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Abstract: Allograft ischemia during liver transplantation (LT) adversely affects the function of mito-
chondria, resulting in impairment of oxidative phosphorylation and compromised post-transplant
recovery of the affected organ. Several preservation methods have been developed to improve donor
organ quality; however, their effects on mitochondrial functions have not yet been compared. This
study aimed to summarize the available data on mitochondrial effects of graft preservation methods
in preclinical models of LT. Furthermore, a network meta-analysis was conducted to determine if any
of these treatments provide a superior benefit, suggesting that they might be used on humans. A
systematic search was conducted using electronic databases (EMBASE, MEDLINE (via PubMed), the
Cochrane Central Register of Controlled Trials (CENTRAL) and Web of Science) for controlled animal
studies using preservation methods for LT. The ATP content of the graft was the primary outcome, as
this is an indicator overall mitochondrial function. Secondary outcomes were the respiratory activity
of mitochondrial complexes, cytochrome c and aspartate aminotransferase (ALT) release. Both a
randome-effects model and the SYRCLE risk of bias analysis for animal studies were used. After a
comprehensive search of the databases, 25 studies were enrolled in the analysis. Treatments that had
the most significant protective effect on ATP content included hypothermic and subnormothermic
machine perfusion (HMP and SNMP) (MD = —1.0, 95% CI: (—2.3, 0.3) and MD = —1.1, 95% CI:
(—3.2, 1.02)), while the effects of warm ischemia (WI) without cold storage (WI) and normother-
mic machine perfusion (NMP) were less pronounced (MD = —1.8, 95% CI: (—2.9, —0.7) and MD
= —2.1 MD; CI: (—4.6; 0.4)). The subgroup of static cold storage (SCS) with shorter preservation
time (< 12 h) yielded better results than SCS > 12 h, NMP and WI, in terms of ATP preservation
and the respiratory capacity of complexes. HMP and SNMP stand out in terms of mitochondrial
protection when compared to other treatments for LT in animals. The shorter storage time at lower
temperatures, together with the dynamic preservation, provided superior protection for the grafts in
terms of mitochondrial function. Additional clinical studies on human patients including marginal
donors and longer ischemia times are needed to confirm any superiority of preservation methods
with respect to mitochondrial function.

Keywords: liver transplantation; graft preservation; mitochondrial functions; animal studies;
meta-analysis

1. Introduction
1.1. Background

Liver transplantation (LT) is the treatment of choice for patients with end-stage liver
disease. From the first human LT performed by Thomas Starzl in 1963, advances in surgical
technology and effective immunosuppressive agents have increased the five-year survival
of transplanted patients by over 75% [1]. The success of LT, however, is limited by a
shortage of donor organs compared to waiting list demand. Efforts to expand the donor
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pool have included the use of suboptimal, so-called extended criteria donor (ECD) grafts,
which were previously considered unsuitable for transplantation, allowing the use of
organs after prolonged cold ischemia times (CIT), inclusion of older donors, donation after
cardiac death (DCD) or hepatic steatosis [2] (Table 1).

Table 1. Predictors of outcome in extended criteria donor (ECD) livers.

Parameters Variables
Age >65 years
L ICU stay with ventilation >7 days
Donor characteristics BMI >30 kg /m2
DCD
Serum Na* >165 mmol/L
Laboratory parameters Serum bilirubin >3 mg/dL
ALT/GPT >105U/L
AST/GOT >90U/L
Histology Steatosis of the liver 30-60% (macrosteatosis)
Preservation time CIT >10.5-14 h

Risk factors associated with higher postoperative complications, early allograft dysfunction (EAD) and primary graft non-function (PNF)
refer to advanced donor age (over 65 years), steatosis of the liver (30-60% macrosteatosis), prolonged ICU stay with ventilation (over 7
days), body mass index (BMI) over 30 kg/m?, serum sodium (Na*) levels over 165 mmol/L, elevated alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels, increased serum bilirubin, donation after cardiac death (DCD) and long cold ischemic time (CIT)

of procured graft.

The subsequent increase in the incidence of primary graft non-function (PNF), early
allograft dysfunction (EAD) and biliary complications all required the modification of
technical protocols [3]. Alternative preservation methods attempt to reduce graft dam-
age via two main approaches: (1) maintaining organ perfusion after graft procurement
using pulsatile machine perfusion (MP) with fluids and/or gas, and (2) modifying the
temperature of the perfusate.

1.2. Organ Preservation Techniques

The principle of simple/static cold storage (SCS) was first introduced for kidney
grafts by Geoffrey Collins in 1969 and became the gold standard storage option for organ
transplantation [4]. SCS remained the clinical standard of care for liver graft preservation,
using modern preservation solutions, including the University of Wisconsin (UW), and the
Histidine-Tryptophan-Ketoglutarate (HTK) and Celsior solutions on ice [5]. The purpose
of SCS is to lower metabolic activity and oxygen demand before transplantation, but tissue
injury is still present, especially with ECD grafts or prolonged CIT (Figure 1).

At present the accepted CIT for clinical LT is 12 h; however, CIT > 4 h is associated
with considerably lower graft survival than CIT < 4 h [6]. Negative outcomes include
increased risk of PNF, graft failure and patient death, along with reduced long-term graft
survival. Hypothermic machine perfusion (HMP), where the donor organ is continuously
perfused with preservation solution, was introduced in an attempt to limit these undesir-
able consequences [7]. While the increased distribution of nutrients and the clearance of
toxic metabolites with HMP provide certain benefits, the results of studies comparing HMP
and SCS are controversial [8]. Additional shortcomings of HMP, such as higher expenses
and complexity make this approach less feasible than SCS. As a further step to preventing
the negative effects of cold-induced injuries, organ preservation at a higher preservation
temperature—closer to that of physiological conditions—was developed. The current
technique is perfusion of the graft with oxygenated autologous blood, erythrocyte-based
solutions, or a cellular solution at normothermic (35-38 °C) (NMP) or subnormothermic
(25-34 °C) (SMP) temperatures [8]. Several studies have shown that NMP improves out-
comes in terms of lower early allograft dysfunction (EAD) and aspartate transaminase
(AST) levels as compared to SCS [9-12]. However, problems with NMP are numerous,
including technical complexity, and economic and logistical problems, as no standard



Int. J. Mol. Sci. 2021, 22, 2816 30f17

perfusion apparatus or protocol exists as of today. Due to these challenges, development of
simpler alternative techniques is of great clinical interest.

Comparison of preservation methods

Donor Storage Recipient

Static preservation ischemia ischemia reperfusion

w XD
w IS

Dynamic preservation (MP)

w DD

Figure 1. Comparison of different preservation methods. Upon transplantation, the graft undergoes consecutive stages of

ischemia-reperfusion (IR). WI: liver grafts are exposed to warm ischemia to simulate donation after circulatory death (DCD);
SCS: grafts after procurement from donors are exposed to cold ischemia during storage and organ transport. Dynamic
preservation maintains organ perfusion using pulsatile machine perfusion (MP). MP can be divided into subgroups
according to the temperature of the perfusate as normothermic machine perfusion (NMP), subnormothermic machine
perfusion (SNMP) and hypothermic machine perfusion (HMP). The different colors of the arrows represent the temperature
of the environment. Red indicates a 32-37 °C environment, blue demonstrates 0—4 °C, and yellow represents 20-30 °C.

1.3. Mechanism of IR-Induced Mitochondrial Dysfunction

Protection of mitochondrial functions should be considered a main strategy for graft
preservation. Mitochondria are sites of high-energy phosphate synthesis and calcium stores,
and activate signaling pathways that impact cell fate directly. We, and others, have shown
that hepatic IR induces damage to mitochondrial structure and function, which contributes
to poor outcomes upon transplantation [13-15]. The mechanism of mitochondrial metabolic
changes upon ischemia is relatively well-known, the interruption of blood flow and the
concomitant hypoxia reduces mitochondrial electron transport chain (ETC) activity, and
cells switch to anaerobic glycolysis. In the absence of oxygen, the highly reduced CoQ
pool passes electrons onto fumarate by reversal of succinate dehydrogenase (respiratory
complex II), leading to succinate accumulation; a metabolic marker of ischemia [16-18]
(Figure 2).

