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Abstract: Mitochondria are targets of cold ischemia-reperfusion (IR), the major cause of cell damage
during static cold preservation of liver allografts. The bioactivity of methane (CH4) has recently been
recognized in various hypoxic and IR conditions as having influence on many aspects of mitochon-
drial biology. We therefore hypothesized that cold storage of liver grafts in CH4-enriched preservation
solution can provide an increased defence against organ dysfunction in a preclinical rat model of
liver transplantation. Livers were preserved for 24 h in cold histidine–tryptophan–ketoglutarate
(HTK) or CH4-enriched HTK solution (HTK-CH4) (n = 24 each); then, viability parameters were
monitored for 60 min during normothermic isolated reperfusion and perfusate and liver tissue were
collected. The oxidative phosphorylation capacity and extramitochondrial Ca2+ movement were
measured by high resolution respirometry. Oxygen and glucose consumption increased significantly
while hepatocellular damage was decreased in the HTK-CH4 grafts compared to the HTK group.
Mitochondrial oxidative phosphorylation capacity was more preserved (128.8 ± 31.5 pmol/s/mL
vs 201.3 ± 54.8 pmol/s/mL) and a significantly higher Ca2+ flux was detected in HTK-CH4 storage
(2.9 ± 0.1 mV/s) compared to HTK (2.3 ± 0.09 mV/s). These results demonstrate the direct effect
of CH4 on hepatic mitochondrial function and extramitochondrial Ca2+ fluxes, which may have
contributed to improved graft functions and a preserved histomorphology after cold IR.

Keywords: liver transplantation; mitochondria; methane; reperfusion; static cold storage

1. Introduction

Liver transplantation is the ultimate therapeutic option in end-stage liver diseases and
the clinical success of the intervention is dependent on the effectiveness of allograft protec-
tion from the time of donation to surgical transplantation [1]. Several liver transplantation
concepts have been attempted to date, but static cold storage (SCS) in a special preservation
solution is the most accredited organ preservation modality [2]. However, ischemic graft
injury is still inevitable due to anaerobic metabolism, which leads to a depletion of energy
stores and concomitant loss of cellular function and integrity. It follows that mitochondria
are target intracellular organelles of ischemia-induced changes. The lack of the final electron
acceptor (oxygen) collapses the electron transport chain, resulting in an accumulation of
respiratory complex substrates (NADH and succinate), while ATP generation through
oxidative phosphorylation ceases [3–7]. The depletion of ATP leads to the dysfunction
of membrane sodium–potassium pumps (Na+/K+ ATPases), the re-uptake of Ca2+ ions
via calcium pumps (Ca2+ ATPases) on the endoplasmic reticulum (ER) and intracellular
enzymatic reactions [8,9]. Upon reperfusion, further mitochondrial damage supervenes
when the accumulated succinate is rapidly oxidized, driving superoxide production at
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complex I by reverse electron transport, resulting in oxidative damage to the mitochondria,
opening the mitochondrial permeability transition pores (mPTP) and eventually leading
to cell death [3,4,10]. It has been recognized that mitochondrial metabolic changes signifi-
cantly contribute to poor post-transplant graft functions [8,11]. Mitochondrial protection
has therefore come into focus for the development of cold storage organ preservation
solutions [12–14].

In recent years, several preclinical studies have demonstrated improved donor organ
quality after administration of biologically active gases. This approach is mainly based on
the notion that gas molecules require no special receptors or active transport to diffuse into
the internal milieu of the cells [8,15,16]. One such gas, methane (CH4), can reach a high
concentration when dissolved in water or colloid solutions, such as a preservation solution,
and it has been proven to be effective in various hypoxic and inflammatory scenarios [8].
CH4 is the most reduced form of carbon and part of the omnipresent gaseous environment
which maintains aerobic metabolism within the eukaryote cell. It is intrinsically non-toxic
and a simple asphyxiant, meaning that tissue hypoxia might occur when the gas displaces
air in a restricted area. The first reports of the protective effect of CH4 against oxygen-
mediated and reactive oxygen species (ROS)-mediated oxidoreductive stress [17] were
followed by a number of studies where the anti-inflammatory and anti-apoptotic properties
of CH4-based treatments were demonstrated in liver and cardiac ischemia-reperfusion (IR)
and IR-associated animal models [3,4,8,18,19]. These studies have already confirmed that
many aspects of mitochondrial biology are involved in the mechanism of CH4 actions. In
a partial liver IR model, administration of normoxic CH4 during the reperfusion phase
effectively restored the electron transport chain capacity and reduced the cytochrome c
release and ROS formation of hepatic mitochondria [3]. In a cardiac transplantation model,
CH4 supplementation of the grafts preserved the oxidative phosphorylation capacity of
mitochondria and significantly reduced the relative mRNA expression for hypoxia- and
ER–mitochondria stress-associated genes (including HIF-1α) in the rat heart [8].

Considering such properties, exogenous administration of CH4 seems to be an attrac-
tive strategy to achieve mitochondrial protection during cold storage of liver grafts. To
date, the effects of CH4 in terms of liver transplantation have not yet been investigated,
and, therefore, the main purpose of our study was to test the suitability and effectiveness
of a modified, CH4-enriched preservation solution on post-transplant liver function and
integrity. We planned to employ a preclinical liver transplantation model where livers from
cardiac-dead donor rats are exposed to CH4-enriched histidine–tryptophan–ketoglutarate
(HTK) solution during 24 h of cold ischemia, then oxygenated and re-warmed in an ex vivo
system. In this model, we used simple tests to judge the therapeutic potential of CH4 on ac-
tive organ metabolism, including oxygen and glucose consumption and lactate and bile pro-
duction. The mechanism underlying CH4 action was studied further and metabolic changes
were assessed on-site at the level of mitochondria with high resolution respirometry.

2. Materials and Methods

The experiments were carried out on male Sprague–Dawley rats (265–325 g; Charles
River, Budapest, Hungary) in accordance with EU Directive 2010/63 for the protection
of animals used for scientific purposes and in compliance with criteria laid out in the US
National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. The
study was approved by the national competent authority of Hungary (ATET) under license
number V./1416/2021.

2.1. Production of CH4-Enriched HTK

Commercially available Custodiol solution (Dr. Franz Köhler Chemie GmbH, Ben-
sheim, Germany) was saturated with pure CH4 (>99.9%) under 0.4 MPa for 4 h in a
high-pressure vessel (Messer, Budapest, Hungary) to enrich HTK with CH4, as described
previously [18]. The CH4 concentration in the fluid phase was detected by gas chromatog-
raphy, while the stability of the solution was checked by near-infrared laser-based photoa-
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coustic spectroscopy, as described earlier [4]. The solution containing 6.57 ± 0.27 µmol/mL
CH4 was freshly prepared and stored at 4 ◦C before use.

