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Neutrophils: a cornerstone of liver ischemia and
reperfusion injury
Thiago Henrique Caldeira de Oliveira1,2, Pedro Elias Marques3, Paul Proost2 and Mauro Martins M Teixeira1

Ischemia-reperfusion injury (IRI) is the main cause of morbidity and mortality due to graft rejection after liver
transplantation. During IRI, an intense inflammatory process occurs in the liver. This hepatic inflammation is initiated
by the ischemic period but occurs mainly during the reperfusion phase, and is characterized by a large neutrophil
recruitment to the liver. Production of cytokines, chemokines, and danger signals results in activation of resident
hepatocytes, leukocytes, and Kupffer cells. The role of neutrophils as the main amplifiers of liver injury in IRI has been
recognized in many publications. Several studies have shown that elimination of excessive neutrophils or inhibition of
their function leads to reduction of liver injury and inflammation. However, the mechanisms involved in neutrophil
recruitment during liver IRI are not well known. In addition, the molecules necessary for this type of migration are poorly
defined, as the liver presents an atypical sinusoidal vasculature in which the classical leukocyte migration paradigm only
partially applies. This review summarizes recent advances in neutrophil-mediated liver damage, and its application to liver
IRI. Basic mechanisms of activation of neutrophils and their unique mechanisms of recruitment into the liver vasculature
are discussed. In particular, the role of danger signals, adhesion molecules, chemokines, glycosaminoglycans (GAGs), and
metalloproteinases is explored. The precise definition of the molecular events that govern the recruitment of neutrophils
and their movement into inflamed tissue may offer new therapeutic alternatives for hepatic injury by IRI and other
inflammatory diseases of the liver.
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The interruption of blood flow (ischemia) with consequent
lack of oxygen and nutrient supply is an inherent phenom-
enon during various surgical procedures.1 In liver surgery,
clinical situations exist in which periods of ischemia can be
particularly long, such as during removal of liver tumors,
trauma, vascular reconstruction, and transplantation.2–4 Once
the blood flow, oxygen tension, and nutrients are restored
(reperfusion), there is an increase in injury initiated by
ischemia, aggravating the overall damage. This phenomenon
is known as ischemia-reperfusion injury (IRI), which affects
liver viability and directly correlates to graft rejection.5–7 IRI
remains the major problem in clinical transplantation. IRI
causes up to 10% of early transplant failures and can lead to a
higher incidence of both acute and chronic rejection.8–10 In
an ischemic liver, when the oxygen levels fall, adenosine
triphosphate (ATP) production is impaired.11 The deleterious
effects of ATP reduction are further enhanced by the
production of reactive oxygen species (ROS), cytokines,

vasoactive agents, and increased expression of adhesion
molecules.5 Generation of ROS results in an increase in the
intracellular calcium concentration and causes intracellular
pH changes, resulting in organelle damage and apoptotic or
necrotic cell death.12

However, liver damage and failure are caused mainly
during the reperfusion period, when there is a shift from
metabolic distress caused by ischemia to an excessive innate
immune response triggered by reperfusion. Liver IRI shows a
significant inflammatory component, and neutrophils are
considered central factors in the events leading to injury after
reperfusion.13,14 Indeed, excessive numbers of neutrophils are
recruited and activated during reperfusion and, as discussed
below, overwhelming evidence suggests that this excessive
neutrophil influx contributes to the pathogenesis of IRI,
including in the liver. Neutrophil-induced liver injury is a
multistep process that includes neutrophil activation, recruit-
ment of these cells from the vasculature, transendothelial
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neutrophil migration, and contact to parenchymal cells.
Chemokines are potent chemoattractants for neutrophils in
this context and have been shown to contribute to hepatic
neutrophil recruitment and liver IRI.15,16 Moreover, neutro-
phil recruitment depends on the interaction of chemokines
with G protein-coupled receptors (GPCRs) on leukocytes and
glycosaminoglycans (GAGs) expressed on endothelial vessels,
creating a concentration-dependent gradient of chemokines
produced at the inflammatory site.17 For over 30 years,
experimental models of hepatic IRI have provided significant
knowledge of the disease pathogenesis, and have led to
significant improvement of our understanding of the
molecular mechanisms underlying reperfusion lesions.18–20

However, this complex process has led to several controver-
sies in the field and needs better analysis. Here, we provide an
overview of recent progress in the role of innate immunity on
hepatic IRI, with a focus on the inflammatory mechanisms
triggered by neutrophils that contribute to the pathogenesis of
liver IRI.

