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Abstract
Ischemia reperfusion injury is a major obstacle in liver 
resection and liver transplantation surgery. Understand-
ing the mechanisms of liver ischemia reperfusion injury 
(IRI) and developing strategies to counteract this injury 
will therefore reduce acute complications in hepatic 
resection and transplantation, as well as expanding the 
potential pool of usable donor grafts. The initial liver in-
jury is initiated by reactive oxygen species which cause 
direct cellular injury and also activate a cascade of 
molecular mediators leading to microvascular changes, 
increased apoptosis and acute inflammatory changes 
with increased hepatocyte necrosis. Some adaptive 
pathways are activated during reperfusion that reduce 
the reperfusion injury. IRI involves a complex inter-
play between neutrophils, natural killer T-cells cells, 
CD4+ T cell subtypes, cytokines, nitric oxide synthases, 
haem oxygenase-1, survival kinases such as the signal 
transducer and activator of transcription, Phosphatidyli-
nositol 3-kinases/Akt and nuclear factor κb pathways. 
Transgenic animals, particularly genetic knockout mod-
els, have become a powerful tool at elucidating mecha-
nisms of liver ischaemia reperfusion injury and are 

complementary to pharmacological studies. Targeted 
disruption of the protein at the genetic level is more 
specific and maintained than pharmacological inhibitors 
or stimulants of the same protein. This article reviews 
the evidence from knockout models of liver IRI about 
the cellular and molecular mechanisms underlying liver 
IRI.
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INTRODUCTION
Ischemia reperfusion injury is a major cause of  morbidity 
and mortality in liver resection and liver transplantation 
surgery. Prolonged organ ischemia is characterised re-
duced tissue oxygenation resulting in tissue adenosine tri-
phosphate (ATP) depletion with a transition to activation 
of  anaerobic metabolic pathways which cannot maintain 
cellular function for prolonged periods ultimately lead-
ing to cell death. Restoration of  blood flow is necessary 
to restore cellular function, but paradoxically reperfusion 
can initiate a cascade of  pathways that cause further cel-
lular injury after prolonged ischaemia. Understanding 
the mechanisms of  liver ischemia reperfusion injury 
(IRI) and developing strategies to counteract this injury 
will reduce acute complications in hepatic resection and 
transplantation, as well as expanding the potential pool 
of  usable donor grafts. 
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The initial liver injury is initiated by reactive oxygen 
species (ROS) which cause direct cellular injury and also 
activate a cascade of  mediators leading to microvascu-
lar changes, increased apoptosis and acute inflamma-
tory changes with increased necrosis. Not all pathways 
activated are injurious and some adaptive pathways are 
activated during reperfusion that dampen the reperfusion 
injury. Classically two phases of  liver injury have been de-
scribed, an early (< 6 h) and late (> 12 h) phase of  injury. 
In reality, this is a somewhat artificial distinction, as liver 
injury occurs as a continuum during reperfusion where 
pathways are activated at various often overlapping time-
points. 

The extent of  liver injury in IRI is normally measured 
by raised levels of  serum liver enzymes, most commonly 
aspartate transaminase, alanine transaminase (ALT), lac-
tate dehydrogenase and/or serum glutamic-oxaloacetic 
transaminase, and by histological assessment with the 
Suzuki classification, with or without modifications, be-
ing most widely used in liver IRI[1]. In this classification 
sinusoidal congestion, hepatocyte necrosis and ballooning 
degeneration are graded 0 to 5. No necrosis, congestion/
centrilobular ballooning is given a score of  0 whereas se-
vere congestion/ballooning degeneration, as well as > 60 
% lobular necrosis is given a score of  5 (Table 1). 

Transgenic animals, particularly genetic knockout 
models, have become a powerful tool at elucidating 
mechanisms of  liver ischaemia reperfusion injury and are 
complementary to pharmacological studies[2-9]. The mech-
anistic insights derived from transgenic knockout models 
of  liver ischaemia reperfusion injury will be reviewed. 
Knockout models provide a very specific targeted disrup-
tion of  a particular protein at the genetic level which is 
more informative than the use of  “specific” pharmaco-
logical inhibitors or stimulants of  the same protein are 
used. 

