
TOXICOLOGICAL SCIENCES 115(2), 307–321 (2010)

doi:10.1093/toxsci/kfq009

Advance Access publication January 13, 2010

REVIEW

Mechanisms of Immune-Mediated Liver Injury

David H. Adams,* Cynthia Ju,† Shashi K. Ramaiah,‡ Jack Uetrecht,§ and Hartmut Jaeschke{,1

*Center for Liver Research, Institute of Biomedical Research, University of Birmingham, Birmingham B15 2TH, UK; †Department of Pharmaceutical Sciences,

University of Colorado, Denver, Colorado 80045; ‡Biomarker and Clinical Pathology Lead, Pfizer-Drug Safety Research and Development, St Louis, Missouri
63017; §Leslie Dan Faculty of Pharmacy, University of Toronto, Toronto, M5S 3M2 Canada; and {Department of Pharmacology, Toxicology and Therapeutics,

University of Kansas Medical Center, Kansas City, Kansas 66160

1 To whom correspondence should be addressed at Department of Pharmacology, Toxicology, and Therapeutics, University of Kansas Medical Center, 3901

Rainbow Boulevard, MS 1018, Kansas City, KS 66160. Fax: (913) 588-7501. E-mail: hjaeschke@kumc.edu.

Received October 1, 2009; accepted January 4, 2010

Hepatic inflammation is a common finding during a variety of

liver diseases including drug-induced liver toxicity. The inflam-

matory phenotype can be attributed to the innate immune

response generated by Kupffer cells, monocytes, neutrophils,

and lymphocytes. The adaptive immune system is also influenced

by the innate immune response leading to liver damage. This

review summarizes recent advances in specific mechanisms of

immune-mediated hepatotoxicity and its application to drug-

induced liver injury. Basic mechanisms of activation of lympho-

cytes, macrophages, and neutrophils and their unique mechanisms

of recruitment into the liver vasculature are discussed. In

particular, the role of adhesion molecules and various inflamma-

tory mediators in this process are explored. In addition, the

authors describe mechanisms of liver cell damage by these

inflammatory cells and critically evaluate the functional signifi-

cance of each cell type for predictive and idiosyncratic drug-

induced liver injury. It is expected that continued advances in our

understanding of immune mechanisms of liver injury will lead to

an earlier detection of the hepatotoxic potential of drugs under

development and to an earlier identification of susceptible

individuals at risk for predictive and idiosyncratic drug toxicities.

Key Words: adverse drug reactions; hepatotoxicity; immune-

mediated liver injury; idiosyncratic liver toxicity; lymphocytes;

macrophages; neutrophils; innate immunity.

Acute drug-induced liver injury (DILI) is a significant cause

of patient morbidity and mortality and continues to be a serious

problem during drug development. In addition, the use of many

drugs on the market is restricted and requires extensive

monitoring due to the potential for idiosyncratic drug-induced

liver injury (IDILI). Compared to other liver diseases, IDILI is

more likely to develop into fulminant liver failure, accounting

for more than 25% of cases in the ICU (Ostapowicz et al.,
2002). In contrast to acute DILI, the prediction and prevention

of IDILI have been difficult due to the lack of reliable

screening methods, the relatively low incidence of occurrence,

and the limited knowledge regarding the underlying mecha-

nisms (Lee and Senior, 2005).

Drugs or their reactive metabolites can have marked effects

on gene expression and cellular homeostasis in hepatocytes

(Boelsterli and Lim, 2007; Jaeschke et al., 2002; Park et al.,
2005). In addition, environmental stresses or genetic dispo-

sition can affect an individual’s susceptibility to drug toxicity

(Deng et al., 2009; Andrade et al., 2009). Although many of

these mechanisms can directly lead to cell death, there is

growing support for the hypothesis that immune cells play

a critical role in drug hepatotoxicity. Emerging evidence

suggests that, in many cases, the direct effects of drugs on

liver cells may be an initiating event for an immune response,

which determines the extent of liver damage. It is therefore

important to better understand the mechanisms by which cells

of the immune system are activated and recruited into the liver

during drug hepatotoxicity and how these cells cause

hepatocellular injury. This review summarizes current knowl-

edge on basic mechanisms of lymphocyte trafficking in the

liver and the importance of various lymphocyte populations

for DILI. In addition, the activation and recruitment of

macrophages and neutrophils during drug toxicity are

discussed and the relative contribution of these phagocytes

to liver injury versus hepatic regeneration is explored. Finally,

the role of the more recently recognized inflammatory

mediator osteopontin (OPN) is highlighted. However, due to

the ever increasing complexity of the topic of immune-

mediated liver injury mechanisms and some of the contro-

versies, not all aspects of this field can be covered in depth.

For additional insight into specific mechanisms of DILI and

IDILI, the reader is also referred to other recent reviews

(Andrade et al., 2009; Boelsterli and Lim, 2007; Deng et al.,
2009; Jaeschke and Bajt, forthcoming; Russmann et al.,
2009).
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LYMPHOCYTE RECRUITMENT TO THE LIVER

The human liver contains up to 1010 resident lymphocytes

(Racanelli and Rehermann, 2006) comprised of B cells, T cells,

and natural killer (NK) and natural killer T (NKT) cells.

Lymphocyte recruitment increases in response to inflammation

and the intrahepatic localization of lymphocytes determines the

pattern of disease. DILI is frequently associated with a lympho-

cytic infiltrate, and the nature and extent of the inflammation

determine the progression and severity of the injury. This applies

to both the hepatitic type of DILI which is usually histologically

indistinguishable from other forms of hepatitis and some

forms of cholestatic hepatitis where lymphocytes can be seen

surrounding and infiltrating bile ducts. The mechanisms by

which drugs activate immune-mediated mechanisms are multiple

and often poorly understood, but liver infiltration by effector

lymphocytes is a common effector pathway leading to

hepatocyte and cholangiocyte destruction and persistent liver

injury. Thus, understanding how lymphocytes are recruited and

positioned in the liver is critical for the pathogenesis of DILI.

The Hepatic Vasculature: A Unique Environment for
Lymphocyte Recruitment

The liver has a unique dual blood supply from the hepatic

arteries and portal venous blood that drains the gut. Both hepatic

artery and portal vein drain into the hepatic sinusoids and thence

into hepatic venules at the center of the hepatic lobule, which

connect to form the hepatic veins that drain into the inferior

vena cava. Inflammatory responses to infection and injury are

characterized by increased lymphocyte binding to and migration

across sinusoidal endothelial cells that line the hepatic sinusoidal

microvasculature (Adams and Eksteen, 2006). Intravital experi-

ments show that although leukocytes are capable of adhesion and

migration across different regions of the hepatic microvascula-

ture, the majority enters the parenchyma via hepatic sinusoids.

Hepatic sinusoidal endothelial cells (HSECs) display differences

in adhesion molecule expression compared with other endothe-

lial cells including a lack of P-selectin and markedly reduced

E-selectin expression (Adams et al., 1996). In contrast, selectins

are expressed by inflamed portal vascular endothelium high-

lighting the heterogeneity within the hepatic microvasculature.

