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Abstract: Hepatic ischemia-reperfusion injury (IRI) is a multifactorial phenomenon which has
been associated with adverse clinical outcomes. IRI related tissue damage is characterized by
various chronological events depending on the experimental model or clinical setting. Despite the
fact that IRI research has been in the spotlight of scientific interest for over three decades with a
significant and continuous increase in publication activity over the years and the large number of
pharmacological and surgical therapeutic attempts introduced, not many of these strategies have
made their way into everyday clinical practice. Furthermore, the pathomechanism of hepatic IRI
has not been fully elucidated yet. In the complex process of the IRI, flow properties of blood are
not neglectable. Hemorheological factors play an important role in determining tissue perfusion
and orchestrating mechanical shear stress-dependent endothelial functions. Antioxidant and anti-
inflammatory agents, ischemic conditioning protocols, dynamic organ preservation techniques may
improve rheological properties of the post-reperfusion hepatic blood flow and target endothelial
cells, exerting a potent protection against hepatic IRI. In this review paper we give a comprehensive
overview of microcirculatory, rheological and molecular–pathophysiological aspects of hepatic
circulation in the context of IRI and hepatoprotective approaches.

Keywords: hepatic ischemia-reperfusion; hemorheology; microcirculation; preventive and therapeu-
tic strategies

1. Introduction

Liver ischemia-reperfusion injury (IRI) remains inevitable during extended liver
resections and orthotopic liver transplantation (OLT). Hepatic IRI is a multifactorial phe-
nomenon which has been associated with adverse clinical outcomes [1–4].

Ischemia-reperfusion injury-related tissue damage is characterized by various chrono-
logical events depending on the experimental model or clinical setting [4–6]. In major hepa-
tectomies, a shorter phase of warm ischemia (e.g., intermittent or continuous Pringle/Baron
maneuver) is followed by normothermic in situ reperfusion. In the setting of OLT, the
extent of IR-related damage is significantly dependent on the type of organ donation. In a
donation after brain death (DBD) cold ischemia is followed by a warm reperfusion in the
recipient. The quality of the allograft, the length of cold storage and the time required for
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the implantation of the allograft are major determinants of clinical outcomes, especially
in marginal DBD allografts [4]. In donation after circulatory death (DCD) donors, an
additional period of in situ warm ischemia in the donor exposes the recipients to a higher
risk of graft-related complications such as an increased risk of biliary complications (biliary
stenosis, ischemic-type biliary lesions) [4].

The extent of IRI has been associated with a broad spectrum of complications and
inferior outcomes in OLT and partial hepatectomies. IRI has been demonstrated to be
a major risk-factor for perioperative morbidity, early allograft dysfunction (EAD) and
primary non-function in liver transplantation [4]. Besides its short-term effects, IRI also has
long-term consequences leading to graft injury, fibrosis, rejection and biliary injury [3,7]
(Figure 1).
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IRI research has continuously drawn scientific interest with a significant and con-
tinuous increase in publication activity over the years (Figure 2) and a large number of
pharmacological and surgical therapeutic attempts suggested [4,5,8–10]. Nonetheless, few
therapeutic interventions have made their way into everyday clinical practice.
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In recent decades extensive research has been conducted on cellular lesions and various
signaling processes, from inflammatory mechanisms, and immune responses to metabolic
and systemic changes, including alterations in remote organs’ function [1,11–21]. There is
also growing knowledge about hemodynamic changes and the dynamics of microcirculation
in general, however, there is another factor about which is discussed relatively little, and
that is the rheology of the circulating blood itself [22–27]. Through its macro- and micro-
rheological properties, blood plays an important role in modulating not only the determinant
factors of tissue perfusion but also the shear stress mediated processes in the endothelial
cells [28–31]. Accordingly, these are the elements of the complex etiologic mechanism of
ischemia-reperfusion events that cannot be ignored.

In the present review we present a comprehensive overview on the significance
and mechanisms of hepatic IRI with focus on microcirculatory and rheological aspects.
Furthermore, various therapeutic interventions are discussed.

2. Rheology of the Blood—A Brief Overview

Circulation, tissue perfusion, endothelial/vascular function: all are strongly linked to
the rheological features of the blood [32]. The main parameters determining blood viscosity
are the plasma viscosity, the hematocrit, and the micro-rheological factors, such as red
blood cell deformability and aggregation [23–25]. All of these affect flow conditions and
perfusion, showing a great complexity in the circulatory bed. Pressure (pressure gradient),
shear rate—shear stress, velocity of flow, vascular resistance and impedance count in
biomechanics of the blood stream. Several factors influence the blood flow in vivo, and
estimating the flow conditions in large vessels using the major hydrodynamic and physical
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fluid flow equations can be only partially used. Therefore, a single constitutive equation is
not appropriate to fully understand blood rheology. However, several approaches exist
to define these conditions (e.g., Newtonian and non-Newtonian fluid, the Einstein model,
Bingham fluid model, Casson model, Quemada model) [24,25,33]. Below, we summarize
the major aspects.

2.1. Biomechanical, Cellular and Molecular Aspects

In non-Newtonian fluids, such as the blood, the viscosity increases with decreasing
shear rate (the relation of shear stress and shear rate is non-linear: Casson-curve). Further-
more, in blood there is a minimal shear stress that is required to start the flow. It is called
yield-stress. It is well known that the shear rate and shear stress significantly vary along the
circulation with the highest shear stress occurring in the arterioles and capillaries [33–35].

In case of fully laminar flow, due to the friction, low velocity occurs at the tube (vessel)
wall, and the highest flow velocity can be observed along the axis, resulting in a parabolic
velocity profile in the longitudinal cross-section of the tube. The tangent of the streamlines
reflects the flow direction at a given point. The concentration of the streamlines determines
the magnitude of the flow. At the vicinity of the tube wall the flow is dominantly laminar,
while along the axis the velocity is higher and its homogeneity is smaller, with turbulences
developing as a consequence. This is due to the unbalance between inertial and frictional
forces when velocity increases. Turbulence starts above ~2100 Re (real turbulence: Re > 104).
Real turbulence—by definition—does not occur in the vasculature. The critical velocity
shows when the flow becomes turbulent: νcrit = Re ηρ [24,25,33].

The ∆p versus Q curve is almost linear below 1000 Re (Q ~ ∆p); above it the curve
starts to flatten (Q ~

√
∆p): when increasing the pressure-gradient the flow-increase does

not increase in the same manner and, due to the developing turbulence, the flow resistance
increases [36].

Further effects occurring include Dean-vortices and the Magnus-effect. In the circula-
tion the pulsatility also takes part in forming the flow profile, showing a decreasing effect
toward the capillaries. The Wommersley-number reflects the pulsatility: α = R (ωρ/η)1/2,
where R: radius,ω: heart frequency ρ: blood density, η: blood viscosity. Pressure-oscillation
also has to be mentioned here, which is composed of various frequency components: first-
order (pulsating), second-order (respiration-related), third-order (Traube–Hering–Mayer)
waves. The characteristics of blood flow are determined not only by the properties of the cir-
culating blood, but also by the geometry of the vascular system, its regulatory mechanisms,
and the passive biomechanics of the vessel wall.

Numerous endothelial functions are modulated by the shearing force, so by the rhe-
ological properties of the blood and the flow profile: membrane ion channel proteins,
receptor-dependent G-proteins, protein kinase cascades, transcription factors, such as
NF-κB, BGR-1, c-FOS, among others. Cytoskeleton, membrane caveolae, junctional pro-
teins, adhesion complexes also take part in shear-induced endothelial responses. Fluid
shear stress plays an important role in physiological and pathological vascular remodel-
ing as well, via junctional mechanosensory complex (PECAM-1, VEGFRs, VE-Cad) and
CCM complexes (CCM1, CCM2, CCM3). Consequently, any changes in blood rheology
(increased blood and/or plasma viscosity, impaired red blood cell deformability, enhanced
red blood cell aggregation) strongly affect endothelial functions [28–31,37].

2.2. Blood and Plasma Viscosity

The blood is a non-Newtonian, thixotropic and viscoelastic fluid. Its viscosity depends
on the shear rate. The non-Newtonian characteristic of the blood is hematocrit and shear
rate dependent. At lower shear rate the blood viscosity increases due to the viscosity
elevating effect of the red blood cell aggregation. At higher flow velocity (i.e., higher
shear rate), the cells disaggregate and elongate in the direction of the flow due to their
deformability and elastic features [24,25,33]. The connection between blood viscosity
and hematocrit (Htc) shows an exponential-like rather than a linear relation [24]. The
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hematocrit/viscosity rate presented in the function of the hematocrit shows a connection
resembling of a bell-shaped curve, with a peak (by derivation of the curve), which reflects
the maximum of oxygen transporting capacity of blood. It is concerned as an “optimal”
hematocrit, i.e., the possible highest red blood cell count (the highest hematocrit) at the
possible lowest viscosity [38].

Plasma viscosity is primarily determined by its water content and the macromolecules
with elongated configuration, such as certain plasma proteins (fibrinogen, globulin frac-
tions), besides triglycerides and lipoproteins [25]. Along the vasculature the apparent
viscosity of the blood is not constant due to the intravascular interactions and distribution
of different shear rate profile and the formed elements, mainly the red blood cells; however,
the intravascular plasma viscosity can be considered constant. Consequently, the plasma
viscosity maintains shear stress on the endothelium at the cell-poor or often cell-free zone
in the direct vicinity of the endothelium (Poiseuille-zone), due to the axial flow profile in
vessels with diameter approximately under 300 µm [25].

2.3. Red Blood Cell Deformability

The ability of passive deformation of the red blood cells by shearing and compressing forces
depends on the absolute volume, surface/volume ratio of the cells, morphological characteristics,
viscoelastic properties of the cell membrane and intracellular viscosity [24,25,39–42].

These features are dominantly derived from the molecular composition of the cell
membrane, cytoskeletal structure. More than 50 transmembrane proteins are known in
erythrocytes: transport proteins (anion transporter band-3, water transporter aquaporin-1,
glucose and L-dehydroascorbinic acid transporter glut1, urea transporter Kidd antigen
protein, transporter RhAG, Na+/K+-ATPase, Ca2+ATPase, Na+-K+-2Cl−, Na+-Cl−, Na+-
K+, K+-Cl− co-transporters, Gárdos-channel), adhesion molecules, receptor, blood group
antigens, A–D glycophorin complexes, and other proteins. This structure gives the red
blood cells’ membrane elasticity and mechanical stability. From pathophysiological point
of view, it is important to mention that this stability depends on the composition of the
proteins, phosphorilation state, intracellular Ca2+ concentration, and free-radical reactions
affect their structure and function. More than 340 membrane proteins are known. Their
complexity is high, about 80% of them are still not associated with structural–functional
models; their roles have not been fully elucidated yet [43,44].

Mammalian mature red blood cells are unnucleated, so the intracellular viscosity
is mainly determined by the properties of hemoglobin content. Mean cell hemoglobin
concentration is regulated within a relatively narrow range (30−35 g/d). It is also well-
known that ATP-dependent Na+, K+ transporters participate in the cell volume regula-
tion [23,25,39,44,45].

Viscosity property derives from membrane viscosity and cytoplasm viscosity, and
elasticity characteristic is associated with the surface expansion, shearing and bending
elements [46]. Motion of red blood cells depends on the flow conditions: rolling, rotation,
swinging, elongation, elastic deformation, the combination of all the above [34,35,47].
Worsening deformability, i.e., the enhanced rigidity of red blood cells, in the mass flow
zone of circulation (vessel diameter >300 µm) may lead to elevated blood viscosity. Red
blood cells with reduced deformability can cause the most significant problem in the
microcirculation, more precisely in the zone of so-called individual flow. Here, capillaries
with diameter of 3–5 µm may also occur. Deformability is essential to passing through
these capillaries.