REACTIVE OXYGEN SPECIES 
Depletion of  intracellular and extracellular ATP during 
ischaemia results in increased ATP degradation products, 
including adenosine, hypoxanthine and xanthine and a 
shift towards anaerobic metabolism. On reperfusion, 
initially the increase in oxygen delivery exceeds the rate 
at which cellular metabolism returns to aerobic pathways, 
which generates damaging free radicals. A wide variety 
of  ROS are generated, the most widely implicated being 
superoxide, hydrogen peroxide and reactive nitrogen spe-
cies, such as peroxynitrite. 

There are thought to be three main pathways for the 
generation of  ROS: conversion of  xanthine dehydroge-
nase to xanthine oxidase during ischaemia, nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase ac-
tivation and uncoupling of  the mitochondrial electron 
transport chain[10,11]. Although hepatocytes can directly 
produce ROS, physiologically Kupffer cells are thought 
to be the main source of  ROS in the early stages of  liver 
IRI with natural killer T-cells (NKT) cells generating ROS 

later and neutrophils being the main source in the very 
later stages[10,11]. The role of  these various cells, NADPH 
oxidase and mitochondrial depolarisation have been sup-
ported by knockout animal models[12-15]. There are no 
xanthine oxidase knockout on liver IRI. These mice only 
survive up to 6 wk and are runted. 

MICROCIRCULATORY DYSFUNCTION
Microcirculatory changes play an important part in he-
patic IRI. Reduction in sinusoidal diameter and blood 
flow are among the earliest changes in reperfusion injury. 
This results from a combination of  direct damage to 
sinusoidal endothelial cells (SECs), vasoconstriction and 
expression of  adhesion molecules with accumulation of  
platelets and leucocytes.

Two of  the key vasoactive substances that maintain 
sinusoidal vascular tone are endothelin-1 (ET-1), a va-
soconstrictor, and nitric oxide (NO), a vasodilator and 
inhibitor of  platelet aggregation. There appears to be a 
relative excess of  ET-1 in the early stages of  liver IRI. 

Liver transplantation in pigs has provided evidence 
that after reperfusion Kupffer cell activation leads to 
increased release of  ET-1 which binds to SEC and hepa-
tocyte endothelin A (ETA) receptor, thereby reducing 
hepatic micro and macro-perfusion resulting in increased 
liver injury[16,17]. The activation of  this pathway is as-
sociated with increased expression of  tumor necrosis 
factor-α (TNF-α), interleukin-6 (IL-6) and endothelial 
NOS (eNOS)[16,17]. Knockout models for ETA recep-
tor or heterozygote knockout for endothelin-1 have not 
been studied in liver ischaemia reperfusion injury. Double 
knockouts of  ET-1, ET-2 and ETA receptor are lethal 
pre- or perinatally. It has become apparent products of  
heme oxygenase, namely carbon monoxide (CO) and 
biliverdin, and NO from nitric oxide synthase, which are 
all vasodilators, are likely play a role in reducing the sever-
ity of  liver IRI in vivo.

CELL INJURY AND DEATH
Hepatocytes and SECs are the two main cell types that 
are injured in IRI. Hepatocytes are more sensitive to 
warm ischaemic injury (37  ℃), while SECs are more sen-
sitive to cold ischaemia (4  ℃) found in cold preservation 
of  donor liver grafts before transplantation. Physiologi-
cally, exclusive injury of  one cell type is not found and 
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Table 1  Suzuki classification of liver ischaemia reperfusion 
injury

Numerical 
assessment

Sinusoidal 
congestion

Vacuolisation/
ballooning

Necrosis

0 None None None
1 Minimal Minimal Single cell
2 Mild Mile < 30%
3 Moderate Moderate 30%-60%
4 Severe Severe > 60%



there is evidence that both cell types have been injured 
directly in both cold and warm IRI.

There has been debate about what the primary mode 
of  cell death is in liver IRI: apoptosis or necrosis. Apop-
tosis is an energy dependent process, so in theory when 
there is greater depletion of  ATP, necrosis should domi-
nate. Also, necrosis takes longer to become apparent, 
normally more than 3 h. This is challenging to show ex-
perimentally in vivo, as tissue ATP before and after reper-
fusion would need to be measured as well as the change 
in metabolic state of  the cell. Many of  the same initiators 
and pathways are involved for both types of  cell death, 
so there is much overlap. Some authors refer to the proc-
ess as neuroapoptosis.