Endothelial Adhesion Molecules Involved in Lymphocyte
Recruitment to the Liver

Murine studies confirmed that lymphocyte recruitment within

the hepatic sinusoids was selectin independent (Lee and Kubes,

2008), and it was proposed that lymphocyte recruitment was due

to ‘‘physical trapping.’’ However, subsequent studies demon-

strated that lymphocytes interact with sinusoidal endothelium via

adhesion receptors including intercellular adhesion molecular-1

(ICAM-1), which is constitutively expressed on sinusoidal

endothelium. ICAM-1–deficient mice demonstrate reduced

leukocyte adhesion to hepatic sinusoids. In vitro studies using

human HSEC and flow-based adhesion assays show that

lymphocyte adhesion to hepatic sinusoids is inhibited by

blocking vascular cell adhesion molecule-1 (VCAM-1) and

ICAM-1, and VCAM-1 has been shown to mediate lympho-

cyte capture and adhesion via a4 integrins in vivo (Lalor et al.,
2002; Lee and Kubes, 2008; Fig. 1).

Nonclassical Endothelial Adhesion Molecules in the Hepatic
Sinusoids

The liver sinusoids also express other adhesion receptor

including vascular adhesion protein-1 (VAP-1), which mediates

lymphocyte recruitment to the liver. VAP-1 is a 170-kDa

homodimeric glycoprotein that has semicarbazide-sensitive

monoamine oxidase activity. It is expressed constitutively on

hepatic sinusoids but largely absent from other noninflamed

vessels (Lalor et al., 2002). VAP-1 mediates lymphocyte

adhesion to hepatic sinusoidal endothelium in vitro and in vivo
(Bonder et al., 2005; Lalor et al., 2002) and has been implicated

in the recruitment of lymphocytes to rodent liver transplants

(Martelius et al., 2004). The precise role of VAP-1 is unclear.

It is heavily sialidated allowing it to mediate brief rolling

adhesion. However, our observations using human HSEC

monolayers in vitro under flow suggest that liver endothelial

cells support little classical rolling and instead VAP-1 may

mediate initial tethering interactions and transmigration (see

below). In addition, the enzyme activity of VAP-1 may modulate

the function of other adhesion molecules because provision of

substrate to VAP-1 on hepatic endothelial cells results in nuclear

factorj-b–dependent upregulation of VCAM-1 and ICAM-1 and

enhanced lymphocyte adhesion from flow (Lalor et al., 2007).

Another adhesion molecule which plays a particular role in the

liver is CD44 which has been shown to mediate sequestration

of neutrophils in hepatic sinusoid during sepsis as a consequence

of increased deposition of serum-derived hyaluronan-associated

protein on sinusoidal endothelium (McDonald et al., 2008).

In inflammatory liver disease associated with inflammatory

bowel disease, HSECs express the endothelial adhesion

molecule MAdCAM-1, which is normally confined to mucosal

endothelium in the bowel (Adams and Eksteen, 2006). It plays

a critical role in the compartmentalization of lymphocyte

trafficking by recruiting gut-specific mucosal lymphocytes.

However, in immune-mediated liver diseases that complicate

inflammatory bowel disease, MAdCAM-1 can be induced in

the liver by as yet unknown factors, with the result that

mucosal T cells are recruited to the liver where they drive

immune-mediated damage (Grant et al., 2001).

Chemokines Involved in Lymphocyte Recruitment to the Liver

Chemokines secreted by liver cells contribute to the re-

cruitment and compartmentalization of lymphocyte within the

liver (Table 1). The CC chemokine receptor (CCR)5 ligands CC

chemokine ligand (CCL)3–5 are strongly expressed in portal

vascular endothelium where they mediate lymphocyte recruit-

ment in a range of inflammatory diseases including graft versus

host disease, immune-mediated liver disease, and graft rejection
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(Murai et al., 1999). One of the critical events in the progression

of injury in hepatitis is infiltration of the hepatic parenchyma,

either as a component of active hepatitis in which parenchymal

infiltration occurs in the periportal areas or as direct infiltration

of hepatic lobules in lobular hepatitis. Progressive liver injury in

chronic viral infection and autoimmune disease is associated

with strong expression of the CXC chemokine receptor

(CXCR)3 ligands CXCL9–11 on sinusoidal endothelium

(Shields et al., 1999). These chemokines are not only secreted

by endothelium but also by cholangiocytes, hepatocytes, and

stellate cells in the inflamed liver (Holt et al., 2008a). The

process of transcytosis allows chemokines produced by stellate

cells or underlying hepatocytes in the local microenvironment to

be transported from the basolateral to the luminal endothelial

surface, and chemokines secreted by ‘‘upstream’’ cholangiocytes

can be captured by retention in the proteoglycan-rich endothelial

glycocalyx (Curbishley et al., 2005). Lymphocytes isolated from

inflamed human liver express CXCR3 and migrate to CXCR3

ligands in vitro and undergo transmigration across HSEC

(Curbishley et al., 2005), and murine studies suggest that

CXCR3 and its ligands play a significant role in recruitment of

virus-specific CD8þ T cells to the liver (Hokeness et al., 2007).

Recruitment and Retention of Specific Lymphocyte
Subpopulations

Selective recruitment at the level of the endothelium and

subsequent compartmentalization within the liver determines

the intrahepatic distribution of specific lymphocyte popula-

tions. For example, regulatory T cells (Treg) are important for

controlling autoreactive T cells and the resolution of in-

flammation. They maintain stable chronic inflammation and

prevent fulminant tissue destruction. The frequency and

function of intrahepatic Treg affect the outcome of chronic

viral hepatitis and liver injury (Lan et al., 2006). In biliary

diseases, CCL28, a chemokine associated with mucosal

surfaces in the gut and lung promotes infiltration of bile ducts

by CD4þCD25þFoxP3þTreg expressing the CCL28 receptor

CCR10 (Eksteen et al., 2006). These tissue-infiltrating Treg

use another chemokine receptor CXCR3 to enter the liver via

inflamed sinusoidal endothelium (Eksteen et al., 2006). We

have recently reported another subset of FoxP3þCD4þTreg

within infiltrates in chronically inflamed human liver. These

cells also use CXCR3 to enter the liver from blood and then use

another chemokine receptor, CCR4, to migrate toward

dendritic cells and macrophages within infiltrates in chronic

hepatitis.

CXCL16 is an unusual chemokine, which has a trans-

membrane domain allowing expression on cell surfaces

without presentation on the glycocalyx (Wilbanks et al.,
2001). The CXCL16 receptor, CXCR6, is expressed on liver-

infiltrating T cells (Boisvert et al., 2003; Heydtmann et al.,
2005) and permits localization of cells to hepatocytes and

biliary cells, which coexpress CXCL16 and VCAM-1 in areas

of active hepatitis and liver injury. While the structure of

FIG. 1. Lymphocyte adhesion mechanisms in liver sinusoids. Lymphocytes bind to HSECs in a modified version of the classic adhesion cascade model. Selectins,

which are involved in capture in other vascular beds, play a minimal role in the liver, and other molecules including VAP-1 may be involved in this stage. Chemokines

presented by the endothelial glycocalyx then trigger integrin-mediated adhesion to ICAM-1 and VCAM-1, and transmigration into tissue is driven by multiple poorly

understood molecular mechanisms that involve VAP-1, chemokines, and integrins. The HSECs exist in close proximity to stellate cells and hepatocytes.
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CXCL16 supports adhesion directly, it also acts by promoting

activation of b1 integrins, thus enhancing binding to VCAM-1

(Heydtmann et al., 2005). These examples illustrate how

signals mediated through chemokine receptors allow different

cells to respond to a complex network of signals provided by

local interactions between sinusoidal endothelium, stromal, and

parenchyma cells and infiltrating leukocytes. The balance

between the recruitment and survival of regulatory and effector

T cells in the liver may determine the outcome of DILI.