2.2. Experimental Groups

The animals were anesthetized with ketamine (45.7 mg/kg i.p.) and xylazine
(9.12 mg/kg i.p.) and randomly allocated into three groups. The liver retrieval proce-
dure was performed, as described previously [20]. The portal vein, the superior branch of
the inferior vena cava and the common bile duct were then cannulated under an operating
microscope. The grafts were perfused ex vivo with an organ perfusion system (Central
European Biosystem, FALC Instruments, Budapest, Hungary) through the afferent branch
of the portal vein, while the caval vein served as the efferent part of the system. The
warm ischemic group (WI, n = 24) was the control group where the grafts were perfused
immediately after retrieval without being subjected to cold ischemia. In the HTK (n = 24)
and CH4-enriched HTK (HTK + CH4, n = 24) groups, the grafts were stored in HTK solution
at 4 ◦C for 24 h (Figure 1).
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warm ischemia; HTK: histidine–tryptophan–ketoglutarate; CH4: methane; HTK + CH4: CH4-en-
riched HTK.  

2.3. Organ Perfusion System and Assessment of Hepatic Function and Cell Injury 

Figure 1. Study protocol. Preparation and perfusion of donor livers. Grafts in the WI group were
subjected to immediate perfusion following retrieval. The other groups were incubated in HTK and
CH4-enriched HTK solution (HTK + CH4), respectively, at 4 ◦C for 24 h prior to organ perfusion.
Perfusate samples were obtained during reperfusion for biochemical analysis (indicated with blue
arrows). At the end, tissue samples were taken for further analysis (indicated with red arrows).
WI: warm ischemia; HTK: histidine–tryptophan–ketoglutarate; CH4: methane; HTK + CH4: CH4-
enriched HTK.

2.3. Organ Perfusion System and Assessment of Hepatic Function and Cell Injury

Reperfusion was performed using an isolated rat liver perfusion system (IPRL), as
described previously in detail [21]. Grafts were perfused with 300 mL of oxygenated,
modified Krebs–Henseleit buffer at 37 ◦C for 60 min at a constant flow of 3 mL/g of liver
weight/minute using a roller pump (Masterflex, L/S, Cole Parmer Instrument Company,
Vernon Hills, IL, USA). Portal venous pressure (PVP) was continuously monitored via the
water column attached to the afferent side of the perfusion system and bile was collected
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in an Eppendorf tube through a cannula attached to the common bile duct. The hepatic
perfusate samples (2 mL) were collected intermittently from both sides of the system for pH-
fluid gas analysis (Cobas b123; Roche Ltd., Basel, Switzerland) and the oxygen and glucose
uptakes were determined as the difference between portal (inflow) and central venous
(outflow) concentrations, expressed as microliters per gram of liver weight per minute.
Spectrophotometric measurements of liver necroenzymes, such as alanine aminotransferase
(ALT), aspartate aminotransferase (AST) and lactate dehydrogenase (LDH), were measured
from the outflow perfusate samples [22].

2.4. High Resolution Respirometry

Mitochondrial respiration was measured with Oxygraph-2k (Oroboros Instruments,
Innsbruck, Austria). Liver samples were taken at the end of reperfusion and homogenates
were prepared in a mitochondrial respiration medium (MiR05). 100 µL of the suspension
was then added to an experimental chamber of 2 mL volume and oxygen consumption
of different mitochondrial metabolic states was measured. The baseline respiration of
liver cells was defined without substrates and inhibitors. Next, we determined individual
complex I and complex II respiratory activities by adding 10 mM glutamate and 2 mM
malate simultaneously and in the next step, 10 mM of succinate was added to stimulate
complex I and complex II, respectively. Complex V substrate of 5 mM ADP was added
to measure oxidative phosphorylation in state 3 respiration. Subsequently, we added
0.5 µM of ATP synthase inhibitor oligomycin to the chambers to induce ATP-independent
respiration (LEAK) and provide a biochemical gradient for further steps. Oxidative phos-
phorylation and LEAK respiration data were used as a respiratory control ratio, which is
directly but non-linearly related to the oxidative phosphorylation coupling efficiency and
expressed as the oxidative phosphorylation/LEAK ratio. Furthermore, inner membrane
injury was determined by adding 5 mM of cytochrome c, a heme protein loosely associated
with the outer side of the inner mitochondrial membrane. Finally, 1 µM of complex III
inhibitor antimycin A was administered to completely block oxidative phosphorylation,
thus providing information on background respiratory activity.

The mitochondrial Ca2+ flux was measured using the blue fluorescence module (exci-
tation: 465 nm; gain: 1000; polarization voltage: 500 mV). Ca2+ flux evoked by external use
of CaCl2 was ascertained using CaGreen-5N monofluorescent dye. This method is suited
to the evaluation of Ca2+ fluxes even in high concentrations due to its low affinity for Ca2+

(KD 14,000 nM, 0.5–50 µM) [23]. In the first step, the baseline Ca2+ flux was determined in
the absence of any triggering of Ca2+ release with the addition of fluorescent dye (2 µL of
CaGreen-5N). This Ca2+ flux refers to the baseline level of extramitochondrial Ca2+ from
endogenous Ca2+ sources. Then, the oxidative phosphorylation was reached with the
addition of succinate and ADP substrates to the sample, while an inhibitor of complex
I rotenone (1 µM) was added to initiate mitochondrial Ca2+ fluxes. This was followed
by a 3-step titration of exogenous CaCl2 (5 mM) to reach the maximum Ca2+ flux, which
indicates mPTP opening. After the supersaturating effect of CaCl2, electron transport was
blocked with complex III inhibitor antimycin A, inhibiting mitochondrial Ca2+ fluxes while
the system Ca2+ potential was stopped with ethylene glycol tetra-acetic acid (1 mM EGTA).

2.5. Histology and Immunohistochemistry

Tissue specimens were fixed in buffered paraformaldehyde solution (4%), embedded
in paraffin and 5-µm-thick sections were cut and then stained with hematoxylin and eosin
(H&E). The morphology of liver integrity was graded according to criteria developed for
IPRL livers [24] on a scale of 1 (excellent) to 5 (poor) described as: (1) normal rectangular
structure, (2) rounded hepatocytes with increased sinusoidal spaces, (3) vacuolization,
(4) nuclear pyknosis and (5) necrosis.

Endothelial cell injury was classified by the degree of cell detachment from the vascular
matrix, discriminating between arterioles, large veins and small venules. Two operators
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independently but concurrently examined at least 15 microscopic fields of three different
biopsies by light microscopy.

The ER stress marker SERCA2b (Endoplasmic Reticulum Ca2+ ATPase) (#PA5-102354,
Thermo Fisher Scientific Inc., Waltham, MA, USA) was detected by immunohistochemical
staining, as previously described [4].

2.6. Statistics

Data analysis was performed with Sigma Plot 13.0 statistical software (Jandel Cor-
poration, San Rafael, CA, USA). Changes in variables within and between groups were
analyzed by two-way repeated measures ANOVA, followed by Tukey’s test and the Kruskal–
Wallis test. All data were expressed as means ± SD. Values of p < 0.05 were considered
statistically significant.