PATHOPHYSIOLOGY OF LIVER IRI: INNATE IMMUNE
RESPONSE
As any reperfusion-associated injury, liver IRI is characterized
by intense neutrophil infiltration in post-ischemic tissues.
However, before this stage, resident cells act to create an
inflammatory milieu, which contributes to neutrophil
recruitment. First, IRI of the liver induces cell damage. This
damage results in the release of endogenous molecules named
danger-associated molecular patterns (DAMPs), in analogy to
the term pathogen-associated molecular patterns.21 The list of
DAMPs includes high mobility group box 1 (HMGB1),
deoxyribonucleic acid (DNA), ATP, urate, mitochondrial
formyl peptides, and S100 proteins. These molecules are
detected by a variety of immune receptors, and have an
important role in the initial (over)activation of the immune
response.22 During reperfusion, DAMPs released from
apoptotic and necrotic cells stimulate Kupffer cells (liver-
resident macrophages) to produce inflammatory mediators,
such as chemokines, cytokines, and ROS. This process incites
the next phase of reperfusion injury by orchestrating the
homing, activation, and adhesion of neutrophils.22

All cells of the innate immune system, including neutro-
phils, express pattern recognition receptors, which can
recognize DAMPs. These DAMP receptors include Toll-like
receptors (TLRs), Retinoic Acid-Inducible Gene I-like
receptors, nucleotide-binding oligomerization domain-like
receptors, and C-type lectin receptors. By sensing DAMPs,
these receptors promote an inflammatory response following
reperfusion.23 TLRs are expressed in all cell types in the liver
and their signaling leads to production of cytokines and
chemokines through the activation of nuclear factor-kappa B,
promoting the recruitment of leukocytes.21 One of these
endogenous ligands, DNA, is released from damaged
hepatocytes and binds to TLR9 expressed on neutrophils,
promoting further neutrophil recruitment and activation and

subsequent hepatotoxicity. TLR9 expression on neutrophils is
upregulated upon liver damage and these cells sense and react
to extracellular DNA by activating the TLR9/nuclear-factor
kappa B pathway.24,25 In vitro experiments show that DNA
released from necrotic hepatocytes increases cytokine expres-
sion by neutrophils through a TLR9-dependent mechanism.
In addition, TLR9− /− mice subjected to 1 h of ischemia and
12 h of reperfusion show reduced hepatocellular necrosis,
serum alanine aminotransferase levels, and lower production
of inflammatory cytokines, showing that TLR9 signaling in
neutrophils increases hepatic injury induced by IRI.25

Following liver IRI, damaged hepatocytes have been shown
to release the DAMP HMGB1, which exacerbates the hepatic
injury through activation of TLR4.26 The result of this
activation creates an inflammatory environment that further
incites the influx of inflammatory cells, including neutrophils.

In addition, complement activation has a key role in post-
ischemic inflammation and injury and complement inhibition
is recognized as a potential therapeutic strategy for reducing
IRI.27 The complement system consists of ~ 30 soluble and
membrane-bound proteins that are activated by one of three
pathways: the antibody-dependent classical pathway, the
alternative pathway, and the mannose-binding lectin path-
way.28 Activation of complement leads to the sequential
production of the effector molecules complement protein 3a
(C3a), complement protein 5a (C5a), and the membrane
attack complex (MAC). C3a and C5a are soluble bioactive
peptides that are cleaved from their parent proteins by C3 and
C5 enzymatic convertases, and the membrane attack complex
is a terminal cytolytic protein complex assembled in cell
membranes after cleavage of C5.29 Activation of this cascade
system of soluble plasma proteins results in the recruitment of
a large number of inflammatory cells, ultimately leading to cell
injury and death.27 Jaeschke et al30 have shown that depletion
of serum complement before liver ischemia prevents neu-
trophil accumulation during reperfusion. Furthermore, in
partial hepatic IRI in rats, treatment with the C5a receptor
antagonist attenuates the increases in liver enzymes, serum,
and tissue tumor necrosis factor-alpha, infiltrating neutro-
phils, and also reduces liver histopathology.31

NEUTROPHILS
In liver inflammation, the defense against initial environ-
mental challenges and injury is driven by a complex set of
leukocytes, including natural killer cells, natural killer T cells,
dendritic cells, neutrophils, eosinophils, and complement
components.32 Of these cell subsets, neutrophils are known to
induce liver injury, and are the largest circulating fraction of
leukocytes and the first cells to arrive at the site of injury. The
process of neutrophil recruitment into the liver during IRI-
induced sterile inflammation is particularly different from the
mechanism in other organs and to the one induced by
pathogens. The multistep process for neutrophils to reach the
liver parenchyma and resulting in tissue damage includes
neutrophil activation, adherence within the hepatic
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vasculature, neutrophil transmigration to the liver parench-
yma, and release of granule enzymes.33,34

ROLE OF CHEMOKINES AND GAGS IN LIVER IRI
The role of neutrophils in liver IRI has been shown in several
publications.35,36 A range of inflammatory mediators and
GPCR agonists, including chemokines, the complement
proteins C3a and C5a, mitochondrial-derived formyl pep-
tides, and leukotriene B4, can induce neutrophil influx in the
hepatic microvasculature.15,16,30,31,37,38 Among these media-
tors, the role of chemokines is worth highlighting. Chemo-
kines constitute a group of small structurally related
chemotactic proteins indispensable for the coordination of
leukocyte migration during inflammation.39 Previous studies
have demonstrated that chemokines with a Cys-Xaa-Cys
motif (CXC chemokines) mediate neutrophil infiltration
during liver IRI and other inflammatory conditions.40–42