Chemokine-Mediated Exit of Lymphocyte from the Liver

In addition to their role in recruitment, chemokines are also

important for exit of effector cells out of tissues via

lymphatics to promote resolution of inflammation (Debes

et al., 2005). We reported a subset of liver-infiltrating

lymphocytes expressing the lymph node homing receptor

CCR7 but little L-selectin, which precludes them from

entering lymph nodes from blood via high endothelial

venules. We suggest that CCR7 is involved in trafficking

from the liver via the lymphatics where CCR7 ligands CCL19

and CCL21 are detected in inflamed liver tissue. The presence

of CCL19 on the abluminal aspect of lymphatic vessels

and CCL21 on sinusoidal endothelium is consistent with

a role in promoting exit from tissue into the lymphatics (Grant

et al., 2002) and suggests that CCR7 ligands provide a

route for CCR7þ lymphocytes to exit the liver to regional

TABLE 1

Expression of Chemokine Receptors on Specific Hepatic Lymphocyte Subpopulations in Humans

Chemokine receptor PMN Mo

mDC

imm

mDC

mat pDC NK NKT B cell

T

naı̈ve

T

mem Th1 Th2 Th17

T

reg

Liver-infiltrating

lymphocytes

CXCL6

CXCL7 X X

CXCL8

CXCL1 X X

CXCL2

CXCL3

CXCL5

CXCL9

CXCL10 X X X X X CD4, CD8, NKT, Tregs

CXCL11

CXCL12 X X X X X X X X X X X X X X CD4, CD8, NKT

CXCL13 X

CXCL16 X X X X X CD4, CD8, NK, NKT

CCL23

CCL14

CCL15

CCL16 X X X X

CCL13

CCL7

CCL3 X X X (CD4)

CCL5

CXL2 X X X X X X X CD4, CD8, NKT, NK

CCL8

CCL4

CCL17 X X X Tregs

CCL22 X X X X CD4, (NKT)

CCL20

CCL19 X X X (X) X X X

CCL21

CCL1 X X X X

CCL25 X

CCL27

CCL28 X (X) Tregs

XCL1 X

XCL2

CX3CL1 X X X X CD4, (NKT)

Note. Different lymphocyte subsets express distinct combinations of chemokine receptors allowing them to respond to specific signals in inflamed tissues. The

table shows the major chemokines and their receptors and expression of receptors on the major lymphocyte subsets in blood. The far right-hand column reports

what is currently known about patterns of expression in liver-infiltrating lymphocytes in inflamed liver tissue. Data derived from Boisvert et al. (2003), Shields

et al. (1999), Heydtmann et al. (2006), and Eksteen et al. (2006).
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lymph nodes, thereby promoting resolution of inflammation

(Heydtmann et al., 2006).

The Role of Other Cells in the Hepatic Microenvironment

Studies of lymphocyte trafficking focus on endothelial

interactions, but these cells exist in a complex multicellular

microenvironment in the hepatic sinusoid and other cells types,

and signals will influence lymphocyte recruitment (Holt et al.,
2008a). Kupffer cells (KCs), resident liver macrophages, patrol

the sinusoids and phagocytose foreign particles, and they also

release proinflammatory cytokines that promote leukocyte

adhesion. KCs also play a direct role in leukocyte adhesion

by trapping leukocytes within the sinusoids and by providing

adhesive ligands (Matsuno et al., 2002). Hepatic stellate cells

are fibroblasts that act as pericytes surrounding the sinusoidal

endothelium. When activated, they are the major mediators of

matrix formation in response to injury (Friedman, 2008) and

also play a direct role in the inflammatory process (Holt et al.,
2008a; Safadi et al., 2004). They secrete chemokines and

express cell adhesion molecules important for lymphocyte

adhesion such as ICAM-1 and VCAM-1. Moreover, their

ability to support lymphocyte adhesion and promote migration

suggests that they play a critical role as regulators of

postendothelial migration and positioning of cells within the

liver parenchyma (Holt et al., 2009). Stellate cells and KCs can

be activated by oxidative stress and innate immune signals both

of which can be triggered in DILI. Such mechanisms could

result in activation of the overlying endothelium, chemokine

secretion, and enhanced lymphocyte recruitment to the liver

thereby contributing to or amplifying immune-mediated liver

damage (Fig. 3).

Once lymphocytes enter the liver interactions with epithelial

cells or stromal cells retain cells at sites of inflammation. In

addition, in some forms of chronic hepatic inflammation,

tertiary lymphoid structures develop within the liver. Neo-

vessels form in the portal tracts, and these show similarities to

high endothelial venules in secondary lymphoid tissue. In both

animals and humans, they can become organized into ‘‘portal

tract–associated lymphoid tissue’’ (Grant et al., 2002;

Yoneyama et al., 2001) which contains discreet T and B cell

areas and dendritic cells. The development of this tissue provides

an environment for ongoing recruitment and retention of lympho-

cytes within the liver as part of the process of lymphoneogenesis

in chronic inflammatory and autoimmune liver diseases.

ROLE OF AUTOIMMUNITY IN DRUG-INDUCED LIVER

INJURY

IDILI has been divided into two categories: immune

idiosyncrasy and metabolic idiosyncrasy by Zimmerman

(1999). In this categorization, in general, metabolic idiosyn-

crasy is referred to idiosyncrasy based on differences in

metabolism of the drug. A more general and fundamental

question is what fraction and which specific cases of IDILI are

mediated by the adaptive immune system and which are not. At

the present time, this is a matter of dispute and the evidence

does not provide a definitive answer.

The category of immune idiosyncrasy is based on the

characteristics of the liver injury. Drugs that cause IDILI

associated with fever, rash, a relatively short period of therapy

before the onset of IDILI (1–4 weeks), and a rapid onset on

rechallenge fit into the immune idiosyncrasy category. In

addition, in many cases, antidrug antibodies or autoantibodies

have been detected (Liu and Kaplowitz, 2002). Drugs that

cause IDILI that fit this category include halothane and tienilic

acid. In contrast, drugs such as isoniazid, ketoconazole,

troglitazone, and pyrazinamide cause IDILI that has been

classified as metabolic idiosyncrasy. Cases associated with

these drugs are not usually associated with the characteristics

listed for immune idiosyncrasy, the time to onset is usually

longer and more variable, and it may not occur on rechallenge.

This categorization appears to be well accepted, and yet there is

no example of IDILI in which the idiosyncratic nature can be

explained by a polymorphism in a metabolic pathway.

