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This review addresses recent advances in specific mechanisms of
hepatotoxicity. Because of its unique metabolism and relationship to
the gastrointestinal tract, the liver is an important target of the
toxicity of drugs, xenobiotics, and oxidative stress. In cholestatic
disease, endogenously generated bile acids produce hepatocellular
apoptosis by stimulating Fas translocation from the cytoplasm to the
plasma membrane where self-aggregation occurs to trigger apoptosis.
Kupffer cell activation and neutrophil infiltration extend toxic injury.
Kupffer cells release reactive oxygen species (ROS), cytokines, and
chemokines, which induce neutrophil extravasation and activation.
The liver expresses many cytochrome P450 isoforms, including eth-
anol-induced CYP2E1. CYP2E1 generates ROS, activates many tox-
icologically important substrates, and may be the central pathway by
which ethanol causes oxidative stress. In acetaminophen toxicity,
nitric oxide (NO) scavenges superoxide to produce peroxynitrite,
which then causes protein nitration and tissue injury. In inducible
nitric oxide synthase (iNOS) knockout mice, nitration is prevented,
but unscavenged superoxide production then causes toxic lipid per-
oxidation to occur instead. Microvesicular steatosis, nonalcoholic
steatohepatitis (NASH), and cytolytic hepatitis involve mitochondrial
dysfunction, including impairment of mitochondrial fatty acid B-oxi-
dation, inhibition of mitochondrial respiration, and damage to mito-
chondrial DNA. Induction of the mitochondrial permeability transi-
tion (MPT) is another mechanism causing mitochondrial failure,
which can lead to necrosis from ATP depletion or caspase-dependent
apoptosis if ATP depletion does not occur fully. Because of such
diverse mechanisms, hepatotoxicity remains a major reason for drug
withdrawal from pharmaceutical development and clinical use.

Key Words: bile acids; cytochrome P4502E1; cholestasis;
Kupffer cells; microvesicular steatosis; mitochondrial permeability
transition; neutrophils; nitric oxide; oxidative stress; peroxynitrite.

Drugs continue to be pulled from the market with disturbing
regularity because of late discovery of hepatotoxicity. Such
unexpected toxicities appear to be the consequence of the
unique vascular, secretory, synthetic, and metabolic features of
the liver. About 75% of hepatic blood comes directly from the
gastrointestinal viscera and spleen via the portal vein. Portal
blood brings drugs and xenobiotics absorbed by the gut directly
to the liver in concentrated form. Drug-metabolizing enzymes
detoxify many xenobiotics but activate the toxicity of others.
Hepatocytes are highly reliant on ATP for ureagenesis, glu-
coneogenesis, and fatty acid metabolism among many other
metabolic processes. In fasted individuals with low hepatic
glycogen content especially, hypoxia, mitochondrial inhibition
and damage to mitochondrial DNA lead to hepatocellular ne-
Crosis.

The liver synthesizes, concentrates, and secretes bile acids
and excretes other toxicants, such as bilirubin. Drug-induced
injury to hepatocytes and bile duct cells can lead to cholestasis.
Cholestasis, in turn, causes intrahepatic accumulation of toxic
bile acids and excretion products, which promotes further
hepatic injury. Fortunately, the liver has enormous regenerative
capacity, but regeneration of hepatocytes lost by necrotic and
apoptotic cell death may mask detection of drug-induced in-
jury. Furthermore, the active proliferative response of hepato-
cytes makes the liver an important target of carcinogens.

Hepatic nonparenchymal cells, the Kupffer, sinusoidal en-
dothelial, and stellate (fat-storing or Ito) cells, and newly
recruited leukocytes, i.e., monocytes and neutrophils, also con-
tribute to the pathogenesis of hepatic toxicity. Kupffer cells
and neutrophils are a source of proinflammatory cytokines and
chemokines and of reactive oxygen and nitrogen species,
which promote oxidative stress in injury induced by toxicants

This article is based on a symposium entitled “Mechanisms of Hepatotox, 4 ischemia/reperfusion. Kupffer cells also play a key role in

icity” presented at the 40th annual meeting of the Society of Toxicolog

March 2001, San Francisco, CA.