Different assays have been used to implicate apoptosis, 
including activation of  various genes such as caspase-3 
which is thought to be a specific indicator of  apoptosis, 
and Bax. One isolated ex vivo perfused liver model us-
ing knockout of  Bax showed reduced liver IRI (Table 
2), apoptosis and caspase-3 activation in the knockouts 
compared to the normal wild type livers[18]. The TUNEL 
assay has been used to indicate apoptosis, but it now ap-
pears that it does not specifically distinguish between 
apoptosis and necrosis. Varying degrees of  necrosis and 
apoptosis have been shown in the literature for different 
ischaemia reperfusion protocols, but these conclusions 
on the different levels of  necrosis versus apoptosis need 
to be interpreted with caution as the assays for apoptosis 
are relatively nonspecific. 

ADHESION MOLECULES
The adhesion to the hepatic sinusoidal endothelial cells 
and transmigration into liver tissue require sequential 
steps in which many molecules are involved. The selec-
tin family (P-, E- and L-selectin) of  adhesion molecules 
are expressed by SECs early in reperfusion. They medi-
ate loose or rolling adhesion of  platelets and leucocytes. 
Knockout models indicate that there is an initial peak 
of  P-selectin expression 20 to 30 min after reperfusion 
which is required for early IRI[19,20]. Functionally, some 
groups have found that E-selectin expression, and not 
P-selectin, is required for IRI to occur[21]. This is followed 
by firmer adhesion of  leucocytes on SECs by upregula-
tion of  integrins, such as anti-CD11a and anti-CD11b, 
vascular cell adhesion molecule 1 (VCAM-1), and inter-
cellular adhesion molecules (ICAM-1), respectively (Table 
2).

PLATELETS
Platelets and leucocytes begin to adhere to SECs within 
5 min of  reperfusion (Table 2). Khandoga et al[22] used an 
ICAM-1 knockout model of  early liver IRI and showed 
reduced IRI in the knockouts. Although ICAM-1 defi-
ciency attenuated postischemic adherence of  both plate-
lets and leukocytes, the application of  an anti fibrinogen 
antibody selectively reduced the number of  adherent 

platelets but did not influence leukocyte adhesion, which 
significantly reduced liver IRI. The study concluded that 
the very early phase of  IRI is characterised by increased 
lipid peroxidation, apoptosis and reduced sinusoidal per-
fusion, depends on platelet rather than leucocyte adhe-
sion on SEC’s and that this is mediated by fibrinogen de-
posited on the adhesion molecules: E-selectin, VCAM-1 
and ICAM-1. 

NEUTROPHILS
Neutrophils are important cellular mediators of  liver IRI 
after 6 h of  reperfusion as demonstrated using partial 
hepatic ischemia reperfusion (IR) models with histology 
and MPO assay of  liver samples (myeloperoxidase, an 
enzyme expressed most abundantly in neutrophils) as 
endpoints[23,24]. The neutrophil oxidative burst is the main 
source of  reactive oxygen species in the later stages of  
IRI and contributes directly to hepatocellular injury. This 
has been supported by immunologically deficient knock-
out models of  liver IRI using nude (nu/nu) mice which 
lack a thymus so cannot generate mature T lymphocytes 
and a knockout for gp91 phox, the glycosylated subunit 
of  the heterodimer phagocyte NADPH oxidase(-/-). 
The knockouts have shown reduced liver IRI, reduced 
neutrophil infiltration and reduced oxidative burst (Table 
2)[13,25]. 

Leucocyte transmigration across endothelial and ex-
tracellular matrix (ECM) barriers is a complex process. 
Leukocyte migration across ECM proteins is dependent 
on matrix degradation, not only by increasing matrix 
permeability, but also for generating ECM-derived frag-
ments, which are highly chemotactic for leukocytes. 
Matrix metalloproteinase (MMP)-9 is one of  two major 
gelatinases in the MMP family responsible for the turn-
over and degradation of  several ECM proteins, including 
fibronectin, a key ECM protein expressed by SEC’s in the 
early phase of  IRI.