After tissue damage, chemokines are locally secreted by
parenchymal cells and resident leukocytes, thereby creating a
gradient along which neutrophils can migrate from the blood
vessels to the site of inflammation. In mice, CC chemokine
ligand 1 (CXCL1) and CXCL2, homologs of human
interleukin-8, or CXCL8 according to the systematic chemo-
kine nomenclature, are important chemoattractants of
neutrophils. By recruiting and activating neutrophils, human
CXCL8 has been implicated in a wide range of diseases,
including liver IRI.43,44 These chemokine ligands are
recognized by the receptor CXC chemokine receptor 2
(CXCR2) expressed on the neutrophil surface and mediate
neutrophil recruitment.45 Human CXCL6 and CXCL8 also
bind to human CXC chemokine receptor 1 (CXCR1), and
murine CXCL6 is the only ligand for murine CXCR1.46–49 It
was demonstrated that after liver IRI, expression of CXCL1
and CXCL2 in the ischemic lobes increases 100–1000-fold.50

Consistent with these observations, CXCL1 and CXCL2 are
expressed on the luminal surface of liver sinusoids around
sites of necrosis. They form a chemokine gradient that guides
neutrophil migration in the direction of the injury.51 In mice,
the hepatic expression of CXCL1 and CXCL2 increases in
temporally distinct patterns after hepatic IR. The expression
of CXCL2 increases in the early phase of reperfusion, before
any detectable increase in neutrophil accumulation, suggest-
ing that CXCL2 may be involved in the initial recruitment of
neutrophils to the ischemic lobe.15 Neutralization of the rat
homolog of human CXCL5 and CXCL6 in an IRI model
resulted in reduced neutrophil sequestration in the liver and
serum ALT levels.16 Moreover, Repertaxin (DF1681B), an
allosteric antagonist of CXCR2, is able to prevent neutrophil
influx and liver damage.52 Wengner et al53 demonstrated the
process of neutrophil response to chemokines in a murine
model of peritonitis. After 2 h of a single intraperitoneal (i.p.)
injection of thioglycolate, a significant increase in the
circulating numbers of neutrophils is noted. This is inhibited
by 84% when mice are pretreated with neutralizing mono-
clonal antibodies to CXCL1 and CXCL2. Indeed, when

chemokine is administered i.p. an increase in both circulating
neutrophils in blood and neutrophils in the peritoneum is
observed, consistent with the concept that these chemokines
have a dual action, acting locally to stimulate recruitment and
systemically to promote mobilization.53 When these chemo-
kines are produced locally, they are retained on the sinusoidal
wall, creating a chemotactic gradient for neutrophils.51

Chemokine production only is not sufficient to lead to
neutrophil recruitment. For chemokines to have an effect on
leukocyte trafficking, besides being produced, they need to be
present at a defined concentration range and in the right place
to be able to induce chemotaxis. This process requires
interaction of chemokines with GAGs expressed on the
vasculature.54 Thus, to create a gradient and to induce
neutrophil migration in vivo, it is necessary for chemokines to
interact with two essential receptors. First, they need to bind
to their particular GPCRs, which are expressed by specific
leukocytes. Chemokine–GPCR interactions induce the
endothelial adhesion of leukocyte subtypes followed by
leukocyte extravasation and directional migration toward
the site of inflammation.55 In addition to binding to specific
GPCRs, chemokines also bind cell surface GAGs at the
vascular endothelium or GAGs in the extracellular matrix
(ECM).56,57 Endothelial cells present GAGs such as heparan
sulfate on their cell surface to which chemokines bind via
their GAG-binding site. Because of the chemokine–GAG
interaction, a stable chemokine gradient is formed on the
surface of the endothelial cells and activated neutrophils
migrate along this gradient toward the site of inflammation.56

This interaction and formation of immobilized chemical
concentration gradients is also called haptotaxis.58 During
recent years, the importance of GAG–chemokine interactions
in leukocyte migration has been investigated in more detail.
Several GAGs, such as hyaluronan, dermatan sulfate, and
heparan sulfate have been implicated in events associated with
inflammation, such as cytokine/chemokine production and
presentation and leukocyte recruitment.59,60 More recently,
in vivo, chemokines have been shown to localize within
capillary venules in a GAG-dependent way. In these studies,
an intravascular gradient of chemokines was sequestered by
heparan sulfate and immobilized on the endothelium.61 This
retention of chemokines on the endothelial layers occurs by
interactions between sulfated domains of GAGs and basic
amino-acid motifs on chemokines. Chemokine presentation
by the GAGs on the endothelial cell wall prevents their
diffusion and degradation and retains high local concentra-
tions of the produced chemokines.62

