1: Figure S3B. h MDA levels in trolox treated 6 h hypothermic HEK293 cells. N = 3,
expressed as MDA levels rel. to normothermic, error bars represent SEM. #p < 0.001 compared to 37 °C (ANOVA with Bonferroni posthoc)

H2O2-exposure decreased cell survival in cooled HEK293
compared to normothermic cells (Fig. 2f ).
Next, we reasoned that ROS scavenging enzymes
may get depleted during cooling because of inhibition
of their transcription and translation. To substantiate
such hypothesis, we measured protein levels of the wellknown mitochondrial scavenger manganese superoxide
dismutase (MnSOD) in cooled HEK293 cells. Indeed,
6 h of hypothermia induced a clear decrease in MnSOD
protein expression (Fig. 2g). To overcome cold induced
lowering of endogenous scavenging, HEK293 cells were
treated with the antioxidant trolox (a vitamin E analogue)
prior to hypothermia, which effectively blocked the
increase in MDA levels of cooled HEK293 cells (Fig. 2h).

Discussion
In the present study, the effect of temperature (37–7 °C)
on mitochondrial behavior was studied in whole kidneys, cells and isolated mitochondria. Our results demonstrate a substantial larger decrease in mitochondrial
oxygen consumption than ROS production at hypothermic temperatures, accompanied with increased oxidative
damage in hypothermia. The latest can be attributed to a
decreased endogenous ROS scavenging in the cold.
In organ transplantation, core organ temperature
undergoes various shifts during subsequent procurement, transportation, and transplantation of the graft,
fluctuating between 1 and 37 °C [11]. The present study
shows that a temperature drop from body temperature to
room temperature induces a rapid decrease in mitochondrial activity. It can thus be suggested that the first cold
flush in the donor, when organ temperature is decreased
to 10–20 °C, already highly decreases oxygen consumption. Additional cooling, with the potential risk of activating damaging pathways, may be even detrimental.
The concept of cooling during preservation is largely
based on the idea that the graft is maintained in a

hypometabolic state, decreasing energy utilization during
ischemia, and preserving essential mechanisms to generate ATP [13]. Indeed, we showed the oxygen consumption followed the Q10 line. Surprisingly, slowing down
the electron transport chain by cooling reduces mitochondrial free radical production to a substantially lesser
extent than O
 2 consumption, contrasting to the Q
 10.
This is in accord with our own and other studies’ findings that the production of H
 2O2 is clearly present during
cold preservation [14]. We found lower H2O2 production
at hypothermic compared to normothermic temperatures. However, H2O2 production is relatively high when
it is compared to the much stronger decrease in oxygen
consumption and mitochondrial membrane potential
(MMP) during hypothermia.
The relatively high ROS production and ensuing higher
lipid peroxidation in cooled tissue and cells seems to
originate from two processes. First, a difference in activity between electron chain complexes can be suggested.
Even though the last complexes of the electron transport
chain seem to be nearly inactive, given the low MMP and
oxygen consumption, the first complexes can still be relatively more active. Or in other words, complex I and III,
the complexes known to be the primary source of ROS,
can have a relative less decrease in activity in hypothermia compared to complexes IV/V, inducing the production of free radicals [15, 16].
Secondly, besides ROS production, ROS scavenging
plays an important role [17]. ROS damage can be seen as
a result of a misbalance in ROS production and scavenging. Since the observed ROS production in hypothermia
is relatively high, but lower compared to normothermia,
the increased MDA levels at 7 °C can only be explained
by a failure of scavenging. One of the underlying defense
mechanisms by which mitochondria neutralize ROS
is the superoxide radical converting enzyme MnSOD.
MnSOD converts ROS to 
H2O2, and, in combination
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with catalase, H
 2O2 is further degraded to H
 2O [18, 19].
Indeed, exogenous H
 2O2 exposure resulted in more damage in hypothermic compared to normothermic HEK293
cells, suggesting an impaired catalase function. Thereby,
we found decreased MnSOD levels during hypothermia,
suggesting an impaired MnSOD function in the cold.
The proposed mechanism, i.e. that cooling lowers antioxidant capacity, is further substantiated by overruling
the endogenous antioxidant function by exogenous antioxidant treatment. Indeed, treatment with the vitamin E
analog trolox resulted in MDA levels comparable to baseline, even after exposure to hypothermia [20, 21]. In line
with this, previous studies have shown favorable results
after using mitochondrial targeted antioxidants in renal
IRI models [22, 23], including the reduction in mitochondrial swelling during cold preservation [14, 24]. However,
a significant challenge lies in the delivery of antioxidant
enzymes to targeted sites [25]. It can be questioned
whether a flush with anti-oxidant rich preservation solutions, such as UW, can deliver anti-oxidants in sufficient
amounts to all mitochondria in a human sized kidney.
Clinical significance and future directions