An MMP-9-/- knockout model of  liver IRI showed 
reduced liver damage compared to normal mice and that 
neutrophil transmigration within liver sinusoids occurs 
over fibronectin in an MMP-9 dependent manner[26]. 
These conclusions were based on correlations between 
assays of  MMP-9 activity and liver histology from in 
vivo experiments and in vitro but not in vivo studies of  
neutrophil transmigration induced by fibronectin. The 
limitations of  this study are that it did not assess other 
ECM proteins and that the conclusions are based on in 
vitro studies which may not reflect the in vivo mechanism 
of  neutrophil transmigration. For instance, the role of  
SECs in leucocyte migration was not considered in this 
knockout model of  IRI. SEC activation and injury has 
an important role in liver IRI as discussed earlier, by con-
tributing to microcirculatory dysfunction. Neutrophil re-
cruitment is mediated, at least in part, by macrophage in-
flammatory protein-2 (MIP-2) binding to the chemokine 
receptor (CXCR2) on neutrophils, supported by a study 
using a CXCR2 knockout model which showed reduced 
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volved in IRI. γδ TCR T cells recruit neutrophils but this 
does not affect the severity of  IRI[29].

The CD4+ T cell activation in IRI is by an antigen 
independent pathway[31]. This is supported by knockout 
models of  the Toll-like receptor 4 (TLR 4) in which TLR 
4 knockouts show reduced IRI and in normal animals the 
TLR 4 is activated on Kupffer cells resulting in IRI[32].

One study on CD4+ T cell related liver IRI suggested 
co-stimulatory activation of  the CD4 with the CD154 re-
ceptor on activated T cells[33]. There is emerging evidence 
that there are also antigen dependent pathways activated 
in liver IRI. One partial hepatic IR (ischaemia reperfu-
sion) model with 90 min ischaemia and 8 h reperfusion 
using a knockout for a TCR specific for ovalbumin self  
antigen showed reduced IRI in the knockout, with serum 
ALT reduced by 15% and reduced histological injury 
although this was not quantified, indicating that a small 
subset of  T cells sensitised to self  antigen contribute di-
rectly to liver IRI at least up to 8 h into reperfusion[29].

CD4+ T cells of  the αb TCR variety are recruited 
into liver sinusoids within 1 h of  reperfusion. CD4+ T 
cell knockout models of  liver IRI with adoptive transfer 
of  functional CD4+ T cells into the knockout mice indi-
cate that these cells are involved in neutrophil recruitment 
via cytokines such as interleukin 17 (IL 17) and MIP-2, 
these T cells inhibit the neutrophil oxidative burst. In a 
model of  partial hepatic ischaemia for 90 min followed 
by reperfusion, CD4+ knockouts showed greater IRI 
than normal mice, with serum ALT approximately 25% 
higher in the knockouts and more severe histological in-
jury in the knockouts although this was not numerically 

quantified[28]. They reduce the extent of  liver IRI both 
indirectly via cytokines they release affecting other leuco-
cytes and directly acting on hepatocytes[28].

CYTOKINES AND CHEMOKINES
The complex interplay between cytokines and chemok-
ines in liver IRI is not fully understood. The most exten-
sively studied cytokines are TNF-α, interferon (IFN)-b, 
IFN-γ and IL-6 (Figure 2).

TNF-α is raised in serum within 30 min of  reper-
fusion and persists for up to 8 h[34,35]. TNF-α has ischae-
mic but not normal liver tissue[36]. Release of  TNF-α is 
stimulated by a cytokine cascade involving activation of  
interferon regulatory factor-1 (IRF-1), as shown using 
a double knockout of  this factor in a partial hepatic IR 
(ischaemia reperfusion) model with 60 min ischaemia and 
6 h reperfusion, where hepatocellular injury was 60% less 
in the IRF-/- knockout[37]. 

There is some evidence from knockout studies that 
antigen independent macrophage/Kupffer cell TLR-4 
activation stimulates TNF-α secretion[32,38]. The effects of  
TNF-α are mediated by binding to its receptor Tumour 
necrosis factor receptor subtype 1 (TNFR1) leading to 
increased apoptosis[39,40] and increased CD4+ T cell si-
nusoidal recruitment within 30 min of  reperfusion[12]. 