The lack of ATP production by oxidative phosphorylation also inhibits the activity
of ATP-dependent membrane Na*/K* ATPases. The increase in extramitochondrial Na*
impairs other transporters, including Na* /Ca®* efflux through the plasma as well as mito-
chondrial membranes. The accumulation of Ca?* in the cytoplasm, and eventually in the
mitochondrial matrix, has been shown to increase mitochondrial permeability, contributing
to the production of reactive oxygen species (ROS), both of which are exacerbated during
reperfusion [17]. Upon reperfusion, the leaked electrons reduce the newly present oxygen
due to impaired ETC activity, thus leading to an excess of ROS that cannot be eliminated.
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Therefore, the ROS-mediated damage to ETC complexes leads to more pronounced ATP
depletion, which can ultimately cause cell death [18]. ROS also damage mitochondrial
membrane lipids, causing the opening of mitochondrial permeability transition pores
(MPTPs) along with Ca%*-induced mitochondrial swelling. Due to increased mitochondrial
membrane permeability, mediators of the intrinsic apoptotic pathway are released into the
cytoplasm, thus, initiating apoptosis.

m Na*-K* channel

. lon channels blocked
NAIE)H act_:urﬁulatlgn Krebs

cycle

)

ATP depletion

Figure 2. Intracellular mechanisms of ischemic injury are mediated mainly through ATP depletion. Oxygen deficiency results

in impairment of oxidative phosphorylation and the production of reactive oxygen species (ROS), such as superoxide radicals

(O27). As an upstream mechanism, accumulation of succinate and NADH is responsible for increasing mitochondrial Ca

2+

flux. As regards downstream changes, inhibition of ATP-dependent Ca?* channels further increases intracellular Ca®* levels

and causes membrane damage and cell death in conjunction with ROS.

1.4. The Impact of Mitochondrial Damage on Transplantation

The role of IR-induced mitochondrial damage as one of the key contributors in allograft
functions is increasingly recognized [19-21]. Our research group previously demonstrated
that SCS of heart grafts resulted in decreased mitochondrial oxidative phosphorylation
capacity and cytochrome c release, together with increased transcription of proapoptotic
proteins [14]. These changes were associated with a parallel decrease in myocardial con-
tractility. Mitochondrial gene expression changes in cardiac and renal transplantation
recipients further support these findings in association with allograft injury and rejec-
tion [22,23]. Disturbances of mitochondrial oxidative pathways are demonstrated during
the acute rejection process, and there is good evidence for decreased glycolytic enzyme
activity in the graft [24]. When the post-transplant mitochondrial function in the renal
and heart biopsies were evaluated by high-resolution respirometry, the results showed
declined oxidative capacity [14,25,26]. The role of cold storage in mitochondrial damage
has also been demonstrated in SCS renal grafts; without transplantation, reduced complex
I, Il and III activities were demonstrated along with decreased expression of the proteins
controlling mitochondrial fusion and fission [26,27].

Unlike cardiac or renal transplantation, human studies on mitochondrial function in
LT are very scarce. In aerobic conditions, the liver derives its energy primarily from the
mitochondria, which constitute 20-25% of the total hepatic cell volume with 1000 to 2000
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mitochondria per cell; optimizing hepatic metabolic function before LT is, therefore, an
important task because this factor is closely linked to post-transplant graft survival and
positive outcomes [28]. Nevertheless, no systematic analysis of mitochondrial function
in humans exists. So far, only animal models of LT have provided data on mitochondrial
metabolic changes, respiratory activity of mitochondrial complexes or the release of pro-
apoptotic proteins. Furthermore, there is no clear-cut evidence for optimal preservation
methods, and a comprehensive quantitative analysis is also missing in this respect.

1.5. Aims

The purpose of this review is to explore the impact of different liver preservation
techniques on mitochondrial functional changes, which may contribute to the outcome of
LT. We will discuss the role of temperature during the storage of the graft and the most
frequent clinical applications of machine perfusion (MP) in animal experiments. Animal
models of LT play a crucial role in all stages of developing future clinical strategies and
therapeutic interventions for human health and diseases, since a wide range of experimental
data can be safely obtained from them. Therefore, we will provide a summary of current
relevant animal studies in the field, with a special focus on mitochondrial functional
parameters. The primary outcome of our study is to evaluate the ATP content of liver
allografts, by which the efficiency of oxidative phosphorylation can be evaluated, and
this includes overall mitochondrial bioenergetics as well. Other mitochondrial functional
parameters, such as mitochondrial respiratory complex (I-V) activities, cytochrome ¢
and AST release and mitochondrial apoptosis markers, will also be evaluated as further
outcomes.

2. Results
2.1. Eligible Studies and Study Characteristics

A total of 4598 records were identified through our search strategy in January 2021.
After excluding duplicates, the remaining 2508 articles were screened by title. A total of
201 abstracts were assessed, and 150 publications were enrolled in the final, comprehensive
full-text analysis. After this, 25 records ultimately met our eligibility criteria. Table 2 shows
a summary of the included studies. The flowchart of study enrolment is shown in Figure 3.

Table 2. Characteristics of included studies (RCR: respiratory control ratios; TAN: total adenine nucleotid; GDH: glutamate
dehydrogenase; MDA: malondialdehyde; LDH: lactate dehydrogenase).

Characteristic of Studies Outcome Parameters
Primary Secondary
Author Year Country Species Preservation Number of Other Other liver
Methods Cases ATP Mitochondrial erlive
Parameters
Parameters
Baumann [29] 1989 Netherlands rat WI ND RCRiSaXEhOS’
Morimoto [30] 1991 Germany rat SCS 6 RCRLS;g)hOS’ TAN,
RCR, Cytochrome
Tanaka [31] 1990 Japan rat SCS,WI 5,5 C, Oxphos TAN
Furuyashiki [32] 1994 Japan rat SCS 5 +
Kusumoto [33] 1995 Germany rat SCS 6 + TAN, LDH
Mitchell [34] 1996 Canada rat SCS 4 +
Neveux [35] 2000 France rat SCS,HMPSNMP ND + AST, ALT, LDH
Minor [36] 2000 Germany rat SCS 5 ALT, LDH
Jassem [37] 2006 Italy rat SCS 6 Cytochrome C, Hy-

drogenperoxide
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Table 2. Cont.

Characteristic of Studies

Outcome Parameters

Primary Secondary
Author Year Country Species Preservation Number of Other .
Methods Cases ATP Mitochondrial Other liver
Parameters
Parameters
South GDH, Hydrogen- MDA, TAN,
Lee [38] 2005 Korea rat Wi 8 pero})lddeg AST, ALT
Dutkowski [39] 2006 Switzerland  rat SCS, HMP 8,12 Cytochrome C, MDA, LDH
Caspase 3
Bessems [40] 2007 Netherlands rat SCS,HMP 7,7 + AST, LDH
Hata [41] 2007 Germany rat SCS 7 + GDH AST, ALT, LDH
Jain [42] 2008 USA rat SCS,HMP 5,5 + ALT, LDH
Figueira [43] 2009 Brazil rat WI 8 RCR, Oxphos AST, ALT
Rougemont [44] 2009 Switzerland pig SCS,HMP 6,6 + AST, ALT
Ferringo [45] 2011 Italy rat SCS,SNMP 5,5 + GDH AST, ALT, LDH
Sgrabi [46] 2011 Italy rat SCS ND + Oxphos, Leak
Srinivasan [47] 2012 Japan rat SCS 5 GDH MD:]}? ST,
Schegel [48] 2013 Switzerland pig SCS,HMP 8,8 Cytochrome C AST,
Hoyer [10] 2016 Germany pig SCS,SNMP,NMP 5,6,5 + TAN,
Merlen [49] 2018 Canada rat WI 5 + Caspase 3 AST, ALT
Martins [16] 2019 Portugal rat SCS 4 + RCR
Kanazawa [50] 2019 Japan pig SCS,HMP,SNMP 55,5 + AST, LDH
. .. MDA, AST,
Slim [51] 2020 Tunisia rat SCS 6 Caspase 3, GDH ALT

In order to reduce any bias originating from the study protocols of the included
studies, we excluded machine perfusion (MP) groups using non-oxygenated perfusion
solutions or protocols where the length of perfusion was shorter than one hour. We only
included MP groups where the grafts were perfused for the entire duration of preservation
or where MP was preceded by static cold storage (SCS). We excluded warm ischemia (WI)
groups with a warm ischemic time longer than 90 min. We also excluded all groups (1)
which compared a modified version of a preservation solution to the standard solution, (2)
which were preconditioned with ischemia and (3) which received some form of treatment
prior to or during preservation.