Isoniazid hepatotoxicity is slightly more common in patients

who are slow acetylators; however, the relative risk is much too

small to explain the idiosyncratic nature of isoniazid-induced

hepatotoxicity (Huang et al., 2002). Valproate-induced hepa-

totoxicity is different from the IDILI associated with other

drugs, and patients with mitochondrial dysfunction appear to

be at increased risk; however, most patients who develop

valproate-induced liver toxicity do not appear to have

mitochondrial dysfunction (Krahenbuhl et al., 2000). It is

possible that many cases of IDILI involve mitochondrial

dysfunction (Boelsterli and Lim, 2007; Labbe et al., 2008).

Much of the data relevant to this mechanism comes from

in vitro studies which may not reproduce the in vivo
mechanism of an idiosyncratic reaction. One exception is the

delayed toxicity induced by troglitazone and other drugs in

mice who are heterozygous for the mitochondrial superoxide

dismutase 2 enzyme (Ong et al., 2007). However, investigators

at Sankyo have been unable to reproduce these findings

(Fujimoto et al., 2009). Involvement of mitochondria and an

immune mechanism are not mutually exclusive.

Characteristics of IDILI and Their Implications

The characteristics of IDILI that have been used as evidence

that specific reactions are not mediated by the adaptive immune

system are also compatible with an immune mechanism.

Certainly, the fact that a case of IDILI is not associated with

fever, rash, and eosinophilia does not provide significant

evidence that a reaction is not immune mediated; there are

many examples of immune-mediated pathology that are not

associated with these characteristics. The fact that IDILI does

not recur rapidly on rechallenge is not typical of an immune-

mediated reaction; however, there are several examples of

immune-mediated reactions that do not recur rapidly on
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rechallenge. One clear example is heparin-induced thrombo-

cytopenia, which is mediated by antibodies against the heparin-

platelet factor 4 complex and does not usually recur on

rechallenge once these antibodies are gone (Warkentin and

Kelton, 2001). We have also found that the autoimmunity

associated with penicillamine in Brown Norway rats and the

autoimmunity associated with propylthiouracil in cats does not

occur rapidly on rechallenge (Waldhauser and Uetrecht, 1996).

Therefore, lack of immune memory is not clear evidence that

a reaction is not immune mediated. One possible reason for the

lack of immune memory in an immune-mediated reaction is if

the mechanism has a significant autoimmune component.

When the drug responsible for an autoimmune reaction (e.g.,

procainamide-induced lupus-like syndrome) is stopped, the

symptoms usually—but not always—resolve quite rapidly.

Given that the reaction is autoimmune in nature and so the

autoantigen is still present, the autoreactive T cells involved in

the immune response must be either deleted or anergized. This

would presumably also eliminate the memory T cells that are

responsible for a rapid response on rechallenge. Some drugs

such as minocycline, nitrofurantoin, and a-methyldopa are

associated with IDILI that clearly resembles idiopathic

autoimmune hepatitis (Lawrenson et al., 2000; Liu and

Kaplowitz, 2002). The time to onset of this type of IDILI is

often quite long; it usually requires more than a year of therapy

before the onset of this type of IDILI. It is also interesting to

note that many of the drugs associated with IDILI are also

associated with a significant incidence of an autoimmune

reaction such as a lupus-like syndrome, autoimmune hemolytic

anemia, or vasculitis. These drugs include isoniazid (Lawson

et al., 2001), minocycline (Lawson et al., 2001), a-methyldopa

(Murphy and Kelton, 1988), hydralazine (Batchelor et al.,
1980), propylthiouracil (Horton et al., 1989), phenytoin

(Benton et al., 1962), statins (Ahmad, 1991), and zafirlukast

(Finkel et al.,1999). Therefore, the lack of immune memory

and long delay between starting a drug and the onset of IDILI

are also consistent with an immune mechanism, especially if it

has an autoimmune component. In fact, the long delay in onset,

which is a characteristic of drug-induced autoimmunity, would

be difficult to explain by any other mechanism.

The long delay in onset of drug-induced autoimmunity is

presumably due to the difficulty in overcoming tolerance

because the T cells with a high affinity for autoantigens are

deleted in the thymus. Some drugs such as minocycline are

associated with two types of IDILI: one with a short time to

onset and having features of a hypersensitivity reaction and the

other an autoimmune reaction with a quite long time to onset

(Lawrenson et al., 2000). The time to onset for isoniazid-

induced IDILI is quite variable with some cases occurring after

a year of therapy. The response to rechallenge is also variable;

in many cases, there is no recurrence, and yet there is one

report in which the patient developed a fever and a 10-fold

increase in aspartate transaminase 4 h after a single rechallenge

dose (Maddrey and Boitnott, 1973). It is likely that such

variation in characteristics of IDILI from one patient to another

reflects mechanistic differences, and in this case, it could be

due to differences in the degree of autoimmunity with the cases

occurring after a short period of treatment and rapid onset on

rechallenge representing a typical adaptive immune response

and those cases that occur after a long period of treatment

having a significant autoimmune component. It is known that

the spectrum of antibodies induced by a drug such as halothane

varies from one patient to another with some being antidrug

antibodies and others being autoantibodies (Bourdi et al.,
1996); therefore, it is not surprising that the type of immune

response leading to IDILI might vary from one patient to

another. In one study, 50% of patients who developed acute

liver failure induced by anti-tuberculosis drugs had autoanti-

bodies, and the incidence was higher in patients with a more

gradual onset (Bernal et al., 2007). However, most cases of

IDILI that would likely be classified as metabolic idiosyncrasy

probably are not associated with the typical autoantibodies that

have been used to diagnosis autoimmune hepatitis. It is also

true that the diagnosis of autoimmune hepatitis can be difficult,

and even many patients with idiopathic autoimmune hepatitis

do not have the typical characteristics and serum markers of the

disease (Manns and Vogel, 2006).

Involvement of T Helper 17 Cells in Autoimmunity

There is a ‘‘new’’ type of helper T cell, the T helper 17

(Th17) cell, which appears to be a major component of the

immune response in autoimmune reactions (Romagnani et al.,
2009; Fig. 2). A characteristic cytokine produced by Th17 cells

is interleukin (IL)-17, hence the name. If some cases of IDILI

have a significant autoimmune component, it would be

expected that the patients would have elevated IL-17 levels.

In a model of acute holthane hepatotoxicity, anti-IL-17

antibodies attenuated the increase in plasma ALT levels

(Kobayashi et al., 2009). We tested the serum from several

patients with drug-induced liver failure, and many did, in fact,

have elevated IL-17 levels (Li et al., 2009). However, some

patients with acetaminophen (APAP)-induced liver failure also

had elevated IL-17 levels, and it has been found that other

innate immune cells such as NK cells and cd-T cells also

produce IL-17 (Roark et al., 2008). Therefore, we need other

methods to probe the involvement of Th17 cells and the role of

autoimmunity in the mechanisms of IDILI.

