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Hepatic ischemia/reperfusion (I/R) injury is a major complication of liver surgery, including liver resection,
liver transplantation, and trauma surgery. Much has been learned about the inflammatory injury response
induced by I/R, including the cascade of proinflammatory mediators and recruitment of activated leukocytes.
In this review, we discuss the complex network of events that culminate in liver injury after I/R, including cel-
lular, protein, and molecular mechanisms. In addition, we address the known endogenous regulatory mediators
that function to maintain homeostasis and resolve injury. Finally, we cover more recent insights into how the
liver repairs and regenerates after I/R injury, a setting in which physical mass remains unchanged, but func-
tional liver mass is greatly reduced. In this regard, we focus on recent work highlighting a novel role of CXC
chemokines as important regulators of hepatocyte proliferation and liver regeneration after I/R injury.
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INTRODUCTION

Ischemia is defined as a deficient supply of blood to an
organ and causes shortage of oxygen and may disrupt cel-
lular metabolism. Reperfusion is the restoration of blood
flow and, in many organs, is followed by tissue injury
that results from the previous lack of oxygen and nutrient
delivery and buildup of metabolic by-products. Ischemia/
reperfusion (I/R) injury of the liver is a major complica-
tion in many clinical scenarios, such as liver resection,
liver transplantation, and trauma'™. Vascular occlusion
techniques such as the Pringle maneuver and total hepatic
vascular exclusion are used for avoiding excessive blood
loss during liver surgery, whereas liver transplantation
involves perfusion of liver grafts with preservation fluid
prior to cold storage. A better understanding of hepatic
I/R injury may lead to improvements to the clinical care
of many patients, particularly those undergoing surgery
with extended ischemia times or marginal liver grafts for
transplantation. Experimental models of I/R injury have
provided a solid foundation of the cellular and molecu-
lar mechanisms of the hepatic injury response. However,
less is known about the precise manner of liver repair

and regeneration after I/R injury. In this review, we dis-
cuss the underlying mechanisms of liver I/R injury and
present the current understanding of the process of liver
recovery and regeneration after I/R injury.

INITIAL PHASE OF I/R INJURY RESPONSE
IN THE LIVER

Jaeschke and colleagues proposed that there are two
distinct phases of liver injury after warm I/R. The early
phase of liver injury is characterized by rapid Kupffer
cell activation after reperfusion®’. Activated Kupffer cells
release reactive oxygen species (ROS), including super-
oxide anion and hydrogen peroxide, which induce oxi-
dative stress and parenchymal and vascular injuries’.
Indeed, suppression or depletion of Kupffer cells reduces
the severity of injury’. Although the degree of this ini-
tial phase of liver injury is relatively modest, it triggers
a subsequent cascade of events including a sequence of
proinflammatory mediators leading to the recruitment of
activated leukocytes and significant liver injury (Fig. 1).
The factors contributing to the initiation of I/R injury are
discussed below.
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Figure 1. Events contributing to inflammatory liver injury after ischemia/reperfusion (I/R). Oxidant stress induced by I/R results in
the release of complement, high-mobility group box 1 (HMGB1), and IL-23, which activate Kupffer cells and induce their produc-
tion of TNF-a. TNF-o propagates the inflammatory response by upregulating adhesion molecules on endothelial cells and inducing
expression of CXC chemokines by hepatocytes. At the same time, CD4 T cells are transiently recruited to the liver and, along with
the increased expression of CXC chemokines and adhesion molecules, facilitates neutrophil recruitment into the liver parenchyma.
Neutrophils then directly injure hepatocytes via oxidants and proteases, leading to necrotic cell death.

Complement

Complement consists of a number of circulating small
proteins and plays a central role for immune defense and
inflammation against pathogens. The complement cas-
cade is stimulated by the cellular proteins that are released
after reperfusion. In fact, deposition of activated com-
plement components is detected in human liver as well
as in rodent models after hepatic I/R and contributes
to initiating the inflammatory response of I/R injury®’.
Deletion of serum complement before ischemia attenu-
ates Kupffer cell-induced oxidative stress after reperfu-
sion, and complement-depleted animals had decreased
neutrophil accumulation and hepatic injury after I/R".
Other studies showed that C3 deficiency and C5aR antag-
onist also decrease I/R injury associated with lower neu-
trophil recruitment'"'>. Complement is activated through
three distinct pathways: the classical, alternative, and
mannose-binding lectin pathways. Inhibition of the clas-
sical and alternative pathways using soluble complement
receptor type 1 (sCR1) improves microvascular perfu-
sion, decreases leukocyte recruitment, and attenuates
hepatic injury®'®"’. Taken together, complement is one
of the most upstream mediators of I/R injury and func-
tions to activate Kupffer cells.