2.2. Study Bias

We used the Cochrane risk-of-bias analysis to assess the risk of bias for each study
(Figure 4).

2.3. Findings of Meta-Analysis

A meta-regression analysis of tissue ATP content (Figure 5) showed a significant
difference (p < 0.05) in the SCS < 12 h (MD = —1.51; 95% CI = —2.92 to —0.09), SCS > 12 h
(MD = —3.09; 95% CI = —4.13 to —2.06) and WI (MD = —1.77; 95% CI = —2.88 to —0.65)
groups compared to the control group. There was, however, no significant difference in the
HMP (p = 0.13; MD = —1.00; 95% CI = —2.3 to 0.3), NMP (p = 0.097; MD = —2.09; 95% CI =
—4.57 to 0.38) and subnormothermic machine perfusion (SNMP) (p = 0.308; MD = —1.10;
95% CI = —3.22 to 1.02) groups.
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Records identified through database search (n = 4598)

5| PubMed n =1813; CENTRALn=12;
E Embase n = 1717; Web of Science n = 1056
g
: I
= l > | Duplicates removed (n = 2090)
Records after duplicates
removed
%o (n=2508)
[T
2 o - :
o > Filtering by title and duplicates
removed (n = 2307)
v
|
PR Records screened
(n = 201)
I Filtering by abstract (n = 150)
= N Irrelevant topic (n = 76)
:'-ED - Unrelated population (n = 10)
5 v Unrelated intervention (n = 64)
Full-text articles assessed for
— eligibility (n = 51)
Y
Full-text articles excluded (n = 26)
o .| No outcome of interest (n = 12)
§ l - Abstract only (n = 5)
= Review article (n=9
(5]
g
Studies included in the review
(n=25)
Figure 3. Flowchart.
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Figure 4. SYRCLE Risk of Bias analysis: Review of authors’ judgments about each risk of bias item for each study included.
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B
Comparison: other vs "control’
Treatment (Random Effects Model) MD 95% ClI
SCS=z12h -3.09 [-4.13; -2.06]
NMP — -2.09 [-4.57; 0.38]
Wi —_— -1.77 [-2.88; -0.65]
SCS<12h —— -1.51 [-2.92; -0.09]
SNMP —_— -1.10 [-3.22; 1.02]
HMP | I—-—— : -1.00 [-2.30; 0.30]

Figure 5. Comparison of tissue ATP content. (A) Networks of all preservation and control groups in included studies. The
width of the lines is proportional to the number of direct comparisons. (B) Forest plot of mean differences (MD) compared
to control group. For all comparisons, the random effect analysis was used. SCS > 12 h: static cold storage for over 12
h; SCS < 12 h: static cold storage for less than 12 h; WI: warm ischemia; HMP: hypothermic machine perfusion; NMP:

normothermic machine perfusion; SNMP: subnormothermic machine perfusion; CI: confidence interval.

An identical analysis of Cl-linked mitochondrial respiratory activity revealed a signifi-
cant decrease (p < 0.05) in respiratory control ratio (RCR) (MD = —4.24; 95% Cl = —7.79 to
—0.69) and OxPhos activity (MD = —13.10; 95% CI = —15.22 to —10.98) in the WI group,
but not in Leak state (p = 0.823; MD = —0.1; 95% CI = —0.98 to 0.78) (Figure 6). In the SCS
> 12 h group, there was a significant increase (p < 0.05) in Leak state (MD = —1.00; 95%
CI =0.62 to 1.38), while RCR (p = 0.492; MD = —0.89; 95% CI = —3.44 to 1.65) and OxPhos
activity (p = 0.089; MD = —0.1; 95% CI = —0.98 to 0.78) were not significantly different
compared to the control group. There was no significant difference in RCR (p = 0.927; MD
= —0.16; 95% CI = —3.28 to 3.6), OxPhos activity (p = 0.443; MD = 0.41; 95% CI = —0.64 to
1.46) or Leak state (p = 0.566; MD = 0.7; 95% CI = —0.17 to 0.31) in the SCS < 12 h group.

Analysis of cellular damage markers revealed a significant increase (p < 0.05) in AST
levels in the WI group (MD = 2943.7; 95% CI = 831.55 to 5055.85), but no significant
difference was observed in SCS > 12 h (p = 0.793; MD = 480.0; 95% CI = —3108.8 to
4068.8) and HMP (p = 0.869; MD = 426.5; 95% CI = —4643.43 to 5496.43) groups (Figure
7). Cytochrome c content showed no significant difference in SCS <12 h (p = 0.736; MD =
—0.01; 95% CI = —0.09 to 0.06) or SCS > 12 h (p = 0.564; MD = —0.02; 95% CI = —0.07 to
0.04) groups compared to the control group.
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Comparison: other vs 'control’
Treatment (Random Effects Model) MD 95% CI
WiI —+ -4.24 [-7.79; -0.69]
SCS=212h -0.89 [-3.44; 1.63]
SCS<12h + 0.16 [-3.28; 3.60]
| | |
=5 0 5
OxPhos
Comparison: other vs 'control’
Treatment (Random Effects Model) MD 95% CI
Wi —F— =13.10 [-15.22; -10.98]
SCSz12h -3.81 [-8.21; 0.59]
SCS<12h R 041 [-0.64, 1.48]
| | [ | | | |
-5 -10 -5 0 5 10 15
Leak

Comparison: other vs 'control’
Treatment (Random Effects Model) MD 95% ClI

Wi + -0.10 [-0.98; 0.78]

SCS<12h — 0.07 [-0.17; 0.31]

SCSz12h | —s%— 1.00 [0.62; 1.38]
|

[ I | l
-1 05 0 05 1

Figure 6. Comparison of complex I-related mitochondrial respiratory function following static cold storage. SCS > 12 h:
static cold storage for over 12 h; SCS < 12 h: static cold storage for less than 12 h; WI: warm ischemia; OxPhos: oxidative
phosphorylation; Leak: leak respiration; CI: confidence interval.
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Treatment

SCSz12h
SCS<12h

AST
Treatment
HMP

SCSz212h
WI

Comparison: other vs 'control'
(Random Effects Model) MD 95% CI

] -0.02 [-0.07; 0.04]
-0.01 [-0.09; 0.06]

| I
-0.05 0 0.05

Comparison: other vs 'control’
(Random Effects Model) MD 95% CI

426.50 [-4643.43; 5496.43]
- 480.00 [-3108.80; 4068.80]
—a—— 2943.70 [ 831.55; 5055.89]
l I I I

-4000 0 2000 4000

Figure 7. Comparison of cellular damage markers. Forest plot of mean differences (MD) compared to the control group. For

all comparisons, the random effect analysis was used. AST: aspartate aminotransferase; SCS > 12 h: static cold storage for

over 12 h; SCS < 12 h: static cold storage for less than 12 h; WI: warm ischemia; HMP: hypothermic machine perfusion; CI:

confidence interval.

3. Discussion

This study reviews the latest preclinical evidence on ischemia/reperfusion (I/R) injury
in LT—which can disrupt the normal activity of mitochondria in the hepatic parenchyma—
and graft preservation methods, which have an impact on I/R injury. A network meta-
analysis comparison provided good evidence that the present gold standard preservation,
SCS, is outperformed by SNHMP and HMP in providing good functional outcomes with
regard to ATP content. Additionally, WI alone, without cold storage, displayed worse
results than SCS, suggesting the protective role of cooling in mitochondrial metabolism.
According to the results, prolonged cold ischemia in SCS > 12 h deteriorated mitochondrial
leak respiration and ATP content of the grafts. Lower AST levels in HMP revealed that
preservation of mitochondrial respiration enhances functional recovery and decreases
cellular necrosis of the graft.

3.1. Principal Findings and Comparison with Other Studies

Until now, no systematic review has addressed the role of mitochondrial function
in LT. All the published studies that have compared the preservation techniques of liver
grafts mainly focused on the feasibility and safety of the technology investigating clinical
outcomes such as EAD, PNF and ischemic-type biliary lesion (ITBL) [52-58].