In summary, although many cases of IDILI are not generally

believed to be mediated by the adaptive immune system, the

characteristics that have led to this conclusion are also

compatible with an immune mechanism, especially a mecha-

nism that includes an autoimmune component (Fig. 2). In

general, it is more difficult to determine if a case of IDILI is

immune mediated than it is to demonstrate that it is associated

with a single polymorphism in a metabolic pathway. However,

polymorphisms in multiple enzymes involved in the metabolic

activation, detoxification, and transport of drugs and metabo-

lites can complicate this scenario (Andrade et al., 2009). These
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mechanisms will be open to debate until we have better data.

IDILI is a significant source of patient morbidity and mortality

as well as a significant issue for drug development. Therefore,

we need better methods to determine the mechanisms of these

adverse reactions because without a better mechanistic un-

derstanding it is unlikely that we will make significant progress

in preventing these serious reactions.

ROLE OF HEPATIC MACROPHAGES IN DRUG-INDUCED

LIVER INJURY

The liver contains a large number of various types of innate

immune cells, including resident macrophages, KCs, NK cells,

and NKT cells. Aside from the resident innate immune cells,

other leukocytes, such as neutrophils and monocytes, can be

recruited into the liver during inflammation. The pathological

roles of NK/NKT cells, neutrophils, and macrophages have

been intensively investigated using the murine model of

APAP-induced liver injury. However, the exact role of these

cells in the pathogenesis of injury remains controversial.

Regarding the role of hepatic macrophages, it has been

demonstrated that these cells contribute to APAP-induced

hepatotoxicity, through the production of pro-inflammatory

cytokines and mediators, including tumor necrosis factor

(TNF)-a, IL-1b, and nitric oxide (NO) (Laskin et al., 1995;

Michael et al., 1999). However, hepatic macrophages also play

a hepatoprotective role through the production of cytokines and

mediators, such as IL-10–, IL-6–, and IL-18–binding protein,

which counteract inflammatory events and promote liver

regeneration (Ju et al., 2002). This dichotomy of both pro-

toxicant and hepatoprotective functions of hepatic macro-

phages may be explained by the heterogeneity of these cells.

Our recently published study demonstrated the differentiation

of resident KC from a population of transient, APAP-induced

infiltrating macrophages (IMs) (Holt et al., 2008b).

Identification of Two Distinct Macrophage Populations in the
Liver of Mice after APAP Treatment

Our initial flow cytometric analysis of the hepatic non-

parenchymal cells isolated from APAP-treated mice revealed

two populations of macrophages with differential expression

levels of two commonly used macrophage surface markers, F4/

80 and CD11b. In addition to the resident KCs (CD11blowF4/

80high), the second IM population (CD11bhighF4/80low)

appeared within the liver ~12 h after APAP challenge and

remained present until their eventual disappearance by 5 days

after APAP challenge. The finding that the IMs were still

present in the liver of mice depleted of KC prior to APAP

administration confirmed that the IMs represented a distinct

population from resident KCs. In contrast, we observed an

almost complete absence of the IMs in the liver of mice

subjected to bone marrow irradiation 3 days prior to APAP

challenge. It has been demonstrated that macrophage chemo-

tactic protein-1 and its receptor CCR2 play a key role in the

recruitment of monocytes into inflamed tissues (Kuziel et al.,
1997). Our data showed that APAP treatment elicited

a significantly decreased number of IMs in the liver of

CCR2�/� mice compared with that in WT mice. These results

suggest that the IMs represent a bone marrow–derived,

circulating monocyte population that infiltrates the liver in

response to chemokines released after APAP challenge.

Phenotypic Characterization of IMs

Two major classes of macrophages have been identified,

classically activated macrophages (M1) and alternatively

activated macrophages (M2). M1 macrophages generate

proinflammatory cytokines and bacteriocidal mediators,

whereas M2 cells play an important role in the downregulation

of inflammation, tissue remodeling, elimination of tissue

debris, and apoptotic bodies, as well as the induction of

angiogenesis (Fadok et al., 1998; Goerdt and Orfanos, 1999).

Our data revealed that the IMs expressed significant levels of

a unique set of genes known to be markers of M2 cells,

including Ym1, a heparin-binding lectin; Fizz1, a cysteine-rich

secreted protein; and arginase-1, which competes with NO

synthetase for metabolism of L-arginine. The IMs also

expressed matrix metalloproteinase-12 (MMP-12), MMP-9,

macrophage galactose N-acetyl-galactosamine–specific C-type

lectin 1, and macrophage mannose receptor, all of which have

been reported to play important roles in tissue repair processes

(Curran et al., 2006; Gill and Parks, 2008; Sato et al., 2005;

Sturge et al., 2007). Collectively, this gene expression profile

suggested an M2 signature for the IMs, a signature that has

been associated with a phenotype involving downregulation of

inflammation, high capacity for phagocytosis, and induction of

an angiogenesis and tissue repair.

FIG. 2. Drug-induced classic adaptive immune responses and autoimmune

responses. Depending on which helper T cells happen to have the highest

affinity, the dominant immune response induced by a drug-modified protein

may be a classic adaptive immune response against the drug or an autoimmune

response against the protein portion of the modified protein. Th17 cells appear

to play a major role in autoimmune responses; however, any immune response

is likely to involve a combination of multiple types of T cells and B cells as

well as innate immune cells.
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The ability of the IMs to phagocytose apoptotic cells in vitro
and in vivo was examined. IMs were isolated and purified from

mice 24 h after APAP challenge and co-cultured with viable or

apoptotic Jurkat T cells for 90 min. The phagocytic index,

a quantitive measure of phagocytosis, for IMs was greater than

30%, similar to that of potent phagocytes reported in the

literature (Bijl et al., 2006; Gardai et al., 2005). The in vivo
phagocytic ability of the IMs was determined at 24 h following

APAP challenge after injection of mice with red fluorescent

latex beads and detecting the uptake of beads by the IMs.

Similar to the results from the in vitro phagocytosis assay, the

IMs demonstrated in vivo phagocytic capacity. Aside from their

phagocytic ability, our data demonstrated that IMs could

induce apoptosis of neutrophils. After 24 h coculturing of IMs

with neutrophils, the number of neutrophils decreased

significantly. Among the remaining neutrophils, the percentage

of apoptosis increased significantly in the cocultures (67%)

compared with that in cultures of neutrophils alone (19%),

suggesting that the IMs are potent inducers of neutrophil

apoptosis.

Investigation of the Role of IMs in APAP-Induced Liver
Injury

To investigate the involvement of the IMs in APAP-induced

liver injury, we treated female BALB/cJ WT and CCR2�/�

mice with APAP. No significant difference was observed in the

degree of APAP-induced hepatotoxicity, as measured by ALT

levels at 10 and 24 h following APAP challenge. However,

extensive hepatocytes necrosis and tissue hemorrhage were still

evident and remained elevated in CCR2�/� mice at 48 and

72 h after APAP treatment, whereas the hepatic damage was

diminished dramatically and the liver appeared normal in WT

mice by 48 and 72 h (Holt et al., 2008b).

In summary, IMs are recruited into the liver of mice

following APAP-induced liver injury. Characterization of the

IMs suggests that they share a phenotype with M2 macro-

phages. In the absence of the IMs, the repair of liver damage

following APAP-induced liver injury was delayed in CCR2�/�
mice compared with WT mice. The observed IM-mediated

induction of neutrophil apoptosis as well as the ability to

phagocytose apoptotic cells likely contributes to their role in

the resolution of inflammation and promotion of tissue repair

following APAP-induced liver injury.

