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Abstract: Mitochondria sense changes resulting from the ischemia and subsequent reperfusion of
an organ and mitochondrial reactive oxygen species (ROS) production initiates a series of events,
which over time result in the development of full-fledged ischemia-reperfusion injury (IRI), severely
affecting graft function and survival after transplantation. ROS activate the innate immune system,
regulate cell death, impair mitochondrial and cellular performance and hence organ function.
Arresting the development of IRI before the onset of ROS production is currently not feasible and
clinicians are faced with limiting the consequences. Ex vivo machine perfusion has opened the
possibility to ameliorate or antagonize the development of IRI and may be particularly beneficial for
extended criteria donor organs. The molecular events occurring during machine perfusion remain
incompletely understood. Accumulation of succinate and depletion of adenosine triphosphate (ATP)
have been considered key mechanisms in the initiation; however, a plethora of molecular events
contribute to the final tissue damage. Here we discuss how understanding mitochondrial dysfunction
linked to IRI may help to develop novel strategies for the prevention of ROS-initiated damage in the
evolving era of machine perfusion.

Keywords: ischemia/reperfusion injury; liver transplantation; redox stress; mitochondrial dysfunction;
reactive oxygen species; machine perfusion

1. Introduction

Liver transplantation (LT) is the most efficient therapy for end-stage liver disease. The early
outcome after LT has improved over the past years. In experienced centers, an 85–95% 1-year patient
survival rate can be achieved [1]. However, wider application of LT is limited by significant organ
shortage. In the light of this, organs from extended criteria donors (ECD) are increasingly considered
for transplantation. The preexisting damage puts these organs in a state where they seem particularly
susceptible to the impact of ischemia and reperfusion.

Restriction of blood supply (ischemia) followed by restoration of perfusion and reoxygenation
(reperfusion) initiates a cascade of events in the transplanted organs, which ultimately leads to severely
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impaired organ function. While static cold storage (SCS) remains the standard for liver preservation,
massive accumulation of metabolites derived from anaerobic respiration during the ischemic phase
poses a hazard upon reperfusion. There is accumulating evidence, that gentle rather than abrupt
rewarming of organs may ameliorate the events by significantly reducing succinate-driven reactive
oxygen species (ROS) production and increasing adenosine triphosphate (ATP) levels. Ex vivo machine
perfusion (MP) of livers may help preventing mitochondrial and tissue damage. Understanding the
alterations leading to organ damage at the molecular levels and the possibility to optimize perfusion
protocols to significantly minimize true ischemia times hold significant potential to limit organ damage
in transplantation and beyond [2,3].

2. Mechanisms of Ischemia/Reperfusion Injury (IRI)

The interruption of blood and oxygen supply during organ transplantation remains a part of
the routine. To minimize the negative impact on the outcome, ischemia times are kept at a minimum
and organs are stored on ice. Because of restricted oxygen supply, the anaerobic metabolism leads
to decreased intracellular ATP levels. Anaerobic glycolysis results in the production of lactic acid,
thereby resulting in acidosis (Figure 1). Elevated H+ levels stimulate the Na+/H+ exchange and, in turn,
intracellularly increased Na+ concentrations. Moreover, the ATP-dependent Na+/K+ and Ca2+ pumps
fail during ischemia, resulting in an intracellular accumulation of Ca2+ [4–6]. Blood reperfusion does
not immediately restore normal conditions, but rather aggravates the situation. A major event during
this vulnerable phase is the production of excessive amounts of ROS, including superoxide anions,
hydrogen peroxide and hydroxyl radicals, resulting in aberrant cell signaling, damage to biomolecules,
inflammation and cell death, culminating in a decline of organ function [7]. The mitochondrial electron
transport system (ETS) is a major source of ROS under these conditions; however, other mitochondrial
and non-mitochondrial sources of ROS also contribute to IRI [7,8]. Damage to biomolecules and
ROS-mediated signaling also activate innate immune responses, and eventually lead to fibrosis and
the deterioration of organ function.
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Figure 1. Molecular events leading to ischemia and reperfusion injury (for details see text).
ATP: adenosine triphosphate, ROS: reactive oxygen species, mROS: mitochondrial reactive oxygen
species, NOX: NADPH oxidases, RET: reverse electron transport, mPTP: mitochondrial permeability
transition pore.
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3. Sources of ROS