Toll-Like Receptor

Toll-like receptors (TLRs) have been shown as a key
mediator for initiating the innate immune response after
I/R. TLRs are present on a variety of liver cell types includ-
ing Kupffer cells, dendritic cells, and hepatocytes. TLRs
recognize danger-associated molecular patterns (DAMPs)
and pathogen-associated molecular patterns (PAMPs) to
propagate the inflammatory response. Following I/R, which
is a noninfectious setting, hepatocellular reactive oxygen
stress mediates the release of high-mobility group box 1
(HMGB1), which is the most widely studied DAMP".
HMGBI levels increase as early as 1 h after reperfusion
and work as a key endogenous TLR4 ligand. Neutraliza-
tion of HMGB1 or TLR4 deficiency reduces I/R injury'>'.
TLR signaling in nonparenchymal cells, Kupffer cells,
and dendritic cells is required for upregulating proinflam-
matory mediators, including TNF-q, IL-6, and ICAM-1,
whereas hepatocyte TLR4 facilitates the release of HMGB1
from hypoxic hepatocyte'”'*. Downstream components of
the TLR4 signaling pathway include the adaptor mole-
cules, MyD88 and TIR domain-containing adaptor induc-
ing IFN-B (TRIF), which bind to intracellular receptor
domains. MyD88-deficient mice are not protected from
I/R liver injury'®. However, the TRIF-dependent pathway
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activates its downstream signaling interferon regulator
factor 3 (IRF3), leading to the production of type 1 IFN
and CXCL10, which modulates I/R injury by upregulat-
ing proinflammatory cytokines'®'**.

CD4 T Lymphocytes

Very rapidly after reperfusion, CD4 T lymphocytes
are recruited to the postischemic liver*'. The role of these
cells in I/R injury has been studied using T-cell-deficient
mice and antibody depletion of CD4 T lymphocytes, both
models demonstrating that a loss of CD4 T lymphocytes
significantly dampens the injury after I/R*'. Furthermore,
adoptive transfer of CD4 T lymphocytes into T-cell-
deficient mice restores the injury response®’. Depletion
or deficiency of CD4 T lymphocytes appears to regulate
liver I/R injury by decreasing recruitment of neutrophils™.
After I/R injury, recruited CD4 T lymphocytes release
IL-17, which facilitates the recruitment of neutrophils™.
IL-17 has been recognized to induce chemokine secretion
from other cell types, including epithelial cells, fibro-
blasts, and endothelial cells**. Upregulation of IL-17
after I/R increases chemokine levels, which contributes
to the recruitment of neutrophils®. CD4 T lymphocytes
also appear to contribute directly to neutrophil recruit-
ment. One study has shown that approximately 30% of
recruited CD4 T cells were colocalized with platelets
in hepatic sinusoids and that CD4 T lymphocytes acti-
vate endothelial cells and increase platelet adherence and
neutrophil migration®. Platelet adherence on ICAM-1-
expressing endothelial cells induced microvascular injury
and hepatocyte cell death after I/R”.

T cells may be activated by antigen-dependent and
antigen-independent pathways. Although hepatic I/R is
thought to be a sterile injury, there is evidence of antigen-
dependent CD4 T-lymphocyte activation. In OT-II mice,
in which T cells only express a TCR that recognizes oval-
bumin, hepatic I/R injury was significantly reduced®.
However, the magnitude of this change was modest com-
pared to studies of antigen-independent pathways of CD4
T-lymphocyte activation. After hepatic I/R injury, liver-
recruited CD4 T lymphocytes are activated by ROS, IL-6,
and TNF-q. derived from Kupffer cells®. In addition, the
CD154-CD40 costimulation pathway plays an important
role in the involvement of T cells after I/R*. Disruption
of CD154 ameliorated fulminant liver injury that is cor-
related with depressed T-cell sequestration, decreased
VEGEF expression, inhibition of TNF-o and T-helper type
1 cytokine production, and induction of antiapoptotic but
depression of proapoptotic proteins’",