The first clinical study that used HMP prior to transplantation was carried out by
Guarrera et al. in a non-actively oxygenated model of HMP [52]. Since then, the concept
of hypothermic oxygenated machine perfusion (HOPE), with active oxygenation of the
perfusate and dual hypothermic oxygenated machine perfusion (D-HOPE) was developed,
with beneficial effects on post-transplant biliary complications, particularly ITBL [53,54].
Subsequently, an increasing number of comparative studies on MP and cold storage (CS)
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have been reported; however, the benefits on outcomes were inconclusive without pooled
analyses. Animal studies are more comparable, and two meta-analyses of animal studies
concluded that MP preservation is superior to SCS in terms of reducing hepatocellular
injury and biliary injury [55,56]. The largest clinical trial involving NMP as a preservation
strategy was recently published by Nasralla et al. It found that the 30-day graft survival
of NMP grafts was similar to that of SCS grafts and the AST level within the first seven
post-operative days was lower [57]. A recent study comparing HMP and NMP with SCS,
revealed that HMP but not NMP produced significant protective effects on EAD and biliary
complications as compared to SCS [58].

Several studies found that the ATP content of the graft is predictive of post-transplant
outcomes, so we chose this as the primary outcome of our study [16,59-63]. This meta-
analysis demonstrated the superiority of HMP and SNMP over SCS in preserving ATP
levels. This finding is consistent with previous studies, where ATP was also a marker
of the viability of MP-treated grafts [53,54,62-64]. Another result of this meta-analysis is
that SCS < 12 h demonstrated better results in terms of ATP preservation than WI grafts.
Several studies showed differences in the cellular and molecular mechanisms between
cold and WI [65,66]. At the level of the graft, hepatocytes were mainly affected during WI,
while hepatic sinusoidal endothelial cells were more susceptible to cold ischemia [67]. The
background of the beneficial metabolic effects of cold ischemia is that it (i) preserves the
ATP/ADP ratio and adenine nucleotides better, (ii) inhibits a high NADH/NAD" ratio
and (iii) avoids excessive succinate accumulation [20] (Figure 8).
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Figure 8. Intracellular changes in warm and cold ischemia. Warm ischemia is mainly characterized by an accumulation of

succinate and NADH, while an increase in Ca?* levels is more prominent in cold ischemia. Mitochondrial ATP depletion

is more significant in warm ischemia, causing severe metabolic changes. Production of reactive oxygen species can be

observed in both types of ischemia.

The decisive role of succinate in warm I/R injury was demonstrated in an animal
model, where succinate alone was sufficient to cause extensive damage to the graft, inde-
pendently of other effects of WI [21].

Our meta-analysis found significant differences when comparing mitochondrial respi-
ration under cold and warm conditions of graft preservation. The maximal ADP-stimulated
O, consumption rate (OxPhos, state 3) in the graft, which indicates the capacity to pro-
duce ATP through the oxidative phosphorylation pathway, was severely damaged in WI
as compared to SCS. The RCR, which detects any changes in oxidative phosphorylation
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capacity related to tightness of mitochondrial coupling, was also affected. This is consistent
with findings from previous reviews and studies [64]. Such remarkable differences in
mitochondrial electron transport are related to a unique mitochondrial response under
cold conditions. Hypothermia slows mitochondrial activity, which evolves with decreased
proton motive force or with a delayed transition of the de-activated (D) from complex I to
its active form [67,68] (Figure 9).

Mitochondria

ETC proton pump
(Compglex I-1V)

Figure 9. Changes in mitochondprial functions in warm and cold ischemia. Warm and cold ischemic changes are shown

on the left and right side of the figure, respectively. Ischemia impairs complex V (ATP synthase). This indicates that

electron transport is not coupled to ATP synthesis, and was decreased in response to prolonged preservation (SCS > 12

h). The electron leak at mitochondrial complex I at the onset of reperfusion is the main source of oxidative stress [17]. The

mechanism is initiated by the ischemic accumulation of the tricarboxylic acid (TCA) cycle metabolite succinate, which fuels

the reverse electron transfer (RET) toward complex I, thereby leading to the production of reactive oxygen species (ROS) [14].

These findings raise the possibility that impairment of mitochondrial function may be an underestimated contributor to the

compromised liver graft function after transplantation.

3.2. Strengths and Limitations

We made an effort to provide objective results. First, the study searched four main
databases, and two investigators examined the experiments to make certain that all of
the relevant studies were included in the research. Secondly, the SYRCLE Risk of Bias
analysis was used independently by two investigators to reduce bias in assessing the
methodological quality of the studies, and they ultimately summarized the key results.
This method has been adjusted for particular aspects of bias that play a role in animal
intervention studies and a low bias of the included studies was revealed. Thirdly, two
investigators implemented the extracted data to ensure that all of the outcomes were
accurately extracted and synthesized from the reported experiments.

Our study has limitations, some of them originate in the method that we used for the
analysis. We employed a network meta-analysis, which is widely used for aggregating
results of clinical trials to make direct and indirect inferences about treatment effects. In
contrast to traditional meta-analyses, which aggregate studies on the same study question,
network meta-analyses also involve studies on different study questions which are linked
by pairwise same-treatment groups [69]. Others share the limitations of the original studies.
This study aimed to investigate the mitochondrial effects of different graft preservation
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techniques in liver transplantation; however, other mechanisms might exist during the
complex process of the graft recovery. Other predictors of poor outcome, such as surgery
time, differences in the operative procedure, the effects of different preservation solutions
and application of scavengers, were not considered in this meta-analysis [70,71]. Storage
time is often cited in the literature as a strong predictor, but we were only able to compare
the effect of shorter (<12 h) and longer (>12 h) storage times within the SCS group.
Furthermore, none of the studies mentioned the sample size calculation process, which is
necessary to achieve scientific objectives without missing biologically important effects.

3.3. Implications for Practice and Conclusion

To date, human clinical results have strengthened the association between distur-
bances in mitochondrial bioenergetics and the acute rejection process, thus, raising the
possibility of establishing a rejection score containing data predictive of mitochondrial
function [14-20]. The current state-of-the-art method for diagnosis of cellular rejection is
performed by core needle biopsy and is analyzed under a light microscope using the grad-
ing scale of the Banff Schema, which is added to a final rejection index (RAI) [72]. While
the Banff Schema indicates the presence and severity of acute cellular rejection, the RAI
score has been criticized for showing an inadequate correlation with response to therapy
or graft survival [73]. The correlation of graft performance and mitochondrial functional
analyses of the OxPhos and ETC systems in the included experimental studies indicates
the potential of high-resolution respirometry for quantitative assessment of allograft injury
upon transplantation, providing a basis for diagnostic approaches and evaluation of im-
proved preservation techniques for liver grafts [16,46]. In conclusion, our meta-analysis
reveals that dynamic preservation of grafts with HMP and SNMP is superior to SCS with
respect to protection of mitochondria. As presented, cold temperature appears to benefit
mitochondrial metabolism; however, this protection disappears in prolonged storage (SCS
> 12 h). Consequently, a combination of dynamic preservation and a shorter storage time
at low temperatures could potentially provide better mitochondrial protection in LT. In
order to validate this, clinical studies on human patients are required and warranted in the
future.

4. Materials and Methods

This study is reported in accordance with the PRISMA 2009 (Preferred Reporting
Items in Systematic Reviews and Meta-Analysis) statement (Supplementary Table S1). The
review protocol was registered with the National Institute for Health Research PROSPERO
system under registration number 224134.

4.1. Search

The literature search was performed with a systematic search of the EMBASE, MED-
LINE (via PubMed), Cochrane Controlled Register of Trials (CENTRAL) and Web of Science
databases. No language limitation was applied. The date of the final literature search was
3 January 2021 (Supplementary Table S2).

4.2. Study Selection

When the duplicates were removed with reference manager software (EndNote X7),
title and abstract screenings were performed on the remaining studies by one of the authors
(T.H). After the selection, the full texts of potentially eligible records were obtained. Any
questions in data extraction were settled by discussion with a second author.