One TNFR1-/- knockout model of  mouse liver trans-
plantation with liver transplantation of  either normal or 
TNFR1-/- livers into normal or TNFR-/- mice showed 
the deleterious effects of  TNF-α are mediated by TNFR 
outside the liver, most likely infiltrating leucocytes, but 

Sinusoidal endothelial cell Hepatocyte Ballooning/
Degenerating 
hepatocyte

Fibronectin
Necrotic/ 
/Apoptotic 
hepatocyte

Hepatic 
Sinusoid Platelet

CD4+ T cell NKT cell
Neutrophil

Kupffer cell Space of disse Fenestra Necrotic/ 
/Apoptotic 
SEC

Reperfusion
Early phase ischaemia 
reperfusion injury

Late phase ischaemia 
reperfusion injury

Figure 1  Schematic diagram of cellular mechanisms of liver ischaemia reperfusion injury within a liver sinusoid and the surrounding area containing 
hepatocytes. Initial sinusoidal perfusion failure from platelet plugging, then Kupffer cells activate CD4+ T cells that activate natural killer T (NKT) cell which cause 
sinusoidal endothelial cells (SEC) and hepatocyte injury, followed by neutrophil activation, adhesion and transmigration causing more cell injury. 
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TNFR on liver cells appear to reduce IRI in this model 
(Table 3). 

IFN-b is a cytokine which is involved throughout the 
reperfusion period in liver IRI, a finding substantiated by 
work using knockout mice (Table 3). The damaging ef-
fects of  IFN-b are mediated by binding to the interferon 
receptor subtype IFN AR (Type 1)[41] with no hepatocel-
lular liver injury demonstrated in IFN AR-/- knockouts 
(Figure 2)[37]. Knockout models support other studies 
showing that IFN-γ produced by NKT cells contribute 
to liver IRI from early on in reperfusion[25,27,30,32,37,42,43]. Ac-
tivation of  innate immune pathways via TLR 4 stimulate 
release of  IFN-b and IFN-γ in liver IRI, confirmed by 
TLR 4 knockout models[32].

Some cytokines released during liver IRI appear to 
reduce the severity of  injury. The best evidence for this 
from knockout studies is for IL6[34]. Camargo et al[34] 
showed worse IRI in livers of  IL6 knockout mice than 
wild type mice, which was restored to the wild type injury 
patterns by administration of  recombinant IL6 to the 
knockout mice before ischaemia. There is evidence that 
IL4 and IL10 may also be protective in IRI, but knock-

outs of  these cytokines have not been used in liver IRI 
models to substantiate this.

Chemokines (CXCL), like cytokines, are a family of  
locally produced factors, but chemokines are smaller mol-
ecules, which act locally forming concentration gradients 
that guide leucocyte chemotaxis. A CXCL 10 knockout 
model found that this chemokine contributed to liver IRI 
(Figure 2 and Table 3) from 1 h of  reperfusion onwards 
with associated activation of  neutrophils, Kupffer cells 
and increased TNF-α and IL 1b release[44]. A study us-
ing knockouts of  chemokine receptor 2 (CXR 2) showed 
CXCR 2 activation contributes to liver IRI and neutrophil 
recruitment[26]. 

Plasminogen activator inhibitor type-1 (PAI-1) in-
hibits plasmin generation by inhibiting activation of  
plasminogen activators which play a role in diverse prote-
olysis related processes. One group used a model of  liver 
ischemia reperfusion using wild type normal and PAI-1 
knockout mice based on controlled intravenous haem-
orrhage maintaining MAP 25-30 mmHg for 2.5 h fol-
lowed by controlled resuscitation intravenously with shed 
blood/Ringer’s lactate maintaining MAP > 80 mmHg 
for 4 h. They demonstrated liver IRI in wild type animals 
reflected by raised serum ALT, histological periportal and 
pericentral injury (zone 2) and electron microscopic SEC 
injury with loss of  fenestra. DNA microarray showed 
PAI-1 mRNA was most elevated after haemorrhage-
resuscitation and immunohistochemistry showed PAI-1 
expression was localised to SEC. PAI-1 knockouts had 
no liver injury following haemorrhage-resuscitation. In 
normal mice PAI-1 mediated IRI was associated with 
reduced urokinase plasminogen activator (u-PA) in zymo-
gens of  hepatocytes, reduced hepatocyte growth factor 
(HGF) and increased TGF-b1, but no differences in IL6 
and IL10. These changes with haemorrhage-resuscitation 
are associated with reduced phosphorylation activation 
of  the ERK-1/-2 MAP kinase pathway which were re-
versed in PAI-1 knockouts. Based on these results, the 
study concluded that liver IR activates SEC PAI-1 which 
inhibits u-PA which reduces levels of  active HGF and in-
creases levels of  TGF-b1 that together reduce activation 
of  downstream ERK MAP kinase pathway, mediating 
liver IRI. The group used a systemic model of  liver IRI 
(systemic hypotension) rather than direct liver ischaemia 
and reperfusion so PAI-1 may not have the same role in 
liver IRI resulting from total or partial inflow occlusion. 
The knockout animals which showed no liver IRI with 
heamorrhage-resusciatation, were anaesthetised with 
isoflurane, while wild type animals which did show liver 
IRI with haemorrhage-resuscitation were anaesthetised 
with sodium pentobarbital. These results need to be in-
terpreted with caution as isoflurane preconditions against 
liver IRI, so the protective effect may not be due to lack 
of  PAI-1.