2.4. Red Blood Cell Aggregation

Under stasis or at low shear rate erythrocytes reversibly clump together. Initially they
arrange next to each other in a rouleaux formation, resembling a stack of coins. It happens
within a few seconds (1–5 s). The rouleaux form larger two- then three-dimensional shape
aggregates in the next seconds or even minutes [23]. In anticoagulated blood samples
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due to the gravity these aggregates show sedimentation. If the aggregation is fast and/or
extensive, thus the erythrocyte sedimentation rate (ESR) values are higher.

Red blood cell aggregability is influenced by cellular factors. The aggregation happens
when plasmatic factors are also presented. The process of red blood cell aggregation is not
completely understood yet. There are two theories. (1) Bridging model: the aggregation
happens via non-covalent cross-linking of macromolecules (large proteins with elongated
structure, such as fibrinogen, or in vitro with different polymers). (2) Depletion model:
since the glycocalyx layer does not allow the macromolecules to penetrate close to the
membrane, a depletion zone develops in the vicinity of the cells. As two red blood cells
approach each other, due to the osmotic gradient between the macromolecule concentration
of the plasma phase and the depletion zone, a kind of “pulling” force may develop [23].
Disaggregating forces include electrostatic repulsion (due to surface negative charge),
membrane strain, and shearing forces. There is no clear consensus about these two theories.
Maybe both might be true. Carvalho et al. using atomic-force microscopy showed that
the αIIbβ3 glycoprotein complexes of erythrocytes (similar exist on platelets’ surface) have
lower affinity to link fibrinogen. It is supposed that the depletion forces are important to
“pull” the cells close enough to each other, and so weak linking may happen [48].

Various plasma proteins and in vitro different polymers of different molecular size influ-
ence the aggregation [23]. Fibrinogen, C-reactive protein and immunoglobulin M facilitate
and enhance red blood cell aggregation. Immunoglobulin G and haptoglobin show rather
increasing effects, while transferrin, coeruloplasmin and albumin do not influence erythrocyte
aggregation [23]. In vitro high molecular weight macromolecules and polymers (e.g., 60
or 73 kDa dextran, 360 kDa polyvinylpyrrolidon, 36 kDa polyethylen-glycol) promote red
blood cell aggregation. Armstrong et al. found that enhanced red blood cell aggregation was
observed if the hydrodynamic radius (Rh) of the macromolecules/polymers was larger than
4 nm. Molecules with smaller Rh did not influence the aggregation process [49].

Red blood cell aggregation depends on the hematocrit (Hct) as well. However, the
relationship is not linear. The aggregation index, which increases by the extent of aggre-
gation, expresses a nearly linear relation between ~20 and 40% Hct, between about 40
and 50% the slope of the curve is smaller, while at higher Hct the aggregation does not
change significantly with further increase in the Hct [23]. For aggregation the biconcave
cell morphology is crucial, since ovalocyte, spherocyte, echinocyte, sphero-echinocyte cell
forms are less capable of aggregating [23,26]. Due to the complex background given by
the cellular and plasmatic factors, red blood cell aggregation shows the highest diversity
amongst animal species compared to human [23,26,50,51].

2.5. Hemorheological Factors in Microcirculation

Fåhræus observed in 1958 that by enhanced aggregation the axial flow in the glass
capillary is more expressed and the cell-free side zone is wider [52]. The parabolic flow rate
profile and the presence of circulating blood cells lead to the phenomenon that typically
appears in the range under 200–300 µm vein diameter: the axial migration of red blood cells.
Along the vessel’s cross section, the distribution and velocity of red blood cells lead to the
dynamic reduction in hematocrit (Fåhræus-effect). Below approximately 30 µm diameter,
down to about 10 µm, the apparent blood viscosity decreases with the diameter (Fåhræus–
Lindqvist effect) [53]. Along the vessel wall the cell-poor/cell-free Poiseuille-zone reduces
the friction, and thereby the hydrodynamic resistance. When the shear-rate enables the
development of red blood cell aggregation (typically in the area of postcapillary venules),
the aggregates also flow along the axis. Increased aggregation enlarges the circulating
particles, so enhancing the axial migration. Consequently, the Poiseuille-zone widens
which process facilitates the margination of leukocytes [54,55] (Figure 3).
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In the microcirculation due to the extremely variable ramifications, connections, bends,
endothelial surface features, red blood cell distribution, the tissue hematocrit is highly
variable [34,35,56–58].

3. Characteristics of the Liver Circulation
3.1. Circulation and Microcirculation

The liver receives its blood supply both through the portal vein (around 75%) and the
hepatic artery. These two vessels enter the liver and penetrate the liver parenchyma together
and in close vicinity, and gradually branch until arterioles and venules. Upon reaching the
periphery of the hexagonal liver lobules separately, the terminal portal venules enter the
lobule in-between the cords of hepatocytes and continue with the sinusoids, a microvascular
network which forms most of the capillary bed in the hepatic parenchyma [59–61]. The
hepatic artery supplies oxygenated blood to the biliary tree (through the peribiliary plexus),
portal tract interstitium and the vasa vasorum of the intrahepatic vessels. The arterioles
also ultimately empty in the sinusoids resulting in mixing of arterial and portal blood. The
sinusoids run straight for about 250 µm and converge radially towards the center of the
lobule where all empty into the central vein. The sinusoids communicate with each other
through shorter interconnecting sinusoids running across the liver cell and their diameter
gradually increase from 5 to 7 µm in the periphery (portal zone) to 10 to 15 µm in the
pericentral area [62] (Figure 3).

The ultrastructure of sinusoidal endothelial cells (SEC) differs greatly from other capil-
laries in the body due to the presence of sieve-like pores (or fenestrae) measuring between
100 and 200 nm and by the lack of a basement membrane [63]. These unique features result
in a high, bidirectional permeability of the sinusoids to macromolecules, solutes and water.
Besides the SEC, the microvascular network contains four other distinct components: the
hepatic stellate cells (HSC), which are located in the space of Disse and modulate sinusoidal
tone and stiffness; the Kupffer cells (KC), unique liver-resident macrophages anchored to
the luminal site of the endothelium and exposed to the bloodstream; the hepatocytes, the
parenchymal cells that are tightly attached to SECs and account for the liver metabolism;
and the extracellular matrix (ECM), the scaffold of the entire structure, which serves as
a niche for these cells and may influence their phenotype depending on its composition.
SECs and KCs belong to the mononuclear phagocyte system (MPS), also known as the
reticuloendothelial system. The majority of KCs are found in the peripheral, periportal
area where they are larger and have greater phagocytic activity than those located in the
perilobular region [62]. Both SECs and KCs are very sensitive to ischemia-reperfusion
injury and are key elements in the local response after liver ischemia. Thus, the sinusoidal
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cells become swollen and may detach already during ischemia whereas KCs are activated
during the early phase after reperfusion releasing free radicals, vasoactive mediators and
proinflammatory cytokines in the ischemic areas [64,65]. The hepatic stellate cells reside
outside the sinusoid, between the basal surfaces of the hepatocytes and the SEC, in the
space of Disse [66]. In contrast to the KCs, HSCs are distributed homogeneously through-
out the three zones of the liver lobule. Their finger-like projections called perisinusoidal
processes surround the sinusoidal tube and may regulate its tone. HSCs produce various
inflammatory molecules, interact with other liver cells and relay and integrate the signals
from the sinusoids to the liver parenchyma. Hence, several cells may alter the delicate
balance that maintains the microcirculatory homeostasis in the liver.

3.2. Rheological Differences (Aorto–Porto–Caval)

There is only limited information about the characteristics of micro-rheological param-
eters in different vascular segments [26,67]. It has been demonstrated that red blood cell
aggregation and deformability show significant aorto–porto–caval differences in rats [68].
The smallest elongation index values were found in the arterial samples, the highest values
were in the systemic venous blood and the values of the portal blood sample fall between
the two. Son et al. also found in rats that elongation index values are lower in arterial
blood compared to venous blood. These differences could not be observed in human
or in canine blood [67]. The aggregation index parameters are significantly lower in the
systemic venous blood, than in the arterial and portal samples [68]. The explanation of
these arterio–venous or porta–caval micro-rheological heterogeneity might be derived from
the dynamic differences in pH, oxygenation level, lactate concentration, hematocrit and
mean cell volume [22,23,26,40,69].

4. Pathophysiology of Hemorheological Alterations Related to Hepatic
Ischemia-Reperfusion

During IRI, metabolic alterations (decrease in pH, increase in H+ and lactate) and osmo-
larity changes affect the morphological and mechanical properties of blood cells [40,69–71]. A
decrease in pH will transform the normally discocyte-shape red bloods cells into stomacyte
or sphero-stomacyte morphology. If the ATP depletion and calcium accumulation are the
dominant effects, the echinocyte and sphero-echinocyte morphologies appear. Red blood cells’
deformability is reduced, and their aggregation is disturbed in both morphological transfor-
mations [26,40,69,70]. Change in oxygenation is also known to alter micro-rheology, since
deformability of deoxygenated red blood cells is impaired, being associated with enhanced
aggregation. Under hypoxia, the cell swelling alters surface to volume ratio, and consequently
cellular deformability decreases.

Conditions and circumstances that lead to IRI (e.g., clamping vessels, obturation/occlusion,
intravascular devices) cause mechanical trauma to blood [22,26,72]. Blood cells are continu-
ously exposed to mechanical stress during their entire life-span in the circulation. A shear
stress ranging around 5–20 Pa may even improve their deformability by releasing NO from
the cells, besides other vasoactive mediators [26,51,73–77]. Higher shear stress, correlating
with the magnitude and exposure time, causes mechanical trauma to the blood cells from
sublethal trauma (decreased deformability, enhanced aggregation) and microvesicle generation
to mechanical hemolysis [51,72,78].

Free radicals can be generated during reperfusion of a previously damaged tissue by
ischemia (xanthine oxidase/reductase, neutrophils, NO synthetase activity when forming
OONO– in the presence of NO and superoxide anion), and during the associated inflamma-
tory reaction (neutrophils) [9,79]. Oxygen-centered free radicals can jeopardize red blood
cells in several ways: lipid peroxidation on the cell membrane, sulfhydryl cross-linking
and so altering structure and function of proteins (receptors, ion pumps, structural pro-
teins), forming methemoglobin and Heinz-bodies. Red blood cells are very vulnerable for
oxidative stress, because they are rich in iron (Fenton-reaction) and they do not have a
nucleus; thus, they have no chance for new protein generation for any repair [9,22,27].
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Due to inflammatory processes the developing acute phase reactions also cause non-
specific hemorheological changes: elevated fibrinogen and α2-macroglobulin concentra-
tion accompanied by consequent increase in plasma viscosity, rise in leukocyte count,
increase or decrease in platelet count, hemoconcentration, besides micro-rheological alter-
ations [9,22,27]. Enhanced red blood cell aggregation elevates blood viscosity and increases
the flow resistance: the axial migration of the cells becomes more expressed, widening
Poiseuille-zone, facilitated leukocyte tethering and margination, slowed down rolling are
also included [55].

Hypoxia leads to impaired endothelial cell barrier function and, additionally, altered
blood rheology has an impact on the shear stress profile on the endothelial surface mod-
ulating numerous functions as discussed before. If hypovolemia is also associated with
ischemia-reperfusion, due to the increased sympathetic activation vasoconstriction appears,
leading to reduction in the capillary cross-sectional area and endothelial swelling. In the mi-
crocirculatory bed, the “no-reflow” phenomenon is characteristic for ischemia-reperfusion
that is caused by microvascular spasm, swelling of endothelial cells, bleb formation on the
endothelial surface, increased capillary permeability, interstitial edema, micro-thrombi,
neutrophil adhesion and plugging, local acidosis, and presence of red blood cells with
altered micro-rheology (impaired deformability and enhanced aggregation) [27,62,80–85].
Hemorheological and microcirculatory alterations in ischemia-reperfusion may show age-
and gender-related differences as well [75,86,87].