Chemokine binding to GAGs has been proven to be
indispensable for chemokine activity and neutrophil
recruitment in vivo.61,63–65 The local concentration of
chemokines induces crawling of neutrophils toward an
inflammation site.61 Chemokine production at sites of
inflammation also results in the generation of GAG-
mediated chemokine gradients in the ECM. Reduced
chemokine-induced neutrophil migration is seen in mice
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with disturbed heparan sulfate.66 Moreover, a study by
Vanheule et al. 67 shows that the blockade of GAG–chemokine
interactions is able to inhibit neutrophil extravasation in a
murine model of monosodium urate-induced gout. Impor-
tantly, removing hyaluronan from the sinusoidal endothelium,
or blocking its interaction with its principal receptor (CD44),
reduces neutrophil recruitment as well.68 Although therapeutic
intervention in the chemokine system has long been focused
on the development of chemokine and chemokine receptor
antagonists,69 more recently, it has been suggested that
interruption of chemokine–GAG interactions might represent
an innovative and useful way of interfering with chemokine
action that may result in a decrease in inflammation.17

INTRAHEPATIC NEUTROPHIL MIGRATION
In sterile inflammation, there is a multistep hierarchy of
directional cues that guides neutrophil localization to sites of
damage. Neutrophils migrate intravascularly through the
sinusoid channels toward the stressed tissue, ultimately
infiltrating directly into the area of necrosis. These findings
suggest that there is an intravascular gradient that guides
neutrophils to the site of inflammation.51 During liver IRI,

direct cellular damage from oxidative stress during ischemia
results in the passive release of DAMPs from necrotic cells.
DAMPs induce sterile inflammation through stimulation of
chemokine production by resident cells and, consequently,
neutrophil recruitment. When injected into mice, purified
DAMPs or necrotic cells mobilize neutrophils to the site of
inoculation.70 Using an in vivo imaging to reveal the multistep
events that guide the recruitment of neutrophils to locations
of sterile injury, McDonald et al. demonstrated CXCL2
expression on the luminal surface of the liver sinusoids that
was maximal at ~ 150 μm from the injury and gradually
decreased out to 650 μm, demonstrating the presence of an
intravascular gradient that leads toward the injured area.
However, despite the intravascular gradient of CXCL2 was
consistently observed to abruptly end ~ 100–150 μm proximal
to the border of necrotic tissue, neutrophils continue to
migrate into the area of necrosis, beyond the maximum
expression of CXCL2. Furthermore, within this proximal
150 μm surrounding the injury, directional neutrophil
migration was independent of CXCR2. This indicates that,
from a certain point, neutrophils migrate to the area of
necrosis guided by other factors, which are independent of

Figure 1 Chemokine-, GAG-, and MMP-dependent liver damage after ischemia-reperfusion injury. Because of the unusual hepatic microvasculature,
which has a reduced diameter and blood flow, neutrophils are in intimate contact with the liver sinusoidal endothelial cells (LSEC), and may be
mechanically trapped in the sinusoids independent of selectins. Cell death by necrosis releases multiple danger-associated molecular patterns (DAMPs).
Kupffer cells are the primary sentinel cells that sense cell death and generate pro-inflammatory cytokines and chemokines. Chemokines bind to GAGs
on the surface of endothelial cells, forming a chemotactic gradient in the inflamed tissue. They guide intravascular neutrophil recruitment to the injury
area. Interaction of leukocytes with chemokines on the endothelium leads to integrin activation, firm adhesion, transmigration across the endothelial
barrier, and accumulation of leukocytes at the site of inflammation. Neutrophils migrate directly into the area of cell death, where DAMPs induce direct
neutrophil chemotaxis via mitochondrial formyl peptide-signaling through FPR1. In parallel, MMPs, particularly MMP-9, facilitate local matrix degradation
and neutrophil extravasation across vascular barriers. Besides neutrophil recruitment, MMP-mediated loss of endothelial barrier integrity interferes with
the liver’s ability to regenerate after hepatic ischemia-reperfusion. In addition, MMPs contribute to tissue injury by promoting parenchyma cell
detachment from ECM, resulting in additional tissue necrosis.
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chemokines and CXCR2 (Figure 1). This chemotactic
stimulus was identified as mitochondrial N-formyl
peptides.38 During necrosis, the mitochondrial content is
spilled out into the extracellular milieu and mitochondrial
N-formyl peptides can attract and activate neutrophils
through the specific receptor formyl peptide receptor 1
(FPR1), which is as chemokine receptors a GPCR.71 In this
way, neutrophils migrate first toward an intravascular
chemokine gradient, and then switch to a formyl peptide
gradient near the injury site, where the FPR1 signal works in
the absence of a chemokine gradient.72 Studies in other
animal models such as acetaminophen-induced liver injury
have shown that antagonization of FPR1 causes partial
reduction of neutrophil recruitment. However, the strategy
to block both FPR1 and CXCR2 simultaneously significantly
reduces neutrophil migration to the liver and liver damage.73

This shows that chemokines and formyl peptides work
together in a sequential manner to guide neutrophils to sites
of sterile inflammation.51