COMPLEMENT SYSTEM
Activation of  the complement system has been shown 

Ischaemia/reperfusion

CXCL10 IRF TLR4

CXCR2 TNF-α IFN-b/IFN-γ

TNFR1 IFN AR (type 1)

NFκb CD4+ T cell 
activation

IRE-1

JNK2 STAT4

Ischaemia reperfusion injury

Figure 2  Cytokine and downstream signalling pathways in liver ischaemia 
reperfusion injury. Following liver ischaemia reperfusion, there is activation of 
tumor necrosis factor-α (TNF-α) is by chemokine (CXCL) 10, interferon regula-
tory factor (IRF) and toll-like receptor (TLR) 4 in parallel. TNF-α activates down-
stream hepatocyte/sinusoidal endothelial cells (SEC) nuclear factor κb (NFκb) 
and CD4+ T cells separately which activate c-Jun N-terminal protein kinase-2 
(JNK-2) and signal transducer activator of transcription-4 (STAT4), respectively 
leading to increased cell injury. A parallel pathway of cell injury occurs where 
TLR4 activation stimulates interferon (IFN)-b and IFN-γ expression, which act-
ing through their receptor IFN receptor subtype (AR) activate interferon regula-
tory element (IRE)-1 which in turn activate CD4+ T cells. CXCR: Chemokine 
receptor.
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MATRIX METALLOPROTEINASE-9 
MMP-9 is a zinc dependent secreted gelatinase which cata-
lyses degradation of  type Ⅳ collagen and gelatin. MMP-9 
knockout models of  liver IRI have shown liver IRI is 
reduced by up to 80% in MMP-9-/- knockouts and that 
in normal animals increased expression of  MMP-9 on 
macrophages and neutrophils occurs during reperfusion 
(Table 4) which increases neutrophil transmigration over 
fibronectin in liver sinusoids and increases TNF-α and 
interferon γ secretion and CD4+ T cell activation by 
mechanisms that remain to be elucidated[12,27]. The mecha-
nisms by which MMP-9 expression is increased in liver IR 
were not investigated in these knockout studies, but a pos-
sible pathway involves induction of  MMP-9 by ROS and 
TNF-α. 

NITRIC OXIDE SYNTHASE
NOS catalyses formation of  NO from L-arginine. NO 
is a versatile molecule which is vasoactive, is involved in 
activating molecular signalling pathways in cell survival, 
has immunological effects as well as directly injurious ef-
fects in high levels as a free radical itself. There are three 
isoforms of  NOS: constitutive calcium (Ca2+) dependent 
forms which are eNOS and neuronal NOS (nNOS), and 
an inducible calcium independent form, namely induc-
ible NOS (iNOS). Only eNOS and iNOS are expressed 
in liver. Most studies agree that eNOS is upregulated 
in liver IRI and this reduces the severity of  IRI. This is 
confirmed by knockout models of  IRI (Table 4), where 
eNOS expression is related to reduced liver necrosis, ap-
optosis, leucocyte infiltration and increasing liver sinusoi-
dal diameter and liver blood flow[23,24,58,59].