In summary, the initiating effects (tissue damage, hypoxia, mechanical trauma to
blood, free radicals, and their combinations) lead to metabolic alterations and inflammatory
processes affecting micro- and macro-rheological parameters, flow characteristics and
endothelial functions, resulting in microcirculatory disturbances and decrease in perfusion.
These generate further tissue damage.

Effect of Pringle/Baron Maneuver

Despite of the availability of modern devices controlling bleeding of parenchymal
organs, temporarily clamping the hepatoduodenal ligament (Baron or Pringle maneuver)
is still widely used in liver surgery for hepatic blood inflow control during major resections
(open and laparoscopic/robotic surgery) to reduce bleeding and the need for perioperative
blood transfusion [88–92]. Despite its obvious technical benefits during surgery, its use
remains controversial due to potential negative effects on the clinical outcomes. Thanks
to modern anesthesiology, intensive care, surgical devices and methods, the ischemic
time tolerated by the liver has been extended in the past decades. Prolonged vascular
inflow occlusion (≥60 min) can be safely applied using both continuous and intermittent
regimens [93]. When performing the Pringle maneuver, besides hepatic ischemia, venous
congestion also appears in the portal system, causing duration-dependent damage to the
intestines as well [94].

Concerning hemorheological and microcirculatory changes, ischemia and reperfusion,
congestion, hemoconcentration, metabolic alterations, all are important. In a canine model
it has been demonstrated that the intermittent Pringle maneuver (three times, 15-min of
ischemia alternating with 5-min of reperfusion) caused increased hematocrit and red blood
cell aggregation in the systemic and hepatic venous blood samples immediately after the
first maneuver. Followed by the second clamping, this increase was not seen, while after
the third maneuver, red blood cell aggregation was enhanced again not only in the systemic,
but also in the portal venous blood together with an increase in local hematocrit values [95].

5. Therapeutic Strategies

Prevention of IRI and its complications is still a largely unsolved issue in the clinical
setting. To reduce IRI, numerous conditioning strategies including physical (hypother-
mia/cooling), pharmacological and surgical approaches (Table 1) have been tested in
preclinical and clinical studies [8,10,96–98].
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Table 1. Ischemic conditioning strategies related to index hepatic ischemia-reperfusion injury (IRI).

Ischemic Conditioning Strategy §

Preconditioning
Local/target organ (early, delayed) *

Remote organ # (early, delayed) *

Perconditioning
Local/target organ

Remote organ

Postconditioning
Local/target organ

Remote organ

Gradual perfusion Local/target organ

Combined methods e.g., Local ischemic pre- and postconditioning, local ischemic
preconditioning and remote organ perconditioning

* early and delayed effects based on the timing before ischemia manifestation; # remote organ: limb, intestine,
kidney [99–103]; § there is a major heterogeneity in the literature concerning the abbreviations and nomenclature
of various ischemic conditioning approaches.

Pharmacological therapies were mostly explored in the setting of acute myocardial
infarction, ischemic stroke and visceral IRI (liver, kidney, intestines). Pharmacological
approaches include antioxidant agents, vasodilators, anti-inflammatory drugs, and agents
that modify rheological parameters [17,104–106]. Although, many strategies such as remote
ischemic conditioning (RIC) have shown promising results in the preclinical phase of
testing, most of the clinical studies have failed to show a real clinical benefit [107].

Over the last 10 years, clinical machine perfusion of donor allografts before organ
transplantation has been considered to be one of the most promising strategies to mitigate
IRI and improve clinical outcomes in solid organ transplantation [4,9,99,100,108–115].

5.1. Ischemic Conditioning and Remote Conditioning

Described initially in the setting of myocardial infarction by Murry et al. [116], ischemic
conditioning consists of brief periods of ischemia and reperfusion before target organ ischemia.
Since its first introduction in 1986 a large body of evidence has accumulated on the effects of
various pre-, post- and remote conditioning strategies (e.g., ischemic preconditioning (IPC);
ischemic postconditioning (IPOST); remote conditioning (RIC)) [5,116]. Our groups and
others have extensively investigated the effect of these IRI modulating therapies in various
experimental models of liver IRI and OLT [5,99,115,117,118].

For 30 years, ischemic conditioning belonged to the major research topics of IRI
research with dozens if not hundreds of research groups contributing to the understanding
of the mechanisms and exploiting the potential benefits of this effective endogenous
protective response. Mechanisms of IPC and RIC are still not completely understood and
have been intensively discussed in previous comprehensive review articles [5,96,119,120].

In the field of clinical liver research, the best results have been reached by the applica-
tion of IPC in the setting of major hepatectomies. In 2000, Clavien et al. provided the first
clinical evidence suggesting the beneficial effects of IPC during major liver surgery [121]. In
this pioneering study, 24 patients undergoing hemihepatectomy received an IPC protocol
(10 min of ischemia and 10 min of reperfusion) before transection of the liver performed
under inflow occlusion for exactly 30 min. IPC resulted in markedly reduced serum
transaminase levels and in a dramatic reduction in the number of apoptotic sinusoidal
lining cells. Interestingly, when IPC was applied in the setting of OLT as a donor therapy in
a relatively large randomized control trial (RCT) with 101 deceased donors, it increased IRI
without any adverse clinical consequences. However, IPC was associated with increased
systemic levels of the anti-inflammatory cytokine IL-10 and fewer clinically important
early rejections, defined as an “IPC paradox” [122]. Based on these encouraging results,
some hepatic surgeons routinely use IPC or intermittent Pringle maneuver in complex
partial hepatectomies, while many teams use hepatic inflow occlusion only “on demand”
in selected cases [123–125].
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Although some of these clinical findings with IPC are promising, the literature is
partially contradicting. A systematic review and meta-analysis assessed the data of
669 patients from 11 RCTs using IPC in the setting of liver resection and failed to find
a significant clinical benefit. A further meta-analysis on donor IPC in OLT demonstrated
that IPC reduced liver injury following transplantation showing a tendency towards a
reduced one-year mortality (6% vs. 11%, p = 0.06). During the past 10–15 years, most
research groups were focusing on the effects of IPOST and RIC, which are clinically more
feasible as they (in contrast to IPC) can also be used in acute clinical settings where the time
point of the index ischemia is not known [119]. With rare exemptions, most pre-clinical
studies demonstrated a well-reproducible and robust effect for all ischemic conditioning
techniques including RIC in the setting of liver ischemia and liver transplantation [107].
Despite this large body of supporting preclinical evidence, clinical studies using especially
the clinically most feasible RIC techniques often failed to show a real clinical benefit. The
RIPCOLT trial by Robertson et al. has investigated the effects of RIC in a randomized trial
with 40 OLT recipients [119]. Although, RIC has been confirmed to be safe, the authors
could not demonstrate a reduction in liver injury. Similar findings have been obtained
in other clinical scenarios including myocardial infarction [107] and kidney transplanta-
tion [101,126]. More promising but still heterogeneous and contradicting results were
obtained in various IRI scenarios of the brain [127,128].

There are multiple factors behind the contradicting results and failure to clinically
reproduce the robust protective effects of IPC, IPOST and RIC observed in preclinical
studies [119,120]. While laboratory animals are in general healthy and have less genetic
variability, in clinical settings, patients may have multiple co-morbidities, treated by a
high-number of various drugs and presumably have a larger genetic variability of the
IRI-related genes [118–120]. Obesity and diabetic neuropathy may interfere with the neural
pathways involved in RIC induced protection [5,118,129]. Blood and plasma transfusions
during surgery may result in a washout of important humoral factors and common anes-
thetic agents such as propofol also may interfere with the IPC and RIC triggered innate
pathways [119,120,130].

Despite these difficulties and their limited clinical benefit, ischemic conditioning and
remote conditioning still remain two of the most important techniques to explore the
mechanisms of IRI and the protective mechanisms triggered by brief episodes of IR. This
might help us to identify several molecular targets for pharmacological treatment.

Concerning the timing they can be used as pre-, per- and postconditioning, and protocols
related to the target organ local (direct) or remote conditioning are known. The number and
duration of the ischemic periods and the circumstances of reperfusion also differ depending
on the target organ and even the examined species. Referring to the time interval between
conditioning and target ischemia, delayed conditioning is also known. However, it might have
different effects depending on the time interval (minutes, hours, or even a day before manifest
ischemia). These processes activate three main types of protecting mechanisms against
the ischemia-reperfusion injury: humoral (adenosine, L-arginine, eNOS, iNOS, bradykinin,
opioids, HIF-1α, SDF-1α, GLP-1, apolipoprotein A1, microRNA144), systemic (macrophages,
monocytes, T regs, pro-inflammatory cytokines, IL-10) and neural pathways (substance P,
CGRP). The protection is manifested as reduced cell death and inflammatory response, and
improved hepatic microcirculation [8,10,96,98,120,131,132].

Remote ischemic preconditioning (RIPC) is an alternative type of IPC when the
preconditioning performed of another organ or extremity before the target organ ischemia-
reperfusion. Both IPC and RIPC have an early and delayed window of protection. The
early window lasts around 3 h after the IPC/RIPC, while the delayed window takes
effect from 12 to 72 h after the conditioning [120]. Magyar et al., in a rat model, used
a 60 min partial (~70%) liver ischemia followed by 120 min reperfusion and studied
remote ischemic preconditioning (three cycles of 10 min ischemia and 10 min reperfusion)
that was applied 1 h (“early-effect”) or 24 h (“delayed-effect”) before the liver ischemia.
Microvascular perfusion of the liver increased in the “delayed-effect” group at the 120 min
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of the reperfusion. The red blood cell deformability improved better in the “early-effect”
group, while erythrocyte aggregation index values decreased in both preconditioning
groups [133]. However, a meta-analysis in 2019 found no benefits of RIPC in major vascular
surgery [134].

In case of remote ischemic perconditioning the blood flow interruptions are performed
at the same time as the manifest ischemia-reperfusion happens on the target organ, as
firstly described by Schmidt et al. in 2007 [135]. A meta-analysis in 2017 found that percon-
ditioning is a promising adjunctive treatment in case of patients with ST-elevation [136].
Experimental studies show usefulness in preventing hepatic IRI [102,137].

In clinical practice, IRI periods are often not planned. Zhao et al. in 2003 [138]
described the ischemic postconditioning, when they performed three rounds of 30 s of
reperfusion and 30 s ischemia just after 60-min of ischemia and found that this kind of local
ischemic postconditioning reduced the size of the acute myocardial infarct in dogs [138].
However, a recent meta-analysis of patients who underwent primary percutaneous coro-
nary intervention showed no effectiveness of ischemic postconditioning [139]. Li et al.
suggested that a combined ischemic preconditioning and remote ischemic perconditioning
strategy can be useful in the protection against ischemia-reperfusion injury in clinical liver
transplantation [97].

Remote postconditioning was described by Kerendi et al. in 2005. They performed
brief renal ischemia and reperfusion immediately before the onset of myocardial reperfu-
sion and they found an almost 50% reduction in the myocardial infarct size [103]. It has
been demonstrated that this method can be effective via the PI3K/ERK pathway [140].

Gradual reperfusion is a type of controlled reperfusion when the occluded or excluded
artery is released carefully; therefore, the blood flow is gradually restored from zero to the
uncontrolled level of autoregulation. The hypothesis is gradual reperfusion reduces the
production of free radicals because it can confine the amount of oxygen and glucose. It is
hard to precisely control the restoration of blood flow during each exclusion, even in the
case of the same operator, the dynamics of release changes, so the extent of its effect can
vary widely. This method of effectiveness is controversial and rarely examined [141–143].
It is important to note that nutritional status, diet, presence of steatosis or other hepatic
alterations influence the effects of conditioning maneuvers and their outcome [144,145].

