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Abstract

Longstanding research describes the mechanisms whereby the restoration of
blood flow and reoxygenation (reperfusion) aggravates the ischaemic injury
caused by a period of anoxia to a donor liver. This phenomenon, called
ischaemia-reperfusion injury (IRI), leads to parenchymal cell death,
microcirculatory failure, and inflammatory immune response. Clinically, IRI is
the main factor responsible for the occurrence of posttransplant graft dysfunction
and ischaemic-type biliary lesions. While extended criteria donor livers are more
vulnerable to IRI, their utilisation is required to address the shortfall in donor
organs. Thus, the mitigation of IRI should drive the setting of a new benchmark
for marginal organ preservation. Herein, strategies incorporating different
modalities of machine perfusion of the liver to alleviate IRI are discussed in
conjunction with advantages and disadvantages of individual protocols.
Techniques leading to reperfusion of the liver during machine perfusion (in situ
normothermic regional perfusion and ex situ normothermic machine perfusion)
may mitigate IRI by shortening the ischaemic period of the organs. This benefit
potentially escalates from the minimum level, obtained following just partial
alleviation of the ischaemic period, to the maximum level, which can be
potentially achieved with ischaemia-free organ transplantation. Techniques that
do not lead to reperfusion of the liver during machine perfusion (hypothermic,
subnormothermic, and controlled-oxygenated rewarming) optimise
mitochondrial oxidative function and replenish cellular energy stores, thereby
lowering reactive oxygen species production as well as the activation of
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downstream inflammatory pathways during reperfusion. Further mechanistic
insights into IRI may guide the development of donor-specific protocols of
machine perfusion on the basis of the limitations of individual categories of
extended criteria donor organs.

Key words: Machine perfusion of the liver; Ischaemia-reperfusion injury; Liver
transplantation; Organ preservation; Organ reconditioning
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Core tip: Hepatic ischaemia-reperfusion injury (IRI) is the main culprit of post-
transplantation graft dysfunction and ischaemic-type biliary lesions. Despite the
increased demand, extended-criteria donor livers are more vulnerable to IR, thereby
presenting inferior postoperative outcomes. Hence, the mitigation of IRI should drive the
setting of a new benchmark for extended-criteria donor organ preservation. Machine
perfusion of the liver has the potential to mitigate IRI via a shortening of the ischaemic
period of the livers or the reconditioning of their bioenergetic status. Interventions to
further alleviate IRI, such as pharmacological or nonpharmacological metabolic
modulation of donor organs, may amplify this effect.

Citation: Boteon YL, Afford SC. Machine perfusion of the liver: Which is the best
technique to mitigate ischaemia-reperfusion injury? World | Transplantation 2019; 9(1):
14-20
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INTRODUCTION

Ischaemia-reperfusion injury (IRI) is the phenomenon whereby the hypoxic damage
imposed on an organ is aggravated during the reestablishment of the blood flow
along with reoxygenation!l. This biphasic detrimental process affects donor livers
during liver transplantation (LT) and is the main responsible factor for the occurrence
of graft dysfunction (primary nonfunction and delayed graft function) after the
procedurel>’l. Additionally, IRI is associated with the occurrence of ischaemic-type
biliary lesions (ITBL) posttransplantation, which, in turn, leads to high rates of graft
loss and retransplantation’~l. During ischaemia, the absence of oxygen interrupts the
shuttling of electrons through the mitochondria electron transport chain (ETC), as
oxygen is the terminal electron acceptor during cellular respiration. The affected ETC
interrupts the transfer of protons (H*) across the inner mitochondrial membrane,
thereby hampering the generation of the proton motive force required for oxidative
phosphorylation and adenosine triphosphate (ATP) synthesis. The cellular ATP stores
are then rapidly consumed and the process of anaerobic glycolysis is commenced in
order to produce energy to the cells using the glycogen stores and the glucose
available in the surrounding fluid. Activation of the former metabolic pathway results
in lactate accumulation with local tissue acidosis as well as failure of the Na*/K*-
ATPase pump with depolarisation of the cell membrane and influx of Ca?*/Na* to the
cytosol of the endothelial and Kupffer cells, leading to cell swelling. Additionally, the
presence of vasoconstrictive substances such as endothelin and thromboxane-A2 not
balanced by the vasodilatory nitric oxide (NO) can cause endothelial cell dysfunction
with vasoconstriction and microcirculatory failure®”. On reperfusion, when the blood
flow is re-established, the damage caused by the ischaemic period is aggravated by
the reoxygenation. This is initiated by the mitochondrial release of reactive oxygen
species (ROS) due to an inhibited ETC causing the activation of Kupffer cells, which in
turn will release proinflammatory cytokines, such as tumour necrosis factor-
alpha/interleukin 1-beta, recruiting neutrophils and inducing the expression of
adhesion molecules on sinusoidal endothelial cells. Activated neutrophils produce
more ROS, perpetuating the inflammatory response that ultimately results in tissue
damage and the initiation of cell death programs such as necrosis, apoptosis, or
autophagy!™.