4.3. Selection and Eligibility Criteria

Inclusion criteria specified any piece of literature comparing the preservation method,
temperature and cellular changes (mitochondrial dysfunction and/or ATP level) that
contribute to graft survival. Studies were excluded if they (i) did not include liver trans-
plantations, (ii) liver enzymes, (iii) any information about mitochondrial changes, or (iii)
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did not report clinically relevant outcomes. The potential studies were identified using the
previous search strategy. One author (T.H.) reviewed all the studies, and controversies were
resolved by discussion with another author (P.H.). Full-text versions of potentially relevant
studies were evaluated for inclusion using an eligibility pro forma screening document
based on pre-specified criteria. The articles included the information obtained, the type of
animal model, the outcome of the liver transplantation and the severity of mitochondrial
damage.

4.4. Risk of Bias

We provide a Risk of Bias analysis for animal intervention studies (SYRCLE Risk of
Bias analysis). This analysis is based on the Cochrane Risk of Bias analysis and has been
adjusted for aspects of bias that play a specific role in animal intervention studies.

4.5. Outcomes

The ATP content of the graft was the primary outcome, as it indicates overall mito-
chondrial function. Secondary outcomes were the respiratory activity of mitochondrial
complexes at different metabolic states of the mitochondria (OxPhos, Leak and RCR),
cytochrome c and aminotransferase (AST) release. The outcomes of preservation methods
(5CS, HMP, SNMP and MP) were compared with the control grafts of studies showing
normal liver values without ischemic damage or with negligible ischemic damage. These
grafts are relevant models for the clinical settings of living donor liver transplantation
(LDLT). The grafts that underwent only WI without cold storage were considered as a
separate group to investigate the effects of warm ischemic damage alone. This group
thereby represents the WI damage of DCD grafts, which can be further superimposed by
the cold ischemia damage during storage of the graft.

4.6. Statistical Analysis

The network meta-analysis was conducted within the frequentist framework using
the R package netmeta [74], which is a generalization of the pairwise meta-analysis that
has been found to be equivalent to the most frequent approach used for network meta-
analyses [75]. Random effect analysis was used for all comparisons. The input data for
netmeta was the mean difference between the treatment arms and the corresponding
standard errors (SE). Where the standard error of the difference was not explicitly given, it
was calculated from the 95% confidence interval assuming a normal distribution.
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7/22/6/2816/s1. Table S1: PRISMA Checklist, Table S2: Search strategy.

Author Contributions: Conceptualization: T.H. and P.H.; methodology: T.H. and B.B.; formal
analysis: TH., B.B., D.K].; investigation: T.H. and M.Z.P; statistician: B.B.; writing—original draft
preparation: T.H. and PH.; writing review and editing: B.B., D.K.]. and M.Z.P,; supervision: M.B. and
P.H.; project administration: T.H.; funding acquisition: P.H. All authors have read and agreed to the
published version of the manuscript.

Funding: The study was supported by the following National Research Development and Innovation
Office grants: NKFI K120232. It was further supported by the Economic Development and Innovation
Operative Program Grant (GINOP-2.3.2-15-2016-00015) and NKFIH-1279-2 /2020 TKP2020 Thematic
Excellence Program 2020.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

1. Kwong, AJ,; Goel, A.; Mannalithara, A.; Kim, W.R. Improved Post-Transplant Mortality after Share 35 for Liver Transplantation.
Hepatology 2018, 67, 273-281. [CrossRef] [PubMed]
2. Vodkin, I; Kuo, A. Extended Criteria Donors in Liver Transplantation. Clin. Liver Dis. 2017, 21, 289-301. [CrossRef] [PubMed]


https://www.mdpi.com/1422-0067/22/6/2816/s1
https://www.mdpi.com/1422-0067/22/6/2816/s1
http://doi.org/10.1002/hep.29301
http://www.ncbi.nlm.nih.gov/pubmed/28586179
http://doi.org/10.1016/j.cld.2016.12.004
http://www.ncbi.nlm.nih.gov/pubmed/28364814

Int. J. Mol. Sci. 2021, 22, 2816 15 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Alexander, ].W.; Vaughn, W.K.; Carey, M.A. The use of marginal donors for organ transplantation: The older and younger donor.
Transplantation 1991, 51, 135-141. [CrossRef]

Collins, G.M.; Bravo-Shugarman, M.; Terasaki, PI. Kidney preservation for transportation. Initial perfusion and 30 h ice storage.
Lancet 1969, 2, 1219-1222. [CrossRef]

Szilagyi, A.L.; Matrai, P.; Hegyi, P.; Tuboly, E.; Pecz, D.; Garami, A.; Solymar, M.; Petervari, E.; Balasko, M.; Veres, G.; et al.
Compared efficacy of preservation solutions on the outcome of liver transplantation: Meta-analysis. World J. Gastroenterol. 2018,
24,1812-1824. [CrossRef] [PubMed]

Adam, R.; Cailliez, V.; Majno, P,; Karam, V.; McMaster, P.; Caine, R.Y.; O’Grady, ].; Pichlmayr, R.; Neuhaus, P,; Otte, ].B.; et al.
Normalised intrinsic mortality risk in liver transplantation: European Liver Transplant Registry study. Lancet 2000, 356, 621-627.
[CrossRef]

Brettschneider, L.; Daloze, PM.; Huguet, C.; Groth, C.G.; Kashiwagi, N.; Hutchison, D.E.; Starzl, T.E. Successful orthotopic
transplantation of liver homografts after eight to twenty-five hours preservation. Surg. Forum 1967, 18, 376-378.

Burra, P,; Zanetto, A.; Russo, EP.; Germani, G. Organ Preservation in Liver Transplantation. Semin. Liver Dis. 2018, 38, 260-269.
[CrossRef]

Ravikumar, R.; Jassem, W.; Mergental, H.; Heaton, N.; Mirza, D.; Perera, M.T.; Quaglia, A.; Holroyd, D.; Vogel, T.; Coussios, C.C.;
et al. Liver transplantation after ex vivo normothermic machine preservation: A phase 1 (first-in-man) clinical trial. Am. J. Transpl.
2016, 16, 1779-1787. [CrossRef] [PubMed]

Hoyer, D.P; Paul, A.; Luer, S.; Reis, H.; Efferz, P.; Minor, T. End-ischemic reconditioning of liver allografts: Controlling the
rewarming. Liver Transpl. 2016, 22, 1223-1230. [CrossRef]

Bral, M.; Gala-Lopez, B.; Bigam, D.; Kneteman, N.; Malcolm, A.; Livingstone, S.; Andres, A.; Emamaullee, J.; Russell, L.; Coussios,
C.; et al. Preliminary single-center canadian experience of human normothermic ex vivo liver perfusion: Results of a clinical trial.
Am. |. Transpl. 2017, 17, 1071-1080. [CrossRef]

Agopian, V.G.; Markovic, D.; Klintmalm, G.B.; Saracino, G.; Chapman, W.C.; Vachharajani, N.; Florman, S.S.; Tabrizian, P.;
Haydel, B.; Nasralla, D.; et al. Multicenter validation of the liver graft assessment following transplantation (L-GrAFT) score for
assessment of early allograft dysfunction. J. Hepatol. 2020. [CrossRef]

Gerda, S.; Eszter, T.; Edit, S.; Enik8, K.; Chun, C.; Jézsef, K.; Andras, M.; Mihdly, B.; Petra, H. Inhaled Methane Limits the
Mitochondrial Electron Transport Chain Dysfunction during Experimental Liver Ischemia-Reperfusion Injury. PLoS ONE 2016,
11, e0146363. [CrossRef]

Kalman, B.; David, K.J.; Agnes, L.S.; Balint, B.; Eszter, T.; Anett, R M.; Petra, V.; Arpéd, M.; Anna, S.; Zsbfia, S.; et al. Methane
supplementation improves graft function in experimental heart transplantation. J. Heart Lung Transpl. 2020, 40, 183-192.
[CrossRef]

Martins, R.M.; Pinto Rolo, A.; Soeiro Teodoro, J.; Furtado, E.; Caetano Oliveira, R.; Tralhao, ].G.; Marques Palmeira, C. Addition
of Berberine to Preservation Solution in an Animal Model of Ex Vivo Liver Transplant Preserves Mitochondrial Function and
Bioenergetics from the Damage Induced by Ischemia/Reperfusion. Int. J. Mol. Sci. 2018, 19, 284. [CrossRef] [PubMed]