It should be noted that the increasing interest for dynamic organ preservation (ma-
chine perfusion) and pharmacological and genetic approaches has led to a reduced clinical
focus on hepatic ischemic conditioning. This is well-depicted by the scarcity of interven-
tional clinical trials with the use of ischemic conditioning in liver surgery and OLT. In
our literature review we could only identify four completed clinical studies with rather
controversial findings [146–149] (Table 2). Likewise, a recent search in two major trial
databases found no registered clinical trials currently recruiting (accessed on 13 December
2020, https://www.clinicaltrials.gov and https://www.isrctn.com).

https://www.clinicaltrials.gov
https://www.isrctn.com
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Table 2. Clinical studies using remote ischemic condition in liver transplantation and partial hepatectomies.

Author Study Type Patients Type of RIC Follow-Up Outcome and
Conclusion

Robertson
et al. [146]

Randomized
controlled pilot

study

40 patients
receiving LT

in the recipient, 3 × 5
min IR, before

surgery, left leg
pneumatic tourniquet

90 days
follow-up

No significant difference in median AST levels.
No reduction in short-term outcomes.

Wu et al.
[147]

Randomized
controlled trial

120 patients undergoing
partial hepatectomy

(control vs. IPC
vs. RIPC)

3 × 5 min IR, before
surgery, right arm n.r.

Significant decrease in serum ALT and AST levels in
IPC and RIPC groups.

Significant decrease in TWEAK in IPC group.

Kim et al.
[148]

Randomized
controlled trial

78 patients undergoing
living donor LT

4 × 5 min, IR after
reperfusion of the
transplanted liver,

one arm

6 months
follow-up

No difference in graft function or clinical outcomes.
Decreased incidence of AKI in RIC.

Teo et al.
[149]

Randomized
controlled trial

50 patients undergoing
partial hepatectomy

4 × 5 min, before
surgery, one arm n.r. No reduction in serum ALT levels. No clinical

benefits were observed after RIC.

Accessed: 13 December 2020. Abbreviations used: IR—ischemia reperfusion; IPC—ischemic preconditioning; RIC—remote ischemic
conditioning; RIPC—remote ischemic preconditioning; RIPostC—remote ischemic postconditioning; LT—liver transplantation; TWEAK—
tumor necrosis factor-like weak inducer of apoptosis; HIRI—hepatic ischemic reperfusion injury; AST—aspartate aminotransferase;
ALT—alanine aminotransferase; AKI—acute kidney injury; n.r.—not reported.

5.2. Pharmacological Strategies

There is a large body of pre-clinical data investigating the potential of dozens of
various pharmacological agents in reducing hepatic IRI [9,89,150]. Although, many of
these agents showed positive results in the preclinical testing and some have been used in
clinical trials and even though some of these drugs showed positive effect on the extent of
IRI in terms of the reduction hepatocellular injury, no single agent or “drug cocktail” has
demonstrated a major clinical benefit which would justify its routine use [150].

Various groups have attempted to classify and categorize of agents of interest in
reducing hepatic IRI as a first step in designing suitable multifactorial and pleiotropic
approaches and develop pharmacological strategies with a high potential for clinical
translation [150,151]. In a systematic review, Yamanaka et al. have identified and clas-
sified pharmacological agents according to their mechanisms of action: I—adenosine
agonists, nitric oxide agonists, endothelin antagonists, and prostaglandins, II—Kupffer
cell inactivators, III—complement inhibitors, IV—antioxidants, V—neutrophil inactivators,
VI -anti-apoptosis agents, VII—heat shock protein and nuclear factor kappa B inducers,
VIII—metabolic agents, IX—traditional Chinese medicine, and X—others [150]. Many of
the previously tested agents belonging to the different categories target hemorheological
and microcirculatory aspects of IRI. Group I agents are generally known to preserve and
improve hepatic microcirculation. Agonists of the adenosine or nitric oxide pathways,
endothelin antagonists and prostaglandins have the potential to mitigate the detrimental
effects of post-ischemic microcirculatory failure [9,89,150]. In the early stages of reperfusion
injury, microcirculatory damage is a pivotal mechanism in liver IR injury, microvascular
injury plays an accentuated role in prolongation of the ischemic period and thus in aggrava-
tion of cellular injury, due to the “no-reflow” phenomenon on the level of the small hepatic
sinusoids [62,152]. Main pathophysiological events of microcirculation dysfunction in-
clude the deterioration of active ion transport mechanisms, secondary to ischemia-induced
ATP deficiency, and consequential cell swelling, cellular edema [152]. A consequential
nitrogen oxide/endothelin imbalance and sinusoidal narrowing, during reperfusion are
worsened by the accumulation of activated neutrophil cells and by reduced red blood cell
velocity [151].

However, the above-mentioned Group I agents directly target various effectors of hepatic
microcirculation reducing the detrimental effects of microvascular failure, multiple strategies
and drugs exist to indirectly influence hepatic blood blow and microcirculation [9,151]. The
correction of metabolic acidosis, modulation of inflammatory responses and immune cell
activation and redox-household might have beneficial secondary effects on hepatic microcir-
culation as well [151,152].
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5.3. Organ Preservation Techniques and Machine Perfusion

The standard practice of static cold storage (SCS) has changed very little over the
past 40 years since the clinical introduction of University of Wisconsin (UW) solution [6,9].
Hypothermic preservation on ice is still a cornerstone of solid organ transplantation. Its
availability, safety and feasibility has facilitated widespread application. Evidence shows
that hypothermia reduces the tissue energy demand and extends the preservation period
allowing even long-distance transport of donor allografts. Since the introduction of UW,
a number of newer organ preservation solutions have been developed such as Histidine–
tryptophan–ketoglutarate (HTK) solution, Institute Georges Lopez-1 (IGL), Leeds solution
(LS), and POLYSOL as well as ECOSOL which have been intensively tested by our author
team and by others [153–158]. However, all the above-mentioned preservation solutions
represent a certain improvement in their composition compared to the original UW solution
with potential benefits in various transplant scenarios, none of these solutions have led to a
major improvement in clinical outcomes of liver transplantation [157].

In the face of the critical organ shortage of the recent years, dynamic ex situ organ
preservation and reconditioning techniques gained an increasing interest in solid organ
transplantation [4,6,115]. It has been increasingly recognized that marginal allografts poorly
tolerate extended periods of static cold storage. Currently, two main paradigms prevail in
clinical liver machine perfusion. Hypothermic machine perfusion (HMP) is mainly seen as
a modern dynamic variant of traditional hypothermia-based organ preservation and, due
to its technical feasibility and simplicity, both HMP and hypothermic oxygenated machine
perfusion (HOPE) are increasingly used by different groups around the globe. Meanwhile,
normothermic or subnormothermic machine perfusion (NMP) aim to avoid or minimize
cold ischemic injury by providing nearly physiological conditions, oxygen and nutrients.
The first large multicenter machine perfusion RCT in liver transplantation compared the
effects of NMP with SCS and completed recruitment in 2016. The primary endpoint of the
study published in Nature, peak AST, was significantly reduced by NMP compared to SCS
accompanied by a lower discard rate in the NMP group [159]. Recently, the Zurich group
has arrived at a refined advanced NMP setting that allowed a 7-day preservation of human
livers with sustained metabolic function and intact liver structure [160]. Table 3 overviews
ongoing randomized clinical trials.

Table 3. Overview of currently ongoing prospective randomized clinical trials on ex vivo machine perfusion in liver
transplantation.

Study/Author Design MP Modality Allografts Target Sample Size Recruitment Status

TransMedics, Inc., Andover,
MA, USA

NCT02522871
Multicenter RCT

NMP using the
OCS™ Liver system

vs. SCS
n.r. 300 Active,

not recruiting

Durham, NC, USA
NCT02775162 Multicenter RCT NMP vs. SCS n.r. 267 Active,

not recruiting

Lyon, France
NCT03929523 Multicenter, RCT HOPE vs. SCS ECD-DBD 266 Recruiting

Berlin, Germany
NCT04644744 Multicenter RCT NMP vs. HOPE vs.

SCS ECD-DBD 213 Recruiting

Zurich, Switzerland
NCT01317342 Multicenter, RCT HOPE vs. SCS DBD 170 Completed

Groningen, Netherlands
NCT02584283 Multicenter RCT Dual HOPE vs. SCS DCD 157 Completed

Newark, NJ, USA
NCT03484455 Multicenter RCT HMP vs. SCS n.r. 140 Recruiting
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Table 3. Cont.

Study/Author Design MP Modality Allografts Target Sample Size Recruitment Status

Bologna, Italy
NCT03837197 Multicenter RCT HOPE vs. SCS ECD-DBD 110 Recruiting

Aachen, Germany
NCT03124641 Multicenter, RCT HOPE vs. SCS ECD-DBD 46 Completed

Essen, Germany
ISRCTN94691167

Single-center pilot
RCT COR vs. SCS SC-DBD 40 Recruiting

Screening: 10 February 2021. MP—machine perfusion; ECD—extended criteria donor; DBD—donation after brain death; DCD—donation
after circulatory death; SCS—static cold storage; NMP—normothermic machine perfusion; HMP—hypothermic machine perfusion;
HOPE—hypothermic oxygenated machine perfusion; COR—controlled oxygenated rewarming; SC—standard criteria; RCT—randomized
controlled trial; n.r.—not reported.

Although, there has been some research on the rheological and circulatory aspects
of various dynamic organ preservation approaches, the exact role of these mechanisms
in the HMP and NMP induced protection remains to be elucidated. Burlage et al. have
used 18 declined livers for transplantation and demonstrated an improved endothelial
cell function in marginal allografts via the upregulation of mechanosensitive (shear stress)
cytoprotective genes which resulted in better preservation of endothelial cell morphol-
ogy [161]. Although multiple authors confirmed endothelial shear stress as one of the
main mechanism of machine perfusion that induced protection compared to static cold
storage, some studies have also emphasized the detrimental effects and risks of higher
perfusion flow and pressure, leading to sinusoidal endothelial cell injury with subsequent
activation of Kupffer- and endothelial cells [162]. Therefore, current clinical devices mostly
use pressure-controlled perfusion to minimize the risk of increased shear stress related
graft damage [161,162].

Supporting data have also accumulated in liver machine perfusion using NMP.
Goldarecena et al. have observed improved endothelial function in porcine liver trans-
plantation model with the utilization of NMP in a combination with anti-inflammatory
perfusate additives [163,164].

6. Future Perspectives and Remaining Challenges

Over the last 20 years, significant advances have been made in the field of liver surgery
and transplantation. IRI remains one of the leading issues in solid organ transplantation
and in major hepatic resection with inflow occlusion. Despite the large and continuously
increasing interest for IRI in basic research, there is still only limited success regarding
clinical translation of various experimental therapies (Figure 1).

In the future, the better and more complex understanding of the mechanisms of IRI
could help us not only to better design clinical trials but also in the identification of novel
therapeutic targets and techniques [4,6,162,165–182] (Table 4). Gene therapy (e.g., genetic
preconditioning) is one of the novel approaches finding its way into IRI therapy [151].
In hepatic IRI mainly viral vectors have been used to modulate various genes leading to
scavenging ROS or increasing detoxifying capacity [151]. High doses of mitochondrial
superoxide dismutase (SOD) enzyme administered via viral vector in mice has led to a
significant reduction in IRI [151,183].
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Table 4. Future directions in liver ischemia-reperfusion and organ preservation research.

Research Direction Details and Subtopics Reference

Innovations in dynamic and
static liver preservation

Acellular oxygen carriers for NMP.
Combined preservation techniques (e.g., SCS–HOPE–COR–NMP).

Novel preservation/perfusion solutions.
Reconditioning with gaseous substances.

Combination NRP with NMP or HMP/HOPE.
Ischemia-free liver transplantation.

Comparison of effects, safety and feasibility
of MP modalities (e.g., HOPE vs. NMP, HOPE vs. HMP).

Ex situ on pump liver splitting during HMP/HOPE/NMP.
Supercooling.