Donor organs with steatosis, organs that have been exposed to prolonged
preservation times, organs from elderly donors, or organs from donation after
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circulatory death (DCD) are all more vulnerable to IRI and therefore are referred to as
marginal or extended criteria donor (ECD) organs’. The defining parameters of ECD
organs can vary slightly amongst centresl®], although, consistently, ECD-LT is
associated with high rates of graft dysfunction and lower patient and graft survival
posttransplantation”'!l. Despite inferior outcomes, the utilisation of ECD livers is
required to tackle the shortfall of donor organs for transplantation. Whilst transplant
surgeons do not have control over these donor features, they can consider alternatives
to better preserve or even recondition ECD livers. The wider utilisation of ECD livers
has exceeded the preservation capacities of traditional static cold storage (SCS), and
machine perfusion (MP) of the liver is considered to be a possible alternative
preservation method. The use of this technique may offer several advantages in
comparison with SCS, including superior organ preservation, limiting ischaemia; the
assessment of organ function prior to transplantation; and the possibility of
improving or repairing highly vulnerable organs!'?. Nevertheless, benefits may vary
between different modalities of MP (Table 1); therefore, those protocols are frequently
seen as divergent or even competitive at this time. Herein, the advantages and
limitations of each individual technique in relation to the possibility of IRI mitigation
are briefly discussed in an attempt to identify which is the best technique of MP of the
liver.

STUDY ANALYSIS

Machine perfusion of the liver and ischaemia-reperfusion injury

Considering its clinical significance, the mitigation of IRI should drive the setting of a
new benchmark for ECD organ preservation. In accordance, the approach to this
question might take into consideration how the different modalities of MP address IRI
(Figure 1). For study purposes, these different modalities were categorised on the
basis of either the occurrence of reperfusion of the liver during MP or not.

Techniques leading to reperfusion of the liver during machine perfusion

The common feature of this group of MP techniques is the abbreviation of the hypoxic
period via reperfusion of the organ within physiological temperatures to support
cellular metabolic function during preservation. This approach avoids further
depletion of ATP stores and the accumulation of metabolic waste products, although
experimental models have suggested that, even without the presence of leukocytes
and platelets in the circuit, reperfusion during NMP induces oxidative tissue injury
and the activation of the inflammatory immune responsel**.

Ex situ normothermic MP (NMP) can be employed as a preservation method, fully
replacing SCS; hence, it has the potential to limit the hypoxic injury to the minimum
period required for organ preparation and the setting of the machine. Additionally,
the presence of a constant flow of fluids in the vessels during organ preservation is
advocated to improve the expression of vasoprotective endothelial genes alleviating
the microcirculatory failure associated with IRI™. The benefits of this technique were
recently shown in the largest clinical trial to date that compared this modality of NMP
and SCS'"\. Nasralla et al"“ reported the results of transplantation of 121 donor livers
following preservation NMP. The authors found a 50% decrease in the release of
aspartate transaminase (AST) in the recipient within the first seven postoperative days
in comparison with grafts that had SCS!"’l. Nevertheless, the former study did not
show superiority of NMP in terms of the occurrence of ITBL. This finding suggests
that the limitation of hypoxic injury per se is not enough to prevent ITBL formation;
thus, the etiopathogenesis of these lesions should rely also on the reperfusion injury,
which is supported by an in vitro study™. The strongest evidence supporting the
advantages of limiting IRI is the newly developed ischaemia-free organ
transplantation (IFOT) technique!'’], described by He et al"’l, whereby complete
elimination of hypoxia via continuous NMP was shown to prevent postreperfusion
syndrome and vasoplegia after revascularisation of a severely steatotic donor liver.
Moreover, NMP can also be performed after a period of SCS in an end-ischaemic
approach. Whilst end-ischaemic NMP is logistically less challenging, it restrains the
NMP’s ability to shorten the time of hypoxic injury to the organs. Finally, NMP may
take advantage of the nearly physiological environment to assess the function of the
organ prior to transplantation and to offer therapeutic approaches, such as
cytoprotective and/or metabolic-modulating agents, for the treatment of IRI during
NMP. This option is still underexplored thus far, although experiments involving
pharmacological modulation of the lipid metabolism during NMP exemplify the
benefits of this approach!.