Mitochondrial ROS (mROS) are generated during early reperfusion [9] and complex I of
the mitochondrial ETS seems to be the most important source. Pharmacological inhibition, e.g.,
by rotenone [10] or amobarbitol [11], significantly decreases the generation of superoxide. mROS
production by complex I can occur through conventional forward electron transport. In the course of
IRI, however, the reverse electron transport (RET) mainly contributes to mROS production (Figure 2).
The ischemic phase already primes the tissue for the subsequent damage [7]. Reducing equivalents
are generated to provide electrons for RET, which are in turn required for mROS production upon
subsequent reperfusion [9,12,13]. The predominant mitochondrial metabolite accumulating during
ischemia is driven by the reverse operation of succinate dehydrogenase (SDH). Pharmacological
inhibition of SDH significantly reduces mROS production [14], which in turn results in the reduction
of the Coenzyme Q (CoQ) pool, leading to proton pumping by mitochondrial complexes III and IV.
Together with the inhibition of the ATP synthase complex, an increase in proton motive force occurs [7].
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Figure 2. The mitochondrial reverse electron transport (RET) as the main source of reactive oxygen
species (ROS) production during ischemia and reperfusion. NAD/NADH: nicotinamide adenine
dinucleotide, ADP: adenosine diphosphate, ATP: adenosine triphosphate, IMS: intermembrane space.

Even if complex I may be the main source of mROS production during IRI, there is growing
evidence that complexes II and III also contribute to mROS generation. Mitochondria need to be
polarized for mROS production by complex I. Opening at the mitochondrial permeability transition
pore (mPTP) leads to depolarization and limits complex I mROS production. In a situation where
simultaneous inhibition of complex III by antimycin is induced, sustained mROS production by
complex II is observed [15]. Inhibition of complex II by atpenin A5 leads to ceased mROS generation
by complex I. Persistent mROS production identifies complex III as another possible source of mROS
generation [16].

ROS production is not limited to the mitochondria. Xanthine oxidoreductase (XOR) is an enzyme
which catalyzes the final two steps of purine catabolism and exists in two isoforms, which are
interconvertible: Xanthine oxidase (XO) and xanthine dehydrogenase (XDH). The latter is dominating
under physiological conditions, whereas XO contributes to the generation of ROS upon IRI. During
the ischemic phase, hypoxanthine accumulates in the ischemic tissue through degradation of ATP.
Following reperfusion, XO catalyzes the conversion of hypoxanthine in the presence of tissue oxygen
to uric acid, thereby releasing superoxide, which may be dismutated to hydrogen peroxide [17].
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Moreover, also nicotinamide adenine dinucleotide phosphate (NADPH)-dependent oxidases are
sources of ROS. It has been shown that reduced oxidative phosphorylation results in elevated levels of
NADPH [18]. NADPH oxidases are multiprotein complexes, consisting of seven members (named
NOX 1-7). These complexes catalyze the electron transport from NADPH to oxygen and thereby result
in superoxide anion generation. During hypoxia, tissue-infiltrating neutrophils contribute to ROS
production through the NADPH oxidase isoform NOX2 [3].