Super-extended machine preservation
(e.g., 7-days and longer).

[4,6,162,165–169]

Therapeutics and
pharmacological

conditioning

Revitalization of steatotic livers through defatting agents.
Conditioning through of gas.

Stem cell-derived therapy.
Extracellular vesicles.

Gene therapy (e.g., gene silencing with RNAi).
Antiviral treatment during MP.

Pharmacological agents targeting IRI and microcirculation regulatory
pathways, administered during machine perfusion

or as donor/recipient therapy.

[4,6,89,170–179]

Allograft viability
assessment

Perfusate, bile, tissue biomarkers of viability.
New analytical technologies e.g., proteomics and metabolomics. [180–182]

Abbreviations used: IRI—ischemic reperfusion injury; MP—machine perfusion; HMP—hypothermic machine perfusion; HOPE—
hypothermic oxygenated machine perfusion; NMP—normothermic machine perfusion; NRP—normothermic regional perfusion; SCS—
static cold storage.

Machine perfusion in solid organ transplantation is increasingly in the spotlight of
scientific interest [4,6,184]. In the recent years, multiple studies have confirmed the ben-
eficial clinical effects of machine perfusion in the setting of liver transplantation [4,6].
Currently various larger RCTs with the use of HMP, HOPE and NMP are recruiting or
have finished recruitment. The results of these important clinical studies will help our
understanding of how MP influences clinical outcome in OLT and hopefully will lead
to a major paradigm shift in the clinical practice of the coming years [4,6,184]. Machine
perfusion will also provide a unique platform to deliver various ex vivo therapies without
major systemic effects. Several laboratories have already investigated the benefits and limi-
tations of allograft defatting, gene modulating agents, cytokine filtration, anti-inflammatory
drugs, stem cells and extracellular vesicles as well as vasodilators in the setting of ex vivo
machine perfusion [185]. Furthermore, machine perfusion driven viability assessment
during HMP/HOPE or NMP may support clinical decision in the acceptance or rejection
of marginal liver allografts [4,6,184]. Besides refinement of the preservation techniques, the
impact of hepatic dysfunction on macro- and micro-rheological parameters still need to
be investigated, including metabolomics studies, to reveal better the local and systemic
effects [186–193]. However, it would be interesting to overview it in a separate paper.

7. Conclusions

In conclusion, hemorheological factors play an important role determining tissue
perfusion and orchestrate mechanical stress-dependent endothelial functions. During IRI
dominantly non-specific alterations lead to deteriorating micro-rheological properties as
well. Antioxidant and anti-inflammatory agents, ischemic conditioning protocols and
machine perfusion may improve rheological properties in the hepatic sinusoids contribut-
ing to the protection against hepatic IRI. Studying hemorheological factors together with
microcirculatory investigations may provide useful information for better understating the
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pathomechanism of hepatic ischemia-reperfusion and to optimize surgical conditioning
protocols and organ preservation techniques.
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alterations in intestinal ischemia-reperfusion in the rat. J. Surg. Res. 2018, 225, 68–75. [CrossRef]

88. Gurusamy, K.S.; Sheth, H.; Kumar, Y.; Sharma, D.; Davidson, B.R. Methods of vascular occlusion for elective liver resections.
Cochrane Database Syst. Rev. 2009, 1, CD007632.

89. Gurusamy, K.S.; Gonzalez, H.D.; Davidson, B.R. Current protective strategies in liver surgery. World J. Gastroenterol. 2010, 16,
6098–6103. [CrossRef] [PubMed]

90. Piardi, T.; Lhuaire, M.; Memeo, R.; Pessaux, P.; Kianmanesh, R.; Sommacale, D. Laparoscopic Pringle maneuver: How we do it?
Hepatobiliary Surg. Nutr. 2016, 5, 345–349. [CrossRef]

91. Wei, X.; Zheng, W.; Yang, Z.; Liu, H.; Tang, T.; Li, X.; Liu, X. Effect of the intermittent Pringle maneuver on liver damage after
hepatectomy: A retrospective cohort study. World J. Surg. Oncol. 2019, 17, 142. [CrossRef] [PubMed]

92. Al-Saeedi, M.; Ghamarnejad, O.; Khajeh, E.; Shafiei, S.; Salehpour, R.; Golriz, M.; Mieth, M.; Weiss, K.H.; Longerich, T.; Hoffmann,
K.; et al. Pringle maneuver in extended liver resection: A propensity score analysis. Sci. Rep. 2020, 10, 8847. [CrossRef]

93. Van Riel, W.G.; van Golen, R.F.; Reiniers, M.J.; Heger, M.; van Gulik, T.M. How much ischemia can the liver tolerate during
resection? Hepatobiliary Surg. Nutr. 2016, 5, 58–71. [PubMed]

94. Dello, S.A.; Reisinger, K.W.; van Dam, R.M.; Bemelmans, M.H.; van Kuppevelt, T.H.; van den Broek, M.A.; Olde Damink,
S.W.; Poeze, M.; Buurman, W.A.; Dejong, C.H. Total intermittent Pringle maneuver during liver resection can induce intestinal
epithelial cell damage and endotoxemia. PLoS ONE 2012, 7, e30539. [CrossRef]

95. Furka, A.; Nemeth, N.; Gulyas, A.; Brath, E.; Peto, K.; Takacs, I.E.; Furka, I.; Sapy, P.; Miko, I. Hemorheological changes caused by
intermittent Pringle (Baron) maneuver in beagle canine model. Clin. Hemorheol. Microcirc. 2008, 40, 177–189. [CrossRef]

96. Stokfisz, K.; Ledakowicz-Polak, A.; Zagorski, M.; Zielinska, M. Ischaemic preconditioning-Current knowledge and potential
future applications after 30 years of experience. Adv. Med. Sci. 2017, 62, 307–316. [CrossRef]

http://doi.org/10.1053/jcrc.2002.33027
http://doi.org/10.1182/blood.V67.4.1110.1110
http://doi.org/10.1016/j.mvr.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25660474
http://doi.org/10.1016/j.redox.2013.12.027
http://doi.org/10.3389/fphys.2018.00332
http://www.ncbi.nlm.nih.gov/pubmed/29867516
http://doi.org/10.3389/fphys.2018.01835
http://www.ncbi.nlm.nih.gov/pubmed/30618840
http://doi.org/10.3389/fphys.2019.01417
http://www.ncbi.nlm.nih.gov/pubmed/31803068
http://doi.org/10.3389/fphys.2019.00923
http://doi.org/10.3389/fphys.2018.00703
http://doi.org/10.1038/nm.2507
http://www.ncbi.nlm.nih.gov/pubmed/22064429
http://www.ncbi.nlm.nih.gov/pubmed/1481913
http://doi.org/10.1136/heart.87.2.162
http://www.ncbi.nlm.nih.gov/pubmed/11796561
http://doi.org/10.1007/s00423-010-0727-x
http://www.ncbi.nlm.nih.gov/pubmed/21088974
http://doi.org/10.1016/j.freeradbiomed.2019.02.031
http://www.ncbi.nlm.nih.gov/pubmed/30849489
http://doi.org/10.1159/000503775
http://www.ncbi.nlm.nih.gov/pubmed/31851980
http://doi.org/10.1111/acel.12829
http://doi.org/10.1016/j.jss.2017.12.043
http://doi.org/10.3748/wjg.v16.i48.6098
http://www.ncbi.nlm.nih.gov/pubmed/21182224
http://doi.org/10.21037/hbsn.2015.11.01
http://doi.org/10.1186/s12957-019-1680-y
http://www.ncbi.nlm.nih.gov/pubmed/31409370
http://doi.org/10.1038/s41598-020-64596-y
http://www.ncbi.nlm.nih.gov/pubmed/26904558
http://doi.org/10.1371/journal.pone.0030539
http://doi.org/10.3233/CH-2008-1128
http://doi.org/10.1016/j.advms.2016.11.006


Int. J. Mol. Sci. 2021, 22, 1864 21 of 24

97. Li, D.Y.; Liu, W.T.; Wang, G.Y.; Shi, X.J. Impact of combined ischemic preconditioning and remote ischemic perconditioning on
ischemia-reperfusion injury after liver transplantation. Sci. Rep. 2018, 8, 17979. [CrossRef]

98. Li, J.H.; Jia, J.J.; Shen, W.; Chen, S.S.; Jiang, L.; Xie, H.Y.; Zhou, L.; Zheng, S.S. Optimized postconditioning algorithm protects liver
graft after liver transplantation in rats. Hepatobiliary Pancreat. Dis. Int. 2018, 17, 32–38. [CrossRef]

99. Czigany, Z.; Bleilevens, C.; Beckers, C.; Stoppe, C.; Möhring, M.; Fülöp, A.; Szijarto, A.; Lurje, G.; Neumann, U.P.; Tolba, R.H.
Limb remote ischemic conditioning of the recipient protects the liver in a rat model of arterialized orthotopic liver transplantation.
PLoS ONE 2018, 13, e0195507. [CrossRef]

100. Czigany, Z.; Hata, K.; Lai, W.; Schwandt, T.; Yamamoto, Y.; Uemoto, S.; Tolba, R.H. A dual protective effect of intestinal remote
ischemic conditioning in a rat model of total hepatic ischemia. J. Clin. Med. 2019, 8, 1546. [CrossRef] [PubMed]

101. Selzner, N.; Boehnert, M.; Selzner, M. Preconditioning, postconditioning, and remote conditioning in solid organ transplantation:
Basic mechanisms and translational applications. Transplant. Rev. (Orlando) 2012, 26, 115–124. [CrossRef]

102. He, N.; Jia, J.J.; Li, J.H.; Zhou, Y.F.; Lin, B.Y.; Peng, Y.F.; Chen, J.J.; Chen, T.C.; Tong, R.L.; Jiang, L.; et al. Remote ischemic
perconditioning prevents liver transplantation-induced ischemia/reperfusion injury in rats: Role of ROS/RNS and eNOS. World
J. Gastroenterol. 2017, 23, 830–841. [CrossRef]

103. Kerendi, F.; Kin, H.; Halkos, M.E.; Jiang, R.; Zatta, A.J.; Zhao, Z.Q.; Guyton, R.A.; Vinten-Johansen, J. Remote postconditioning.
Brief renal ischemia and reperfusion applied before coronary artery reperfusion reduces myocardial infarct size via endogenous
activation of adenosine receptors. Basic Res. Cardiol. 2005, 100, 404–412. [CrossRef] [PubMed]

104. Gilbo, N.; Catalano, G.; Salizzoni, M.; Romagnoli, R. Liver graft preconditioning, preservation and reconditioning. Dig. Liver Dis.
2016, 48, 1265–1274. [CrossRef]

105. Vinciguerra, A.; Cuomo, O.; Cepparulo, P.; Anzilotti, S.; Brancaccio, P.; Sirabella, R.; Guida, N.; Annunziato, L.; Pignataro, G.
Models and methods for conditioning the ischemic brain. J. Neurosci. Methods 2018, 310, 63–74. [CrossRef]

106. Caricati-Neto, A.; Errante, P.R.; Menezes-Rodrigues, F.S. Recent advances in pharmacological and non-pharmacological strategies
of cardioprotection. Int. J. Mol. Sci. 2019, 20, 4002. [CrossRef]

107. Przyklenk, K. Ischaemic conditioning: Pitfalls on the path to clinical translation. Br. J. Pharmacol. 2015, 172, 1961–1973. [CrossRef]
[PubMed]

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

109. Schlegel, A.; Kron, P.; Dutkowski, P. Hypothermic oxygenated liver perfusion: Basic mechanisms and clinical application. Curr.
Transplant. Rep. 2015, 2, 52–62. [CrossRef]

110. Schlegel, A.; Kron, P.; Dutkowski, P. Hypothermic machine perfusion in liver transplantation. Curr. Opin. Organ. Transplant. 2016,
21, 308–314. [CrossRef] [PubMed]