3. Results
3.1. Graft Function and Cell Injury after Cold Storage

Cold storage in HTK resulted in a significant drop in hepatic oxygen uptake through-
out the reperfusion period compared to the WI group. The HTK + CH4 group showed signif-
icantly better oxygen uptake during the whole reperfusion period, peaking at
277.28 ± 30.04 µL/glw/min at 45 min vs. 183.89 ± 18.8 µL/glw/min in the HTK group,
but still remaining lower than the WI group (381.92 ± 30.32 µL/glw/min) (Figure 2A).
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Figure 2. Liver metabolic parameters. (A) Oxygen consumption determined as the difference in
partial oxygen pressure of influent and effluent Krebs solution. (B) Glucose consumption determined
as the difference in glucose concentration of influent and effluent Krebs solution. (C) Lactate content
measured from effluent Krebs solution. The WI group is marked with a green square, the HTK group
is marked with a yellow triangle and the HTK + CH4 group is marked with a blue circle. Data are
presented as means ± SD. * p < 0.05 vs. WI; # p < 0.05 vs. HTK (one-way ANOVA and Tukey’s test).

In the HTK group, cold storage significantly impaired glucose uptake from minutes
5 to 45 compared to the WI group (from 0.14 ± 0.03 to 0.15 ± 0.02 µmol/glw/min vs
0.33 ± 0.01 to 0.28 ± 0.01 µmol/glw/min). These results in the HTK + CH4 group were
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significantly higher than those in the HTK group at 30 and 45 min of reperfusion (0.20 ± 0.01
and 0.22 ± 0.02 µmol/glw/min) (Figure 2B).

In the HTK group, a steady rise in lactate level was observed during reperfusion,
reaching 1.3 ± 0.18 mmol/l at minute 45. CH4 treatment significantly attenuated the
increase in the HTK + CH4 group, which was 0.84 ± 0.08 mmol/l at minute 45. Lactate
levels were significantly lower in the WI group than the cold-stored groups and did
not change from minutes 5 to 45 during the reperfusion period (from 0.39 ± 0.07 to
0.40 ± 0.07 mmol/L) (Figure 2A).

The total vascular resistance of the liver graft during reperfusion was measured
as PVP. The WI group had lower levels of PVP (9.89 ± 2.7 to 9.03 ± 1.7 mm Hg) in
comparison to the other groups throughout the reperfusion period. The HTK + CH4 group
showed significantly lower values (19.86 ± 2.2 to 16.9 ± 1.3 mm Hg) compared to the HTK
(24.50 ± 2.7 to 22.9 ± 3.1 mm Hg) group during reperfusion (Figure 3A).
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Figure 3. Portal venous pressure and bile production of liver grafts (A) Changes in pressure in the
portal venous system during the perfusion period. (B) Cumulative bile production during perfusion.
The WI group is marked green, the HTK group is marked yellow and the HTK + CH4 group is
marked blue. Data are presented as means ± SD. * p < 0.05 vs. WI; # p < 0.05 vs. HTK (one-way
ANOVA and Tukey’s test).

Bile was collected throughout the reperfusion period. Bile production was higher in
the WI group (36.7 ± 4.9 µL/45 min) as compared to the HTK group (23.2 ± 3.6 µL/45 min)
and the HTK + CH4 (31.3 ± 3.5 µL/45 min) groups; nevertheless, there was a significant
difference between the cold-stored groups, and CH4 supplementation provided better bile
excretion in the HTK + CH4 group (Figure 3B).

The release of ALT after 45 min of reperfusion was significantly higher for the HTK
group (90.0 ± 19.4 U/L) versus the WI group (9.1 ± 1.9 U/L; Figure 4A). Compared to the
HTK group, the HTK + CH4 group (51.7 ± 15.7 U/L) demonstrated statistically significantly
lower levels (p < 0.05). The AST and LDH levels were statistically lower in the WI group
than the cold-stored groups. The HTK + CH4 group tended to show lower AST and LDH
values throughout the reperfusion period (Figure 4B,C). However, only LDH displayed
statistically significant elevation in the HTK group after 30 and 45 min of reperfusion (2100
± 427 U/L at 45 min) compared to the HTK + CH4 group (1541 ± 202 U/L) (Figure 4C).
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Figure 4. Liver necroenzymes. (A) Alanine aminotransferase (ALT), (B) aspartate aminotransferase
(AST) and (C) lactate dehydrogenase (LDH) measured from effluent Krebs solution. Data at 45 min
represent the cumulative necroenzyme content. The WI group is marked green, the HTK group
is marked yellow and the HTK + CH4 group is marked blue. Data are presented as means ± SD.
* p < 0.05 vs. WI; (one-way ANOVA and Tukey’s test).

3.2. Mitochondrial Respiration

Changes in mitochondrial respiratory functions were evaluated in the presence of
glutamate and malate or succinate to differentiate between complex I- and complex II-
based activity. Cold-stored groups displayed significantly reduced complex I activity
(19.6 ± 11.7 pmol/s/mL in HTK and 22.0 ± 10.9 pmol/s/mL in HTK + CH4) and reduced
oxidative phosphorylation (128.8 ± 31.5 pmol/s/mL in HTK and 201.3 ± 54.8 pmol/s/mL
in HTK + CH4) in the presence of a saturating amount of ADP as compared to the control
group (WI; 26.7 ± 7.6 pmol/s/mL and 280.2 ± 64.5 pmol/s/mL, respectively). The de-
crease in complex I activity and the related oxidative phosphorylation was significantly
higher in the hepatic mitochondria of the HTK grafts than the HTK + CH4-preserved grafts.
However, in the presence of the complex II substrate succinate, hepatic mitochondria dis-
played similar respiratory activity in all the study groups (65.9 ± 16.2 pmol/s/mL in control,
55.5 ± 24.6 pmol/s/mL in HTK and 59.8 ± 7.6 pmol/s/mL in HTK + CH4). The respiratory
acceptor control ratio (RCR), expressed as the oxidative phosphorylation/oligomycinLEAK
ratio, was calculated to quantify changes in the coupling of the electron transport chain [25].
Compared to the WI group, the respiratory control ratio indicated a significant impairment
of the electron transport chain in the HTK group (1.4 ± 0.2). However, no significant differ-
ence was found between the HTK + CH4 and WI groups in the coupling of mitochondria
(2.7 ± 0.6 and 4.9 ± 0.6, respectively) (Figure 5).
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rating amount of CaCl2, thus inducing the mPTP opening. As a result of prolonged cold 
ischemia, mitochondria in the HTK group exhibited less responsiveness of fluorophore to 
exogenous Ca2+ (2.3 ± 0.09 mV/s) than hepatic mitochondria in the WI group (3.8 ± 0.2 

Figure 5. Mitochondrial respiration. (A) Representative records of mitochondrial oxygen consump-
tion measured by high resolution respirometry. (B) Complex I-linked (NADH-generating substrates:
glutamate and malate-dependent) respiration, (C) Oxidative phosphorylation (ADP-dependent respi-
ration) in the presence of saturating levels of substrates. (D) Complex I and II-linked (added succinate
respiration). (E) Cytochrome c release assessed by adding exogenous cytochrome c to the sample in
the presence of glutamate and malate or succinate. (F) Respiratory control ratio (RCR) expressed as a
ratio of ADP-dependent oxidative phosphorylation and ADP-independent LEAK respiration. The
WI group is marked green, the HTK group is marked yellow and the HTK + CH4 group is marked
blue. Data are presented as means ± SD. * p < 0.05 vs. WI; # p < 0.05 vs. HTK (one-way ANOVA and
Tukey’s test). Glutamate (Glut), malate (Mal), Oxidative phosphorylation (Oxphos), succinate (Succ),
cytochrome c (Cytc), antimycin A (Ama).