4. Mitochondrial Damage and Dysfunction Following Ischemia and Reperfusion

ROS are not detrimental per se, and physiological levels are actually required for cellular
homeostasis. ROS induce reversible post-translational protein modifications in order to regulate
signaling pathways [19]. Diverse signaling proteins respond to the production of ROS, including
mitogen-activated protein kinases (MAPKs), nuclear factor kappa B (NF-κB), Janus kinase/signal
transducers (JAK/STAT), Toll-like receptors (TLR) and nitric oxide (NO) signaling [4,20]. Cytoplasmic
signaling regulates, e.g., the activation of the inflammasome, expression of adhesion molecules
or various cell death pathways—all of which are necessary for the development of IRI. Moreover,
cytochrome c release is enabled, which triggers the activation of caspase-9 and thus induces apoptotic
cell death via activation of caspase-3 [21,22]. Further to cytochrome c, the second mitochondrial-derived
activator of caspase/direct IAP inhibitor of apoptosis binding protein with low PI (Smac/DIABLO),
high-temperature requirement protein A2 (HtrA2), endonuclease G or apoptosis-inducing factor (AIF)
are released and may induce apoptosis [23]. Due to ATP depletion, necrotic cell death is induced.
Necrosis is characterized by the rupture of the plasma membrane, as it occurs during reperfusion,
which leads to swelling of the cells, the release of damage-associated molecular patterns (DAMPs), and
the induction of inflammation. Necroptosis has also been acknowledged for its role in IRI as a regulated
form of necrosis [24]. The most critical regulators of necroptosis are receptor-interacting protein
kinases 1 and 3 (RIPK1/RIPK3) [25]. Damaged mitochondria can be removed by mitochondria-selective
autophagy (mitophagy) in order to keep the remaining hepatocytes viable. Mitophagy may have a
protective role in this setting, since mROS production may be limited [3,26]. Beclin-1 is a protein,
which stimulates autophagy. Overexpression of Beclin-1 has been shown to reduce IRI-induced cell
death [3]. However, the data are conflicting, since other research groups found beneficial effects of
inhibiting autophagy [9].

5. Liver-Specific Aspects of IRI

With regard to IRI, especially liver sinusoidal endothelial cells (LSECs), are highly vulnerable
during the cold ischemic phase. These cells play a major role in vascular homeostasis and immune
function. Upon reperfusion LSECs express a multitude of cytokines as well as DAMPs, while an
imbalance of NO and endothelin (ET) results in luminal narrowing, thereby negatively impacting on
the microcirculation [27,28]. The DAMPs released can be recognized by TLR expressed on Kupffer
cells (KCs), leading to activation of these resident macrophages in the liver. Additionally, KCs may
be stimulated by the complement mediators C3a and C5a [3]. Activated KCs secrete a battery of
cytokines. Tumor necrosis factorα (TNFα), promotes the expression of intracellular adhesion molecule 1
(ICAM1) and vascular adhesion molecule 1 (VCAM1). This allows platelets to adhere to LSECs, hence
initiating apoptosis of these cells [29,30]. However, TNFα can also induce apoptosis by binding to TNF
receptor (TNFR) on hepatocytes and subsequent activation of NF-κB [31]. Moreover, interleukin 1β
(IL-1β) and TNFα promote the infiltration of neutrophils and subsequently induce ROS production by
neutrophils [32]. TNFα also stimulates hepatic stellate cells to build scar tissue, which impacts on organ
architecture and subsequently leads to altered organ function [3]. In addition to pro-inflammatory
factors, KCs may also secrete the anti-inflammatory cytokine IL-10. IL-10 suppresses the NF-κB
pathway and reduces inflammation-related injury by inhibiting the expression of pro-inflammatory
factors [31].
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6. Machine Perfusion—An Innovative Technology for Organ Preservation

In recent decades, the gold standard for the preservation of solid organs for transplantation
was SCS at 4 ◦C [33]. Since organs from ECD are more vulnerable to SCS, MP offers an alternative.
However, the beneficial effects are not limited to marginal organs [34,35]. The first successfully
transplanted liver after MP by Starzl et al. even dates back to the 1960s [36]. Nevertheless, it took more
than four decades for this concept of organ preservation to be implemented in clinical practice, mainly
due to logistical issues. During MP, organs are perfused continuously ex vivo, either with supplemented
blood or modified colloid solutions, which support microcirculation and the washout of metabolic
waste [2,33,37]. A major advantage of MP is the ability to assess the quality and function of organs prior
to transplantation, which helps transplant surgeons in the decision-making process of whether to use
an organ for transplantation or not. Moreover, the addition of substrates and nutrients could support
regeneration during the preservation period. In the future, targeted therapeutic interventions may even
allow the recovery of originally declined, marginal donor organs and, thus, help to overcome organ
shortage. Different strategies have been applied in MP and classified according to the temperature and
oxygen supplementation (Table 1).

Table 1. Diverse preservation strategies of machine perfusion, depending on temperature and
oxygen supply.