111. Zhang, Z.B.; Gao, W.; Shi, Y.; Liu, L.; Ma, N.; Chen, J.; Zhu, Z.J. Protective role of normothermic machine perfusion during
reduced-size liver transplantation in pigs. Liver Transpl. 2016, 22, 968–978. [CrossRef] [PubMed]

112. Marecki, H.; Bozorgzadeh, A.; Porte, R.J.; Leuvenink, H.G.; Uygun, K.; Martins, P.N. Liver ex situ machine perfusion preservation:
A review of the methodology and results of large animal studies and clinical trials. Liver Transpl. 2017, 23, 679–695. [CrossRef]

113. Ceresa, C.D.L.; Nasralla, D.; Knight, S.; Friend, P.J. Cold storage or normothermic perfusion for liver transplantation: Probable
application and indications. Curr. Opin. Organ. Transplant. 2017, 22, 300–305. [CrossRef] [PubMed]

114. Ceresa, C.D.L.; Nasralla, D.; Jassem, W. Normothermic machine preservation of the liver: State of the art. Curr. Transplant. Rep.
2018, 5, 104–110. [CrossRef]

115. Czigany, Z.; Tacke, F.; Lurje, G. Evolving trends in machine liver perfusion: Comments on clinical end points and selection criteria.
Gastroenterology 2019, 157, 1166–1167. [CrossRef] [PubMed]

116. Murry, C.E.; Jennings, R.B.; Reimer, K.A. Preconditioning with ischemia: A delay of lethal cell injury in ischemic myocardium.
Circulation 1986, 74, 1124–1136. [CrossRef] [PubMed]

117. Czigany, Z.; Turoczi, Z.; Onody, P.; Harsanyi, L.; Lotz, G.; Hegedus, V.; Szijarto, A. Remote ischemic perconditioning protects the
liver from ischemia-reperfusion injury. J. Surg. Res. 2013, 185, 605–613. [CrossRef] [PubMed]

118. Czigany, Z.; Turoczi, Z.; Kleiner, D.; Lotz, G.; Homeyer, A.; Harsanyi, L.; Szijarto, A. Neural elements behind the hepatoprotection
of remote perconditioning. J. Surg. Res. 2015, 193, 642–651. [CrossRef]

119. Robertson, F.P.; Magill, L.J.; Wright, G.P.; Fuller, B.; Davidson, B.R. A systematic review and meta-analysis of donor ischaemic
preconditioning in liver transplantation. Transpl. Int. 2016, 29, 1147–1154. [CrossRef] [PubMed]

120. Robertson, F.P.; Fuller, B.J.; Davidson, B.R. An evaluation of ischaemic preconditioning as a method of reducing ischaemia
reperfusion injury in liver surgery and transplantation. J. Clin. Med. 2017, 6, 69. [CrossRef] [PubMed]

121. Clavien, P.A.; Yadav, S.; Sindram, D.; Bentley, R.C. Protective effects of ischemic preconditioning for liver resection performed
under inflow occlusion in humans. Ann. Surg. 2000, 232, 155–162. [CrossRef] [PubMed]

122. Koneru, B.; Shareef, A.; Dikdan, G.; Desai, K.; Klein, K.M.; Peng, B.; Wachsberg, R.H.; de la Torre, A.N.; Debroy, M.; Fisher, A.;
et al. The ischemic preconditioning paradox in deceased donor liver transplantation-evidence from a prospective randomized
single blind clinical trial. Am. J. Transplant. 2007, 7, 2788–2796. [CrossRef] [PubMed]

123. Man, K.; Fan, S.T.; Ng, I.O.; Lo, C.M.; Liu, C.L.; Yu, W.C.; Wong, J. Tolerance of the liver to intermittent Pringle maneuver in
hepatectomy for liver tumors. Arch. Surg. 1999, 134, 533–539. [CrossRef]

http://doi.org/10.1038/s41598-018-36365-5
http://doi.org/10.1016/j.hbpd.2018.01.006
http://doi.org/10.1371/journal.pone.0195507
http://doi.org/10.3390/jcm8101546
http://www.ncbi.nlm.nih.gov/pubmed/31561505
http://doi.org/10.1016/j.trre.2011.07.003
http://doi.org/10.3748/wjg.v23.i5.830
http://doi.org/10.1007/s00395-005-0539-2
http://www.ncbi.nlm.nih.gov/pubmed/15965583
http://doi.org/10.1016/j.dld.2016.06.031
http://doi.org/10.1016/j.jneumeth.2018.09.029
http://doi.org/10.3390/ijms20164002
http://doi.org/10.1111/bph.13064
http://www.ncbi.nlm.nih.gov/pubmed/25560903
http://doi.org/10.1111/j.1600-6143.2009.02932.x
http://doi.org/10.1007/s40472-014-0046-1
http://doi.org/10.1097/MOT.0000000000000303
http://www.ncbi.nlm.nih.gov/pubmed/26918882
http://doi.org/10.1002/lt.24453
http://www.ncbi.nlm.nih.gov/pubmed/27037634
http://doi.org/10.1002/lt.24751
http://doi.org/10.1097/MOT.0000000000000410
http://www.ncbi.nlm.nih.gov/pubmed/28301388
http://doi.org/10.1007/s40472-018-0186-9
http://doi.org/10.1053/j.gastro.2019.02.051
http://www.ncbi.nlm.nih.gov/pubmed/31351055
http://doi.org/10.1161/01.CIR.74.5.1124
http://www.ncbi.nlm.nih.gov/pubmed/3769170
http://doi.org/10.1016/j.jss.2013.07.018
http://www.ncbi.nlm.nih.gov/pubmed/23953788
http://doi.org/10.1016/j.jss.2014.08.046
http://doi.org/10.1111/tri.12849
http://www.ncbi.nlm.nih.gov/pubmed/27564598
http://doi.org/10.3390/jcm6070069
http://www.ncbi.nlm.nih.gov/pubmed/28708111
http://doi.org/10.1097/00000658-200008000-00001
http://www.ncbi.nlm.nih.gov/pubmed/10903590
http://doi.org/10.1111/j.1600-6143.2007.02009.x
http://www.ncbi.nlm.nih.gov/pubmed/17949458
http://doi.org/10.1001/archsurg.134.5.533


Int. J. Mol. Sci. 2021, 22, 1864 22 of 24

124. Lurje, G.; Bednarsch, J.; Czigany, Z.; Amygdalos, I.; Meister, F.; Schoning, W.; Ulmer, T.F.; Foerster, M.; Dejong, C.; Neumann, U.P.
Prognostic factors of disease-free and overall survival in patients with hepatocellular carcinoma undergoing partial hepatectomy
in curative intent. Langenbecks Arch. Surg. 2018, 403, 851–861. [CrossRef] [PubMed]

125. Lurje, G.; Bednarsch, J.; Czigany, Z.; Lurje, I.; Schlebusch, I.K.; Boecker, J.; Meister, F.A.; Tacke, F.; Roderburg, C.; Dulk, M.D.; et al.
The prognostic role of lymphovascular invasion and lymph node metastasis in perihilar and intrahepatic cholangiocarcinoma.
Eur. J. Surg. Oncol. 2019, 45, 1468–1478. [CrossRef]

126. Krogstrup, N.V.; Oltean, M.; Nieuwenhuijs-Moeke, G.J.; Dor, F.J.M.F.; Møldrup, U.; Krag, S.P.; Bibby, B.M.; Birn, H.; Jespersen, B.
Remote ischemic conditioning on recipients of deceased renal transplants does not improve early graft function: A multicenter
randomized, controlled clinical trial. Am. J. Transplant. 2017, 17, 1042–1049. [CrossRef] [PubMed]

127. Pico, F.; Rosso, C.; Meseguer, E.; Chadenat, M.L.; Cattenoy, A.; Aegerter, P.; Deltour, S.; Yeung, J.; Hosseini, H.; Lambert, Y.; et al.
A multicenter, randomized trial on neuroprotection with remote ischemic per-conditioning during acute ischemic stroke: The
remote ischemic conditioning in acute brain infarction study protocol. Int. J. Stroke 2016, 11, 938–943. [CrossRef] [PubMed]

128. Zhao, W.; Zhang, J.; Sadowsky, M.G.; Meng, R.; Ding, Y.; Ji, X. Remote ischaemic conditioning for preventing and treating
ischaemic stroke. Cochrane Database Syst. Rev. 2018, 7, CD012503. [CrossRef] [PubMed]

129. McCafferty, K.; Forbes, S.; Thiemermann, C.; Yaqoob, M.M. The challenge of translating ischemic conditioning from animal
models to humans: The role of comorbidities. Dis. Model. Mech. 2014, 7, 1321–1333. [CrossRef]

130. Meybohm, P.; Bein, B.; Brosteanu, O.; Cremer, J.; Gruenewald, M.; Stoppe, C.; Coburn, M.; Schaelte, G.; Boning, A.; Niemann, B.;
et al. A multicenter trial of remote ischemic preconditioning for heart surgery. N. Engl. J. Med. 2015, 373, 1397–1407. [CrossRef]

131. Gracia-Sancho, J.; Casillas-Ramirez, A.; Peralta, C. Molecular pathways in protecting the liver from ischaemia/reperfusion injury:
A 2015 update. Clin. Sci. 2015, 129, 345–362. [CrossRef]

132. Cho, Y.J.; Kim, W.H. Perioperative cardioprotection by remote ischemic conditioning. Int. J. Mol. Sci. 2019, 20, 4839. [CrossRef]
[PubMed]

133. Magyar, Z.; Mester, A.; Nadubinszky, G.; Varga, G.; Ghanem, S.; Somogyi, V.; Tanczos, B.; Deak, A.; Bidiga, L.; Oltean, M.; et al.
Beneficial effects of remote organ ischemic preconditioning on micro-rheological parameters during liver ischemia-reperfusion in
the rat. Clin. Hemorheol. Microcirc. 2018, 70, 181–190. [CrossRef]

134. Stather, P.W.; Wych, J.; Boyle, J.R. A systematic review and meta-analysis of remote ischemic preconditioning for vascular surgery.
J. Vasc. Surg. 2019, 70, 1353–1363.e3. [CrossRef] [PubMed]

135. Schmidt, M.R.; Smerup, M.; Konstantinov, I.E.; Shimizu, M.; Li, J.; Cheung, M.; White, P.A.; Kristiansen, S.B.; Sorensen, K.;
Dzavik, V.; et al. Intermittent peripheral tissue ischemia during coronary ischemia reduces myocardial infarction through a
KATP-dependent mechanism: First demonstration of remote ischemic perconditioning. Am. J. Physiol. Heart Circ. Physiol. 2007,
292, H1883–H1890. [CrossRef]

136. McLeod, S.L.; Iansavichene, A.; Cheskes, S. Remote ischemic perconditioning to reduce reperfusion injury during acute ST-
segment-elevation myocardial infarction: A systematic review and meta-analysis. J. Am. Heart Assoc. 2017, 6, e005522. [CrossRef]

137. Jia, J.; Li, J.; Jiang, L.; Zhang, J.; Chen, S.; Wang, L.; Zhou, Y.; Xie, H.; Zhou, L.; Zheng, S. Protective effect of remote limb ischemic
perconditioning on the liver grafts of rats with a novel model. PLoS ONE 2015, 10, e0121972. [CrossRef]

138. Zhao, Z.Q.; Corvera, J.S.; Halkos, M.E.; Kerendi, F.; Wang, N.P.; Guyton, R.A.; Vinten-Johansen, J. Inhibition of myocardial injury
by ischemic postconditioning during reperfusion: Comparison with ischemic preconditioning. Am. J. Physiol. Heart Circ. Physiol.
2003, 285, H579–H588. [CrossRef] [PubMed]