3.3. Extramitochondrial Ca2+ Movement

The cold ischemia-related endogenous Ca2+ release was assessed at first as the baseline
Ca2+ flux of the samples. There was a significant increase in the CaGreen-5N fluorescent
intensity in the HTK group (1.9 ± 0.1 mV/s) as compared to the control group (WI;
1.3 ± 0.04 mV/s and 1.4 ± 0.1 mV/s, respectively). Adding CH4 admixture to the preser-
vative solution in the HTK + CH4 group resulted in a significant decrease in fluorescent
intensity (Figure 6B). The exogenous Ca2+-triggered Ca2+ flux was then examined by
adding a saturating amount of CaCl2, thus inducing the mPTP opening. As a result of
prolonged cold ischemia, mitochondria in the HTK group exhibited less responsiveness
of fluorophore to exogenous Ca2+ (2.3 ± 0.09 mV/s) than hepatic mitochondria in the WI
group (3.8 ± 0.2 mV/s). A significantly higher Ca2+ flux was detected in the HTK + CH4
group (2.9 ± 0.1 mV/s) as a result of CH4 supplementation (Figure 6C).
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Figure 6. Mitochondrial Ca2+ fluxes. (A) Representative records of extramitochondrial Ca2+ fluxes
in the WI (green line), HTK (yellow line) and HTK + CH4 groups (blue line) superimposed on the
mitochondrial oxygen consumption (red line). (B) Endogenous Ca2+ release measured during cold
ischemia in state 3 respiration. (C) Exogenous Ca2+-triggered maximum Ca2+ flux following CaCl2
titration, which indicates mPTP opening. The WI group is marked green, the HTK group is marked
yellow and the HTK + CH4 group is marked blue. Data are presented as means ± SD. * p < 0.05 vs.
WI; # p < 0.05 vs. HTK (one-way ANOVA and Tukey’s test).

3.4. Histology

Liver morphology revealed viable hepatocytes in the control group (WI). For the HTK
group, the hepatocellular damage was more pronounced, resulting in a significantly higher
histological grade. For the HTK + CH4 group, the grade of injury was also elevated, al-
though to a lesser extent than in the HTK group, thus indicating increased tissue protection.
Endothelial injury was found in all the groups, particularly in the large vessels. Of note, the
HTK group also showed endothelial detachment in the small vessels (Figure 7A–D). The
number of SERCA2b immunoreactive hepatocytes decreased significantly in sections from
HTK-stored grafts as compared to the controls (the WI group) (Figure 6E,F). In contrast,
the number of immunoreactive cells was significantly increased in the HTK + CH4 group
(Figure 7E–H).
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Figure 7. Histology and immunohistochemistry. (A,E) The WI group, (B,F) the HTK group and (C,G)
the HTK-CH4 group. The bar represents 100 µm. (D) Histological grading of groups represents a
composite of number of damaged hepatocytes (n = 15–18). Histological sections were stained with
hematoxylin and eosin. Morphological liver integrity was graded according to criteria developed for
IPRL livers on a scale of 1 (excellent) to 5 (poor) described as follows: (1) normal rectangular structure,
(2) rounded hepatocytes with increased sinusoidal spaces, (3) vacuolization, (4) nuclear pyknosis and
(5) necrosis. Endothelial cell injury was classified by the degree of cell detachment from the vascular
matrix discriminating between arterioles, large veins and small venules (H). Immunostained cells in
the field of view plotted as a percentage. The WI group is marked green, the HTK group is marked
yellow, and the HTK + CH4 group is marked blue. Data are presented as means ± SD. * p < 0.05 vs.
WI; # p < 0.05. vs. HTK.

4. Discussion

In the present study, we investigated the consequences of CH4 enrichment of HTK
solution during cold static storage in a preclinical model of liver transplantation. CH4
supplementation resulted in superior morphology and functional hepatoprotection dur-
ing a standardized IR injury. Markedly improved metabolic parameters, such as oxygen
and glucose consumption, decreased PVP and necroenzyme levels and increased bile
production was demonstrated. Furthermore, CH4 supplementation during cold storage
significantly influenced the critical components of the respiratory mechanism of hepatic
mitochondria. All in all, these results comprehensively demonstrate the direct role the CH4
supplementation of preservation solution performs in preserving the metabolic activity of
liver cells. Additionally, these results have identified a form of mitochondrial protection
that allows for better graft functions. The metabolic homeostasis of the liver depends on the
supply of oxygen; the function of the mitochondria is thus severely affected by prolonged
ischemia [26]. Since hepatic IR injury is the main cause of early graft loss and poor post-
transplant function in liver transplantation, finding an appropriate preservation solution is
an important clinical goal [27,28]. HTK solution has been adopted in the routine clinical
practice of liver transplantation with equivalent results as an alternative to the gold stan-
dard University of Wisconsin (UW) solution [29–32]. Of the preservative solutions, HTK is
the most effective in preventing biliary complications, with its low viscosity providing a
better initial flush of the liver with more rapid cooling; additionally, it can be successfully
enriched with CH4 [8,29]. CH4 is an amphipathic compound, which is a property that
enables quick and easy transport through biological membranes without requiring specific
transporters or receptors [33]. Therefore, CH4 can reach a higher concentration in lipid
bilayers, such as the mitochondrial membrane, and ROS generation can lead to a higher
level of fixation [34]. Once considered an inert gas, CH4 was proven to affect multiple
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biochemical processes, resulting in changes on the cellular and subcellular levels and thus
leading to the modulation of hypoxic damage and inflammatory responses. Notably, it
has been shown that exogenous CH4 modulates the intrinsic, mitochondrial pathway of
pro-apoptotic activation in model experiments [35,36] and preserves the mitochondrial
respiratory capacity in cells exposed to anoxia [4]. Furthermore, CH4 significantly reduced
the expression of hypoxia- and ER stress-associated genes in experimental heart transplan-
tation [8]. A prerequisite for successful liver transplantation is immediate graft function, as
there is currently no suitable method to supplement the metabolism of the liver. In the liver
transplantation model presented, the ability of the liver to extract oxygen and glucose from
the perfusate fluid and produce lactate served as functional tests to assess the activity of
organ metabolism. The hypothermic preservation in HTK solution resulted in the reduced
oxygen and glucose uptake of liver grafts, while hepatocellular damage, confirmed by
transaminase release, was increased, a finding which also demonstrates that currently used
preservation methods cannot achieve complete tissue protection against cold IR-induced
damage. The LDH, AST and ALT content of the outflow perfusate fluid indicated general
hepatic injury, all referring to the extent of hepatocellular damage, but ALT is more specific
to liver sinusoidal injury [37]. The liver grafts in the HTK + CH4 group demonstrated much
lower levels of all necroenzymes during the reperfusion period as compared to the HTK
grafts, a result which points to the overall protective effect of CH4 on organ viability.