Perfusion Strategy Temperature Main Characteristics Preservation Time (Max)

HMP
HOPE

D-HOPE
4 ◦C

Reduced metabolism, ATP resynthesis, oxygen
supplementation (HOPE, D-HOPE), perfusion
via portal vein and hepatic artery (D-HOPE).

up to 24 h *

SNMP 20–25 ◦C
Sufficient metabolism for organ quality

assessment, may combine advantages of HMP
and NMP.

up to 24 h *

NMP 37 ◦C Mimics in vivo conditions, organ
quality assessment. up to 7 d *

COR Gradual rewarming→ combination of the
beneficial effects of different MP strategies.

HMP: hypothermic machine perfusion, HOPE: hypothermic oxygenated machine perfusion, D-HOPE: dual
hypothermic oxygenated perfusion, SNMP: subnormothermic machine perfusion, NMP: normothermic machine
perfusion, COR: controlled oxygenated rewarming, ATP: adenosine triphosphate, * data obtained in studies with
discarded human livers without subsequent transplantation.

6.1. Hypothermic Machine Perfusion (HMP) at 4 ◦C

HMP is performed via the portal vein only [38]. Due to the low temperature, metabolism and
energy demand are reduced, hence enabling ATP stores to be conserved [33]. There is no need for
an extra oxygen carrier in the perfusion solution, because of oxygen being physically dissolved at
4 ◦C [39]. However, a protective effect—achieved by utilizing a perfusion solution containing an
oxygen carrier, which is known as hypothermic oxygenated machine perfusion (HOPE)—has been
reported [40]. A further extension of HOPE is so-called dual hypothermic oxygenated perfusion
(D-HOPE)—enabling perfusion via the portal vein and the hepatic artery, which improves blood
supply to the bile duct [41,42].

6.2. Subnormothermic Machine Perfusion (SNMP) at 20–25 ◦C

SNMP displays a compromise of HMP and normothermic machine perfusion (NMP), and thus
combines the respective advantages of HMP and NMP. The temperature is low enough to achieve
sufficient oxygenation without the implicit addition of an oxygen carrier, which enables the restoration
of ATP levels. At the same time, the temperature is high enough to allow for the partial viability
assessment of the organ [13,43,44].
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6.3. Normothermic Machine Perfusion (NMP) at 37 ◦C

During NMP, organs are perfused at 37 ◦C to simulate near-to physiologic conditions [2].
Thus, the perfusion solution must contain an oxygen carrier and nutrients. Since metabolic functions
are fully maintained, NMP is the type of MP most suitable for organ quality assessment prior to
transplantation, which is of particular interest in the context of ECD organs. Moreover, the preservation
period can be extended and thus offers a therapeutic window for specific interventions to repair
marginal organs [33,35,37,45].

6.4. Controlled Oxygenated Rewarming (COR)

The most recently described perfusion strategy is COR. By gradually increasing the temperature
after a cold perfusion period, it aims to minimize injury, which is normally triggered by a sudden
temperature shift. After an initial period of HMP with a subsequent phase of COR to reach NMP
conditions, the beneficial effects of HMP and NMP can be combined [46,47].

7. Effect of Normothermic Machine Liver Perfusion on IRI

Implementing NMP in the clinical routine of liver transplantation has helped to reduce cold
ischemic time in the course of organ preservation; however, cold ischemia cannot be totally averted in
most cases. Most often, NMP of donor livers is started after a limited period of conventional SCS, e.g.,
after organ transportation. In NMP, livers are rewarmed and reperfused on the machine after a period
of cold ischemia. While this is an equivalent of in situ reperfusion upon transplantation, the perfusion
fluid used for NMP normally does not contain leukocytes and platelets, which are detrimental in the
development of IRI [2]. Together with the limited inflammatory response, this may be indicative of a
more benign and less harmful reperfusion in this setting.