¥1epatic injury due to ethanol consumption. The uniquely fe-

1To whom correspondence should be addressed. Fax: (919) 966-1dg3gStrated sinusoidal endothelial cell is selectively vulnerable to

E-mail: lemaster@med.unc.edu.
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transplantation and to cancer chemotherapy agents to cacyes readily underwent apoptosis. Unexpectedly, hepatocytes
veno-occlusive disease. Activated stellate cells synthesize dobm Fas ligand-deficient mice were also sensitive to GCDC-
lagen whose overproduction leads to hepatic fibrosis and dtimulated apoptosis (Faubiat al., 1999). These data impli-
rhosis. cate ligand-independent Fas-mediated apoptosis as a contrib-
The goal of this brief review is to discuss new developmentging mechanism for bile acid-related liver injury. To further
in our understanding of the mechanisms of liver toxicity frortest this concept, the bile ducts of wild type and Fas-deficient
drugs and other xenobiotics in the context of hepatic physighice were ligated to produce severe extrahepatic cholestasis.
ogy, metabolism, and cell biology. The sections that folloaspase 8, an initiator cysteine-aspartate protease in apoptosis,
emphasize important injury mechanisms, which can be a camas activated in wild type animals but not Fas-deficient mice.
sequence of metabolism and/or direct cell toxicity of chemBile duct ligated Fas-deficient animals also had less apoptosis,
cals. These mechanisms include bile acid-induced liver cdicreased liver injury, and improved survival as compared to
injury during cholestasis, pathophysiological effects of mitawild type mice (Miyoshiet al., 1999). Thus, Fas activation
chondrial dysfunction, and cell damage by reactive oxygen aafdpears to play a dominant role in bile acid cytotoxicity.
nitrogen species. The importance of vascular (Kupffer cells,How do bile acids cause Fas activation? Potential mecha-
neutrophils) and intracellular generation of reactive oxygen lysms include alterations in Fas synthesis, Fas compartmenta-
mitochondria and xenobiotic-inducible enzymes (e.g., CY#on, and Fas trimerization in the plasma membrane. However,
4502E1) will be discussed. toxic bile acids did not increase Fas synthesis. Rather, bile
acids promoted rapid transport of cytoplasmic vesicular Fas to
the plasma membrane in a microtubule-dependent manner
(Sodemaret al., 2000). Bile acid-induced apoptosis was de-
Bile formation is an essential function of the liver, angoendent upon this translocation of Fas to the plasma mem-
failure of bile formation is a pathophysiologic process termduatane. Whether Fas translocation is sufficient to trigger spon-
cholestasis. Retention of bile constituents within the hepat@aneous association of Fas receptor death domains is unclear.
cyte during cholestasis is associated with hepatocyte apoptdémetheless, toxicant-induced transport of intracellular death
(Patelet al., 1998). Although the mechanisms of cholestasi®ceptors to the plasma membrane is a new paradigm for cell
associated with hepatocyte apoptosis are likely complex adéath. In summary, bile acids accumulate in the liver when g
multifactorial, hydrophobic bile acids are especially hepat@analicular transport is impaired, which results in translocation >
toxic, and they accumulate in the liver in cholestatic disordeof cytoplasmic Fas to the plasma membrane where these receptorsglz
(Rodrigueset al., 1998). The intrinsic hepatotoxicity of theseself-aggregate and trigger cell death by apoptosis (Fig. 1).
hydrophobic, sterol-derived molecules is apparent in children
who have a mutation in the bile salt excretory pump in the
canalicular membrane (Strautniedsal., 1998). The failure to
secrete bile acids into bile results in liver injury, cirrhosis, and
death from liver failure (Strautnieket al., 1998). This unfor-  Sepsis/endotoxemia, alcoholic hepatitis, ischemia-reperfu-
tunate human disease highlights the toxicity of bile acids Bion injury, and certain drug-induced liver toxicities are char-
humans. acterized by systemic and local inflammation with recruitment
In cultured rat hepatocytes, the hydrophobic bile acid glyf macrophages and neutrophils into the liver vasculature
cochenodeoxycholate, GCDC, at pathophysiologically relevgdaeschke and Smith, 1997; Jaescakal., 1996; Laskin and
concentrations (20—-10QuM) induces apoptosis, as docu-Laskin, 2001). The main function of these phagocytes is to
mented by cell shrinkage, nuclear condensation and lobulatidiestroy invading microorganisms and to remove dead cells and
caspase activation, DNA fragmentation, and phosphatidylseell debris in preparation for tissue regeneration. Because of &
ine externalization (Patelt al.,1994). Thus, bile acids providethe nature of the toxic mediators generated by these phago- &
a valuable model to dissect the mechanisms of liver cell apapres, healthy cells may also be affected, which can aggravate §
tosis and the role of apoptosis in liver injury from endogenouke original liver injury. Therefore, it is important to under- @
toxicants. stand the mechanisms involved in the activation, recruitment,
Apoptosis occurs by one of two pathways: (1) a deatland cytotoxicity of these phagocytes in the liver.
receptor pathway, and (2) the mitochondrial pathway (Green,Previous work during the last 10 years characterized a role
1998). To determine if death-receptor pathways contribute fiar neutrophils in the pathophysiology of inflammatory liver
bile acid-mediated apoptosis, hepatocytes from tumor necrosiiry, and many aspects that are relevant for neutrophil-
factor-receptor 1 (TNF-R1) and Fas-deficient mice were emiediated cytotoxicity also apply to mononuclear cells. Neu-
posed to GCDC. TNF-R1 and Fas are the predominant de&tbphils can be recruited into the hepatic vasculature by local
receptors expressed by hepatocytes (Faubion and Gores, 198&ue injury and CXC chemokine generation (Lawsdral.,
Hepatocytes from Fas-deficient Ipr mice were resistant 2000b; Maheet al.,1997) or the systemic exposure to inflam-
GCDC-mediated apoptosis, whereas TNF-R1-deficient hepateatory mediators, including tumor necrosis factofTNF-«),