In human liver transplantation, high post-transplant PVP is associated with higher
incidences of primary dysfunction and non-function of the graft, probably due to the
impaired oxygen supply to the hepatocytes through the sinusoidal endothelial cells [38].
In our model, PVP was significantly reduced in the HTK + CH4-treated liver compared
to the HTK grafts. The lower PVP of the HTK + CH4-treated livers could have been
related to the local, tissue-specific effect of CH4 on endothelial cells, which may have
prevented vascular occlusion [39]. Alternatively, CH4 has been demonstrated to influence
ROS-generating xanthine oxidoreductase activity and nitrogen biology in the hypoxic
tissue, suggesting an interplay between the vasodilator nitrogen monoxide and CH4 in
the intracellular milieu [40]. The liver has very high energy requirements for the active
secretion of bile, a process that is sensitive to IR damage [20,41]. Bile production is therefore
an indicator of the viability of isolated perfused liver grafts [42,43]. The HTK + CH4-treated
grafts demonstrated an increased secretion of bile compared to the HTK group, a result
which could be linked to the effects of CH4 on preserved oxidative phosphorylation in
mitochondria, which enables energy-demanding bile secretion.

Liver parenchymal and epithelial cells, hepatocytes and cholangiocytes contain
1000–2000 mitochondria per cell to sustain metabolic activity. As a result of CH4 en-
richment of the preservative solution, graft mitochondria were more responsive to ADP
utilization, thus contributing to the maintenance of oxidative phosphorylation capacity.
The individual capacities of the respiratory complexes were also tested with specific sub-
strates and inhibitors. Interestingly, complex I activity was strongly diminished in the
cold-stored HTK group, while there was no significant difference in complex II activity
between the groups. This result highlights the central role of complex I in mitochondrial
dysfunction during cold storage, setting it as the main target of future graft preservation
therapies [2,44,45]. Furthermore, it strengthens previous findings on the mechanism of
CH4 action, which have demonstrated a partial blockade of electron transport in complex
I as a result of CH4 administration in a primary mitochondrial model of cardiac IR in-
jury [4]. Specifically, the CH4 treatment of mitochondria restricted the forward electron
transfer within complex I under normoxic conditions while effectively restricting reverse
electron transport in post—anoxic mitochondria [4]. In the present study, in addition to
the interaction with complex I activity, a non-specific action of CH4 was demonstrated
by an increased oxidative phosphorylation capacity, decreased cytochrome c release and
ameliorated LEAK respiration in the HTK + CH4 group, which was linked to the preserved
membrane integrity and electron transfer capacity of mitochondria.
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Previous studies have already suggested that the mechanism of action of CH4 supple-
mentation influences mitochondrial physiology and Ca2+ homeostasis [8,18]. Depletion
of mitochondrial substrates during ischemia is a major contributor to the development of
intracellular hypercalcemia-related cellular damage [9,10]. The contribution of ER through
the activation of ER-mediated Ca2+ transport in the mechanism of cold ischemia-induced
cellular damage is relatively well characterized [46]. Hypoxia induces Ca2+ release from
the ER and the re-uptake into the ER is regulated by SERCAs pumps, of which the SERCA3
isoform was found to decrease in the liver after IR injury [47]. In this experiment, cold
storage caused reduced SERCA expression, which was attenuated by CH4 supplementa-
tion. The resulting elevated cytosolic Ca2+ levels cause raised Ca2+ uptake (influx) into the
mitochondria and mitochondrial Ca2+ overload, in turn leading to mPTP opening, mito-
chondrial depolarization and the initiation of cell death [48,49]. The mechanism behind the
Ca2+ influx-mediated membrane dysfunction may involve the mitochondrial Na+/Ca2+

exchanger, the H+/Ca2+ exchanger and mPTPs and their combined action [50,51]. In our
model experiment, the 24-h-long ischemic insult induced a significant rise in the level
of extramitochondrial Ca2+ from endogenous Ca2+ sources. CH4 supplementation of the
preservation solution effectively attenuated this Ca2+ release by enhancing re-uptake into
the ER, restoring mitochondrial membrane integrity and, indirectly, preserving the function
of energy-consuming membrane-associated Ca2+ ion channels. The function of mPTPs
was also evaluated in this study, when hepatic mitochondria were subjected to exogenous
Ca2+ overload, which is a trigger for mPTP opening. As a consequence of the cold IR, the
mitochondrial response to external Ca2+ loading was associated with a low plateau of Ca2+

efflux in the HTK group, suggesting early or existing mPTP opening. Preservation of the
grafts in CH4-supplemented transplantation solution prevented ischemia-induced mPTP
opening, as indicated by higher Ca2+ efflux in the HTK + CH4 group.

5. Conclusions

In conclusion, our results demonstrate that the preservation of donor livers in a CH4-
supplemented solution is an effective pharmacological approach to reduce cold ischemia-
induced damage and limit hepatic complications. Experimental evidence demonstrates
that CH4 can alleviate interrelated intracellular events involving mitochondrial respiration
and extramitochondrial Ca2+ movements, leading to preserved hepatocellular integrity
and liver function. Based on these experimental results, it seems reasonable to propose that
the addition of CH4 admixture to preservation solutions will provide more effective means
for clinical organ transplantation protocols as well.

Author Contributions: Conceptualization: P.H., T.H. and L.S.; methodology: T.H., L.S., T.D., B.B.
(Bence Baráth) and B.B. (Bálint Baráth), K.D.J.; formal analysis: T.H., L.S.; investigation: K.D.J.,
T.H., L.S., B.B. (Bálint Baráth) and Á.M.; statistician: B.B. (Bálint Baráth); writing—original draft
preparation: T.H., L.S. and P.H.; writing—review and editing: P.H. and M.B.; supervision and funding
acquisition: P.H. and M.B. T.H. and L.S. contributed equally to this paper as joint first authors. P.H.
and M.B. contributed equally as last authors. All authors have read and agreed to the published
version of the manuscript.

Funding: National Research, Development, and Innovation Office (NFKIH) grants K120232 (MB) and
FK138839 (PH) and the Hungarian Academy of Sciences János Bolyai Research Scholarship, grant
BO/00605/21/5 (PH).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the national competent authority of Hungary (ATET) under
license number V./1416/2021. in 2021.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data are available within the article.

Conflicts of Interest: The authors declare no conflict of interest.



Antioxidants 2023, 12, 271 13 of 15

References
1. Ito, T.; Naini, B.V.; Markovic, D.; Aziz, A.; Younan, S.; Lu, M.; Hirao, H.; Kadono, K.; Kojima, H.; DiNorcia, J., 3rd; et al.