In situ normothermic regional perfusion (NRP) re-establishes the delivery of
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Table 1 Advantages and disadvantages of different modalities of machine perfusion of the liver

Advantage

Disadvantage

Machine perfusion of the liver (All modalities)

Techniques leading to reperfusion of the liver
during machine perfusion (In situ normothermic
regional perfusion; Ex sifu normothermic
machine perfusion)

Continuous circulation-improved preservation of
the microcirculation; Nutrients and oxygen
delivery for cellular metabolism; Removal of
metabolic waste products; Delivery of
cytoprotective agents and/or metabolic-
modulating agents

Support organ full metabolism; Assessment of
organ viability Assessment of hepatocellular
injury; Potential to extend the period of organ

Costly procedure; Requires specialised team

Persuade reperfusion on the machine; Risk of
organ injury in case of organ failure or
unrecognised problems with cannulation of the

storage; Possibility to shorten the ischaemic period vessels; Require the use of an oxygen carrier in the

of the livers perfusate

Techniques that do not lead to reperfusion of the
liver during machine perfusion (Hypothermic
oxygenated machine perfusion; dual-vessel
hypothermic oxygenated perfusion;
subnormothermic machine perfusion; controlled
oxygenated rewarming)

Assessment of hepatocellular injury; Enhancement
of mitochondrial function and replenishment of
cellular energy stores; Lower rates of intra-hepatic
biliary complications post-transplantation; Does
not require oxygen carriers in the perfusate

Limited metabolic rate of the organs does not
favour assessment of organ viability; Definition of
the biomarkers to individualise perfusion times
and assess responses to treatment in real-time is
still pending

Ischaemia-free organ transplantation Potential to abolish completely ischaemia-

reperfusion injury

Limited application to donation after brainstem
death thus far; Challenging procedure; Logistically
challenging in a multivisceral retrieval setting; Just

a single case reported

oxygen to the organs following asystole in DCD donors and, thus, limits the injury
associated with a longer warm ischaemia period. Additionally, NRP may have a
preconditioning effect, which could revert the detrimental mechanisms of warm
injury!"”?"l. While animal experiments involving dogs revealed that NRP is able to
negate endothelial cell damage in livers harvested after 20 min of cardiac arrest’'],
studies providing an in-depth analysis of the mechanistic effects of the procedure on
the metabolism of human donor organs remain lacking.

Techniques that do not lead to reperfusion of the liver during machine perfusion
This category encompasses the hypothermic and subnormothermic techniques of MP
as well as controlled oxygenated rewarming. All of them share as a common feature
the absence of organ reperfusion, as perfusate temperatures do not exceed 20 °C.
Within this category, the vast majority of mechanistic studies were performed so far
on hypothermic oxygenated perfusion (HOPE) by the Zurich group. It has been
proposed that the delivery of oxygen at hypothermic temperatures enhances the
mitochondrial oxidative function, replenishing the cellular ATP stores prior to
reperfusion!’. This hypothesis is sustained by experimental studies that found a
decrease in the expression of markers indicating oxidative tissue damage and the
activation of Kupffer cells and leukocytes. In addition, these studies reported a lower
release in the perfusate of markers of mitochondrial injury, damage-associated
molecular patterns, and cytokines in livers after reperfusion following the HOPE
procedure!™'**. The Groningen group has been working on dual-vessel (hepatic
artery and portal vein) hypothermic oxygenated perfusion (D-HOPE) and reported
similar mechanistic findings to those obtained using HOPE**1.

Subnormothermic MP (SMP) is performed usually at around 20 °C with active
oxygenation of the perfusion fluid. Transplant animal models suggest that SMP can
positively impact mitochondrial function, increase organs” ATP stores, decrease the
release of markers of tissue injury (e.g., transaminases and cytokines), and improve
graft function postoperatively!”**l. Defenders of this technique advocate that the
increase in the organ’s metabolic rate that occurs as a result of the increase in
temperature (from 10 °C to 20 °C) is sufficient for viability testing!*”. Minor et al®*”!
proposed a variant of the SMP technique called the controlled oxygenated rewarming
(COR) method. In a reperfusion porcine model using ex situ NMP, as compared with
hypothermic MP or SMP alone, COR was found to increase cellular ATP stores and
decrease the release of lipid peroxides and markers of hepatocellular injury (AST and
ALT) in the perfusate after reperfusion”l. During NMP, organs that had undergone
COR exhibited increased bile production, lower vascular resistance, and decreased
expression of proinflammatory genes (e.g., intercellular adhesion molecule 1, toll-like
receptor 4, and tumour necrosis factor alpha)®’..