ROLE OF MATRIX METALLOPROTEASES IN LIVER IRI
The ECM, formed by the complex network of proteins and
glycans surrounding cells in all solid tissues, is among the
most important regulators of cellular and tissue functions in
the body. The ECM regulates various cellular functions, such
as adhesion, migration, differentiation, proliferation, and
survival. Degradation of ECM is essential in many physiolo-
gical processes, including angiogenesis and wound healing.
However, dysregulation of ECM production and proteolysis is
often associated with the development of liver pathology.74

The alterations of the ECM are in agreement with reports
describing the potential implications of matrix metallopro-
teinases (MMPs) in liver diseases.75,76 Using a model of
partial liver IRI in rats, Cursio et al77 showed high expression
of MMPs in a specific time-dependent pattern, which was
associated with the release of liver enzymes and large area of
tissue necrosis by histology. In the same work, in rats treated
with a specific MMP inhibitor, intensity of liver necrosis was
significantly reduced. Leukocyte migration across endothelial
and ECM barriers is dependent on cellular adhesion/release
and focal matrix degradation mechanisms.78 Although
adhesion molecules are critical for the successful promotion
of neutrophil transmigration by providing attachment to the
vascular endothelium, there is a growing body of evidence
suggesting that MMPs are critical for facilitating leukocyte
movement across vascular barriers.78,79

The MMPs are a family of 24 proteases using zinc-
dependent catalysis to breakdown ECM components, allow-
ing cell movement and tissue reorganization.80 Although this
step is important in physiological processes such as tissue
repair, the inappropriate, prolonged, or excessive expression
or release of these enzymes has harmful consequences for the
liver.81 The role of MMPs has been investigated in several
pathological conditions, including cancer,82,83 autoimmune
diseases such as rheumatoid arthritis, lupus erythematosus,

and multiple sclerosis,84–88 and chronic inflammation includ-
ing inflammatory bowel diseases,89,90 lung disease,91 and liver
IRI.92–94

MMPs have been categorized into five major groups
according to their ECM substrate specificity: collagenases,
gelatinases, membrane-type enzymes, stromelysins, and
matrilysins.95 Among the different MMPs, gelatinases
(MMP-2 and MMP-9) are within the most prominent MMPs
detected during liver IRI.96,97 MMP-2 and MMP-9 have
gelatin-binding domains that resemble a similar motif in
fibronectin. This motif is involved in the binding of
fibronectin to denatured collagen.98 Fibronectin is a large
ECM glycoprotein with a recognized central role in cellular
adhesion and migration, and it is likely an important ECM
protein involved in leukocyte adhesion during liver IRI. The
expression of cellular (EIIIA+) fibronectin by liver sinusoidal
endothelial cells is an early feature after injury, and it precedes
leukocyte recruitment in hepatic IRI.99 A study of Moore
et al100 shows that the interactions between fibronectin and its
integrin receptor α4β1, expressed on leukocytes, specifically
upregulate the expression and activation of MMP-9 by
infiltrating leukocytes in steatotic livers subjected to IRI.
The high expression of MMP-9 is accompanied by massive
neutrophil infiltration, increased levels of proinflammatory
cytokines, and impaired liver function. Moreover, the
blockade of fibronectin-α4β1–integrin interactions inhibits
the activation of MMP-9 by leukocytes and prevents cytokine
release and cellular migration to the liver after IRI. In healthy
tissues, MMP-2 is constitutively expressed in fibroblasts,
endothelial cells, and epithelial cells, and may be modestly up-
or downregulated by inflammatory stimuli.101 In contrast,
MMP-9 is inducible and its expression is observed primarily
in leukocytes including monocytes, macrophages, and
neutrophils.100 MMP-9 is released by neutrophils, and, once
produced, this enzyme is capable of digesting components of
connective tissue matrix, such as fibronectin and collagen
type IV, facilitating the movement of neutrophils toward the
site of damage.84,94

The role of MMP-9 in the mechanism of neutrophil
infiltration has been examined using MMP-9− /− mice and
mice treated with MMP-9-blocking antibodies or less specific
small-molecule MMP inhibitors.80 In a model of liver IRI,
Hamada et al93 show significantly reduced liver damage by
histological assessment with lowered circulating levels of
aminotransferases, reduced hepatocyte necrosis, and
improved sinusoidal blood flow. Improved liver function
correlates with reduced parenchymal infiltration of neutro-
phils and reduced liver content of neutrophil myeloperox-
idase (MPO). In addition, MMP-9− /− neutrophils have an
impaired ability to migrate across fibronectin relative to
normal cells. MMP-9 is mostly detected in Ly-6G and
macrophage antigen-1 (MAC-1) leukocytes adherent to the
vessel walls and infiltrating the damaged livers of wild-type
mice after liver IRI. These findings have not been limited to
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the liver, but also to other organs such as the heart and the
brain.102,103