The role of  iNOS is more controversial (Table 4)[58-64]. 
Some knockout models of  iNOS show no role for iNOS 
in liver IRI[24,60,61]. One knockout study of  iNOS showed 
in the liver IRI model used that iNOS was protective 
which was at least partly mediated by activation of  iNOS 
by eNOS[23]. Yet another set of  knockout studies con-
clude iNOS contributes to IRI[27,37,58]. Hamada et al[27] 
used separate iNOS and MMP-9 knockout mice to show 
in their model of  liver IRI that iNOS is upregulated in 
macrophages which increases IFN-γ release and NO 
which increases MMP-9 expression on the macrophages 
and neutrophils. This signalling cascade contributes to 
increased liver IRI. However, one study using the partial 
(70%) hepatic IR model with 45 min lobar ischaemia 
found increased IR injury in iNOS-/- mice demonstrated 
by increased hepatocellular and histological injury and 
increased liver sinusoid neutrophil infiltration compared 
to wild type animals, but they found no iNOS mRNA 
expression in wild type livers[24]. This led the authors 
to conclude that there may be genetic compensation in 
iNOS-/- animals, although there was no reference to 
which genes may have been involved in this compensa-
tion. Genetic compensation is a rare phenomenon where 
after a gene is mutated and its function is lost, compensa-
tory genes are upregulated, although the mechanisms for 

this is unclear[65].
Large animal studies using pigs and various inhibi-

tors of  iNOS (AG, ONO-1714) on both a warm liver 
ischaemia reperfusion model and an orthotopic liver 
transplantation model have shown that iNOS expres-
sion is stimulated by IR in Kupffer cells and neutrophils 
in the centrilobular region resulting in higher levels of  
serum nitrite/nitrate, reduced capillary perfusion with 
more thrombi and ultimately increased liver injury and 
increased mortality[62-64].

The conflicting results of  the role of  iNOS in early 
phase liver IRI may reflect different roles of  iNOS and 
the regulation of  its function in liver IRI depending on 
the duration of  the liver ischaemia. Partial hepatic IR 
models with prolonged ischaemia of  60 min or longer 
have found that iNOS does have a role in liver IRI[27], 
while models using shorter ischaemia times of  45 min 
have shown no role of  iNOS[24]. Several studies that have 
used iNOS-/- knockout animal models of  hepatic IR, 
but there is evidence, that iNOS-/- knockouts show ge-
netic compensation[24], so conclusions based on models 
of  liver IR using iNOS-/- animals need to be interpreted 
with caution. 

The overall conclusions from the current literature 
is that eNOS and iNOS are both induced during liver 
IRI from 1 h reperfusion onwards (for mRNA and 2 h 
reperfusion onwards for protein), eNOS reduces injury 
and low levels of  iNOS induction are probably protective 
while high expression of  iNOS contributes to increased 
injury and the overall effect of  iNOS physiologically de-
pends on how ischaemia and reperfusion is produced.

HAEM OXYGENASE-1
Haem oxygenase-1 (HO-1 or heat shock protein 32, HSP 
32) is the inducible isoform of  HO-1, the constitutive 
isoform being HO-2. This enzyme catalyses the forma-
tion of  CO, biliverdin and Fe2+ from haem degradation. 
HO-1 has been implicated as having a protective role in 
IRI[66] through CO and biliverdin being vasodilators and 
reducing apoptosis and necrosis[67]. HO-1 is typically ex-
pressed three or more h after liver reperfusion[38,68]. The 
protective effects of  HO-1 are supported by knockout 
models of  liver IRI, where knockouts of  HO-1 have 
more severe IRI than normal animals (Table 4)[38,43]. 
These knockout models also provide evidence that HO-1 
acts at least partly by inhibiting TLR4 (Toll-like recep-
tor 4) activation and the resulting release of  TNF-α and 
IFN-γ[38,43,69].

DOWNSTREAM PATHWAYS
A wide range of  downstream pathways have been studied 
in liver IRI. The majority of  systems which are activated 
in ischaemia reperfusion are effective through these 
pathways. Some of  the key mediatoare TNF-α, IFN-b, 
IFN-γ and CXCL10 (Figure 2). In particular, the roles of  
the transcription factors nuclear factor κb (NFκb)[70], the 
survival kinases (JNK, MAPK’s, PKC, PI3K/Akt), signal 
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nalling pathways in IRI. 
Theruvath et al[14,15]

 used a JNK 2 knockout to show 
JNK 2 contributes to IRI in both a mouse liver trans-
plantation model and warm ischaemia reperfusion model 
of  liver IRI by increasing mitochondrial depolarisation 
and caspase-3 activity leading to liver injury manifested 
as hepatocyte cell membrane lipid peroxidation, necrosis 
and apoptosis. A knockout model has provided evidence 
that JNK activity, but not p38 MAPK contributes to liver 
IRI after reperfusion (Table 5)[37]. 