Most transplant organs worldwide are still preserved
on ice with UW solution as the gold standard. As our
results indicate, ROS still cause damage under hypothermic conditions, accentuating the importance of reducing
oxidative stress during static cold storage (SCS). Various strategies to reduce oxidative stress during SCS of
organs have been studied with good results (e.g. modified
preservation solutions with antioxidants, treatment with
hydrogen sulfide or immune targeting therapy) [26–29].
The widely used UW solution, for example, contains
the antioxidants glutathione and allopurinol [8]. More
recently, oxygenated HMP has been shown to improve
graft function and attenuate mitochondrial dysfunction
as evidenced by increased NADH and reduced ROS formation [7]. It has also been postulated that oxygenation
of cells in the cold preserves mitochondria and limits
ROS release [30]. The use of an oxygen carrier with antioxidant capacities (e.g. scavenging of ROS) for example,
was shown to limited ROS-induced toxicity and reduce
inflammation [31, 32]. Hyperoxia, on the other hand,
can also induce excess ROS production. A tight balance between ROS and anti-ROS (or ATP) components
remains key.
Donor preconditioning with catecholamines might
also ameliorate cold preservation injury and improve
outcome after kidney transplantation. As such, donor
treatment with low-dose dopamine improved the
kidney’s tolerance to accumulated ROS during cold
ischemic storage and reduced the need for dialysis after transplantation [33, 34]. In vitro studies also
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demonstrated that catecholamines protect cells against
cold preservation injury by scavenging of ROS or inhibition of ROS production [14, 35]. Compared to HMP,
donor preconditioning with dopamine is associated
with lower costs and workload to achieve improved
outcome after kidney transplantation [36]. Donor preconditioning also offers the advantage that other organs
from the treated donor also benefit from the intervention [37–39]. Therefore, donor pretreatment before an
organ is exposed to cold ischemic injury provides an
interesting tool to prevent the detrimental effects of
ROS accumulation during hypothermia.
Cold organ preservation has also been studied in relation to hibernating animals. Interestingly, hibernating
animals have shown to initiate safe metabolic suppression without organ damage when temperatures were
around 4 °C [40, 41]. The phenomenon of shutting down
most fueling processes and preserving mitochondria
leads to survival of the animal after being in the cold for
a long period of time. Even more, hibernating animals
have shown to withstand iatrogenic damage outside the
hibernation season [42–45]. Research from our center
has shown that hibernator hamster kidney cells maintained MMP and ATP production, without an increase
in oxygen radicals during cold preservation and rewarming [46]. Potentially by stabilizing the electron transport
chain, reducing the discrepancy in activity between different mitochondrial complexes. In contrast, non-hibernator cells show loss of membrane potential, decreased
ATP and increased MDA levels, similar to the results
in this study [46]. Others have shown that lower MMP
can be associated with an increased risk of delayed graft
function after kidney transplantation [47]. In addition to
hibernation, the effects of gasotransmitters H2S, CO and
NO, have been shown to decrease ROS formation, potentially via mitochondria [48–50].
Although the present study describes important
events during hypothermic preservation, we did not use
a reoxygenation model. A recent study in vitro showed
in a hypoxia-reoxygenation model that cell survival was
improved after preservation by subnormothermic temperatures (19–32 °C) compared to 4 °C and 37 °C [11, 51].
However, in the ex vivo setting, hypothermic preservation tended to reduce damage more than subnormothermic temperatures. In a mouse model, experiments with
solely cold ischemia showed detrimental kidney damage
[52]. Yet, the most suitable preservation temperature
depends on many factors and temperature optimization
for kidney preservation will require more thorough investigation. The present study contributes to understanding
the cellular processes that take place during hypothermic preservation, which can guide new approaches to
improve post-transplant outcome.