Inflammatory Cytokines

After I/R, proinflammatory cytokines play a central
role in propagating the inflammatory response through-
out the liver. The complicated cytokine cascade after I/R
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begins with the upregulation of IL-12 and IL-23. IL-12
expression was observed 1 h after reperfusion and disap-
peared within 4 h*. The source of IL-12 and IL-23 has
not been identified yet, but Kupffer cells and hepatic
stellate cells likely produce these cytokines™. Both the
neutralization of IL-12 and IL-23 and in mice lacking
the p40 subunit, which is common to both IL-12 and
IL-23, the robust increase in TNF-o. and IFN-y after I/R
was diminished, resulting in less neutrophil accumulation
and liver injury’*”. Therefore, IL-12 and IL-23 appear
to be early response cytokines that amplify the inflam-
matory response by stimulating the expression of TNF-o
and IFN-v.

IL-1P is another early response cytokine that has been
shown to propagate the inflammatory response after I/R
in the liver. Antagonism of IL-1f signaling with the IL-1
receptor antagonist significantly reduces TNF-o expres-
sion, liver inflammation, and injury after I/R*. A subse-
quent study showed that gene deletion of the type I IL-1
receptor had no effect on liver injury”’.

TNF-a has been long recognized as perhaps the most
important mediator in the hepatic inflammatory response
to I/R*™. TNF-« is released by a variety of cells in the
liver, but its release by Kupffer cells is most prominent,
and it is detected rapidly after reperfusion®*. TNF-o,
stimulates hepatocytes and Kupffer cells to produce neu-
trophil chemoattractants, particularly CXC chemokines®’.
In addition, TNF-o upregulates the adhesion molecules
ICAM-1, VCAM-1, and P-selectin on vascular endothe-
lial cells*'. Neutralization of TNF-o nearly abrogates I/R
injury by suppressing the inflammatory response and
resultant liver injury™*',

Nuclear Factor kB (NF-kB)

NF-xB is a major transcription factor involved in
mediating inflammatory gene expression in a wide range
of cell types. NF-xB is composed of proteins of the Rel
family, which share a homologous amino acid sequence
in their amino termini called the Rel homology domain
that is necessary for dimerization, binding to DNA, and
binding to IkB (inhibitor of NF-kB) proteins™*. NF-kB
complexes are made up of homo- or heterodimers, but
the majority of NF-xB in the liver consists of the p50/p65
heterodimer. In unstimulated cells, NF-xB is sequestered
in the cytoplasm by binding to IkB proteins. IxB proteins
mask the nuclear localization sequence of NF-kB, thereby
preventing its translocation into the nucleus. There are
two pathways for NF-xB activation after I/R injury. In
the classical pathway, cell stimulation results in the serine
phosphorylation of IkB by the IkB kinase complex (IKK
complex). Phosphorylated IkB then becomes the target
of ubiquitin ligase, which polyubiquitinates the protein
for subsequent proteasomal degradation***’. In addition
to this well-characterized pathway, there appears to be an
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alternative pathway for activating NF-kB that does not
involve IkB degradation. This alternative pathway was
originally described in hypoxic T cells and involves the
phosphorylation of IkBat on tyrosine residue 42 that leads
to its dissociation from NF-kB*. Experimental data sug-
gest that the activation of NF-xB via this mechanism
occurs predominantly after hypoxia, whereas the classical
pathway occurs primarily after cytokine stimulation®’™",
For both pathways, once NF-kB is free from [kB, it trans-
locates to the nucleus where it binds DNA and initiates
the transcription of target genes.