Bile Acid-Induced Hepatocyte Apoptosis
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Toxic Bile Acids Ligand independent phils are rarely cytotoxic when present in sinusoids and must
(TBQ) Fas aggregation transmigrate into the subsinusoidal space to cause tissue injury
(Chosayet al., 1997). In order to transmigrate and attack,
neutrophils must receive a chemotactic signal. CXC chemo-
kines generated by hepatocytes can trigger a neutrophil-in-
duced injury (Maheeet al., 1997). Furthermore, lipid peroxi-
N dation products are highly chemotactic (Curabal., 1986)
™ <b Gashase d be r nsible for the continuation and amplification
Bile 4 TBA Cascade an may e e§p0 S - p
Canaliculus Vesicle of the injury (Liu et al., 1994). Recently, apoptotic cell death
with Fas of hepatocytes was identified as a potent stimulus for neutro-
phil extravasation and enhancement of endotoxin-induced in-
jury (Jaeschkeet al., 1998; Lawsonet al., 1998). In human

Apoptosis alcoholic hepatitis, apoptotic hepatocytes colocalize with neu-
trophils, which correlates strongly with the severity of tissue
damage (Ziolet al., 2001). Thus, hepatocyte apoptosis and
Hepatocyte neutrophil extravasation may be important events in alcoholic