Knockout models of  PI3K and Protein kinase C 
(PKC) have been used in cardiac IRI, but not in the liver 
IRI. One group used a porcine liver transplant model us-
ing chelerythrine (a PKC inhibitor) and/or ischaemic pre-
conditioning (IPC) of  the donor liver before cold storage 
to show that PKC activity was not affected by IRI alone, 
although PKC was strongly activated by IPC reducing the 
severity of  IRI[73-79]. 

In a rat model of  warm partial hepatic ischaemia 
reperfusion using a caspase-3 inhibitor (Z-Aspemk iv 2 
min before 2 h of  ischaemia) it was found that IRI was 
associated with reduced PI3K/Akt activity and increased 
hepatocyte apoptosis, with the converse pattern in the 
caspase-3 inhibitor treated group[77-79]. In contrast, in 
another rat model of  IRI, hepatocytes isolated from rats 
which underwent partial warm hepatic ischaemia/reper-
fusion or sham laparotomy cultured and treated with 
IL-1b provided evidence that during IR, IL-1b binding 
to IL-1b receptor-1 increased NFκb activity and phos-
phorylated Akt which acted in parallel to increase iNOS 
expression (mRNA and protein) with a resulting increase 
in NO release[77-79].

Activation of  the STAT family of  transcription fac-
tors is mediated by extracellular signalling molecules such 
as cytokines which bind to membrane receptors which 
activate intracellular Janus kinases on the cytoplasmic face 
of  the plasma membrane, which in turn activate a STAT 
protein which is then transported to the nucleus where 
they bind DNA to affect gene expression (Jak/STAT 
signalling pathway). STAT6 activation does not appear to 
be involved in liver IRI based on results from knockout 
models[71,72,80]. Kato et al[72] found in their model of  IRI 
using STAT4 knockouts that STAT4 did not affect the 
extent of  liver injury after 8 h reperfusion. In contrast, 
Shen et al[80] showed STAT4 expression was related to IRI 
after 6 h of  reperfusion, although it was specifically its 
expression within CD4+ T cells that mediated the liver 
injury (Table 5). This was demonstrated by reduced IRI 
in mice lacking mature lymphocytes (nu/nu mice), which 
was restored to normal animal IRI severity in the nu/nu 
mice by adoptive transfer of  CD4+ T cells from spleens 
of  normal mice but not from spleens of  STAT4 knock-
outs. The reasons for this discrepancy between Kato et 
al[72] and Shen et al[80] are not clear, as both groups used a 
partial (70%) hepatic IR model of  90 min ischaemia and 
reperfusion including the same timeframe, the same end-
points and double knockouts. The transgenic knockouts 
had different wild type backgrounds in the two studies of  

C57Bl6 or Balb/c wild types by Kato et al[72] and Shen et 
al[80] respectively, which may have affected the IRI results. 
Genetic compensation in the knockouts of  either study 
is a possibility that may explain the discrepancy, although 
STAT4 protein expression was not assessed by Shen et 
al[80] and there is little detail on how the knockouts were 
generated in both studies. 

A knockout of  PARP has been used to show that 
PARP activation contributes to early liver IRI (Table 5) 
and activates signalling pathways increasing expression of  
adhesion molecules on SECs[61]. A liver IRI model using 
a PPAR knockout demonstrated background PPAR activ-
ity reduces the severity of  liver reperfusion injury acting 
via signalling pathways that remain to be elucidated but 
appear not to involve NO or TNF-α, both of  which act 
independently of  PPAR in this model[35].

CONCLUSION
Liver IRI is a clinically relevant phenomenon in a wide 
range of  settings including trauma surgery, hepatic re-
section and transplantation, affecting clinical outcome. 
Laboratory work using knockout models and large ani-
mal studies have provided insights into the mechanisms 
of  liver IRI. Liver IRI occurs as a continuum beginning 
from the moment of  reperfusion onwards for up to a 
week. 

There is a complex interplay between cellular me-
diators, ROS, the complement system, cytokines/che-
mokines and other secreted factors that activate several 
parallel intracellular pathways that include transcription 
factors, nitric oxide synthase and haem oxygenase-1, all 
of  which is beginning to be unravelled. Further laborato-
ry work using knockout models and large animal studies 
of  liver IRI will provide further mechanistic insights into 
this phenomenon and identify pharmacological agents 
that could be entered into clinical trials for reducing IRI. 
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