The role of NF-kB in hepatic I/R injury is complex
and is dependent on the cell type (Fig. 2). During the ini-
tial phase of injury, NF-xB is activated by oxidant stress
and proinflammatory stimuli to increase the expression
of proinflammatory cytokines, chemokines, and adhe-
sion molecules. In Kupffer cells, NF-xB activation pro-
motes the expression of TNF-o and IL-6 after I/R™. In
hepatocytes, NF-xB activation drives their production of
TNF-0,, contributing to the inflammatory injury”. NF-kB
activation in endothelial cells leads to the expression of
chemokines of the IL-8 family and the adhesion mole-
cules E-selectin, ICAM-1, and VCAM-1>*%.
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LATE PHASE OF I/R INJURY RESPONSE
IN THE LIVER

The late phase of I/R injury is characterized by the
process of neutrophil recruitment to the postischemic
liver and their damage to hepatocytes via oxidants and
proteases. The mechanisms of neutrophil recruitment are
dependent on the ability of circulating neutrophils to
adhere to the vascular endothelium and transmigrate from
the blood vessel lumen into the tissue parenchyma. These
processes require the coordinated efforts of both chemo-
tactic agents and vascular cell adhesion molecules.

Chemokines and Chemoattractants

Chemokines are a group of small (§—10 kDa), basic,
heparin-binding proteins that are secreted by a variety
of cell types™’. Chemokines are identified based on the
structural location of the cysteine residues in the amino
terminus such that there are four families of chemokines:
CXC, CC, CX3C, and C (where X is any amino acid).
CXC chemokines can be further identified based on the
presence of a Glu-Leu-Arg (ELR) amino acid motif at the
amino terminus of the peptide, which determines receptor
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Figure 2. Cell-specific roles of nuclear factor kB (NF-xB) in liver injury and recovery and regeneration. NF-xB is a driver of the
inflammatory response: I/R induces the generation of reactive oxygen species (ROS) in Kupffer cells, which activates NF-kB result-
ing in the production and release of proinflammatory cytokines, such as TNF-c., by Kupffer cells. These proinflammatory cytokines
activate other cell types to produce inflammatory mediators, such as adhesion molecules and chemokines, which facilitate the recruit-
ment of neutrophils. NF-xB is a key modulator of hepatocyte survival: ROS generated by Kupffer cells also impacts hepatocytes and
contributes to mitochondrial dysfunction. NF-kB activation in hepatocytes leads to the production of several cytoprotective proteins
that mitigate mitochondrial dysfunction and contribute to hepatocyte survival and proliferation.



HEPATIC I/R INJURY

specificity. ELR" CXC chemokines bind to the receptors
CXCRI1 and CXCR2, while ELR™ CXC chemokines bind
to the receptors CXCR3 and CXCR4. After hepatic I/R,
ELR" CXC chemokines are highly expressed and con-
tribute to the recruitment of neutrophils***®. ELR* CXC
chemokines not only are chemotactic for neutrophils
but also activate neutrophils™®, which may contribute
to hepatocellular damage. Neutralization of ELR" CXC
chemokines greatly attenuates neutrophil accumulation
and subsequent liver injury*®. Gene deletion of the recep-
tor CXCR2 completely abolishes acute neutrophil accu-
mulation after I/R®'. However, these studies showed that
neutrophil accumulation was just delayed, suggesting that
other, nonchemokine chemoattractants are involved in the
recruitment of neutrophils. One such agent is leukotriene
B4 (LTB4), which has been shown to be expressed after
liver I/R injury®.

Adhesion Molecules

Several adhesion molecules expressed on both vascu-
lar endothelial cells and neutrophils are responsible for
the physical capture, arrest, and transmigration of neutro-
phils from the vascular space into the liver parenchyma.
Initial capture of neutrophils within the hepatic microvas-
culature is mediated by P- and L-selectin. P-selectin is
expressed on the vascular endothelium and binds to its
ligand expressed on the neutrophil surface, while L-selectin
is expressed on the neutrophil surface and binds to its
ligand expressed on endothelial cells® . These selec-
tins function to capture the neutrophils and reduce their
velocity such that more firm adhesive interactions can
take place. The latter are facilitated by integrins expressed
on the neutrophil surface and ICAM-1 and VCAM-1
expressed on the endothelial cells, which mediate adhe-
sive arrest of neutrophils on endothelial cells, and their
extravasation into the liver parenchyma® .