FIG. 1. Bile acid-induced hepatocyte apoptosis. Bile acids are normalu/Ver |njgry. . . . .
secreted rapidly from hepatocytes by transporters located in the canaliculaD€Spite the improved understanding of neutrophil-mediated
membrane. In cholestasis, secretion is impaired, resulting in elevated condeepatotoxicity, the molecular mechanism of cell death remains
trations of toxic bile acids (TBA) within hepatocytes. At pathophysiologi¢ontroversial (Jaeschke, 200M). vitro studies using neutro-
con_centrations, toxic bile acids trigger translocation ofintracellqlar Fas beariP%il-hepatocyte cocultures have identified proteases as the crit-
vesicles to the plasma membrane where they self-aggregate in the absence of . . X
ligand. Activated Fas receptor complexes on the plasma membrane then cdfi meqlators of cell injury (Jaesthei al., 1996; ‘]aeschke, .
caspase 8 activation and an apoptotic cascade. and Smith, 1997). In support of this concept, protease inhibi-

tors attenuate neutrophil hepatotoxicityvivo (Jaeschke and

Smith, 1997). Recent data also suggest that neutrophil-derived
IL-1, complement factors, platelet activating factor, and CX@active oxygen species can induce an intracellular oxidant
chemokines (Jaeschke, 1997). Each of these mediators upregress in hepatocytes that triggers necrotic cell injury in less
lates B, integrins on neutrophils (Jaeschke, 1997). In livethan 1 h (Jaeschilet al.,1999). Similar results can be obtained
neutrophils accumulate in sinusoids and adhere to venuwith a macrophage-derived oxidant stress in the liver (Biger
endothelial cells (Chosast al.,1997). In general, recruitmental., 1999). The mechanism of injury does not involve gross
of neutrophils into sinusoids does not depend on cellular dipid peroxidation (Jaeschket al.,1999) but may be caused by
hesion molecules (CAMs; Jaeschke, 1997) but appears to rethdt opening of the membrane permeability transition pore and
from mechanical trapping due to rheological changes in nehe collapse of the mitochondrial membrane potential (Niemi-
trophils, active vasoconstriction in sinusoids and swelling ofen et al., 1995). In addition to causing cell injury, reactive
the sinusoidal lining cells (Jaeschke, 1997). However, subseygen species promote inflammation by enhancing the acti-
guent steps of firm adhesion to endothelial cells, transmigratieation of the transcription factor NkB, which controls the
and adherence to hepatocytes are dependent on CAMs, incliedmation of cytokines, chemokines, and adhesion molecules
ing ICAM-1 and VCAM-1 (Essaneét al., 1995, 1997). Expres- (Jaeschke, 2000).
sion of E-selectin on endothelial cells activates neutrophilsIn summary, drug toxicity, tissue trauma, ischemia-reperfu-
during transmigration (Lawsoat al., 2000a). Neutrophil ad- sion, sepsis, and other pathophysiological events activate both
hesion and extravasation in sinusoids do not involve PECAMrEutrophils and Kupffer cells directly or through activation of
or P- or L-selectin. In contrast, neutrophil rolling and adhesiaomplement (Fig. 2). Kupffer cells release cytotoxic mediators,
in postsinusoidal venules are dependent on P- and L-seledtirth as reactive oxygen species, and proinflammatory media-
and ICAM-1, respectively (Jaeschke, 1997; Lawsstnal., tors, such as cytokines and chemokines. Complement factors
2000a). CAMs are differentially expressed and are cytoking.g., C5a) and cytokines prime and activate neutrophils to
inducible on all liver cell types (Jaeschke, 1997). On leuk@romote their recruitment into the hepatic vasculature. If che-
cytes, members of thg,-(CD18)-integrin family are critical motactically stimulated, neutrophils extravasate and adhere to
for neutrophil-mediated injury (Jaeschkeal., 1993). LFA-1 parenchymal cells, which induces necrotic cell death through
(CD11a/CD18) and Mac-1 (CD11b/CD18) are involved imelease of reactive oxygen and proteases. Adhesion molecules
transmigration and adhesion to hepatocytes (Jaeschke andneutrophils 8, integrins, especially CD11b/CD18) and
Smith, 1997). Upregulation of Mac-1 is a prerequisite folCAM-1 on endothelial cells and hepatocytes are essential for
neutrophil cytotoxicity (Jaeschket al., 1993). Adherence of neutrophil margination, extravasation, and oxidant production.
neutrophils to target cells through Mac-1 triggers release Gftokines can induce hepatic adhesion molecule and chemo-
proteases and prolonged reactive oxygen formation. Neutkone formation, which in turn is modulated by oxidant stress.
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overexpressing HepG2 cell lines were established by retroviral
infection methods (E9 cells) and by plasmid transfection meth-
ods (E47 cells; Chen and Cederbaum, 1998; &ail., 1993).