Ischemia-reperfusion injury and its relationship with early allograft dysfunction in liver transplant patients. Am. J. Transplant.
2021, 21, 614–625. [CrossRef] [PubMed]

2. Horvath, T.; Jasz, D.K.; Barath, B.; Poles, M.Z.; Boros, M.; Hartmann, P. Mitochondrial Consequences of Organ Preservation
Techniques during Liver Transplantation. Int. J. Mol. Sci. 2021, 22, 2816. [CrossRef]

3. Strifler, G.; Tuboly, E.; Szel, E.; Kaszonyi, E.; Cao, C.; Kaszaki, J.; Meszaros, A.; Boros, M.; Hartmann, P. Inhaled Methane Limits
the Mitochondrial Electron Transport Chain Dysfunction during Experimental Liver Ischemia-Reperfusion Injury. PLoS ONE
2016, 11, e0146363. [CrossRef] [PubMed]

4. Jasz, D.K.; Szilagyi, A.L.; Tuboly, E.; Barath, B.; Marton, A.R.; Varga, P.; Varga, G.; Erces, D.; Mohacsi, A.; Szabo, A.; et al.
Reduction in hypoxia-reoxygenation-induced myocardial mitochondrial damage with exogenous methane. J. Cell. Mol. Med.
2021, 25, 5113–5123. [CrossRef] [PubMed]

5. Halestrap, A.P.; Clarke, S.J.; Khaliulin, I. The role of mitochondria in protection of the heart by preconditioning. Biochim. Biophys.
Acta 2007, 1767, 1007–1031. [CrossRef]

6. Hassanpour, S.H.; Dehghani, M.A.; Karami, S.Z. Study of respiratory chain dysfunction in heart disease. J. Cardiovasc. Thorac. Res.
2018, 10, 1–13. [CrossRef]

7. Drose, S.; Brandt, U.; Wittig, I. Mitochondrial respiratory chain complexes as sources and targets of thiol-based redox-regulation.
Biochim. Biophys. Acta 2014, 1844, 1344–1354. [CrossRef]

8. Benke, K.; Jasz, D.K.; Szilagyi, A.L.; Barath, B.; Tuboly, E.; Marton, A.R.; Varga, P.; Mohacsi, A.; Szabo, A.; Szell, Z.; et al. Methane
supplementation improves graft function in experimental heart transplantation. J. Heart Lung Transplant. Off. Publ. Int. Soc. Heart
Transplant. 2021, 40, 183–192. [CrossRef]

9. Kalogeris, T.; Baines, C.P.; Krenz, M.; Korthuis, R.J. Cell biology of ischemia/reperfusion injury. Int. Rev. Cell Mol. Biol. 2012, 298,
229–317. [CrossRef]

10. Chouchani, E.T.; Pell, V.R.; Gaude, E.; Aksentijevic, D.; Sundier, S.Y.; Robb, E.L.; Logan, A.; Nadtochiy, S.M.; Ord, E.N.J.;
Smith, A.C.; et al. Ischaemic accumulation of succinate controls reperfusion injury through mitochondrial ROS. Nature 2014, 515,
431–435. [CrossRef]

11. Martins, R.M.; Teodoro, J.S.; Furtado, E.; Oliveira, R.C.; Tralhao, J.G.; Rolo, A.P.; Palmeira, C.M. Mild hypothermia during the
reperfusion phase protects mitochondrial bioenergetics against ischemia-reperfusion injury in an animal model of ex-vivo liver
transplantation-an experimental study. Int. J. Med. Sci. 2019, 16, 1304–1312. [CrossRef]

12. Ferng, A.S.; Schipper, D.; Connell, A.M.; Marsh, K.M.; Knapp, S.; Khalpey, Z. Novel vs clinical organ preservation solutions:
Improved cardiac mitochondrial protection. J. Cardiothorac. Surg. 2017, 12, 7. [CrossRef] [PubMed]

13. Saeb-Parsy, K.; Martin, J.L.; Summers, D.M.; Watson, C.J.E.; Krieg, T.; Murphy, M.P. Mitochondria as Therapeutic Targets in
Transplantation. Trends Mol. Med. 2021, 27, 185–198. [CrossRef] [PubMed]

14. Bardallo, R.G.; Da Silva, R.T.; Carbonell, T.; Palmeira, C.; Folch-Puy, E.; Rosello-Catafau, J.; Adam, R.; Panisello-Rosello, A. Liver
Graft Hypothermic Static and Oxygenated Perfusion (HOPE) Strategies: A Mitochondrial Crossroads. Int. J. Mol. Sci. 2022, 23,
5742. [CrossRef] [PubMed]

15. Dugbartey, G.J. Carbon monoxide as an emerging pharmacological tool to improve lung and liver transplantation protocols.
Biochem. Pharm. 2021, 193, 114752. [CrossRef]

16. Kobayashi, E.; Sano, M. Organ preservation solution containing dissolved hydrogen gas from a hydrogen-absorbing alloy canister
improves function of transplanted ischemic kidneys in miniature pigs. PLoS ONE 2019, 14, e0222863. [CrossRef] [PubMed]

17. Boros, M.; Ghyczy, M.; Erces, D.; Varga, G.; Tokes, T.; Kupai, K.; Torday, C.; Kaszaki, J. The anti-inflammatory effects of methane.
Crit. Care Med. 2012, 40, 1269–1278. [CrossRef] [PubMed]

18. Ye, Z.; Chen, O.; Zhang, R.; Nakao, A.; Fan, D.; Zhang, T.; Gu, Z.; Tao, H.; Sun, X. Methane Attenuates Hepatic Is-
chemia/Reperfusion Injury in Rats Through Antiapoptotic, Anti-Inflammatory, and Antioxidative Actions. Shock 2015, 44,
181–187. [CrossRef]

19. He, R.; Wang, L.; Zhu, J.; Fei, M.; Bao, S.; Meng, Y.; Wang, Y.; Li, J.; Deng, X. Methane-rich saline protects against concanavalin
A-induced autoimmune hepatitis in mice through anti-inflammatory and anti-oxidative pathways. Biochem. Biophys. Res. Commun.
2016, 470, 22–28. [CrossRef]

20. Srinivasan, P.K.; Yagi, S.; Doorschodt, B.; Nagai, K.; Afify, M.; Uemoto, S.; Tolba, R. Impact of venous systemic oxygen persufflation
supplemented with nitric oxide gas on cold-stored, warm ischemia-damaged experimental liver grafts. Liver Transplant. 2012, 18,
219–225. [CrossRef]

21. Minor, T.; Akbar, S.; Tolba, R.; Dombrowski, F. Cold preservation of fatty liver grafts: Prevention of functional and ultrastructural
impairments by venous oxygen persufflation. J. Hepatol. 2000, 32, 105–111. [CrossRef] [PubMed]

22. Otto-Slusarczyk, D.; Grabon, W.; Mielczarek-Puta, M. Aspartate aminotransferase–key enzyme in the human systemic metabolism.
Postep. Hig. Med. Dosw. Online 2016, 70, 219–230. [CrossRef]