Several studies in liver grafts have already shown a benefit of NMP on IRI, even though complete
prevention of IRI cannot be expected. Zhang et al. [48] conducted a study with reduced-size porcine
livers and applied NMP prior to transplantation. Compared to the control group (SCS), serum levels
of the proinflammatory cytokines TNFα and IL-6 were significantly decreased in the NMP group
post transplantation. These findings are consistent with Schlegel et al. [49] and Jassem et al. [50].
The latter investigated the expression of various inflammation- and tissue regeneration-related genes.
The expression was significantly reduced in the human livers preserved with NMP compared to
the SCS group. Moreover, NMP may reduce the expression levels of cytochrome c and caspase-3,
which was observed in the study of Zhang in porcine livers [48]. This suggests a decrease in apoptotic
cell death as induced by IRI. A reduction in cell death as by histopathologic analysis of liver biopsies
collected after NMP was also confirmed in the rat liver model with subsequent transplantation [49],
and in human livers with subsequent transplantation [50].

8. Monitoring an Organ During MP: Potential Biomarkers for Quality Assessment

One of the major advantages of NMP compared to SCS is the possibility to monitor an
organ prior to transplantation and to assess its quality under close-to-physiological conditions.
Therefore, the establishment of reliable markers and parameters suitable for organ viability testing
during NMP, hence predicting organ function and transplant outcome, are urgently needed.

8.1. Liver Function Parameters

For the liver, bile production may serve as a marker for the viability assessment as reported by
Sutton et al. [51], since intact sinusoidal cells, hepatocytes and cholangiocytes are required for bile
production. Similar findings have been reported by op den Dries et al. [52]. However, the organs were
not transplanted after NMP in these studies. In contrast, Nasralla et al. found no correlation between
bile production during NMP and post-transplant liver function in their large clinical study including
220 liver transplantations, where SCS was compared to NMP. Nevertheless, significantly lower levels
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of aspartate aminotransferase (AST) were found in the NMP group after transplantation [53]. Together
with alanine aminotransferase (ALT), AST is considered a biomarker indicative for hepatocyte damage
during MP and upon transplantation [51,54]. Moreover, various studies showed that pH, glucose
levels and lactate clearance may serve as suitable functional markers for the liver during ex vivo
NMP [51,54,55].

8.2. Potential Biomarkers for IRI Assessment

In search of biomarkers that are indicative of damage associated with IRI, De Vries et al. [56]
recently studied the different cell types released into the perfusion solution during MP in rat livers.
Even though they subjected the organs to SNMP, their findings are interesting in the context of
possible novel biomarkers for NMP. They found significant differences in the release of LSEC, KCs and
stellate cells, which correlated with the severity of the ischemic injury. Karangwa et al. [57] suggested
the activation of fibrinolysis during NMP as a suitable parameter for liver IRI. In their study with
12 discarded human livers, they found higher D-dimer (a marker of fibrinolysis) levels for organs
with poor function compared to good function. They confirmed these findings by the observation
that D-dimer levels correlated with ALT levels. Another potential biomarker for the assessment of
IRI may be cell-free microRNAs (miRNA). The release of hepatocyte-derived miRNAs (HDmiRNA)
during NMP was shown to correlate with AST levels [58]. However, it must be taken into account
that study protocols and donor criteria vary markedly between all the studies mentioned, and further
clinical studies with subsequent transplantations and follow-up are urgently warranted to verify
these findings.

8.3. Mitochondria-Specific Assessment During MP

As protection of mitochondria is crucial to prevent IRI, the assessment of mitochondrial function
may help to predict the extent of IRI damage and hence organ performance. Since ATP is depleted
during ischemia, measurement of ATP tissue levels during MP is suggested to serve as a reliable
mitochondrial function marker. During the preservation phase, the respective MP strategies contribute
to the resynthesis of ATP, whereby the recovery of the energy status correlates with the functionality of
the organ [13].

Quantification of the DAMPs released also offers a potential parameter for the assessment of
mitochondrial function during MP, since the release of DAMPs is induced by IRI. A key member of
this group is the high mobility group box-1 protein (HMGB-1) [31]. First experiments in a rat liver
study showed decreased levels of HMGB-1 after NMP compared to SCS [49].