139. Xing, Z.; Tang, L.; Huang, J.; Peng, X.; Hu, X. Effects of ischaemic postconditioning on outcomes of patients with ST-segment
elevation myocardial infarction who underwent primary percutaneous coronary intervention: A meta-analysis. BMJ Open 2019,
9, e022509. [CrossRef]

140. Gao, Y.; Zhou, S.; Wang, F.; Zhou, Y.; Sheng, S.; Qi, D.; Huang, J.H.; Wu, E.; Lv, Y.; Huo, X. Hepatoprotective effects of limb
ischemic post-conditioning in hepatic ischemic rat model and liver cancer patients via PI3K/ERK pathways. Int. J. Biol. Sci. 2018,
14, 2037–2050. [CrossRef] [PubMed]

141. Gao, X.; Ren, C.; Zhao, H. Protective effects of ischemic postconditioning compared with gradual reperfusion or preconditioning.
J. Neurosci. Res. 2008, 86, 2505–2511. [CrossRef]

142. Beyersdorf, F. The use of controlled reperfusion strategies in cardiac surgery to minimize ischaemia/reperfusion damage.
Cardiovasc. Res. 2009, 83, 262–268. [CrossRef] [PubMed]

143. Shi, J.; Liu, Y.; Duan, Y.; Sun, Z.; Wang, B.; Meng, R.; Ji, X. A new idea about reducing reperfusion injury in ischemic stroke:
Gradual reperfusion. Med. Hypotheses 2013, 80, 134–136. [CrossRef]

144. Chu, M.J.; Vather, R.; Hickey, A.J.; Phillips, A.R.; Bartlett, A.S. Impact of ischaemic preconditioning on experimental steatotic
livers following hepatic ischaemia-reperfusion injury: A systematic review. HPB (Oxford) 2015, 17, 1–10. [CrossRef] [PubMed]

145. Cornide-Petronio, M.E.; Alvarez-Mercado, A.I.; Jiménez-Castro, M.B.; Peralta, C. Current knowledge about the effect of nutritional
status, supplemented nutrition diet, and gut microbiota on hepatic ischemia-reperfusion and regeneration in liver surgery.
Nutrients 2020, 12, 284. [CrossRef]

146. Robertson, F.P.; Goswami, R.; Wright, G.P.; Imber, C.; Sharma, D.; Malago, M.; Fuller, B.J.; Davidson, B.R. Remote ischaemic
preconditioning in orthotopic liver transplantation (RIPCOLT trial): A pilot randomized controlled feasibility study. HPB (Oxford)
2017, 19, 757–767. [CrossRef]

http://doi.org/10.1007/s00423-018-1715-9
http://www.ncbi.nlm.nih.gov/pubmed/30267147
http://doi.org/10.1016/j.ejso.2019.04.019
http://doi.org/10.1111/ajt.14075
http://www.ncbi.nlm.nih.gov/pubmed/27696662
http://doi.org/10.1177/1747493016660098
http://www.ncbi.nlm.nih.gov/pubmed/27412192
http://doi.org/10.1002/14651858.CD012503.pub2
http://www.ncbi.nlm.nih.gov/pubmed/29974450
http://doi.org/10.1242/dmm.016741
http://doi.org/10.1056/NEJMoa1413579
http://doi.org/10.1042/CS20150223
http://doi.org/10.3390/ijms20194839
http://www.ncbi.nlm.nih.gov/pubmed/31569468
http://doi.org/10.3233/CH-170351
http://doi.org/10.1016/j.jvs.2019.03.025
http://www.ncbi.nlm.nih.gov/pubmed/31401109
http://doi.org/10.1152/ajpheart.00617.2006
http://doi.org/10.1161/JAHA.117.005522
http://doi.org/10.1371/journal.pone.0121972
http://doi.org/10.1152/ajpheart.01064.2002
http://www.ncbi.nlm.nih.gov/pubmed/12860564
http://doi.org/10.1136/bmjopen-2018-022509
http://doi.org/10.7150/ijbs.28435
http://www.ncbi.nlm.nih.gov/pubmed/30585267
http://doi.org/10.1002/jnr.21703
http://doi.org/10.1093/cvr/cvp110
http://www.ncbi.nlm.nih.gov/pubmed/19351741
http://doi.org/10.1016/j.mehy.2012.11.010
http://doi.org/10.1111/hpb.12258
http://www.ncbi.nlm.nih.gov/pubmed/24712641
http://doi.org/10.3390/nu12020284
http://doi.org/10.1016/j.hpb.2017.05.005


Int. J. Mol. Sci. 2021, 22, 1864 23 of 24

147. Wu, G.; Chen, M.; Wang, X.; Kong, E.; Yu, W.; Sun, Y.; Wu, F. Effect of remote ischemic preconditioning on hepatic ischemia-
reperfusion injury in patients undergoing liver resection: A randomized controlled trial. Minerva Anestesiol. 2020, 86, 252–260.
[CrossRef] [PubMed]

148. Kim, W.H.; Lee, J.H.; Ko, J.S.; Min, J.J.; Gwak, M.S.; Kim, G.S.K.; Lee, S.K. Effect of remote ischemic postconditioning on patients
undergoing living donor liver transplantation. Liver Transpl. 2014, 20, 1383–1392. [CrossRef]

149. Teo, J.Y.; Ho, A.F.W.; Bulluck, H.; Gao, F.; Chong, J.; Koh, Y.X.; Tan, E.K.; Latiff, J.B.A.; Chua, S.H.; Goh, B.K.P.; et al. Effect of
remote ischemic preconditioning on liver injury in patients undergoing liver resection: The ERIC-LIVER trial. HPB (Oxford) 2020,
22, 1250–1257. [CrossRef] [PubMed]

150. Yamanaka, K.; Houben, P.; Bruns, H.; Schultze, D.; Hatano, E.; Schemmer, P. A systematic review of pharmacological treatment
options used to reduce ischemia reperfusion injury in rat liver transplantation. PLoS ONE 2015, 10, e0122214. [CrossRef] [PubMed]

151. Cannistra, M.; Ruggiero, M.; Zullo, A.; Gallelli, G.; Serafini, S.; Maria, M.; Naso, A.; Grande, R.; Serra, R.; Nardo, B. Hepatic
ischemia reperfusion injury: A systematic review of literature and the role of current drugs and biomarkers. Int. J. Surg. 2016, 33
(Suppl. 1), S57–S70. [CrossRef]

152. Ramalho, F.S.; Fernandez-Monteiro, I.; Rosello-Catafau, J.; Peralta, C. Hepatic microcirculatory failure. Acta Cir. Bras. 2006, 21
(Suppl. 1), 48–53. [CrossRef]

153. Bessems, M.; Doorschodt, B.M.; Albers, P.S.; Meijer, A.J.; van Gulik, T.M. Wash-out of the non-heart-beating donor liver: A matter
of flush solution and temperature? Liver Int. 2006, 26, 880–888. [CrossRef]

154. Hata, K.; Tolba, R.H.; Wei, L.; Doorschodt, B.M.; Büttner, 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]

155. Schreinemachers, M.C.J.M.; Doorschodt, B.M.; Florquin, S.; van den Bergh Weerman, M.A.; Reitsma, J.B.; Lai, W.; Sitzia, M.;
Minor, T.M.; Tolba, R.H.; van Gulik, T. Improved preservation and microcirculation with POLYSOL after transplantation in a
porcine kidney autotransplantation model. Nephrol. Dial. Transplant. 2009, 24, 816–824. [CrossRef]

156. Yagi, S.; Doorschodt, B.M.; Afify, M.; Klinge, U.; Kobayashi, E.; Uemoto, S.; Tolba, R.H. Improved preservation and microcircula-
tion with POLYSOL after partial liver transplantation in rats. J. Surg. Res. 2011, 167, E375–E383. [CrossRef] [PubMed]

157. Jia, J.J.; Li, J.H.; Jiang, L.; Lin, B.Y.; Wang, L.; Su, R.; Zhou, L.; Zheng, S.S. Liver protection strategies in liver transplantation.
Hepatobiliary Pancreat. Dis. Int. 2015, 14, 34–42. [CrossRef]

158. Kalenski, J.; Mancina, E.; Paschenda, P.; Beckers, C.; Bleilevens, C.; Tothova, L.; Boor, P.; Doorschodt, B.M.; Tolba, R.H. Improved
preservation of warm ischemia-damaged porcine kidneys after cold storage in Ecosol, a novel preservation solution. Ann.
Transplant. 2015, 20, 233–242.

159. Nasralla, D.; Coussios, C.C.; Mergental, H.; Akhtar, M.Z.; Butler, A.J.; Ceresa, C.D.L.; Chiocchia, V.; Dutton, S.J.; García-Valdecasas,
J.C.; Heaton, N.; et al. A randomized trial of normothermic preservation in liver transplantation. Nature 2018, 57, 50–56. [CrossRef]
[PubMed]

160. Eshmuminov, D.; Becker, D.; Borrego, L.B.; Hefti, M.; Schuler, M.J.; Hagedorn, C.; Muller, X.; Mueller, M.; Onder, C.; Graf, R.; et al.
An integrated perfusion machine preserves injured human livers for 1 week. Nat. Biotechnol. 2020, 38, 189–198. [CrossRef]

161. Burlage, L.C.; Karimian, N.; Westerkamp, A.C.; Visser, N.; Matton, A.P.M.; van Rijn, R.; Adelmeijer, J.; Wiersema-Buist, J.; Gouw,
A.S.H.; Lisman, T.; et al. Oxygenated hypothermic machine perfusion after static cold storage improves endothelial function of
extended criteria donor livers. HPB (Oxford) 2017, 19, 538–546. [CrossRef]

162. Schlegel, A.; Dutkowski, P. Role of hypothermic machine perfusion in liver transplantation. Transpl. Int. 2015, 28, 677–689.
[CrossRef]

163. Goldaracena, N.; Echeverri, J.; Spetzler, V.N.; Kaths, J.M.; Barbas, A.S.; Louis, K.S.; Adeyi, O.A.; Grant, D.R.; Selzner, N.; Selzner,
M. Anti-inflammatory signaling during ex vivo liver perfusion improves the preservation of pig liver grafts before transplantation.
Liver Transpl. 2016, 22, 1573–1583. [CrossRef]

164. Parente, A.; Osei-Bordom, D.C.; Ronca, V.; Perera, M.T.P.R.; Mirza, D. Organ restoration with normothermic machine perfusion
and immune reaction. Front. Immunol. 2020, 11, 565616. [CrossRef]

165. Boehnert, M.U.; Yeung, J.C.; Bazerbachi, F.; Knaak, J.M.; Selzner, N.; McGilvray, I.D.; Rotstein, O.D.; Adeyi, O.A.; Kandel, S.M.;
Rogalla, P.; et al. Normothermic acellular ex vivo liver perfusion reduces liver and bile duct injury of pig livers retrieved after
cardiac death. Am. J. Transplant. 2013, 13, 1441–1449. [CrossRef]

166. Kageyama, S.; Yagi, S.; Tanaka, H.; Saito, S.; Nagai, K.; Hata, K.; Fujimoto, Y.; Ogura, Y.; Tolba, R.; Shinji, U. Graft reconditioning
with nitric oxide gas in rat liver transplantation from cardiac death donors. Transplantation 2014, 97, 618–625. [CrossRef] [PubMed]

167. Fondevila, C.; Hessheimer, A.J.; Maathuis, M.H.J.; Muñoz, J.; Taurá, P.; Calatayud, D.; Leuvenink, H.; Rimola, A.; Garcia-
Valdecasas, J.C.; Ploeg, R.J. Hypothermic oxygenated machine perfusion in porcine donation after circulatory determination of
death liver transplant. Transplantation 2012, 94, 22–29. [CrossRef]

168. Schlegel, A.; Muller, X.; Dutkowski, P. Machine perfusion strategies in liver transplantation. Hepatobiliary Surg. Nutr. 2019, 8,
490–501. [CrossRef] [PubMed]