ROLE OF NEUTROPHILS IN DRUG-INDUCED

LIVER INJURY

Polymorphonuclear leukocytes (neutrophils) are derived

from the bone marrow and are circulating in blood. These

cells are critical for host defense function as part of the innate

FIG. 3. Dual function of sterile inflammation. Drugs or chemicals cause cell injury and necrosis, which results in the release of cellular contents including

DNA, RNA, and proteins (HMGB1, HSPs). These DAMPs can cause complement activation or bind to toll-like receptors on neutrophils and macrophages where

they trigger cytokine and chemokine formation. These proinflammatory mediators can activate neutrophils and monocytes in blood and recruit them into the liver

vasculature. After extravasation into the parenchyma and adherence to target cells, neutrophils generate potent reactive oxygen species, which trigger cell death

(cytotoxicity). On the other hand, both macrophages and neutrophils can phagocytose cell debris and digest it (clean-up mission). Whether these phagocytes cause

additional tissue damage or mainly remove cell debris depends on the individual drug. If the drug itself effectively causes cell death, a cytotoxic effect of

neutrophils is less likely. However, if the drug induces significant stress in many cells but is able to kill only a few, the recruited neutrophils may aggravate the

injury by attacking and killing some of the stressed cells. C5a, activated complement factor C5a; HMGB1, high mobility group box-1 protein; HOCl, hypochlorous

acid; HSPs, heat shock proteins; TLRs, toll-like receptors.
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immunity. They are highly mobile and can migrate from the

blood into the tissue where they can phagocytose, kill, and digest

any microorganism or foreign material. Together with macro-

phages, neutrophils also remove cell debris after tissue damage.

However, during the last two decades, evidence accumulated

that neutrophils can also cause additional liver injury in various

models including ischemia-reperfusion, endotoxemia, alcoholic

hepatitis, obstructive cholestasis, and even DILI (Jaeschke,

2003, 2006; Ramaiah and Jaeschke, 2007).

Neutrophil Accumulation in the Liver Vasculature

Prerequisite for neutrophil-induced liver injury is the

accumulation of these leukocytes in hepatic sinusoids, which

does not require selectins, integrins, and most other adhesion

molecules (Jaeschke, 1997; Lee and Kubes, 2008). The initial

recruitment into sinusoids is affected by rheological changes in

activated neutrophils and cell swelling of sinusoidal lining cells

making it more likely that neutrophils get stuck due to the low

shear stress in these capillaries (Jaeschke and Smith, 1997).

However, recently it was shown that interactions between

CD44 on neutrophils and the extensively expressed hyaluronan

on sinusoidal endothelial cells were mainly responsible for

neutrophil accumulation in sinusoids during endotoxemia

(McDonald et al., 2008). Independent of the specific

mechanism of neutrophil accumulation, there is no question

that cytokines, such as TNF-a and interleukin-1, activated

complement factors, and to a lesser degree, CXC chemokines

(KC, MIP-2) are potent activators of neutrophils that trigger

their accumulation in sinusoids (Bajt et al., 2001). It is well

established that endotoxin and other bacterial products can

activate complement, which primes neutrophils for reactive

oxygen formation (Jaeschke et al., 1993). Furthermore,

endotoxin can directly bind to toll-like receptors on macro-

phages and induce proinflammatory mediator formation

(Beutler et al., 2003). More recently, it was recognized that

a number of intracellular proteins, for example, high-mobility

group box-1 protein and heat shock proteins, as well as DNA

and RNA fragments are also substrates for toll-like receptors

and can trigger cytokine formation independent of infectious

material (Bianchi, 2007). The so-called endogenous danger-

associated molecular patterns (DAMPs) are responsible for the

inflammatory response and hepatic neutrophil accumulation

after cell necrosis, for example, ischemia-reperfusion injury

(Kaczorowski et al., 2009) and APAP hepatotoxicity (Chen

et al., 2007; Imaeda et al., 2009; Scaffidi et al., 2002).

Mechanisms of Neutrophil-Mediated Liver Injury

Although neutrophils accumulated in sinusoids are partially

activated and primed, they do not cause liver injury (Jaeschke

and Smith, 1997). Prerequisite for cytotoxicity is the

extravasation and adherence to target cells. Most neutrophils

involved in the injury process are extravasating from sinusoids

not from postsinusoidal venules (Jaeschke and Smith, 1997). If

the endothelium is intact, the extravasation involves integrins on

neutrophils and the respective counter-receptor (ICAM-1,

VCAM-1) on endothelial cells (Jaeschke, 1997; Ramaiah and

Jaeschke, 2007). If the endothelial cells are damaged, adhesion

molecules are less critical for the extravasation step but are still

required for the adhesion to the target and the triggering of

adherence-dependent reactive oxygen formation and degranula-

tion (Jaeschke, 2006). Although some co-culture experiments

support the hypothesis that proteases such as elastase and

cathepsin G are important for the injury (Jaeschke and Smith,

1997), more direct evidence in vivo supports the conclusion that

neutrophils kill through reactive oxygen species (Jaeschke et al.,
1999). Neutrophils generate superoxide through NADPH

oxidase (NOX-2). The resulting hydrogen peroxide can either

directly diffuse into hepatocytes and generate an intracellular

oxidant stress (Jaeschke et al., 1999) or myeloperoxidase uses it

to generate hypochlorous acid, which also diffuses into target

cells as indicated by the detection of chlorotyrosine protein

adducts and other modified proteins inside the cells (Gujral

et al., 2003, 2004; Hasegawa et al., 2005). Some of the proteases

released by neutrophils assist in the extravastion and migration

process and are involved in the processing of cytokines

(Jaeschke, 2006). Thus, both reactive oxygen species and

proteases are critical for a neutrophil-mediated liver injury. Since

neutrophils do not attack healthy cells, a signal is required to

induce transmigration. CXC chemokines generated by hepato-

cytes are potent chemoattracts for neutrophils and can trigger

neutrophil extravasation (Lentsch et al., 1998). However, other

chemotactic mechanisms including direct contact due to the

close proximity between neutrophils in sinusoids and the

underlying hepatocytes need to be considered (Ito et al., 2006).

Neutrophils in Drug-Induced Liver Injury

While there is general consensus regarding the detrimental

role of neutrophils in the pathogenesis of ischemia-reperfusion

injury or obstructive cholestasis, there is controversy regarding

their role in APAP-induced liver injury, which is the most

frequent cause of drug-induced hepatotoxicity and acute liver

failure in the United States and many other countries. APAP

overdose causes reactive metabolite formation, GSH depletion,

and mitochondrial oxidant stress, which contributes directly to

the mitochondrial membrane permeability transition pore

opening and collapse of the membrane potential and indirectly,

through release of intermembrane proteins, to nuclear DNA

damage (Jaeschke and Bajt, 2006). The resulting necrotic cell

death leads to the release of DAMPs, which triggers cytokine

formation and neutrophils accumulation (Chen et al., 2007;

Imaeda et al., 2009; Scaffidi et al., 2002).