23. Naszai, A.; Terhes, E.; Kaszaki, J.; Boros, M.; Juhasz, L. Ca2+N It Be Measured? Detection of Extramitochondrial Calcium
Movement With High-Resolution FluoRespirometry. Sci. Rep. 2019, 9, 19229. [CrossRef]

http://doi.org/10.1111/ajt.16219
http://www.ncbi.nlm.nih.gov/pubmed/32713098
http://doi.org/10.3390/ijms22062816
http://doi.org/10.1371/journal.pone.0146363
http://www.ncbi.nlm.nih.gov/pubmed/26741361
http://doi.org/10.1111/jcmm.16498
http://www.ncbi.nlm.nih.gov/pubmed/33942485
http://doi.org/10.1016/j.bbabio.2007.05.008
http://doi.org/10.15171/jcvtr.2018.01
http://doi.org/10.1016/j.bbapap.2014.02.006
http://doi.org/10.1016/j.healun.2020.11.003
http://doi.org/10.1016/B978-0-12-394309-5.00006-7
http://doi.org/10.1038/nature13909
http://doi.org/10.7150/ijms.34617
http://doi.org/10.1186/s13019-017-0564-x
http://www.ncbi.nlm.nih.gov/pubmed/28126002
http://doi.org/10.1016/j.molmed.2020.08.001
http://www.ncbi.nlm.nih.gov/pubmed/32952044
http://doi.org/10.3390/ijms23105742
http://www.ncbi.nlm.nih.gov/pubmed/35628554
http://doi.org/10.1016/j.bcp.2021.114752
http://doi.org/10.1371/journal.pone.0222863
http://www.ncbi.nlm.nih.gov/pubmed/31574107
http://doi.org/10.1097/CCM.0b013e31823dae05
http://www.ncbi.nlm.nih.gov/pubmed/22336723
http://doi.org/10.1097/SHK.0000000000000385
http://doi.org/10.1016/j.bbrc.2015.12.080
http://doi.org/10.1002/lt.22442
http://doi.org/10.1016/S0168-8278(00)80196-8
http://www.ncbi.nlm.nih.gov/pubmed/10673074
http://doi.org/10.5604/17322693.1197373
http://doi.org/10.1038/s41598-019-55618-5


Antioxidants 2023, 12, 271 14 of 15

24. t Hart, N.A.; van der Plaats, A.; Leuvenink, H.G.; Wiersema-Buist, J.; Olinga, P.; van Luyn, M.J.; Verkerke, G.J.; Rakhorst, G.; Ploeg,
R.J. Initial blood washout during organ procurement determines liver injury and function after preservation and reperfusion. Am.
J. Transplant. 2004, 4, 1836–1844. [CrossRef]

25. Lambert, A.J.; Brand, M.D. Inhibitors of the quinone-binding site allow rapid superoxide production from mitochondrial
NADH:ubiquinone oxidoreductase (complex I). J. Biol. Chem. 2004, 279, 39414–39420. [CrossRef] [PubMed]

26. Teoh, N.C. Hepatic ischemia reperfusion injury: Contemporary perspectives on pathogenic mechanisms and basis for
hepatoprotection-the good, bad and deadly. J. Gastroenterol. Hepatol. 2011, 26 (Suppl. S1), 180–187. [CrossRef]

27. Nardo, B.; Bertelli, R.; Montalti, R.; Beltempo, P.; Puviani, L.; Pacile, V.; Cavallari, A. Preliminary results of a clinical randomized
study comparing Celsior and HTK solutions in liver preservation for transplantation. Transplant. Proc. 2005, 37, 320–322.
[CrossRef]

28. Cavallari, A.; Cillo, U.; Nardo, B.; Filipponi, F.; Gringeri, E.; Montalti, R.; Vistoli, F.; D’Amico, F.; Faenza, A.; Mosca, F.; et al.
A multicenter pilot prospective study comparing Celsior and University of Wisconsin preserving solutions for use in liver
transplantation. Liver Transplant. 2003, 9, 814–821. [CrossRef] [PubMed]

29. Karakoyun, R.; Romano, A.; Nordstrom, J.; Ericzon, B.G.; Nowak, G. Type of Preservation Solution, UW or HTK, Has an Impact
on the Incidence of Biliary Stricture following Liver Transplantation: A Retrospective Study. J. Transplant. 2019, 2019, 8150736.
[CrossRef]

30. Pokorny, H.; Rasoul-Rockenschaub, S.; Langer, F.; Windhager, T.; Rosenstingl, A.; Lange, R.; Konigsrainer, A.; Ringe, B.;
Muhlbacher, F.; Steininger, R. Histidine-tryptophan-ketoglutarate solution for organ preservation in human liver transplantation-
a prospective multi-centre observation study. Transpl. Int. 2004, 17, 256–260. [CrossRef] [PubMed]

31. Erhard, J.; Lange, R.; Scherer, R.; Kox, W.J.; Bretschneider, H.J.; Gebhard, M.M.; Eigler, F.W. Comparison of histidine-tryptophan-
ketoglutarate (HTK) solution versus University of Wisconsin (UW) solution for organ preservation in human liver transplantation.
A prospective, randomized study. Transpl. Int. 1994, 7, 177–181. [CrossRef] [PubMed]

32. Gubernatis, G.; Pichlmayr, R.; Lamesch, P.; Grosse, H.; Bornscheuer, A.; Meyer, H.J.; Ringe, B.; Farle, M.; Bretschneider, H.J.
HTK-solution (Bretschneider) for human liver transplantation. First clinical experiences. Langenbecks Arch. Chir. 1990, 375, 66–70.
[CrossRef] [PubMed]

33. Wang, R. Gasotransmitters: Growing pains and joys. Trends Biochem. Sci. 2014, 39, 227–232. [CrossRef]
34. Carlisle, S.M.; Burchart, P.A.; McCauley, C.; Surette, R.A. Biokinetics of inhaled radioactive methane in rats: A pilot study. Appl.

Radiat. Isot. Incl. Data Instrum. Methods Use Agric. Ind. Med. 2005, 62, 847–860. [CrossRef] [PubMed]
35. Boros, M.; Keppler, F. Methane Production and Bioactivity-A Link to Oxido-Reductive Stress. Front. Physiol. 2019, 10, 1244.

[CrossRef]
36. Juhasz, L.; Tallosy, S.P.; Naszai, A.; Varga, G.; Erces, D.; Boros, M. Bioactivity of Inhaled Methane and Interactions With Other

Biological Gases. Front. Cell Dev. Biol. 2021, 9, 824749. [CrossRef] [PubMed]
37. Knudsen, A.R.; Andersen, K.J.; Hamilton-Dutoit, S.; Nyengaard, J.R.; Mortensen, F.V. Correlation between liver cell necrosis and

circulating alanine aminotransferase after ischaemia/reperfusion injuries in the rat liver. Int. J. Exp. Pathol. 2016, 97, 133–138.
[CrossRef]

38. Marzi, I.; Walcher, F.; Menger, M.; Buhren, V.; Harbauer, G.; Trentz, O. Microcirculatory disturbances and leucocyte adherence in
transplanted livers after cold storage in Euro-Collins, UW and HTK solutions. Transpl. Int. 1991, 4, 45–50. [CrossRef]

39. Ghyczy, M.; Torday, C.; Kaszaki, J.; Szabo, A.; Czobel, M.; Boros, M. Hypoxia-induced generation of methane in mitochondria and
eukaryotic cells: An alternative approach to methanogenesis. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol.
2008, 21, 251–258. [CrossRef]