Although the release of MMP-9 by neutrophils seems to
have a harmful effect, MMP-2 seems to have an opposite role.
Recent reports have shown direct evidence of a protective role
for MMP-2 expression in the liver. For instance, mice treated
with an anti-MMP-2-neutralizing antibody are characterized
by intensified liver damage after IRI.93 Moreover, MMP-2− /−

mice subjected to hepatic IRI show exacerbated liver damage
compared with WT mice. Furthermore, MMP-2 deficiency
results in upregulation of MMP-9 activity, spontaneous
neutrophil infiltration in naive livers, and amplifies
MMP-9-dependent transmigration of neutrophils in vitro
and after hepatic IRI.97 Tissue inhibitors of metalloprotei-
nases (TIMPs) regulate the activity of MMPs. Alterations in
the MMP–TIMP balance have been linked to pathological
conditions that require disruption of the basement mem-
brane, such as tumor invasion, angiogenesis, and wound
healing.104 There are at least four identified members (TIMP
1–4) in the TIMP family, varying in tissue-specific expression
and in their ability to inhibit various MMPs.105

Among the different TIMPs, TIMP-1 is of particular
interest. TIMP-1 expression is very low in naive livers and it is
induced after liver IRI. However, it is still insufficient to
prevent an elevated MMP activity in liver IRI.100 Duarte et al
have shown that animals lacking TIMP-1 show further
impaired liver function and histological preservation after
IRI. In this model, TIMP-1 deficiency leads to lethal liver IRI,
as over 60% of the TIMP-1− /− mice died post reperfusion,
whereas all TIMP-1+/+ mice recovered and survived surgery.
In addition, lack of TIMP-1 expression is accompanied by
markedly high levels of MMP-9 activity, which facilitates

leukocyte transmigration across vascular barriers in hepatic
IRI. Indeed, TIMP-1− /− livers are characterized by massive
neutrophil infiltration and by upregulation of proinflamma-
tory mediators, including tumor necrosis factor-alpha, IFN-γ,
and inducible nitric oxide synthase post IRI.106 Altogether,
MMPs and TIMPs seem to have important roles in the
preservation of liver homeostasis, and it is suggested that they
might be targeted to ameliorate liver damage.

NEUTROPHIL ADHESION AND MIGRATION
As the inflammatory process develops, leukocytes are
recruited to the liver. In hepatic IRI and many other acute
injuries, neutrophils are the first to arrive and usually in large
numbers. Neutrophil recruitment during inflammation is
normally attributed to a multistep cascade involving initial
tethering and rolling by selectins along the vessel wall,
followed by firm adhesion to the vascular endothelium and
emigration out of the vasculature.107 This classical paradigm
is well characterized for a number of organ microvasculatures
including mesentery, peritoneum, skeletal muscle, and skin
(Figure 2).108

Most tissues require selectin-mediated tethering and rolling
in post-capillary venules, followed by firm adhesion mediated
by integrins for proper neutrophil recruitment. Even though
neutrophils follow the intravascular recruitment paradigm in
most tissues, as skin and muscle, they use a very different
strategy in the liver. For example, there is little evidence for
the requirement of selectin-mediated rolling or β2 integrin-
mediated adhesion for neutrophil migration in the liver
sinusoids. In the liver sinusoids, the adhesive response to
N-formyl-Met-Leu-Phe (fMLF) is not dependent upon
selectins as adhesion is not reduced in the sinusoidal vessels

Figure 2 Classical mechanism of leukocyte recruitment. In most tissues, leukocytes (eg, neutrophils) initially tether to and roll on the endothelium
adjacent to the inflammatory focus through selectin interactions with mucin-like selectin receptors. Engagement of chemokine receptors with their
ligands presented on the endothelium stimulates activation of integrins on the leukocyte cell surface, enabling their interaction with their respective
receptors to facilitate arrest, adhesion, and subsequent transmigration by paracellular or transcellular routes. Following a chemotactic gradient, they
reach the extravascular compartment to accumulate in areas rich in chemoattractants and release lytic enzymes through degranulation.
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of P-selectin-deficient mice or E-selectin/P-selectin-deficient
mice treated with L-selectin antibody.109,110 Because of the
unusual hepatic microvasculature, which has a reduced
diameter and blood flow, it is likely that neutrophils would
be mechanically trapped in the inflamed sinusoids.51,111

Moreover, hepatic sinusoids are devoid of selectins and
neutrophils move directly to integrin-mediated adhesion.22

Thus, in these narrow capillaries, the rolling process is likely
to be unnecessary.112 This may explain why clinical trials of
anti-adhesion therapy, in an attempt to reduce liver injury
associated with traumatic shock and reperfusion injury, fail to
show a significant benefit.113

Using intravital microscopy to visualize the liver micro-
vasculature, Wong et al109 show that the majority of
leukocytes (80%) adhere within the sinusoids in response to
a chemotactic stimulus such as fMLF, whereas 20% adhere to
post-sinusoidal venules. This is in marked contrast to
leukocytes adhering exclusively to post-capillary venules in
tissues as the mouse cremaster muscle. In hepatic IRI, the
main sinusoidal ligand for neutrophils is intercellular
adhesion molecule-1 (ICAM-1).114,115 Around sites of focal
hepatic necrosis, neutrophil adhesion to the sinusoidal
endothelium is mediated by the binding of the integrin
Mac-1 (also known as CD11b/CD18) to ICAM-1. The
absence of ICAM-1 reduces neutrophil recruitment to the
liver following acute hepatocellular necrosis induced by
IRI.116,117 Subsequently, neutrophils migrate through the
intravascular channels toward the site of injury, penetrating
directly into the area of damage. Menezes et al118show that
fMLF induces recruitment of neutrophils similar to focal
necrosis by adhesion and crawling dependent on Mac-1 and
ICAM-1. Furthermore, ICAM-1 has been shown upregulated
after hepatic IRI, and blocking of Mac-1 has protective effects
against hepatic reperfusion injury in vivo.119–121