E9 and E47 cells express CYP2EL1 at levels of about 10 and 45

Liver PMN
CD11b/CD18 upregulation

EC, PC, KC pmol/mg microsomal protein, respectively. Compounds ac-
Adhesion Molecules tively metabolized by CYP2EL to reactive intermediates, such
+ROS as acetaminophen or carbon tetrachloride, were toxic to
Transmigration CYP2E1-overexpressing HepG2 cells but not to control cells,
Adherence to PC

which validates the model for study of CYP2E1-dependent
toxicity (Dai and Cederbaum, 1995a,b).
ROS Ethanol, iron, and polyunsaturated fatty acids, such as ara-
Proteases chidonic acid (but not monoenoic acids such as oleic acid),
were considerably more toxic to CYP2E1-overexpressing E9
\ cells than MV5 control cells (Cheet al., 1997; Sakurai and
Necrosis Cederbaum, 1998; Wu and Cederbaum, 1996). Toxicity was
concentration- and time-dependent and associated with lipid
FIG. 2. Mechanisms of neutrophil-induced liver injury. Tissue traumaPeroxidation. Antioxidants, especially inhibitors of lipid per-
endotoxin, and bacteria trigger formation of inflammatory mediators such @xidation, prevented toxicity. The toxicity correlated with
complement factors (C5a), cytokines (TNF-IL-1) and CXC chemokines. CYP2E1 levels and was enhanced after transfection with a
Each of these factors can upregulate expressigdy, afitegrin (CD11b/CD18) sense CYP2E1 plasmid and diminished after transfection with

and prime neutrophils (PMN) for ROS formation. C5a also stimulates Kupffer . . -
cells (KC) to release ROS. In addition, cytokines activate expression apn antisense CYP2E1 plasmid. CYP2E1-dependent cell killing

adhesion molecules on endothelial cells (EC) and hepatocytes (PC). If prinf¥@S apoptotic, associated with activation of caspase 3 (a major
neutrophils receive a chemotactic signal from the parenchyma, they véiffector caspase in apoptosis), and blocked by pancaspase
transmigrate and adhere to hepatocytes. This leads to the final activatiorjrffjbition (Chenet al., 1997; Sakurai and Cederbaum, 1998;

neutrophil with degranulation (protease release) and adherence-dependenWﬁ- and Cederbaum 1999) Bcl-2 is a proto-oncogene that
idant stress, which causes cell necrosis. Mediators generated during cell inj ! '

r . S .
such as lipid peroxidation products (LPO) and chemokines, become cherﬁgf-j(:ks Cyto?hrome release 9'“””9 apoptotlc.5|gnalln.g .thrOUQh
tactic signals for further neutrophil activation and transmigration. mitochondria, and transfection with a plasmid containing Bcl-2

prevented the apoptosis, implicating a mitochondrial pathway
for apoptosis (Cheret al., 1997). Iron and arachidonic acid

ity in vivo should lead to new therapeutic strategies to prevepiferexpressing cells and lowered cellular ATP levels. HepG2
neutrophil-induced tissue injury without paralyzing host-deells were also infected with adenoviruses containing catalase