Neutrophil-Derived Reactive Oxygen
Species and Proteases

Whereas ROS are produced within hepatocytes during
the initial phase of injury, it is the production and release
of ROS by neutrophils that cause the most direct injury
to hepatocytes. Once recruited into the liver, neutrophils
directly bind to hepatocytes by engagement of integ-
rins on neutrophils and ICAM-1 on hepatocytes®™”. This
direct contact triggers the activation of NADPH oxidase
in neutrophils. Oxidation of NADPH liberates an elec-
tron that reduces molecular oxygen to form superoxide
anion. Superoxide dismutase catalyzes superoxide anion
to hydrogen peroxide (H,0,), which is a highly diffusible
oxidant and can also be further reduced to hydroxyl radi-
cal (HO"). In addition, myeloperoxidase released from
neutrophil granules generates hypochlorous acid (HOCI)
from H,0,, another diffusible oxidant. ROS produced by
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neutrophils diffuse into hepatocytes and cause mitochon-
drial dysfunction with calcium accumulation and mito-
chondrial permeability transition leading to cell death”.
Inhibition of NADPH oxidase significantly attenuates
liver injury after I/R".

In addition to the generation of oxidants, activated
neutrophils release a number of mediators by granule
exocytosis. In addition to myeloperoxidase, mentioned
above, neutrophil degranulation releases large amounts
of proteases (i.e., elastase, cathepsin G, heparanase, col-
lagenase) and hydrolytic enzymes that may be directly
cytotoxic to hepatocytes. Serine proteases, such as elas-
tase and cathepsin G, may directly damage membrane
components of hepatocytes, where metalloproteinases
primarily degrade basement membrane and matrix com-
ponents. The role of proteases in I/R injury has been dem-
onstrated by treatment with protease inhibitors that limit
liver injury”™™.

Modes of Hepatocyte Cell Death

There has been considerable controversy over the
mode of hepatocyte cell death after I/R injury. Two modes
of cell death have been described following hepatic
I/R injury: apoptosis and necrosis. These modes of cell
death are very different in mechanism and morphology.
Hallmarks of apoptosis include cell shrinkage, chromatin
condensation, nuclear fragmentation, and formation of
apoptotic bodies. Necrosis can be characterized by mito-
chondrial and cell swelling and resultant loss of plasma
membrane integrity and vacuolization. A critical aspect
of both forms of cell death is mitochondrial dysfunc-
tion. Interestingly, a given stimulus can induce apoptosis
or necrosis based on the intensity of the stimulus and/or
the effect of the stimulus on intracellular ATP levels” .
For example, peroxynitrite, a ROS, can induce apoptosis
at a low concentration and necrosis at higher concentra-
tions”. Alternatively, induction of apoptotic pathways
can lead to necrosis if intracellular ATP is depleted’®”.
There have been a number of studies that have reported
widespread and substantial hepatocyte apoptosis after
I/R injury. At issue with many of these studies are the
methods in which apoptosis is differentiated from necro-
sis, as it has been established that cells undergoing necro-
sis will often stain positively for apoptotic markers, such
as TUNEL™”. These studies have shown that although
apoptotic pathways are activated in hepatocytes after I/R,
the final mode of cell death in the overwhelming majority
of hepatocytes is necrosis.

RESOLUTION OF INFLAMMATORY
INJURY AFTER I/R

Like most other biological processes, inflammation
is homeostatic, and there exist a number of regulatory
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mechanisms that help prevent uncontrolled inflammation.
Several anti-inflammatory mediators have been shown to
be expressed after I/R and to play key roles in the resolu-
tion of the injury response.

IL-6 is a multifunctional cytokine produced by Kupffer
cells and macrophages and is released during inflamma-
tion. Gene deletion of IL-6 resulted in increased hepatic
I/R injury, and therapeutic treatment with IL-6 reduced
I/R injury®. These effects were associated with reduced
expression of TNF-o, and P-selectin®. In addition, IL-6
enhanced the activation of signal transducer and activator
of transcription 3 (STAT3) and led to hepatocyte prolifer-
ation after I/R injury®'. Thus, IL-6 appears to function as
a factor that resolves inflammatory injury and promotes
repair and regeneration.

IL-13 is an anti-inflammatory cytokine that limits
inflammation by inhibitory effects on the transcription
factor NF-kB¥. However, in the context of hepatic I/R
injury, gene deletion of IL-13 was shown to result in
significantly greater hepatocellular injury without any
change in NF-xB activation”’. These studies also dem-
onstrated that IL-13 knockout animals had much greater
endothelial cell injury and that, in vitro, IL-13 protected
hepatocytes from H,O,-induced cytotoxicity. IL-13 there-
fore appears to have prominent protective effects on hepa-
tocytes and liver endothelial cells.