Hendriks et al. J Transl Med
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Conclusions
In conclusion, we show here that temperature highly
affects maximum oxygen consumption rate of kidney
mitochondria. This study also demonstrates that SCS
brings about a substantial discrepancy between lowering of oxygen consumption versus radical production,
while negatively affecting ROS scavenging capacity.
Collectively, our data underline the importance of
proper preservation of mitochondrial function and
antioxidant treatment during preservation by cold storage. Hence, techniques such as oxygenated machine
perfusion, donor preconditioning, using gasotransmitters, or inducing hibernation are promising tools to
reduce the formation of ROS during preservation.
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Abbreviations
ATP: adenosine triphosphate; HMP: hypothermic machine perfusion; HEK293:
human epithelial kidney cells; I/R: ischemia/reperfusion; MDA: malondialdehyde; MMP: mitochondrial membrane potential; MnSOD: manganese superoxide dismutase; NR: neutral red; ROS: reactive oxygen species; SCS: static cold
storage; SEM: standard error of the mean; UW: University of Wisconsin.
Acknowledgements
We would like to thank the butchers from Kuipers Groningen for their well
willing cooperation.
Authors’ contributions
KH and IB participated in research design, performing the experiments, analyzing the data, and writing the manuscript; HM participated in performing the
kidney experiments and analyzing the data; AG participated in performing
the respiration experiments and interpreting the results; BB participated in
research design and interpreting the results of respiration experiments; RB, RH
and HL participated in research design, interpreting the results and revising
the manuscript. All authors read and approved the final manuscript.
Funding
This work was supported by GUIDE and University Medical Centre Groningen.
Availability of data and information
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.

Page 9 of 10

Competing interests
The authors declare that they have no competing interests.
Author details
1
Department of Clinical Pharmacy and Pharmacology, University Medical
Center Groningen, University of Groningen, Hanzeplein 1, 9713JZ Groningen,
The Netherlands. 2 Department of Surgery, University Medical Center Groningen, Groningen, The Netherlands. 3 Section of Hepatobiliary Surgery and Liver
Transplantation, Department of Surgery, University Medical Center Groningen, University of Groningen, Groningen, The Netherlands. 4 Department
of Laboratory Medicine, University Medical Center Groningen, Groningen, The
Netherlands. 5 Department of Pediatrics, University Medical Center Groningen,
Groningen, The Netherlands.
Received: 29 May 2019 Accepted: 3 August 2019