Martins, R.M.; Soeiro Teodoro, J.; Furtado, E.; Caetano Oliveira, R.; Tralhao, J.G.; Pinto Rolo, A.; Marques Palmeira, C. 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]

Chouchani, E.T,; Pell, V.R.; James, A.M.; Work, L.M.; Saeb-Parsy, K.; Frezza, C.; Krieg, T.; Murphy, M.P. A Unifying Mechanism for
Mitochondrial Superoxide Production during Ischemia-Reperfusion Injury. Cell Metab. 2016, 23, 254-263. [CrossRef] [PubMed]
Chouchani, E.T; Pell, V.R.; Gaude, E.; Aksentijevi¢, D.; Sundier, S.Y.; Robb, E.L.; Logan, A.; Nadtochiy, S.M.; Ord, E.N.J.; Smith,
A.C; etal. Ischaemic accumulation of succinate controls reperfusion injury through mitochondrial ROS. Nature 2014, 515, 431-435.
[CrossRef] [PubMed]

Lin, L.; Xu, H.; Bishawi, M.; Feng, F; Samy, K.; Truskey, G.; Barbas, A.S.; Kirk, A.D.; Brennan, T.V. Circulating mitochondria in
organ donors promote allograft rejection. Am. J. Transpl. 2019, 19, 1917-1929. [CrossRef]

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. 2020, 27, 185-198. [CrossRef]

Martin, J.L.; Costa, A.S.H.; Gruszczyk, A.V.; Beach, T.E.; Allen, EFM.; Prag, H.A.; Hinchy, E.C.; Mahbubani, K.; Hamed, M.;
Tronci, L. Succinate accumulation drives ischemia-reperfusion injury during organ transplantation. Nat. Metab. 2019, 1, 966-974.
[CrossRef]

Romero, E.; Chang, E.; Tabak, E.; Pinheiro, D.; Tallaj, J.; Litovsky, S.; Keating, B.; Deng, M.; Cadeiras, M. Rejection-associated
Mitochondrial Impairment After Heart Transplantation. Transpl. Direct 2020, 6, €616. [CrossRef]

Zepeda-Orozco, D.; Kong, M.; Scheuermann, R.H. Molecular profile of mitochondrial dysfunction in kidney transplant biopsies
is associated with poor allograft outcome. Transpl. Proc. 2015, 47, 1675-1682. [CrossRef] [PubMed]

Maneus, E.B.; Pomar-Moya, J.L.; Climent, F.; de la Ossa, P.P. Glycolytic enzyme activities are decreased during acute rejection in
transplanted rat hearts. Transpl. Proc. 2005, 37, 4122-4123. [CrossRef]

Scheiber, D.; Jelenik, T.; Horn, P.; Schultheiss, H.P.; Lassner, D.; Boeken, U.; Saeed, D.; Kelm, M.; Roden, M.; Szendroedi, J.;
et al. P6033 Impaired myocardial mitochondrial function correlates with inflammatory cell burden in humans following heart
transplantation. Eur. Heart J. 2017, 38. [CrossRef]


http://doi.org/10.1097/00007890-199101000-00021
http://doi.org/10.1016/S0140-6736(69)90753-3
http://doi.org/10.3748/wjg.v24.i16.1812
http://www.ncbi.nlm.nih.gov/pubmed/29713134
http://doi.org/10.1016/S0140-6736(00)02603-9
http://doi.org/10.1055/s-0038-1666840
http://doi.org/10.1111/ajt.13708
http://www.ncbi.nlm.nih.gov/pubmed/26752191
http://doi.org/10.1002/lt.24515
http://doi.org/10.1111/ajt.14049
http://doi.org/10.1016/j.jhep.2020.09.015
http://doi.org/10.1371/journal.pone.0146363
http://doi.org/10.1016/j.healun.2020.11.003
http://doi.org/10.3390/ijms19010284
http://www.ncbi.nlm.nih.gov/pubmed/29351246
http://doi.org/10.7150/ijms.34617
http://doi.org/10.1016/j.cmet.2015.12.009
http://www.ncbi.nlm.nih.gov/pubmed/26777689
http://doi.org/10.1038/nature13909
http://www.ncbi.nlm.nih.gov/pubmed/25383517
http://doi.org/10.1111/ajt.15309
http://doi.org/10.1016/j.molmed.2020.08.001
http://doi.org/10.1038/s42255-019-0115-y
http://doi.org/10.1097/TXD.0000000000001065
http://doi.org/10.1016/j.transproceed.2015.04.086
http://www.ncbi.nlm.nih.gov/pubmed/26293032
http://doi.org/10.1016/j.transproceed.2005.09.148
http://doi.org/10.1093/eurheartj/ehx493.P6033

Int. J. Mol. Sci. 2021, 22, 2816 16 of 17

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Parajuli, N.; Shrum, S.; Tobacyk, J.; Harb, A.; Arthur, ].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]
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. Ren. Physiol. 2013, 304, F257-F267. [CrossRef]

Yamaoka, Y.; Taki, Y.; Gubernatis, G.; Nakatani, T.; Okamoto, R.; Yamamoto, Y.; Ishikawa, Y.; Ringe, B.; Bunzendahl, H.; Oellerich,
M.; et al. Evaluation of the liver graft before procurement. Significance of arterial ketone body ratio in brain-dead patients.
Transpl. Int. 1990, 3, 78-81. [CrossRef] [PubMed]

Baumann, M.; Bender, E.; Stommer, G.; Gross, G.; Brand, K. Effects of warm and cold ischemia on mitochondrial functions in
brain, liver and kidney. Mol. Cell. Biochem. 1989, 87, 137-145. [CrossRef] [PubMed]

Morimoto, T.; Kusumoto, K.; Isselhard, W. Impairment of grafts by short-term warm ischemia in rat liver transplantation.
Transplantation 1991, 52, 424-431. [CrossRef]

Tanaka, A.; Uyama, S.; Tanaka, K.; Katayama, T.; Yamamoto, N.; Yamaoka, Y.; Ozawa, K. The role of enhanced mitochondrial
phosphorylation in rat liver transplantation. J. Surg. Res. 1992, 52, 59-64. [CrossRef]

Furuyashiki, S.; Sumimoto, K.; Oku, J.; Kimura, A.; Fukuda, Y.; Dohi, K.; Kawasaki, T. The significance of bile secretion after the
transplantation of long-preserved livers in the rat. Surg. Today 1994, 24, 59-62. [CrossRef]

Kusumoto, K.; Morimoto, T.; Minor, T.; Uchino, J.; Isselhard, W. Allopurinol effects in rat liver transplantation on recovery of
energy metabolism and free radical-induced damage. Eur. Surg. Res. 1995, 27, 285-291. [CrossRef]

Mitchell, S.J.; Churchill, T.A.; Winslet, M.C; Fuller, B.J. Effects of different cold preservation solutions on restoration of hepatic
energy metabolism during cold reperfusion. Cryobiology 1996, 33, 413-422. [CrossRef]

Neveux, N.; De Bandt, J.P; Fattal, E.; Hannoun, L.; Poupon, R.; Chaumeil, J.C.; Delattre, J.; Cynober, L.A. Cold preservation injury
in rat liver: Effect of liposomally-entrapped adenosine triphosphate. J. Hepatol. 2000, 33, 68-75. [CrossRef]

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]

Jassem, W.; Heaton, N.D. The role of mitochondria in ischemia/reperfusion injury in organ transplantation. Kidney Int. 2004, 66,
514-517. [CrossRef] [PubMed]

Lee, W.Y; Lee, S.M. Ischemic preconditioning protects post-ischemic oxidative damage to mitochondria in rat liver. Shock 2005,
24,370-375. [CrossRef]

Dutkowski, P; Furrer, K ; Tian, Y.; Graf, R.; Clavien, P.A. Novel short-term hypothermic oxygenated perfusion (HOPE) system
prevents injury in rat liver graft from non-heart beating donor. Ann. Surg. 2006, 244, 968-977. [CrossRef] [PubMed]

Bessems, M.; Doorschodt, B.M.; Kolkert, J.L.; Vetelainen, R.L.; van Vliet, A.K.; Vreeling, H.; van Marle, J.; van Gulik, TM.
Preservation of steatotic livers: A comparison between cold storage and machine perfusion preservation. Liver Transpl. 2007, 13,
497-504. [CrossRef] [PubMed]