Depletion of neutrophils with an anti-Gr-1 antibody 24 h

before APAP administration protected against APAP-induced

liver injury (Ishida et al., 2006; Liu et al., 2006). These

findings lead to the conclusion that neutrophils contribute to

the aggravation of liver injury (Ishida et al., 2006; Liu et al.,
2006). However, treatment with the same antibody 2 h after
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APAP administration did not protect (Cover et al., 2006).

Further evidence against a role of neutrophils came from

experiments using CD18 antibodies (Lawson et al., 2000) or

inhibitors of NOX-2 (Cover et al., 2006). In addition, mice

deficient in a functional NOX-2 (James et al., 2003), ICAM-1

(Cover et al., 2006), CD18 (Jaeschke et al., 2009), or elastase

(Bajt and Jaeschke, unpublished observation) were not

protected. Also, circulating neutrophils do not show increased

expression of CD11b/CD18 or priming for reactive oxygen

formation during APAP hepatotoxicity (Jaeschke et al., 2009;

Lawson et al., 2000). Moreover, neutrophils appear to be

mainly localized in sinusoids away from the area of necrosis

(Cover et al., 2006). Given that all the above mentioned

interventions are effective in models where neutrophils are

contributing to the injury process, together these experiments

strongly suggest that neutrophils are not a critical factor in

APAP-induced liver injury. How can we explain the beneficial

effects of the neutropenia-inducing antibody (Ishida et al.,
2006; Liu et al., 2006)? When given as a pretreatment for 24 h,

the neutrophils removed by the antibody end up in capillaries

such as liver sinusoids. KCs will remove these antibody-tagged

cells by phagocytosis and get activated in the process. The

mediators generated by KCs induce a number of proinflamma-

tory and stress genes in hepatocytes, which has a preconditioning

effect that renders the hepatocytes potentially more resistant to

APAP overdose (Jaeschke and Liu, 2007). Although the exact

mechanism of protection by Gr-1 has not been elucidated, the

fact that certain genes are upregulated that have been shown to

protect against APAP hepatotoxicity makes these experiments at

least difficult to interpret (Jaeschke and Liu, 2007).

In summary, neutrophils are readily activated by cytokines

and other inflammatory mediators, they accumulate mainly in

sinusoids, and after receiving a chemotactic signal, can

extravasate and attack distressed hepatocytes (Fig. 3). Gener-

ation of reactive oxygen species by neutrophils, especially

hypochlorous acid, triggers an intracellular oxidant stress in the

target cell and causes cell death. The pathogenic role of

neutrophils is well established in a number of liver diseases

(Jaeschke, 2003, 2006; Ramaiah and Jaeschke, 2007).

However, evidence for the involvement in DILI is limited to

a few examples such as a-naphthylisothiocyanate (Dahm et al.,
1991) and halothane (You et al., 2006). In the case of APAP

hepatotoxicity, the vast majority of experiments do not support

a relevant contribution of neutrophils to the liver injury in

murine models. However, these results require confirmation in

the human pathophysiology before this therapeutic target can

be dismissed for APAP overdose patients.

ROLE OF OPN IN HEPATIC INFLAMMATION

OPN Structure and Function

OPN also described frequently in literature as secreted

phosphoprotein 1 is an acidic member of the small integrin-

binding ligand N-linked glycoprotein family of proteins

(Denhardt et al., 2001a,b; Ramaiah and Rittling, 2007a,b).

One of the major structural and functional OPN domains

observed includes arginine-glycine-aspartic (RGD) cell-binding

domain similar to that present in many extracellular matrix

proteins which is considered critical to binding with integrins.

Another integrin-binding site present on OPN includes

SVVYGLR domain in human OPN and SLAYGLR in rat and

mouse which is reported to bind to a9/b1 and a4/b1 integrins

(Ramaiah and Rittling, 2007a,b). Integrins are known to bind to

the N-terminal thrombin cleaved fragment of OPN which

contains the above mentioned RGD and the SVVYGLR domain.

N-terminal thrombin cleaved fragment of OPN is known to be

mediated by the thrombin cleavage site present on OPN. These

OPN integrin-binding sites appear to be important based on the

reported role of OPN in several inflammatory events involving

multiple target organs such as kidney (glomerular nephritis and

puromycin-induced nephrotoxicity) and liver (CCl4-induced

hepatotoxicity). While such a role for OPN in target organ

inflammation has been reported, the molecular basis by which

such events are mediated is currently not clear.

Role of OPN in Inflammatory Cell Recruitment during Drug-
Induced Liver Injury

The role of OPN in hepatic inflammation has been

extensively studied with macrophages, wherein it is shown

that OPN binds to macrophage integrins and is chemotactic for

macrophages in vivo (Giachelli et al., 1998; Kawashima et al.,
1999; Ramaiah and Rittling, 2007a,b). When a chemotactic

peptide (formyl-methionyl-leucyl-phenylalanine) is injected,

macrophages appear to accumulate at the injection site and

administration of neutralizing antibody to OPN reduced this

macrophage accumulation by 60% (Giachelli et al., 1998),

providing strong evidence that OPN mediates at least in part

the chemotactic response of macrophages. In addition to the

role of OPN in attracting macrophages in a variety of

pathologic situations such as myocardial necrosis (Murry

et al., 1994), pulmonary fibrosis, and interstitial monocyte

infiltration in the kidney (Ramaiah and Rittling, 2007b), there

are examples of OPN-mediated infiltration of macrophages

within the liver. In the liver, it is known that OPN is expressed

in activated KCs in response to CCl4 treatment (Kawashima

et al., 1999). Also, significant macrophage infiltration was

reported following treatment of rats with heat-killed Propio-
nibacterium acnes (Wang et al., 2000). These examples point

to the fact that OPN is expressed at sites of injury and acts as

a chemoattractant for macrophages.

While there is evidence for the correlation between hepatic

OPN expression and macrophage infiltration, the cells

expressing OPN within the liver is not clear. In a comparison

of liver injury following bile duct ligation (BDL) and CCl4
treatment, Lorena et al. (2006) identified biliary epithelial cells

to be the main source of OPN in both normal and BDL-treated

mice. However, in CCl4-treated mice, OPN expression was
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associated with infiltrating ED-1–positive macrophages adja-

cent to the necrotic areas. In a model of chemical-induced

sclerosing cholangitis, OPN was extensively expressed in

proliferating cholangiocytes and in hepatocytes surrounding

the portal tract (Fickert et al., 2006). Although the OPN

expression correlated with neutrophil infiltration, neither OPN-

nor TNF receptor-1–deficient mice showed reduced inflamma-

tion or attenuated fibrosis in this model (Fickert et al.,
forthcoming). Autoimmune hepatitis and viral hepatitis are

other examples of hepatic inflammatory liver diseases, wherein

increased neutrophil and lymphocyte (NKT and T cell)

infiltration is evident. The role of OPN has been identified in

a concanavalin A (Con A)–induced hepatitis mouse model

(Diao et al., 2004), wherein OPN-deficient mice were reported

to exhibit significantly lower liver injury when compared to

their wild-type counterparts. In this study, NKT cells were

shown to be important for the occurrence of Con A–induced

hepatic injury. Also, neutrophils were identified to be important

contributors for hepatic inflammation in this model. Both

lymphocytes and neutrophils appeared to be attracted toward

the cleaved form of OPN. The authors in this study tested the

hypothesis that the integrin-binding sites on OPN such as

SLAYGLR shows affinity towards the b1 and a4 integrins on

neutrophils. Mice treated with a neutralizing antibody specific

for a cryptic epitope of OPN were protected against Con

A–induced liver injury (Diao et al., 2004). These findings show

that NKT cells secrete cleaved OPN, which enhances NKT cell

activation and causes recruitment of neutrophils and their

activation during the course of Con A–induced hepatitis (Diao

et al., 2004).