References
1. Pezzati D, Ghinolfi D, De Simone P, Balzano E, Filipponi F. Strategies to
optimize the use of marginal donors in liver transplantation. World J
Hepatol. 2015;7(26):2636–47.
2. Attia M, Silva MA, Mirza DF. The marginal liver donor—an update. Transpl
Int. 2008;21(8):713–24.
3. Saidi RF, Kenari SKH. Liver ischemia/reperfusion injury: an overview. J
Invest Surg. 2014;27(6):366–79.
4. Chouchani ET, Pell VR, Gaude E, Aksentijević D, Sundier SY, Robb EL, et al.
Ischaemic accumulation of succinate controls reperfusion injury through
mitochondrial ROS. Nature. 2014;515(7527):431–5.
5. Schlegel A, Kron P, Dutkowski P. Hypothermic oxygenated liver perfusion: basic mechanisms and clinical application. Curr Transplant Rep.
2015;2(1):52–62.
6. Lüer B, Koetting M, Efferz P, Minor T. Role of oxygen during hypothermic machine perfusion preservation of the liver. Transpl Int.
2010;23(9):944–50.
7. Schlegel A, de Rougemont O, Graf R, Clavien P-A, Dutkowski P. Protective
mechanisms of end-ischemic cold machine perfusion in DCD liver grafts.
J Hepatol. 2013;58(2):278–86.
8. Belzer UW® cold storage solution (University of Wisconsin), bridge to
life. 2017. Available from: http://www.bridgetolife.eu/wpcontent/uploa
ds/2012/12/english-cold-storage-belzeruw-solution-usage-instructio
ns-ifu.pdf. Accessed 15 Apr 2019.
9. Belzer FO, Southard JH. Principles of solid-organ preservation by cold
storage. Transplantation. 1988;45(4):673–6.
10. Kuipers TGJ, Hellegering J, El Moumni M, Krikke C, Haveman JW, Berger SP,
et al. Kidney temperature course during living organ procurement and
transplantation. Transpl Int. 2017;30(2):162–9.
11. Hertl M, Howard TK, Lowell JA, Shenoy S, Robert P, Harvey C, et al.
Changes in liver core temperature during preservation and rewarming in
human and porcine liver allografts. Liver Transpl Surg. 1996;2(2):111–7.
12. Mildaziene V, Nauciene Z, Baniene R, Grigiene J. Multiple effects of
2,2′,5,5′-tetrachlorobiphenyl on oxidative phosphorylation in rat liver
mitochondria. Toxicol Sci. 2002;65(2):220–7.
13. McAnulty JF. Hypothermic organ preservation by static storage methods:
current status and a view to the future. Cryobiology. 2010;60(3):S13–9.
14. Yard B, Beck G, Schnuelle P, Braun C, Schaub M, Bechtler M, et al. Prevention of cold-preservation injury of cultured endothelial cells by catecholamines and related compounds. Am J Transplant. 2004;4:22–30.
15. Cadenas E, Davies KJ. Mitochondrial free radical generation, oxidative
stress, and aging. Free Radic Biol Med. 2000;29(3–4):222–30.
16. Zhang L, Yu L, Yu CA. Generation of superoxide anion by succinatecytochrome c reductase from bovine heart mitochondria. J Biol Chem.
1998;273(51):33972–6.
17. Zhou T, Prather ER, Garrison DE, Zuo L. Interplay between ROS and
antioxidants during ischemia–reperfusion injuries in cardiac and skeletal
muscle. Int J Mol Sci. 2018;19(2):417.
18. Pias EK, Ekshyyan OY, Rhoads CA, Fuseler J, Harrison L, Aw TY. Differential
effects of superoxide dismutase isoform expression on hydroperoxideinduced apoptosis in PC-12 cells. J Biol Chem. 2003;278(15):13294–301.