169. De Vries, R.J.; Tessier, S.N.; Banik, P.D.; Nagpal, S.; Cronin, S.E.J.C.; Ozer, S.; Hafiz, E.O.A.; van Gulik, T.M.; Yarmush, M.L.;
Markmann, J.F.; et al. Subzero non-frozen preservation of human livers in the supercooled state. Nat. Protoc. 2020, 15, 2024–2040.
[CrossRef]

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

http://doi.org/10.23736/S0375-9393.19.13838-2
http://www.ncbi.nlm.nih.gov/pubmed/31808659
http://doi.org/10.1002/lt.23960
http://doi.org/10.1016/j.hpb.2019.12.002
http://www.ncbi.nlm.nih.gov/pubmed/32007393
http://doi.org/10.1371/journal.pone.0122214
http://www.ncbi.nlm.nih.gov/pubmed/25919110
http://doi.org/10.1016/j.ijsu.2016.05.050
http://doi.org/10.1590/S0102-86502006000700012
http://doi.org/10.1111/j.1478-3231.2006.01295.x
http://doi.org/10.1002/lt.20957
http://doi.org/10.1093/ndt/gfn559
http://doi.org/10.1016/j.jss.2010.12.040
http://www.ncbi.nlm.nih.gov/pubmed/21392801
http://doi.org/10.1016/S1499-3872(15)60332-0
http://doi.org/10.1038/s41586-018-0047-9
http://www.ncbi.nlm.nih.gov/pubmed/29670285
http://doi.org/10.1038/s41587-019-0374-x
http://doi.org/10.1016/j.hpb.2017.02.439
http://doi.org/10.1111/tri.12354
http://doi.org/10.1002/lt.24603
http://doi.org/10.3389/fimmu.2020.565616
http://doi.org/10.1111/ajt.12224
http://doi.org/10.1097/TP.0000000000000025
http://www.ncbi.nlm.nih.gov/pubmed/24521773
http://doi.org/10.1097/TP.0b013e31825774d7
http://doi.org/10.21037/hbsn.2019.04.04
http://www.ncbi.nlm.nih.gov/pubmed/31673538
http://doi.org/10.1038/s41596-020-0319-3
http://doi.org/10.3748/wjg.v21.i2.396
http://www.ncbi.nlm.nih.gov/pubmed/25593455


Int. J. Mol. Sci. 2021, 22, 1864 24 of 24

171. Nagai, K.; Yagi, S.; Afify, M.; Bleilevens, C.; Uemoto, S.; Tolba, R.H. Impact of venous-systemic oxygen persufflation with nitric
oxide gas on steatotic grafts after partial orthotopic liver transplantation in rats. Transplantation 2013, 95, 78–84. [CrossRef]

172. Zhou, Q.; Li, L.; Li, J. Stem cells with decellularized liver scaffolds in liver regeneration and their potential clinical applications.
Liver Int. 2015, 35, 687–694. [CrossRef]

173. Detelich, D.; Markmann, J.F. The dawn of liver perfusion machines. Curr. Opin. Organ. Transplant. 2018, 23, 151–161. [CrossRef]
174. Goldaracena, N.; Spetzler, V.N.; Echeverri, J.; Kaths, J.M.; Cherepanov, V.; Persson, R.; Hodges, M.R.; Janssen, H.L.A.; Selzner, N.;

Grant, D.R.; et al. Inducing Hepatitis C virus resistance after pig liver transplantation-a proof of concept of liver graft modification
using warm ex vivo perfusion. Am. J. Transplant. 2017, 17, 970–978. [CrossRef]

175. Kollmann, D.; Selzner, M. Recent advances in the field of warm ex-vivo liver perfusion. Curr. Opin. Organ. Transplant. 2017, 22,
555–562. [CrossRef]

176. Weeder, P.D.; van Rijn, R.; Porte, R.J. Machine perfusion in liver transplantation as a tool to prevent non-anastomotic biliary
strictures: Rationale, current evidence and future directions. J. Hepatol. 2015, 63, 265–275. [CrossRef]

177. Dengu, F.; Abbas, S.H.; Ebeling, G.; Nasralla, D. Normothermic machine perfusion (NMP) of the liver as a platform for therapeutic
interventions during ex-vivo liver preservation: A Review. J. Clin. Med. 2020, 9, 1046. [CrossRef] [PubMed]

178. Carlson, K.; Kink, J.; Hematti, P.; Al-Adra, D.P. Extracellular vesicles as a novel therapeutic option in liver transplantation. Liver
Transpl. 2020, 26, 1522–1531. [CrossRef] [PubMed]

179. Laing, R.W.; Stubblefield, S.; Wallace, L.; Roobrouck, V.D.; Bhogal, R.H.; Schlegel, A.; Boteon, Y.L.; Reynolds, G.M.; Ting, A.E.;
Mirza, D.F.; et al. The delivery of multipotent adult progenitor cells to extended criteria human donor livers using normothermic
machine perfusion. Front. Immunol. 2020, 11, 1226. [CrossRef]

180. Schlegel, A.; Muller, X.; Dutkowski, P. Hypothermic machine preservation of the liver: State of the art. Curr. Transplant. Rep. 2018,
5, 93–102. [CrossRef]

181. Watson, C.J.E.; Jochmans, I. From “Gut Feeling” to Objectivity: Machine preservation of the liver as a tool to assess organ viability.
Curr. Transplant. Rep. 2018, 5, 72–81. [CrossRef]

182. Mergental, H.; Laing, R.W.; Kirkham, A.J.; Perera, M.T.P.R.; Boteon, Y.L.; Attard, J.; Barton, D.; Curbishley, S.; Wilkhu, M.; Neil,
D.A.H.; et al. Transplantation of discarded livers following viability testing with normothermic machine perfusion. Nat. Commun.
2020, 11, 2939. [CrossRef] [PubMed]

183. Zhou, W.; Zhang, Y.; Hosch, M.S.; Lang, A.; Zwacka, R.M.; Engelhardt, J.F. Subcellular site of superoxide dismutase expression
differentially controls AP-1 activity and injury in mouse liver following ischemia/reperfusion. Hepatology 2001, 33, 902–914.
[CrossRef] [PubMed]

184. Czigany, Z.; Schöning, W.; Ulmer, T.F.; Bednarsch, J.; Amygdalos, I.; Cramer, T.; Rogiers, X.; Popescu, I.; Botea, F.; Fronek, J.;
et al. Hypothermic oxygenated machine perfusion (HOPE) for orthotopic liver transplantation of human liver allografts from
extended criteria donors (ECD) in donation after brain death (DBD): A prospective multicentre randomised controlled trial
(HOPE ECD-DBD). BMJ Open. 2017, 7, e017558. [CrossRef]

185. Xu, J.; Buchwald, J.E.; Martins, P.N. Review of current machine perfusion therapeutics for organ preservation. Transplantation
2020, 104, 1792–1803. [CrossRef]

186. Cooper, R.A. Hemolytic syndromes and red cell membrane abnormalities in liver disease. Semin. Hematol. 1980, 17, 103–112.
[PubMed]

187. Anwar, M.A.; Rampling, M.W. Abnormal hemorheological properties in patients with compensated and decompensated hepatic
cirrhosis. Clin. Hemorheol. Microcirc. 2003, 29, 95–101. [PubMed]

188. Liu, T.T.; Wong, W.J.; Hou, M.C.; Lin, H.C.; Chang, F.Y.; Lee, S.D. Hemorheology in patients with liver cirrhosis: Special emphasis
on its relation to severity of esophageal variceal bleeding. J. Gastroenterol. Hepatol. 2006, 21, 908–913. [CrossRef]

189. Lesesve, J.F.; Garçon, L.; Lecompte, T. Transient red-blood-cell morphological anomalies after acute liver dysfunction. Eur. J.
Haematol. 2010, 84, 92–93. [CrossRef] [PubMed]

190. Jang, B.; Han, J.W.; Sung, P.S.; Jang, J.W.; Bae, S.H.; Choi, J.Y.; Cho, Y.I.; Yoon, S.K. Hemorheological alteration in patients clinically
diagnosed with chronic liver diseases. J. Korean Med. Sci. 2016, 31, 1943–1948. [CrossRef] [PubMed]

191. Liu, X.; Fan, R.; Lu, Y.; Kuang, L.; Yuan, Q.; Chen, Y.; Lin, Z.; Lin, D. Influence of autologous blood transfusion in liver
transplantation in patients with hepatitis B on the function and hemorheology of red blood cells. Exp. Ther. Med. 2017, 14,
1205–1211. [CrossRef]

192. Silva, J.A.X.; Albertini, A.V.P.; Fonseca, C.S.M.; Silva, D.C.N.; Carvalho, V.C.O.; Lima, V.L.M.; Fontes, A.; Costa, E.V.L.; Nogueira,
R.A. Biomechanical and biochemical investigation of erythrocytes in late stage human leptospirosis. Braz. J. Med. Biol. Res. 2020,
53, e9268. [CrossRef] [PubMed]

193. Kvietkauskas, M.; Zitkute, V.; Leber, B.; Strupas, K.; Stiegler, P.; Schemmer, P. The role of metabolomics in current concepts of
organ preservation. Int. J. Mol. Sci. 2020, 21, 6607. [CrossRef] [PubMed]

http://doi.org/10.1097/TP.0b013e318277e2d1
http://doi.org/10.1111/liv.12581
http://doi.org/10.1097/MOT.0000000000000500
http://doi.org/10.1111/ajt.14100
http://doi.org/10.1097/MOT.0000000000000471
http://doi.org/10.1016/j.jhep.2015.03.008
http://doi.org/10.3390/jcm9041046
http://www.ncbi.nlm.nih.gov/pubmed/32272760
http://doi.org/10.1002/lt.25874
http://www.ncbi.nlm.nih.gov/pubmed/32844568
http://doi.org/10.3389/fimmu.2020.01226
http://doi.org/10.1007/s40472-018-0183-z
http://doi.org/10.1007/s40472-018-0178-9
http://doi.org/10.1038/s41467-020-16251-3
http://www.ncbi.nlm.nih.gov/pubmed/32546694
http://doi.org/10.1053/jhep.2001.23073
http://www.ncbi.nlm.nih.gov/pubmed/11283855
http://doi.org/10.1136/bmjopen-2017-017558
http://doi.org/10.1097/TP.0000000000003295
http://www.ncbi.nlm.nih.gov/pubmed/6990496
http://www.ncbi.nlm.nih.gov/pubmed/14610304
http://doi.org/10.1111/j.1440-1746.2006.04266.x
http://doi.org/10.1111/j.1600-0609.2009.01323.x
http://www.ncbi.nlm.nih.gov/pubmed/19624719
http://doi.org/10.3346/jkms.2016.31.12.1943
http://www.ncbi.nlm.nih.gov/pubmed/27822933
http://doi.org/10.3892/etm.2017.4587
http://doi.org/10.1590/1414-431x20209268
http://www.ncbi.nlm.nih.gov/pubmed/32578717
http://doi.org/10.3390/ijms21186607
http://www.ncbi.nlm.nih.gov/pubmed/32927605

	Introduction 
	Rheology of the Blood—A Brief Overview 
	Biomechanical, Cellular and Molecular Aspects 
	Blood and Plasma Viscosity 
	Red Blood Cell Deformability 
	Red Blood Cell Aggregation 
	Hemorheological Factors in Microcirculation 

	Characteristics of the Liver Circulation 
	Circulation and Microcirculation 
	Rheological Differences (Aorto–Porto–Caval) 

	Pathophysiology of Hemorheological Alterations Related to Hepatic Ischemia-Reperfusion 
	Therapeutic Strategies 
	Ischemic Conditioning and Remote Conditioning 
	Pharmacological Strategies 
	Organ Preservation Techniques and Machine Perfusion 

	Future Perspectives and Remaining Challenges 
	Conclusions 
	References