Secretory leukocyte protease inhibitor (SLPI) is a small
protein produced by a variety of cells that potently inhib-
its enzymes with serine protease activity®'. Expression of
SLPI increases in the liver after I/R, and neutralization
of SLPI dramatically increases I/R liver injury®. These
effects were due to the inhibitory effects on NF-xB and
the reduced expression of proinflammatory mediators
and neutrophil recruitment. Treatment with exogenous
SLPI had profound effects in limiting liver inflammation
and injury after I/R*. SLPI appears to be an important
endogenous mediator that resolves inflammation and
injury after liver I/R.

LIVER REPAIR AND REGENERATION
AFTER I/R INJURY

General Mechanism of Liver Regeneration

The liver is a unique organ in terms of its regenera-
tive capacity. Liver parenchymal cells rarely prolifer-
ate in their quiescent phase; however, once functional
liver mass is reduced due to physical or functional loss,
hepatocytes gain the potential of proliferation for main-
taining organ function until the original size is restored.
The regulation of liver regeneration is mediated by the
interaction between cytokines, growth factors, and meta-
bolic pathways®. Cytokines play an important role for
priming the quiescent hepatocyte, which is the G, phase
to the G, phase for entering into cell cycle. TNF-o and
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IL-6 are released from Kupffer cells and activate NF-kB
and STAT3 to lead transcription of target genes for liver
regeneration. Once primed, hepatocytes respond to sev-
eral growth factors, especially hepatocyte growth factor
(HGF) and epidermal growth factor receptor (EGFR)
ligands, resulting in the transition from the G, to the
S phase of DNA replication. HGF is released from the
extracellular matrix as well as produced by hepatic stel-
late cells and endothelial cells after hepatectomy. HGF
and its receptor MET signaling activate ERK1/2 and are
essential for cell cycle progression®’. In addition to HGF,
the EGFR ligands EGF, transforming growth factor-o
(TGF-0), and heparin-binding EGF-like growth factor
(HB-EGF) are also mitogenic for hepatocytes®.

Liver Repair and Regeneration After I/R

For decades, the gold standard experimental model for
the study of liver regeneration has been partial hepatec-
tomy. In this model, a large segment of the liver (typically
~60%) is resected, and the remnant liver is undamaged.
However, postischemic liver is highly damaged and
stressed and, therefore, represents a much different bio-
logical milieu. While many of the same mechanisms for
liver regeneration that occur after hepatectomy are oper-
ant after I/R injury, unlike hepatectomy, the remaining
hepatocytes after I/R are highly stressed by the insult
and inflammation response, which can impact hepatocyte
proliferation®®. The trigger of liver regeneration after
I/R injury remains unknown, but hepatocyte prolifera-
tion begins after liver injury. Proliferation of hepatocytes
after I/R begins in the perivascular regions and is cor-
related with the expression of stathmin, which controls
cell proliferation and progression through mitosis, and is
observed when I/R-induced increases in the expression
of SSAT and p21 subside™. Furthermore, the postische-
mic liver has a large amount of dead tissue that must
be cleared and remodeled; physical liver mass remains
unchanged, but functional liver mass is greatly reduced.
As such, necrotic cells are cleared and replaced with
regenerating hepatocytes, which occurs along a frontal
boundary (Fig. 3)°"*. During liver repair after injury,
nonparenchymal cells, such as macrophages and hepatic
stellate cells, are involved in liver tissue remodeling,
and their interactions are highly coordinated”’'. In other
models of severe liver injury, activation of hepatic pro-
genitor cells occurs concomitant with a ductular reaction
when loss of hepatocytes is massive and parenchymal
proliferative capacity is impaired, and the expansion of
hepatic progenitor cells is correlated with the severity of
hepatocyte loss after liver injury®. Activation and differ-
entiation of progenitor cells are governed by a complex
microenvironment regulated by macrophages and hepatic
stellate cells”*. The nature of these interactions after I/R
injury has not yet been elucidated.



HEPATIC I/R INJURY

283

Figure 3. Remodeling of liver tissue after I/R injury. During liver repair and regeneration after I/R injury, a frontal boundary (arrows)
of phagocytes, stellate cells, and others clears and remodels necrotic tissue (above boundary) such that regenerating hepatocytes can

restore functional mass and normal architecture (below boundary).