Hata, K.; Tolba, R.H.; Wei, L.; Doorschodt, B.M.; Biittner, R.; Yamamoto, Y.; Minor, T. Impact of polysol, a newly developed
preservation solution, on cold storage of steatotic rat livers. Liver Transpl. 2007, 13, 114-121. [CrossRef] [PubMed]

Jain, S.; Lee, S.H.; Korneszczuk, K.; Culberson, C.R.; Southard, J.H.; Berthiaume, F; Zhang, ].X.; Clemens, M.G.; Lee, C.Y.
Improved preservation of warm ischemic livers by hypothermic machine perfusion with supplemented University of Wisconsin
solution. J. Investig. Surg. 2008, 21, 83-91. [CrossRef] [PubMed]

Figueira, E.R.; Bacchella, T.; Coelho, A.M.; Sampietre, S.N.; Molan, N.A.; Leitao, R.M.; Machado, M.C. Timing-dependent
protection of hypertonic saline solution administration in experimental liver ischemia/reperfusion injury. Surgery 2010, 147,
415-423. [CrossRef]

De Rougemont, O.; Breitenstein, S.; Leskosek, B.; Weber, A.; Graf, R.; Clavien, P.A.; Dutkowski, P. One hour hypothermic
oxygenated perfusion (HOPE) protects nonviable liver allografts donated after cardiac death. Ann. Surg. 2009, 250, 674—683.
[CrossRef] [PubMed]

Ferrigno, A.; Rizzo, V.; Boncompagni, E.; Bianchi, A.; Gringeri, E.; Neri, D.; Richelmi, P.; Freitas, I.; Cillo, U.; Vairetti, M. Machine
perfusion at 20 °C reduces preservation damage to livers from non-heart beating donors. Cryobiology 2011, 62, 152-158. [CrossRef]
Sgarbi, G.; Giannone, F.; Casalena, G.A.; Baracca, A.; Baldassare, M.; Longobardi, P.; Caraceni, P; Derenzini, M.; Lenaz, G.; Trere,
D.; et al. Hyperoxia fully protects mitochondria of explanted livers. J. Bioenerg. Biomembr. 2011, 43, 673—-682. [CrossRef] [PubMed]
Srinivasan, PK; 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 Transpl. 2012, 18,
219-225. [CrossRef]

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, 278-286. [CrossRef] [PubMed]

Merlen, G.; Raymond, V.A.; Cassim, S.; Lapierre, P.; Bilodeau, M. Oxaloacetate Protects Rat Liver from Experimental Warm
Ischemia/Reperfusion Injury by Improving Cellular Energy Metabolism. Liver Transpl. 2019, 25, 627-639. [CrossRef]
Kanazawa, H.; Obara, H.; Yoshikawa, R.; Meng, L.; Hirano, T.; Okada, Y.; Nishikawa, Y.; Matsuno, N. Impact of Machine
Perfusion on Sinusoid Microcirculation of Liver Graft Donated After Cardiac Death. J. Surg. Res. 2020, 245, 410-419. [CrossRef]
Slim, C.; Zaouali, M.A.; Nassrallah, H.; Ammar, H.H.; Majdoub, H.; Bouraoui, A.; Abdennebi, H.B. Protective potential effects of
fucoidan in hepatic cold ischemia-rerfusion injury in rats. Int. J. Biol. Macromol. 2020, 155, 498-507. [CrossRef]


http://doi.org/10.1371/journal.pone.0185542
http://www.ncbi.nlm.nih.gov/pubmed/28977005
http://doi.org/10.1152/ajprenal.00435.2012
http://doi.org/10.1111/j.1432-2277.1990.tb01897.x
http://www.ncbi.nlm.nih.gov/pubmed/2206224
http://doi.org/10.1007/BF00219256
http://www.ncbi.nlm.nih.gov/pubmed/2770717
http://doi.org/10.1097/00007890-199109000-00006
http://doi.org/10.1016/0022-4804(92)90279-9
http://doi.org/10.1007/BF01676887
http://doi.org/10.1159/000129411
http://doi.org/10.1006/cryo.1996.0041
http://doi.org/10.1016/S0168-8278(00)80161-0
http://doi.org/10.1016/S0168-8278(00)80196-8
http://doi.org/10.1111/j.1523-1755.2004.761_9.x
http://www.ncbi.nlm.nih.gov/pubmed/15253700
http://doi.org/10.1097/01.shk.0000175895.33415.cd
http://doi.org/10.1097/01.sla.0000247056.85590.6b
http://www.ncbi.nlm.nih.gov/pubmed/17122622
http://doi.org/10.1002/lt.21039
http://www.ncbi.nlm.nih.gov/pubmed/17394146
http://doi.org/10.1002/lt.20957
http://www.ncbi.nlm.nih.gov/pubmed/17117434
http://doi.org/10.1080/08941930701883657
http://www.ncbi.nlm.nih.gov/pubmed/18340625
http://doi.org/10.1016/j.surg.2009.10.018
http://doi.org/10.1097/SLA.0b013e3181bcb1ee
http://www.ncbi.nlm.nih.gov/pubmed/19806056
http://doi.org/10.1016/j.cryobiol.2011.02.004
http://doi.org/10.1007/s10863-011-9390-3
http://www.ncbi.nlm.nih.gov/pubmed/22015484
http://doi.org/10.1002/lt.22442
http://doi.org/10.1016/j.jhep.2012.10.004
http://www.ncbi.nlm.nih.gov/pubmed/23063573
http://doi.org/10.1002/lt.25415
http://doi.org/10.1016/j.jss.2019.07.058
http://doi.org/10.1016/j.ijbiomac.2020.03.245

Int. J. Mol. Sci. 2021, 22, 2816 17 of 17

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Guarrera, ].V,; Henry, 5.D.; Samstein, B.; Odeh-Ramadan, R.; Kinkhabwala, M.; Goldstein, M.].; Ratner, L.E.; Renz, ].F.,; Lee, H.T,;
Brown, R.S,, Jr,; et al. Hypothermic machine preservation in human liver transplantation: The first clinical series. Am. J. Transpl.
2010, 10, 372-381. [CrossRef]

Dutkowski, P.; Polak, W.G.; Muiesan, P.; Schlegel, A.; Verhoeven, C.J.; Scalera, I.; DeOliveira, M.L.; Kron, P.; Clavien, P.A. First
Comparison of Hypothermic Oxygenated Perfusion Versus Static Cold Storage of Human Donation After Cardiac Death Liver
Transplants: An International-matched Case Analysis. Ann. Surg. 2015, 262, 764-770. [CrossRef] [PubMed]

Van Rijn, R.; Karimian, N.; Matton, A.P.M.; Burlage, L.C.; Westerkamp, A.C.; van den Berg, A.P; de Kleine, R.H.].; de Boer, M.T,;
Lisman, T.; Porte, R.J. Dual hypothermic oxygenated machine perfusion in liver transplants donated after circulatory death. Br. J.
Surg. 2017, 104, 907-917. [CrossRef] [PubMed]

Liu, S.; Pang, Q.; Zhang, J.; Zhai, M.; Liu, S.; Liu, C. Machine perfusion vs. cold storage of livers: A meta-analysis. Front. Med.
2016, 10, 7. [CrossRef]

Bian, S.; Zhu, Z.; Sun, L.; Wei, L.; Qu, W.; Zeng, Z.; Liu, Y. Normothermic machine perfusion vs. cold storage of liver in pig model:
A meta-analysis. Ann. Transpl. 2018, 23, 197-206. [CrossRef]

Nasralla, D.; Coussios, C.C.; Mergental, H.; Akhtar, M.Z.; Butler, A.]J.; Ceresa, C.D.L.; Chiocchia, V.; Dutton, S.J.; Garcia-Valdecasas,
J.C.; Heaton, N.; et al. A randomized trial of normothermic preservation in liver transplantation. Nature 2018, 557, 50-56.
[CrossRef]

Jia, J.; Nie, Y,; Li, J.; Xie, H.; Zhou, L.; Yu, J.; Zheng, S.S. A Systematic Review and Meta-Analysis of Machine Perfusion vs. Static
Cold Storage of Liver Allografts on Liver Transplantation Outcomes: The Future Direction of Graft Preservation. Front. Med.
2020, 7, 135. [CrossRef]