Which is the best technique of machine perfusion of the liver to mitigate ischaemia-
reperfusion injury?
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/ Ischaemic injury \ / Reperfusion injury \

¢ Glycogen consumption ¢ Reactive oxygen species

¢ Adenosine triphosphate (ROS) production
(ATP) depletion e Activation of the

e Lack of oxygen inflammatory immune

* Parenchymal cell death, innate response
release of reactive oxygen ¢ Release of inflammatory
species (ROS), proteases mediators (cytokines,
and damage-associated chemokines, adhesion
molecular patterns molecules, reactive

(DAMPs) oxygen species (ROS) and
/ \ proteases) J

/ Reperfusing-modalities of machine perfusion shorten the ischaemic\
period, whereas they inevitably trigger the detrimental pathways
associated with reperfusion. Pharmacological and non-pharmacological
interventions may mitigate the injury associated with reperfusion
Or
Non-reperfusing-modalities of machine perfusion optimise the
mitochondrial oxidative function and replenish cellular energy stores
Or
Ischaemia-free organ transplantation may prevent completely

\\ ischaemia-reperfusion injury

Figure 1 Mechanistic characteristic of the different periods of the ischaemia-reperfusion injury and the role
of the diverse techniques of machine perfusion of the liver. Techniques leading to reperfusion of the liver during
machine perfusion include in situ normothermic regional perfusion and ex situ normothermic machine perfusion;
techniques that do not lead to reperfusion of the liver during machine perfusion include hypothermic machine
perfusion, subnormothermic machine perfusion and controlled oxygenated rewarming.

/

Contemporary scientific evidence supports the concept that techniques of MP of the
liver leading to organ reperfusion may mitigate IRI by shortening the ischaemic
period. This benefit escalates from the minimum level, obtained following just partial
alleviation of ischaemic injury during end-ischaemic NMP, to the maximum level,
which can be potentially achieved with IFOT. However, these modalities of MP
inevitably lead to ROS production, oxidative injury, and activation of the
inflammatory immune response, with some degree of cell damage occurring during
reperfusion!”l. Whilst this former detrimental phenomenon may not affect organs
with enough metabolic reserve to overcome this injury, it can be a decisive factor
when considering high-risk organs with limited metabolic reserve”*!. Consequently,
most of the evidence accumulated thus far supports the advantages of NMP over SCS
regarding organ preservation and viability assessment, although the resuscitative
capacity of NMP per se is still unclear.

Mounting data suggest that techniques of MP of the liver that do not lead to organ
reperfusion are able to mitigate IRI by way of optimisation of the mitochondrial
oxidative function and replenishment of the cellular ATP stores during MP. The
enhanced mitochondrial oxidative function decreases ROS production as well as the
subsequent activation of downstream inflammatory pathways during reperfusion™!.
These mechanistic effects were shown to have a positive impact on the recovery of the
metabolic function of discarded human donor livers submitted to NMP for viability
assessment following the use of hypothermic oxygenated techniques of MP™.
Conversely, the lower metabolic rate of the organs during hypothermic MP does not
favour their functional assessment prior to transplantation. Arguably, strategies to
evaluate mitochondrial metabolism and the energetic recovery of the organs, in real
time, may warrant further promising studies be performed on this subject*.

Despite the complex interaction between cells and signal molecules during IRI,
future investigations determining the susceptibility of each individual cell population
of the liver to the different periods of liver IRI (i.e., warm ischaemia, cold ischaemia,
and reperfusion) might help with driving the allocation of donor organs to specific
MP techniques. Thus far, existing evidence associates warm ischaemia mainly with
Kupffer-cell-mediated hepatocellular injury, whereas cold ischaemia damages
primarily sinusoidal endothelial cells®**1. Cholangiocytes have been reported to be less
vulnerable to anoxia than hepatocytes; however, during reperfusion, they produce
higher amounts of ROS, leading to cell death!l. If exposure of the organ to an

Raishidengs WJT | https://www.wjgnet.com 18 January 16,2019 | Volume9 | Issuel |



Boteon YL et al. Machine perfusion of the liver and ischaemia-reperfusion injury

ischaemic period is unavoidable, the careful consideration of strategies to alleviate the
local immune activation during reperfusion is desirable, such as employing preceding
short periods of non-normothermic perfusions as a therapeutic approach or
incorporating the delivery of pharmacological agents during NMP1.

To conclude, whilst all techniques of MP of the liver have the potential to mitigate
IR, they offer different benefits and present diverse limitations. Therefore, there is no
solid evidence yet to suggest the superiority of one technique over the others. A better
mechanistic understanding of the intricate pathways of IRI may guide the
development of personalised protocols of MP for groups of ECD organs, such as DCD
livers, steatotic livers, or organs with prolonged cold ischaemia times.
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