Hendriks et al. J Transl Med

(2019) 17:265

19. Radi R, Turrens JF, Chang LY, Bush KM, Crapo JD, Freeman BA. Detection of
catalase in rat heart mitochondria. J Biol Chem. 1991;266(32):22028–34.
20. Antosik A, Czubak K, Cichon N, Nowak P, Zbikowska H. Vitamin E analogue
protects red blood cells against storage-induced oxidative damage.
Transfus Med Hemother. 2018;45(5):347–54.
21. McAnulty JF, Huang XQ. The efficacy of antioxidants administered during
low temperature storage of warm ischemic kidney tissue slices. Cryobiology. 1997;34(4):406–15.
22. Dare AJ, Bolton EA, Pettigrew GJ, Bradley JA, Saeb-Parsy K, Murphy MP.
Protection against renal ischemia–reperfusion injury in vivo by the mitochondria targeted antioxidant MitoQ. Redox Biol. 2015;1(5):163–8.
23. Mitchell T, Rotaru D, Saba H, Smith RAJ, Murphy MP, MacMillan-Crow LA.
The mitochondria-targeted antioxidant mitoquinone protects against
cold storage injury of renal tubular cells and rat kidneys. J Pharmacol Exp
Ther. 2011;336(3):682–92.
24. Salahudeen AK, Huang H, Joshi M, Moore NA, Jenkins JK. Involvement of
the mitochondrial pathway in cold storage and rewarming-associated
apoptosis of human renal proximal tubular cells. Am J Transplant.
2003;3(3):273–80.
25. Hood E, Simone E, Wattamwar P, Dziubla T, Muzykantov V. Nanocarriers
for vascular delivery of antioxidants. Nanomedicine. 2011;6(7):1257–72.
26. Turkmen K, Martin J, Akcay A, Nguyen Q, Ravichandran K, Faubel S, et al.
Apoptosis and autophagy in cold preservation ischemia. Transplantation.
2011;91(11):1192–7.
27. Du H, Sheng M, Wu L, Zhang Y, Shi D, Weng Y, et al. Hydrogen-rich saline
attenuates acute kidney injury after liver transplantation via activating
p53-mediated autophagy. Transplantation. 2016;100(3):563–70.
28. Russo L, Gracia-Sancho J, García-Calderó H, Marrone G, García-Pagán JC,
García-Cardeña G, et al. Addition of simvastatin to cold storage solution
prevents endothelial dysfunction in explanted rat livers. Hepatology.
2012;55(3):921–30.
29. Pantazi E, Zaouali MA, Bejaoui M, Folch-Puy E, Ben Abdennebi H, Varela
AT, et al. Sirtuin 1 in rat orthotopic liver transplantation: an IGL-1 preservation solution approach. World J Gastroenterol. 2015;21(6):1765.
30. Schlegel A, Muller X, Dutkowski P. Hypothermic machine preservation of
the liver: state of the art. Curr Transplant Rep. 2018;5(1):93–102.
31. Kasil A, Giraud S, Couturier P, Amiri A, Danion J, Donatini G, et al. Individual and combined impact of oxygen and oxygen transporter supplementation during kidney machine preservation in a porcine preclinical kidney
transplantation model. Int J Mol Sci. 2019;20(8):1992.
32. Thuillier R, Dutheil D, Trieu MTN, Mallet V, Allain G, Rousselot M, et al.
Supplementation with a new therapeutic oxygen carrier reduces chronic
fibrosis and organ dysfunction in kidney static preservation. Am J Transplant. 2011;11(9):1845–60.
33. Schnuelle P, Gottmann U, Hoeger S, Boesebeck D, Lauchart W, Weiss C,
et al. Effects of donor pretreatment with dopamine on graft function
after kidney transplantation. JAMA. 2009;302(10):1067.
34. Gottmann U, Notheisen A, Brinkkoetter PT, Yard BA, Waldherr R, Schnuelle
P, et al. Influence of donor pretreatment with dopamine on allogeneic
kidney transplantation after prolonged cold storage in rats. Transplantation. 2005;79(10):1344–50.
35. Brinkkoetter P-T, Song H, Lösel R, Schnetzke U, Gottmann U, Feng Y, et al.
Hypothermic injury: the mitochondrial calcium, ATP and ROS love-hate
triangle out of balance. Cell Physiol Biochem. 2008;22(1–4):195–204.
36. Schnuelle P, Drüschler K, Schmitt WH, Benck U, Zeier M, Krämer BK, et al.
Donor organ intervention before kidney transplantation: head-to-head
comparison of therapeutic hypothermia, machine perfusion, and
donor dopamine pretreatment. What is the evidence? Am J Transplant.
2019;19(4):975–83.
37. Benck U, Hoeger S, Brinkkoetter PT, Gottmann U, Doenmez D, Boesebeck D, et al. Effects of donor pre-treatment with dopamine on survival

Page 10 of 10

38.

39.

40.
41.

42.

43.
44.

45.
46.