Once outside the vessel, individual neutrophils often show
extremely coordinated chemotaxis and cluster formation
reminiscent of the swarming behavior of insects. This
behavior was shown recently by Lammermann and co-
workers122–124 in a model of focal ear skin damage and
infected lymph nodes. They observed that once neutrophils
have crossed the endothelium, arriving at the interstitial
space, these cells adopt an amoeboid migration strategy,
which relies mainly on contraction and protrusion of the
cytoplasm, independently of adhesion molecules. This
phenomenon happens in the 3D environment of the
interstitium, usually composed of a meshwork of fibrillar
ECM, such as collagen fibers. In this scenario, leukocyte
migration is completely dependent on the acto-myosin
cytoskeleton, in which leukocyte migration would happen
by contraction of the cell posterior coupled to frontal
protrusion of lamellipodia, propelling the cell through the
fibrillar ECM at high speed and without integrin
requirement.124,125 Interestingly, these concepts have not
been applied to the liver so far, a tissue in which the reduced

extravascular space is tightly packed with hepatocytes and
non-parenchymal cells.

MECHANISMS OF NEUTROPHIL-MEDIATED LIVER INJURY
As we described above, during organ transplantation, the liver
is exposed to prolonged times of ischemia, which results in
cell stress and cell death. This early damage is essential to liver
injury during the reperfusion. Neutrophils are considered
crucial effector cells in the pathophysiology of liver IRI.
Because of their high mobility and the capability to release
potent cytotoxic mediators, neutrophils primarily work to
eliminate invading microorganisms and/or remove dead cells
at the site of inflammation.126 However, in the liver and other
organs, an excessive inflammatory response carries the risk of
additional tissue damage as demonstrated during liver IRI and
other conditions.127,128

Interestingly, activation and accumulation of neutrophils in
the sinusoids do not cause tissue damage to the epithelium, as
it does in other organs. Only after migrating across the
endothelium and in close proximity to the hepatocytes can
neutrophils cause damage by oxidative stress, triggered by two
major cytotoxic mediators, ie, ROS and proteases.129 During
the first hours of reperfusion, Kupffer cells, the resident
macrophages of the liver, release ROS and proinflammatory
cytokines, aggravating the initial damage caused by
ischemia.126 The later phase includes a cascade of inflamma-
tory events culminating in excessive neutrophil infiltration
into the liver, and consequently amplification of the tissue
lesion.36,72 The adhesion of neutrophils to the targets induces
their degranulation with release of proteases and ROS, which
can diffuse into hepatocytes, inducing an intracellular oxidant
stress, mitochondrial dysfunction, and damage.130 Neutrophil
extravasation into the parenchyma is a prerequisite for
cytotoxicity, as neutrophils are recruited into the sinusoids
without causing damage.128

A critical role for ROS is observed in the pathophysiology
of the liver IRI. Normally, ROS production is useful to
eliminate circulating pathogens and is the mechanism
responsible for the ‘respiratory burst’ observed when cells
are activated. However, excessive ROS after an ischemic insult
is detrimental.131 ROS formation is dangerous for cells
because of the presence of polyunsaturated fatty acids in
cellular membranes, the substantial number of unprotected
protein sulfhydryl groups and DNA bases.132 Despite this,
hepatic cells have sophisticated defense systems, such as
expression of superoxide dismutases (SOD 1 in the cytosol
and SOD 2 in the mitochondria), and reduced glutathione
(GSH), which are responsible for the detoxification of organic
and inorganic peroxides, forming part of the cellular
enzymatic antioxidant defense system.133–136 However,
increased ROS production causes disturbances of the cellular
homeostasis and, if not counteracted, this can lead to cell
death. Excessive ROS formation results in its diffusion into
hepatocytes, where ROS can lead to lysosomal iron mobiliza-
tion and translocation to the mitochondria, which triggers a

Neutrophils in liver inflammation
THC de Oliveira et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 98 January 2018 57

http://www.laboratoryinvestigation.org


mitochondrial oxidant stress and eventually necrotic cell
death.132,137 Consistent with this, inhibition of oxidant stress
through blocking nicotinamide adenine dinucleotide phos-
phate oxidase reduces liver injury induced by neutrophils.138