Antiproteases
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fense functions. cDNA and catalase cDNA directed to mitochondria by the
27-amino acid peptide leader sequence of manganese superox-
CYP2E1-Dependent Toxicity in HepG2 Cells ide dismutase. Both catalase constructs protected CYP2E1-

overexpressing E47 cells against iron and arachidonic acid

Cytochrome P4502E1 (CYP2ELl), the ethanol-inducibtexicity (Bai and Cederbaum, 2001).
form, metabolizes and activates many toxicologically impor- Glutathione (GSH) is a critical cellular antioxidant. After
tant substrates, including ethanol, carbon tetrachloride, ac&SH depletion with buthionine sulfoximine (BSO), the toxic-
aminophen, and N-nitrosodimethylamine, to more toxic prodty of ethanol, iron, arachidonic acid, and acetaminophen was
ucts (Guengerichet al., 1990; Koop, 1992). CYP2E1- strikingly enhanced (Chen and Cederbaum, 1998; Giiext.,
dependent ethanol metabolism produces oxidative strd€997; Sakurai and Cederbaum, 1998; Wu and Cederbaum,
through generation of reactive oxygen species (ROS), a pos€996, 1999). BSO treatment of CYP2E1-overexpressing E47
ble mechanism by which ethanol is hepatotoxic (Bondy, 199@ells caused toxicity even in the absence of an added toxicant
Dianzani, 1985). Induction of cytochrome P4502E1 by ethan@hen and Cederbaum, 1998). CYP2EL inhibitors and antioxi-
is a central pathway by which ethanol generates oxidatidants prevented cell killing, which was partly apoptotic and
stress, and in the intragastric model of ethanol feedingpartly necrotic. Surprisingly, GSH in E47 cells was increased
prominent induction of CYP2E1 occurs along with significartompared to C34, E9, and MV control cells. Increased GSH
alcohol liver injury (Morimotoet al.,1994; Nanjiet al.,1994). represented increased GSH synthesis due to transcriptional
Lipid peroxidation also occurs, and ethanol-induced liver pactivation of the gamma-glutamyl cysteinyl synthase gene and
thology correlates with CYP2EL levels and elevated lipid pewas blocked by antioxidants (Mari and Cederbaum, 2000).
oxidation, which is blocked by inhibitors of CYP2EL. Activity, protein, and mRNA levels for other antioxidant en-

An approach to understand the effects and actions nfmes, such as catalage,and microsomal glutathione trans-
CYP2EL1 is to express human CYP2EL in cell lines. CYP2H#&rases, were also increased in E47 cells (Mari and Cederbaum,
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2001). Upregulation of these antioxidant genes may reflect an ENDOPLASMIC RETICULUM

adaptive mechanism to detoxify CYP2E1-derived oxidants. Ethanol
Hepatic stellate cells are central to the fibrotic response of CYP2E1<

the liver to injury, and ROS activate stellate cells (Friedman, ozl Tevezel

2000). Since CYP2E1 produces ROS, ethanol-induced Hor o,

CYP2EL expression may promote collagen type | biosynthesis Ethanol

by stellate cells. However, CYP2EL1 is mostly present in hepa- lF(

tocytes, whereas stellate cells contain low levels of CYP2E], . e cens [ OH, Fe0, CH,CHOH] — Toxicity

Accordingly, a coculture model involving HepG2 cells and

stellate cells was developed (Mat al., 2001, Nietoet al., l"”“ (celtmembraaes)

manuscript in preparation). A time-dependent increase in COl- gyronc LOOH, MDA, HNE

lagen type | was observed when stellate cells were coincubatedesrense

with C34 control cells, which was further elevated when stel- l Loy

late cells were coincubated with CYP2E1-overexpressing E47 MITOCHONDRIA {Mﬂ{ — s
cells. However, little type | collagen was released into the e 3 AIE

incubation medium from the C34 plus stellate cell COCUIture'FIG. 3. Role of cytochrome P4502E1 in oxidative stress after ethanol.