NF-xB in Regeneration After I/R Injury

Whereas activation of NF-kB occurs during the acute
injury phase and is linked to the production of proinflam-
matory mediators, NF-xB activation in hepatocytes also
occurs after injury and is hepatoprotective and prore-
generative (Fig. 2)”™. There is abundant evidence that
the primary function of NF-xB in hepatocytes is aligned
with cell survival and proliferation. The original report of
NF-xB p65 knockout mice documented that these mice
died in utero due to massive hepatocyte apoptosis'®.
Suppression of NF-kB in the model of partial hepatec-
tomy results in increased apoptosis and decreased prolif-
eration”. After I/R injury, controlled hypothermia during
the ischemia period was hepatoprotective and associated
with increased NF-kB activation selectively in hepato-
cytes'”. In a model of orthotopic liver transplantation,
specific inhibition of NF-«B resulted in increased injury
and significant hepatocyte apoptosis™.

CXC Chemokines in Regeneration After I/R

As mentioned above, ELR* CXC chemokines play an
important role in the recruitment of neutrophils during the
injury response*””*. These same mediators directly impact
hepatocytes and their path to proliferation or cell death.
The role of CXC chemokines in hepatocyte proliferation
and liver regeneration was first described by Colletti and
colleagues'™'”. Their findings demonstrated that ELR*

CXC chemokines stimulated hepatocyte proliferation and
contributed to liver regeneration after partial hepatec-
tomy. More specifically, these chemokines were signaling
via the receptor CXCR?2 such that blockade or knockout
of CXCR2 reduced proliferation and decreased liver
regeneration'”'”. However, after I/R injury, inhibition or
knockout of CXCR?2 resulted in increased activation of
NF-xB and STAT3 and increased hepatocyte proliferation
and liver regeneration®'. These findings were exactly the
opposite of those observed in hepatectomy and were later
found to be related to the concentration of ELR" CXC
chemokines. After partial hepatectomy, chemokine levels
increased 3- to 5-fold, whereas after I/R, liver chemo-
kine levels increased 30- to 100-fold®"'*. In vitro stud-
ies showed that low concentrations of ELR" chemokines
induced hepatocyte proliferation but that high concen-
trations induced significant cytotoxicity®. Other reports
demonstrated that overexpression of the ELR* CXC
chemokine, keratinocyte-derived chemokine (KC) in the
liver (>100-fold) results in massive hepatocellular necro-
sis within 48 h'®. The divergent effects of ELR* CXC
chemokines for inducing hepatocyte proliferation versus
cell death depending on ligand concentration were also
confirmed by exogenous chemokine treatments. Animals
receiving high doses of chemokines had reduced hepato-
cyte proliferation and liver regeneration after hepatectomy,
whereas low dose of chemokines promoted hepatocyte
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proliferation and regeneration'”. CXCR2 appears to be
the primary receptor in hepatocytes that mediates effects
of ELR" CXC chemokines. CXCRI1 also is functional and
appears to function in opposition to CXCR2. CXCRI is
not constitutively expressed in quiescent hepatocytes, but
I/R injury induces its expression, particularly in hepato-
cytes'”. Blockade or knockout of CXCR1 was found to
result in a slight delay in liver repair, although without
any effect on hepatocyte proliferation'®. Although the
effects of CXCRI blockade or knockout on liver repair
were not striking, it appears as though it functions in a
negative feedback manner to regulate CXCR2, whereas
dual blocking experiments have established CXCR2 as
the dominant receptor functionally with regard to effects
on hepatocytes.

CONCLUSIONS

Hepatic I/R injury may occur in a wide variety of
clinical scenarios and is a major cause of morbidity and
mortality. The injury is caused by a complex cascade of
inflammatory mediators that recruits activated leuko-
cytes into the liver. The mechanisms of liver repair and
regeneration after I/R involve cell-mediated clearance of
dead cells and tissue remodeling, and these processes are
modulated by a number of different mediators, with some
of these, such as ELR* CXC chemokines, functioning
in novel new ways to regulate hepatocyte proliferation
versus cell death. Our understanding of these reparative
and regenerative mechanisms after liver injury remains
incomplete and warrants further investigation. Such stud-
ies may identify new therapeutic modalities that could
improve patient care.
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