Hepatic OPN Induction in Alcoholic Liver Disease

Alcoholic liver disease (ALD) exemplifies the role of hepatic

inflammation as a cause for associated liver pathology. In this

disease, heavy alcohol consumption results in an inflammatory

pathologic stage termed steatohepatitis (Apte et al., 2005), which

can develop from hepatic steatosis. Steatohepatitis in preclinical

rodent models and in human patients is usually characterized by

hepatic fat accumulation, neutrophil infiltration, and neutrophil-

mediated parenchymal injury. We tested the hypothesis of

whether OPN has a role in the mediation of hepatic neutrophilic

inflammation during alcoholic steatohepatitis. In a preclinical

rodent model of steatohepatitis, male Sprague-Dawley rats were

fed ethanol-containing Lieber-DeCarli liquid diet for 6 weeks

followed by endotoxin injection (Apte et al., 2005). In this

study, the significantly higher neutrophilic inflammation,

necrosis, and liver injury strongly correlated with increased

levels of hepatic and circulating levels of OPN (Apte et al.,
2005). In addition, the thrombin cleaved OPN which is

considered the functionally active form was also much higher

in the liver in this rodent model. Further confirmation of the role

of OPN in mediating hepatic inflammation during ALD was

tested by employing neutralizing antibodies in this model,

wherein the hepatic inflammation was significantly decreased

(Ramaiah and Rittling, 2007a). Consistent with rodent models,

a clinical study has revealed higher hepatic OPN gene

expression in human alcoholic hepatitis (Seth et al., 2006).

Clearly, these findings implicate the role of OPN in attracting

neutrophils into the liver during ethanol ingestion facilitating the

pathogenesis of alcoholic steatohepatitis.

Role of OPN in Female Gender Sensitivity in Alcoholic Liver
Disease

As mentioned above, OPN mediates hepatic neutrophil

infiltration making rats more susceptible to steatohepatitis. If

this hypothesis is correct, it is likely that there is higher OPN

induction in a female rodent model of ALD. Females are

known to be more susceptible to ALD than males. However,

the precise mechanism for such increased susceptibility of

females to ALD is not completely understood. Similar to the

OPN induction and association with hepatic inflammation in

a male rodent model of ALD, our results showed higher hepatic

expression of OPN to be the likely reason for higher and early

hepatic neutrophil infiltration making females more susceptible

to ALD (Banerjee et al., 2006, 2008).

To understand the molecular basis for increased neutrophil

infiltration in female rats, we hypothesized that OPN-mediated

hepatic neutrophil infiltration is a result of signaling by the

N-terminal integrin-binding motif (SLAYGLR) of OPN through

its receptor a9b1 (VLA9) and a4b1 (VLA4) on neutrophils.

When compared to males, females in the ALD group showed

higher expression of b1 integrins (both a4b1 and a9b1). Also,

neutralizing antibodies against OPN showed not only decreased

hepatic neutrophil infiltration but also decreased expression of

these integrins. We also demonstrated binding of OPN to a4b1

and a9b1 integrins using immunoprecipitation experiments.

Additional confirmation was obtained by Boyden chamber

assays. Using antibodies directed against the a4 or the b1

subunits or the OPN-SLAYGLR sequence, a significantly

decreased neutrophilic migration in vitro was noted (Banerjee

et al., 2008)

Role of OPN in Nonalcoholic Fatty Liver Disease

Similar to ALD, nonalcoholic fatty liver disease (NAFLD) is

an important disease that leads to hepatic inflammation (Sahai

et al., 2004). The prevalence of hepatic injury in the United

States due to NAFLD has significantly increased over time, and

a fraction of the DILI population appears to have the

biochemical picture of NAFLD. While several mechanisms

for the causation of hepatic inflammation have been discussed,

OPN has been identified as an important cytokine whose

expression is increased early in the course of the disease in an

experimental dietary rodent model of nonalcoholic steatohe-

patitis. It was reported that the upregulation of OPN correlates

with hepatic inflammation and occurs prior to hepatic cirrhosis.

The reduced liver injury and inflammation in OPN knockout

mice suggests an important of OPN expression in the NAFLD

model (Sahai et al., 2004).

IMMUNE-MEDIATED LIVER INJURY 317



In summary, several studies have investigated the role of OPN

during hepatic macrophage, lymphocyte, and neutrophilic

infiltration. The mechanisms by which OPN mediates hepatic

inflammation can be partly attributed to the synthesis and

secretion of OPN by a variety of immune and nonimmune cells

and its interactions through its integrin-binding RGD and non-

RGD sequences. In rodent models of alcoholic and non-ALD,

the expression of OPN is increased in response to inflammation

within the liver, and alteration of OPN function is thought to

occur by cleaved OPN. The confirmation of the role of OPN

using knockout mice and neutralizing antibodies against OPN

integrin-binding sites have revealed a significant proinflamma-

tory role of OPN in hepatic inflammation. However, complete

mechanisms that facilitate inflammatory cell infiltration into liver

by OPN are not completely understood. In addition, the

specificity of OPN-mediated attraction of inflammatory cells

will need further testing before the scientific community accepts

OPN to be a major chemoattracant for leukocytes in hepatic

inflammation. Potentially, inhibition of OPN by a variety of

approaches can be employed to derive therapeutic benefits in

various hepatic inflammatory states, in addition to its likely

usefulness to assess inflammatory components of DILI.

PERSPECTIVES

Based on accumulating evidence in the literature on the role

of immune cells in hepatic pathology, it is clear that immune

responses and associated autoimmunity can play an important

role in both predictive (acute) and idiosyncratic DILI. There

appears to be increased weight of evidence for a role of

lymphocytes, macrophages, and neutrophils in the mechanisms

of liver injury and regeneration in most but not all cases of

DILI. What are the implications and path forward for some of

these observations? Because DILI is a significant burden for

drug development in addition to morbidity and mortality,

a preclinical in vivo model to incorporate inflammatory cells to

assess immune responses may be critical to address all

potential aspects of DILI (Fig. 4). In addition, blood

biomarkers to monitor the function of lymphocytes, macro-

phages, and neutrophils within the liver should be established

so that DILI can be potentially identified early in the

development of drugs. Such biomarkers need to be tested in

appropriate in vivo models before applied in the clinic. With

ever-increasing regulatory oversight, pharmaceutical compa-

nies are addressing the issue of DILI more rigorously now than

ever before. Screening and managing DILI in the preclinical

and clinical settings are challenging, and there is an urgent

need for predictive tools to characterize both acute DILI and

especially IDILI, at various stages of drug development.
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