47.
48.
49.
50.
51.
52.

after heart transplantation: a cohort study of heart transplant recipients
nested in a randomized controlled multicenter trial. J Am Coll Cardiol.
2011;58(17):1768–77.
Richmond ME, Easterwood R, Singh RK, Gilmore L, Beddows K, Zuckerman WA, et al. Low-dose donor dopamine is associated with a decreased
risk of right heart failure in pediatric heart transplant recipients. Transplantation. 2016;100(12):2729–34.
Hanusch C, Nowak K, Törlitz P, Gill IS, Song H, Rafat N, et al. Donor
dopamine treatment limits pulmonary oedema and inflammation in
lung allografts subjected to prolonged hypothermia. Transplantation.
2008;85(10):1449–55.
Jani A, Epperson E, Martin J, Pacic A, Ljubanovic D, Martin SL, et al. Renal
protection from prolonged cold ischemia and warm reperfusion in
hibernating squirrels. Transplantation. 2011;92(11):1215–21.
Zancanaro C, Malatesta M, Mannello F, Vogel P, Fakan S. The kidney during
hibernation and arousal from hibernation. A natural model of organ preservation during cold ischaemia and reperfusion. Nephrol Dial Transplant.
1999;14(8):1982–90.
Bhowmick S, Moore JT, Kirschner DL, Drew KL. Arctic ground squirrel
hippocampus tolerates oxygen glucose deprivation independent of
hibernation season even when not hibernating and after ATP depletion,
acidosis, and glutamate efflux. J Neurochem. 2017;142(1):160–70.
Bogren LK, Drew KL. Ischemia/reperfusion injury resistance in hibernators
is more than an effect of reduced body temperature or winter season.
Temperature. 2014;1(2):87–8.
Lindell SL, Klahn SL, Piazza TM, Mangino MJ, Torrealba JR, Southard
JH, et al. Natural resistance to liver cold ischemia-reperfusion injury
associated with the hibernation phenotype. Am J Physiol Liver Physiol.
2005;288(3):G473–80.
Otis JP, Pike AC, Torrealba JR, Carey HV. Hibernation reduces cellular damage caused by warm hepatic ischemia–reperfusion in ground squirrels. J
Comp Physiol B. 2017;187(4):639–48.
Hendriks KDW, Lupi E, Hardenberg MC, Hoogstra-Berends F, Deelman
LE, Henning RH. Differences in mitochondrial function and morphology
during cooling and rewarming between hibernator and non-hibernator
derived kidney epithelial cells. Sci Rep. 2017;7(1):15482.
Garonzik-Wang JM, Lonze BE, Ruck JM, Luo X, Massie AB, Melancon K,
et al. Mitochondrial membrane potential and delayed graft function following kidney transplantation. Am J Transplant. 2019;19(2):585–90.
Juriasingani S, Akbari M, Chan JY, Whiteman M, Sener A. H2S supplementation: a novel method for successful organ preservation at subnormothermic temperatures. Nitric Oxide. 2018;1(81):57–66.
Balaban CL, Rodriguez JV, Guibert EE. Delivery of the bioactive gas
hydrogen sulfide during cold preservation of rat liver: effects on hepatic
function in an ex vivo model. Artif Organs. 2011;35(5):508–15.
Hendriks KDW, Maassen H, van Dijk PR, Henning RH, Van Goor H,
Hillebrands J-L. Gasotransmitters in health and disease: a mitochondriacentered view. Curr Opin Pharmacol. 2019;45:87–93.
Giraud S, Steichen C, Couturier P, Tillet S, Mallet V, Coudroy R, et al.
Influence of hypoxic preservation temperature on endothelial cells and
kidney integrity. Biomed Res Int. 2019;4(2019):1–15.
Wei J, Wang Y, Zhang J, Wang L, Fu L, Cha BJ, et al. A mouse model of
renal ischemia reperfusion injury solely induced by cold ischemia. Am J
Physiol Renal Physiol. 2019. https://doi.org/10.1152/ajprenal.00533.2018.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