A well-established method for assessing mitochondrial function is high-resolution respirometry
(HRR), which has already been used to analyse rat [59], pig [60] and human liver biopsy samples [61–63].
With adequate HRR protocols, the state of the mitochondrial OXPHOS machinery can be analysed,
which reflects the damage to mitochondria during IRI [64]. After titration of specific substrates and
inhibitors of the convergent electron pathways leading to the ETS, the oxygen consumption is measured
and allows for a distinct evaluation of the respective pathways. The outer mitochondrial membrane
integrity can be tested by titration of cytochrome c, whereby an increase in oxygen consumption as a
response is linked to membrane damage. The coupling status of the oxidation to the phosphorylation
reports about inner membrane integrity [61,65,66]. Longitudinal assessment of liver biopsy samples
collected during MP and analysed with HRR may provide novel insights into how MP impacts on
mitochondrial function of a liver.

9. How the Type of MP Impacts on Mitochondrial Function

Mitochondrial activity and, in general, metabolic activity are known to be temperature-dependent.
Not surprisingly, different MP types operating at different temperatures, as displayed above, may
exert various effects on mitochondrial activity and cellular responses. Karimian et al. [43] compared
SNMP and NMP in steatotic human livers and found increased ATP stores during perfusion; however,
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significantly higher levels were seen in the SNMP group. These findings confirm the per se expected
temperature-dependent increase in mitochondrial activity, leading to an elevated ATP turnover in NMP
livers and thus to reduced ATP perfusate (serum) levels. However, the higher metabolic activity may be
responsible for an enhanced ROS production at physiological temperatures (NMP) [2]. Hence, the idea
of combining perfusion techniques operating at different temperatures was triggered by the finding that
succinate metabolism already starts with forward electron transport during an initial phase of HOPE.
Hence, the major “burst” of ROS production and the subsequent oxidative stress upon reperfusion can
be ameliorated [67]. Martins et al. [68] perfused rat livers under mild hypothermic and normothermic
conditions and analysed isolated mitochondria. The authors observed reduced oxygen consumption
in the presence of succinate and reduced ATP levels in the normothermic group. These findings
correlated with their histopathological observations in liver biopsies: In the mild hypothermic group,
only intact hepatocytes were found, whereas in the normothermic group a moderate disassociation of
the hepatocytes, indicative for cell damage, was revealed. The results of this study may also indicate a
superiority of preservation at lower temperatures to prevent damage to mitochondria.

While hypothermic preservation (HOPE) decreases mitochondrial respiration and enhances the
ATP pool during preservation, NMP is the preferential preservation technique for viability testing
as it restores metabolism under physiologic temperatures and hence allows functional monitoring
under close-to-physiologic conditions. The direct effect of NMP and HOPE on liver cell injury have
already been tested in rat liver grafts. NMP resulted in a reduced cell infiltration and IRI. This effect
was further enhanced by HOPE [49]. In the light of these findings, Boteon et al. [67] suggest combining
the advantageous effects of HOPE on cell metabolism with the benefits of NMP in terms of quality and
functional organ assessment. In their study including 10 discarded human ECD livers, they combined
both techniques. Mitochondrial respiration was downregulated during HOPE, and the tissue ATP
levels were increased. During the following NMP, reperfusion injury was significantly reduced.
This observation suggests that a combined perfusion protocol attenuates oxidative stress as well
as tissue inflammation in liver grafts. In addition, in the follow-up study of this group, where the
authors additionally used a haemoglobin-based oxygen carrier (HBOC)-based perfusate to enable an
uninterrupted cold-to-warm perfusion of the livers, similar results were observed [69]. Another study
where the combined perfusion techniques (HOPE-COR-NMP protocol) were used in 16 declined
human livers revealed that 11 of the originally declined organs met the viability criteria at the end of
combined perfusion and were successfully transplanted. Transplanted livers showed a 100% graft
survival after 6 months [47].

Thus, a combined perfusion technique consisting of HOPE followed by NMP not only attenuates
IRI in livers in the course of transplantation, but also offers the possibility to assess declined livers
for transplantation.

10. Additives and Targeted Treatment to Diminish IRI During MP

MP offers the unique possibility to administer specific additives, compounds, substances or drugs
with an advantageous effect on the perfused organ. Treatment can be added directly to the perfusion
solution in an adequate concentration. While passing through the vasculature, substances may exert a
direct and exclusive effect on the organ perfused ex situ.