Cahova et al139 show that the antioxidant metformin is able
to reduce mitochondrial damage (markers: cytochrome C
release, citrate synthase activity, mitochondrial DNA copy
number, and mitochondrial respiration), mitochondrial ROS
production, and liver inflammation in rats subjected to IRI.
In addition, Xue et al140 show an example where the
combination of increased ROS formation and impaired
defense systems causes cell death. In this work, in rats
subjected to liver IRI, administration of GSH by means of the
portal vein before ischemia increases the 7-day survival rates
of rats after liver IRI from 38 to 75%. In addition, GSH
pretreatment decreases intrahepatic neutrophil accumulation.
ROS from Kupffer cells also contributes to the activation of
inflammatory pathways that lead to neutrophil accumulation
in the liver, resulting in additional, prolonged injury. Thus,
Kupffer cell-derived ROS are involved in the pathogenesis of
liver IRI injury through direct oxidant-mediated damage and
by augmenting the local activation of proinflammatory
pathways.141

Neutrophil-derived proteases also seem to have an
important role in the cause of direct cell death of hepatocytes.
Once neutrophils adhere to hepatocytes, full degranulation
occurs, with consequent release into the area around the cell
of several proteases, such elastases, MMP-9, cathepsin G,
MPO, and proteinase-3.141 Neutrophil elastase is a serine
protease found in the azurophil granules of neutrophils. The
requirement for neutrophils to migrate out of the vasculature
and through the basement membrane, as well as the potent
proteolytic function of neutrophil elastase, have led to the
theory that neutrophil elastase might be involved in the
pathogenesis of inflammatory tissue injury such as that
exemplified by liver IRI.142

Neutrophil elastase is stored in azurophil granules in its
active form until it is released following neutrophil exposure
to the inflammatory stimuli. As a result, excessive release of
neutrophil elastase degrades elastin, collagens, laminins, and
other ECM components, thereby leading to subsequent organ
damage through endothelial cell injury.142,143 Consistent with
this, a study of human liver damage identified a neutrophil
elastase inhibitor that has therapeutic potential, and this
inhibitor is associated with a reduced release of HMGB1 and
reduced interleukin-6 levels.144 In addition, in mice subjected
to 90 min of ischemia and 6 and 24 h of reperfusion,
treatment with Sivelestat, a neutrophil elastase inhibitor,
ameliorates the hepatocellular damage and decreases local
neutrophil activity and infiltration.142

One of the main molecules released after neutrophil
recruitment and activation is MPO. This enzyme is used as
a neutrophil marker, because of its high expression in these
cells. Thus, its activity correlates with neutrophil accumula-
tion in tissues. In the presence of physiological chloride

concentrations, MPO reacts with hydrogen peroxide to
catalyze formation of hypochlorous acid/hypochlorite and
other oxidizing species.145 The participation of MPO has been
shown in a range of pathophysiological conditions, including
liver IRI.20,146 Kato et al147 have shown an increased MPO
activity, which was consistent with increased neutrophil
accumulation and hepatocyte necrosis.

Although it is clear that neutrophils can cause cell death
and necrosis, their phagocytic actions are believed to be
relevant for proper tissue repair and protection. Therefore, it
is not simply to say that the effects of the function of
neutrophils are entirely harmful or may contribute to
resolution of inflammatory responses.148,149 The relevance
of neutrophils in any particular setting is clearly context-
dependent. For example, Reber et al150 have shown that
neutrophils can contribute to optimal host protection against
endotoxemia, as neutrophil-depleted mice show increased
mortality. This beneficial role was induced through MPO
activity. On the other hand, Marques et al showed that, in
contrast to depletion of Kupffer cells, depletion of neutrophils
with anti-Ly-6G reduced acetaminophen-mediated toxicity
and liver injury.24 In this liver toxicity model, a limited
neutrophil influx may assist to clear cell debris, as suggested
by Williams et al,151 but a high influx of neutrophils enhanced
liver injury and inflammation.24 Thus, the amount of toxic
compounds in the liver and consequently the number of
infiltrating neutrophils may determine whether primarily the
beneficial or rather the pathological effects of neutrophils
predominate. In the context of liver IRI, there is over-
whelming evidence for a deleterious role of neutrophil
migration and function, as discussed above, and the activity
of the neutrophil proteases together with ROS production
appears to mediate most of the deleterious actions of
neutrophils.

CONCLUSIONS
In summary, IRI triggers an inflammatory process in the liver
with recruitment of neutrophils into the vasculature, mainly
in the sinusoids. Neutrophil recruitment involves a multistep
process, which includes participation of DAMPs released
from necrotic cells, chemokine production, chemokine
binding to GAGs, expression of adhesion molecules by
endothelial cells and leukocytes, and release of effector
molecules by neutrophils, such as ROS and MMPs. These
steps comprise mechanical trapping of cells in the sinusoids,
chemotaxis, extravasation, and adherence of neutrophils to
target cells. Pharmacological manipulation of the recruitment
of excessive neutrophil numbers and their movement into
tissue still hold promise as strategies to treat IRI and may
improve overall graft success in transplantation. Under-
standing the mechanisms that allow neutrophils to respond to
sterile tissue injury and cell death is fundamental to our
understanding of both homeostatic innate immune functions
and immune responses in disease.
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