Kamiike, W.; Burdelski, M.; Steinhoff, G.; Ringe, B.; Lauchart, W.; Pichlmayr, R. Adenine nucleotide metabolism and its relation to
organ viability in human liver transplantation. Transplantation 1988, 45, 138-143. [CrossRef]

Gonzalez, EX.; Rimola, A.; Grande, L.; Antolin, M.; Garcia-Valdecasas, J.C.; Fuster, ].; Lacy, A.M.; Cugat, E.; Visa, ].; Rodés, J.
Predictive factors of early postoperative graft function in human liver transplantation. Hepatology 1994, 20, 565-573. [CrossRef]
Bellini, M.L; Yiu, J.; Nozdrin, M.; Papalois, V. The Effect of Preservation Temperature on Liver, Kidney, and Pancreas Tissue ATP
in Animal and Preclinical Human Models. J. Clin. Med. 2019, 8, 1421. [CrossRef] [PubMed]

Vekemans, K.; Liu, Q.; Brassil, J.; Komuta, M.; Pirenne, J.; Monbaliu, D. Influence of flow and addition of oxygen during porcine
liver hypothermic machine perfusion. Transpl. Proc. 2007, 39, 2647-2651. [CrossRef] [PubMed]

Huang, V.; Karimian, N.; Detelich, D.; Raigani, S.; Geerts, S.; Beijert, I.; Fontan, EM.; Aburawi, M.M.; Ozer, S.; Banik, P.; et al.
Split-Liver Ex Situ Machine Perfusion: A Novel Technique for Studying Organ Preservation and Therapeutic Interventions. J.
Clin. Med. 2020, 9, 269. [CrossRef] [PubMed]

Schlegel, A.; Muller, X.; Mueller, M.; Stepanova, A.; Kron, P.; de Rougemont, O.; Muiesan, P.; Clavien, P.A.; Galkin, A.; Meierhofer,
D.; et al. Hypothermic oxygenated perfusion protects from mitochondrial injury before liver transplantation. EBioMedicine 2020,
60, 103014. [CrossRef] [PubMed]

Huet, PM.; Giroux, L.; Laurens, M.; Crenesse, D. Effect of cold ischemia-warm reperfusion on the cirrhotic rat liver. Liver Transpl.
2008, 14, 486—493. [CrossRef]

Hofmann, J.; Otarashvili, G.; Meszaros, A.; Ebner, S.; Weissenbacher, A.; Cardini, B.; Oberhuber, R.; Resch, T.; Ofner, D.; Schnee-
berger, S.; et al. Restoring Mitochondrial Function While Avoiding Redox Stress: The Key to Preventing Ischemia/Reperfusion
Injury in Machine Perfused Liver Grafts? Int. . Mol. Sci. 2020, 21, 3132. [CrossRef]

Ligeret, H.; Brault, A.; Vallerand, D.; Haddad, Y.; Haddad, P.S. Antioxidant and mitochondrial protective effects of silibinin in
cold preservation-warm reperfusion liver injury. J. Ethnopharmacol. 2008, 115, 507-514. [CrossRef]

Wyss, RK.; Carmona, N.M.; Arnold, M.; Segiser, A.; Mueller, M.; Dutkowski, P.; Carrel, T.P.; Longnus, S.L. Hypothermic,
oxygenated perfusion (HOPE) provides cardioprotection via succinate oxidation prior to normothermic perfusion in a rat model
of donation after circulatory death (DCD). Am. J. Transpl 2020. [CrossRef]

Winter, C.; Kosch, R.; Ludlow, M.; Osterhaus, A.D.M.E,; Jung, K. Network meta-analysis correlates with analysis of merged
independent transcriptome expression data. BMC Bioinform. 2019, 20, 144. [CrossRef] [PubMed]

Bejaoui, M.; Pantazi, E.; Folch-Puy, E.; Baptista, PM.; Garcia-Gil, A.; Adam, R.; Rosell6-Catafau, J. Emerging concepts in liver
graft preservation. World J. Gastroenterol. 2015, 21, 396-407. [CrossRef]

Martins, R.M.; Teodoro, ].S.; Furtado, E.; Rolo, A.P,; Palmeira, C.M.; Tralhao, J.G. Recent insights into mitochondrial targeting
strategies in liver transplantation. Int. J. Med. Sci. 2018, 15, 248-256. [CrossRef] [PubMed]

Horoldt, B.S.; Burattin, M.; Gunson, B.K.; Bramhall, S.R.; Nightingale, P.; Hiibscher, S.G.N. Does the Banff rejection activity index
predict outcome in patients with early acute cellular rejection following liver transplantation? Liver Transpl. 2006, 12, 1144-1151.
[CrossRef]

Demetris, A.J.; Bellamy, C.; Hiibscher, S.G.; O’Leary, J.; Randhawa, P.S.; Feng, S.; Neil, D.; Colvin, R.B.; McCaughan, G.; Fung, J.].;
et al. Comprehensive Update of the Banff Working Group on Liver Allograft Pathology: Introduction of Antibody-Mediated
Rejection. Am. |. Transpl. 2016, 16, 2816-2835. [CrossRef] [PubMed]

Riicker, G.; Krahn, U.; Konig, J.; Efthimiou, O.; Schwarzer, G. Netmeta: Network Meta-Analysis Using Frequentist Methods. R
Package Version 1.1-0. 2019. Available online: https:/ /CRAN.R-project.org/package=netmeta (accessed on 3 March 2021).
Riicker, G. Network meta-analysis, electrical networks and graph theory. Res. Synth. Methods 2012, 3, 312-324. [CrossRef]
[PubMed]


http://doi.org/10.1111/j.1600-6143.2009.02932.x
http://doi.org/10.1097/SLA.0000000000001473
http://www.ncbi.nlm.nih.gov/pubmed/26583664
http://doi.org/10.1002/bjs.10515
http://www.ncbi.nlm.nih.gov/pubmed/28394402
http://doi.org/10.1007/s11684-016-0474-7
http://doi.org/10.12659/AOT.908774
http://doi.org/10.1038/s41586-018-0047-9
http://doi.org/10.3389/fmed.2020.00135
http://doi.org/10.1097/00007890-198801000-00030
http://doi.org/10.1002/hep.1840200304
http://doi.org/10.3390/jcm8091421
http://www.ncbi.nlm.nih.gov/pubmed/31505880
http://doi.org/10.1016/j.transproceed.2007.08.007
http://www.ncbi.nlm.nih.gov/pubmed/17954199
http://doi.org/10.3390/jcm9010269
http://www.ncbi.nlm.nih.gov/pubmed/31963739
http://doi.org/10.1016/j.ebiom.2020.103014
http://www.ncbi.nlm.nih.gov/pubmed/32979838
http://doi.org/10.1002/lt.21392
http://doi.org/10.3390/ijms21093132
http://doi.org/10.1016/j.jep.2007.10.024
http://doi.org/10.1111/ajt.16258
http://doi.org/10.1186/s12859-019-2705-9
http://www.ncbi.nlm.nih.gov/pubmed/30876387
http://doi.org/10.3748/wjg.v21.i2.396
http://doi.org/10.7150/ijms.22891
http://www.ncbi.nlm.nih.gov/pubmed/29483816
http://doi.org/10.1002/lt.20779
http://doi.org/10.1111/ajt.13909
http://www.ncbi.nlm.nih.gov/pubmed/27273869
https://CRAN.R-project.org/package=netmeta
http://doi.org/10.1002/jrsm.1058
http://www.ncbi.nlm.nih.gov/pubmed/26053424

	Introduction 
	Background 
	Organ Preservation Techniques 
	Mechanism of IR-Induced Mitochondrial Dysfunction 
	The Impact of Mitochondrial Damage on Transplantation 
	Aims 

	Results 
	Eligible Studies and Study Characteristics 
	Study Bias 
	Findings of Meta-Analysis 

	Discussion 
	Principal Findings and Comparison with Other Studies 
	Strengths and Limitations 
	Implications for Practice and Conclusion 

	Materials and Methods 
	Search 
	Study Selection 
	Selection and Eligibility Criteria 
	Risk of Bias 
	Outcomes 
	Statistical Analysis 

	References