With regard to preventing IRI and restoring mitochondrial function during liver MP, the following
candidates and concepts may be worth taking into consideration: Preventing succinate driven ROS
accumulation may open the path to new therapies. A study in a heart IRI mouse model revealed a
protective effect of inhibiting SDH against IRI [14]. Because opening the mPTP is a major regulator of
cell death programs, the mPTP also represents a possible target for therapy. For example, the addition
of cyclosporine, which inhibits formation of mPTP, could reduce IRI in a study with 58 patients suffering
from acute myocardial infarction [70]. Moreover, there is evidence that the inhibition of caspases or the
overexpression of anti-apoptotic proteins have beneficial effects to minimize IRI [71]. The process of
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necroptosis can be inhibited by the RIPK3 inhibitor necrostatin-1 (Nec-1), and in preclinical studies,
a protective effect was demonstrated for Nec-1 therapy [24].

A determinant, which positively influences mitochondrial function during MP, is the supplement
of an adequate oxygen carrier [72,73]. Matton et al. [72] performed a study using NMP in 12 discarded
human livers and investigated the effect of a HBOC administered into the perfusate. The authors
found similar ATP tissue levels upon perfusion with HBOC, compared to non-injured livers. Laing
et al. [74] subjected discarded human livers to NMP, ensuring oxygen supply either by packed red
blood cells or HBOC, and they report no positive effect on ATP tissue levels for HBOC. Moreover,
they found no significant differences in ROS levels between the groups. In contrast, elevated ROS
production has been described by others as one of the drawbacks of HBOC media, alongside increased
vasoconstriction [69,74,75].

11. Conclusions

As IRI significantly determines graft function after transplantation, a profound understanding of
the molecular mechanisms leading to tissue and cell injury are inevitable. An excessive mitochondrial
response during ischemia fuels mROS production and decreases ATP levels, which have been identified
as the major cause of reperfusion injury, leading to oxidative stress and tissue inflammation. Due to
the high metabolic activity of hepatocytes, a liver graft is especially vulnerable to IRI. The technique
of MP prior to transplantation may help to mitigate IRI in livers and serve as a platform for ex vivo
organ therapy. The combination of HOPE followed by NMP holds great potential to effectively restore
mitochondrial function and avoid redox stress.
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ADP Adenosine diphosphate
AIF Apoptosis-inducing factor
ALT Alanine aminotransferase
AST Aspartate aminotransferase
ATP Adenosine triphosphate
COR Controlled oxygenated rewarming
CoQ Coenzyme Q
DAMP Damage associated molecular pattern
D-HOPE Dual hypothermic oxygenated perfusion
ECD Extended criteria donors
ET Endothelin
ETS Electron transport system
HBOC Haemoglobin-based oxygen carrier
HDmiRNA Hepatocyte-derived miRNA
HMGB-1 High mobility group-box 1 protein
HMP Hypothermic machine perfusion
HOPE Hypothermic oxygenated machine perfusion
HRR High-resolution respirometry
HtrA2 High-temperature requirement protein A2
ICAM 1 Intracellular adhesion molecule 1
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IL Interkeukin
IMS Intermembrane space
IRI Ischemia/reperfusion injury
JAK/STAT Janus kinase/signal transducers
KC Kupffer cell
LSEC Liver sinusoidal endothelial cell
LT Liver transplantation
MAPK Mitogen-activated protein kinase
miRNA MicroRNA
MP Machine perfusion
mPTP Mitochondrial permeability transition pore
NAD/NADH Nicotinamide adenine dinucleotide
NF-κB Nuclear factor kappa B
NMP Normothermic machine perfusion
NO Nitric oxide
NOX NADPH oxidases
RET Reverse electron transport
RIPK1/RIPK3 Receptor-interacting protein kinases 1 and 3
ROS Reactive oxygen species
mROS Mitochondrial reactive oxygen species
SCS Static cold storage
SDH Succinate dehydrogenase
SNMP Subnormothermic machine perfusion
TLR Toll-like receptors
TNFR Tumor necrosis factor receptor
TNFα Tumor necrosis factor α
VCAM 1 Vascular adhesion molecule 1
XDH Xanthine dehydrogenase
XO Xanthine oxidase
XOR Xanthine oxidoreductase
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