40. Poles, M.Z.; Bodi, N.; Bagyanszki, M.; Fekete, E.; Meszaros, A.T.; Varga, G.; Szucs, S.; Naszai, A.; Kiss, L.; Kozlov, A.V.; et al.
Reduction of nitrosative stress by methane: Neuroprotection through xanthine oxidoreductase inhibition in a rat model of
mesenteric ischemia-reperfusion. Free. Radic. Biol. Med. 2018, 120, 160–169. [CrossRef]

41. Dunne, J.B.; Davenport, M.; Williams, R.; Tredger, J.M. Evidence that S-adenosylmethionine and N-acetylcysteine reduce injury
from sequential cold and warm ischemia in the isolated perfused rat liver. Transplantation 1994, 57, 1161–1168. [CrossRef]
[PubMed]

42. Bowers, B.A.; Branum, G.D.; Rotolo, F.S.; Watters, C.R.; Meyers, W.C. Bile flow—An index of ischemic injury. J. Surg. Res. 1987,
42, 565–569. [CrossRef]

43. Clavien, P.A.; Harvey, P.R.; Strasberg, S.M. Preservation and reperfusion injuries in liver allografts. An overview and synthesis of
current studies. Transplantation 1992, 53, 957–978. [CrossRef]

44. Parajuli, N.; MacMillan-Crow, L.A. Role of reduced manganese superoxide dismutase in ischemia-reperfusion injury: A possible
trigger for autophagy and mitochondrial biogenesis? Am. J. Physiol. Renal. Physiol. 2013, 304, F257–F267. [CrossRef] [PubMed]

45. Parajuli, N.; Shrum, S.; Tobacyk, J.; Harb, A.; Arthur, J.M.; MacMillan-Crow, L.A. Renal cold storage followed by transplantation
impairs expression of key mitochondrial fission and fusion proteins. PLoS ONE 2017, 12, e0185542. [CrossRef] [PubMed]

46. Gorlach, A.; Bertram, K.; Hudecova, S.; Krizanova, O. Calcium and ROS: A mutual interplay. Redox Biol. 2015, 6, 260–271.
[CrossRef] [PubMed]

47. Feng, M.; Wang, Q.; Wang, H.; Guan, W. Tumor necrosis factor-alpha preconditioning attenuates liver ischemia/reperfusion
injury through preserving sarco/endoplasmic reticulum calcium-ATPase function. J. Surg. Res. 2013, 184, 1109–1113. [CrossRef]

http://doi.org/10.1111/j.1600-6143.2004.00580.x
http://doi.org/10.1074/jbc.M406576200
http://www.ncbi.nlm.nih.gov/pubmed/15262965
http://doi.org/10.1111/j.1440-1746.2010.06584.x
http://doi.org/10.1016/j.transproceed.2004.11.028
http://doi.org/10.1053/jlts.2003.50161
http://www.ncbi.nlm.nih.gov/pubmed/12884193
http://doi.org/10.1155/2019/8150736
http://doi.org/10.1111/j.1432-2277.2004.tb00439.x
http://www.ncbi.nlm.nih.gov/pubmed/15160235
http://doi.org/10.1007/BF00327084
http://www.ncbi.nlm.nih.gov/pubmed/8060466
http://doi.org/10.1007/BF00713388
http://www.ncbi.nlm.nih.gov/pubmed/2109816
http://doi.org/10.1016/j.tibs.2014.03.003
http://doi.org/10.1016/j.apradiso.2005.01.010
http://www.ncbi.nlm.nih.gov/pubmed/15799862
http://doi.org/10.3389/fphys.2019.01244
http://doi.org/10.3389/fcell.2021.824749
http://www.ncbi.nlm.nih.gov/pubmed/35071248
http://doi.org/10.1111/iep.12188
http://doi.org/10.1007/BF00335515
http://doi.org/10.1159/000113766
http://doi.org/10.1016/j.freeradbiomed.2018.03.024
http://doi.org/10.1097/00007890-199404270-00004
http://www.ncbi.nlm.nih.gov/pubmed/8178341
http://doi.org/10.1016/0022-4804(87)90033-3
http://doi.org/10.1097/00007890-199205000-00001
http://doi.org/10.1152/ajprenal.00435.2012
http://www.ncbi.nlm.nih.gov/pubmed/23195678
http://doi.org/10.1371/journal.pone.0185542
http://www.ncbi.nlm.nih.gov/pubmed/28977005
http://doi.org/10.1016/j.redox.2015.08.010
http://www.ncbi.nlm.nih.gov/pubmed/26296072
http://doi.org/10.1016/j.jss.2013.04.019


Antioxidants 2023, 12, 271 15 of 15

48. Halestrap, A.P. Calcium, mitochondria and reperfusion injury: A pore way to die. Biochem. Soc. Trans. 2006, 34, 232–237.
[CrossRef]

49. Baumgartner, H.K.; Gerasimenko, J.V.; Thorne, C.; Ferdek, P.; Pozzan, T.; Tepikin, A.V.; Petersen, O.H.; Sutton, R.; Watson, A.J.;
Gerasimenko, O.V. Calcium elevation in mitochondria is the main Ca2+ requirement for mitochondrial permeability transition
pore (mPTP) opening. J. Biol. Chem. 2009, 284, 20796–20803. [CrossRef] [PubMed]

50. Rizzuto, R.; Marchi, S.; Bonora, M.; Aguiari, P.; Bononi, A.; De Stefani, D.; Giorgi, C.; Leo, S.; Rimessi, A.; Siviero, R.; et al. Ca(2+)

transfer from the ER to mitochondria: When, how and why. Biochim. Biophys. Acta 2009, 1787, 1342–1351. [CrossRef] [PubMed]
51. Palty, R.; Silverman, W.F.; Hershfinkel, M.; Caporale, T.; Sensi, S.L.; Parnis, J.; Nolte, C.; Fishman, D.; Shoshan-Barmatz, V.;

Herrmann, S.; et al. NCLX is an essential component of mitochondrial Na+/Ca2+ exchange. Proc. Natl. Acad. Sci. USA 2010, 107,
436–441. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1042/BST0340232
http://doi.org/10.1074/jbc.M109.025353
http://www.ncbi.nlm.nih.gov/pubmed/19515844
http://doi.org/10.1016/j.bbabio.2009.03.015
http://www.ncbi.nlm.nih.gov/pubmed/19341702
http://doi.org/10.1073/pnas.0908099107
http://www.ncbi.nlm.nih.gov/pubmed/20018762

	Introduction 
	Materials and Methods 
	Production of CH4-Enriched HTK 
	Experimental Groups 
	Organ Perfusion System and Assessment of Hepatic Function and Cell Injury 
	High Resolution Respirometry 
	Histology and Immunohistochemistry 
	Statistics 

	Results 
	Graft Function and Cell Injury after Cold Storage 
	Mitochondrial Respiration 
	Extramitochondrial Ca2+ Movement 
	Histology 

	Discussion 
	Conclusions 
	References