By contrast, E47 plus stellate cell cocultures secreted mU@l}Hanol increases levels of CYP2EL, largely by a posttranscriptional mecha-
more type | collagen protein. These experiments suggest thii involving stabilization against degradation. CYP2EL, a loosely coupled G
CYP2E1-overexpressing E47 cells generate diffusible mediszyme, generates reactive oxygen species such as superoxide radical and

tors that promote type | collagen synthesis and release !Wrogen peroxide during its catalytic cycle. In the p_resenc_e of irgn, which is
gﬁéeased after ethanol treatment, more powerful oxidants including hydroxyl

1y Wouy pepeojumoq

stellate cells. Catalase and vitamin E markedly decreased t)ﬁ?lcal forr . ) ; .
. , ferryl species, and 1-hydroxyethyl radical are produced. These various
I collagen SyntheSIS by both cocultures and completely block ‘dants can promote toxicity by protein oxidation and enzyme inactivation
the increased collagen production by the E47 coculture. Thes@ by damage to cell membranes via lipid peroxidation and production of
results suggest that E47 cells release ROS, such,@s &hd reactive lipid aldehydes, such as malondialdehyde and 4-hydroxynonenal.
lipid peroxidation products, that stimulate type | collagen Syﬁditochondria_ appear to be among the critical cellular organelles damaged by
P CYP2E1-derived oxidants. A decrease of mitochondrial membrane potential
thesis by stellate cells. ) . " o
. nd perhaps the mitochondrial membrane permeability transition causes re-
HepG2 cells expressing CYP2E1 have proven to be a Vaﬁ_’ése of proapoptotic factors resulting in apoptosis. Some CYP2E1-derived
able model to characterize the biochemical and toxicologiGahctive oxygen species, e.g.,®, LOOH, MDA, HNE, are diffusible and
properties of CYP2E1. Induction of CYP2E1 by ethanol apray exit hepatocytes and enter other liver cell types, such as stellate cells, and
pears to be one of the central pathways by which etharfgmulate these cells to produce collagen and elicit a fibrotic response.
generates a state of oxidative stress. Figure 3 depicts a working
hypothesis of the role of CYP2EL in ethanol-induced oxidative
stress and hepatotoxicity. While several mechanisms likdReroxynitrite, a highly reactive nitrating and oxidizing species
contribute to alcohol-induced liver injury, the linkage betweefprmed by the rapid reaction of nitric oxide (NO) and super-
CYP2E1-dependent oxidative stress, mitochondrial injury, agide, produces nitrated tyrosine (Beckman, 1996; Pryor and
increased collagen formation by stellate cells may make &§uadrito, 1995). Since acetaminophen-protein adducts corre-
important mechanistic contribution to the toxic action of etHate with development of necrosis (Hattal.,1995; Robertgt
anol on the liver. al., 1991), it follows that nitration of tyrosine correlates with
necrosis.
Recent evidence suggests that activated Kupffer cells are
mechanistically important in NO and superoxide formation.
In overdose, the analgesic/antipyretic acetaminophen pfyetreatment of rats and mice with macrophage inactivators
duces centrilobular hepatic necrosis (Mitchellal., 1973a). (gadolinium chloride, dextran sulfate, LPS, or dichloromethyl-
Cytochrome P450 metabolism to N-acepybenzoquinone ene diphosphonate) dramatically decreased acetaminophen
imine (NAPQI) is a critical step. NAPQI reacts with hepatidoxicity (Blazkaet al., 1995; Goldinet al., 1996; Laskiret al.,
glutathione (GSH) leading to its depletion by as much as 90%995; Laskin and Pendino, 1995; Michaadlal., 1999; Win-
(Mitchell et al.,1973b). Additionally NAPQI covalently binds wood and Arthur, 1993). Neither gadolinium chloride nor
to proteins as acetaminophen-cysteine adducts (Cehah, dextran sulfate decreased acetaminophen protein binding, but
1997). Immunochemical studies indicate that the cellular si@th decreased nitration of tyrosine (Michaal al., 1999).
of covalent binding correlates with the toxicity (Hast al., However, other cellular sources of NO and superoxide may be
1995; Robertst al., 1991). important. Hepatocytes and stellate cells express inducible
Recent work shows that nitrated tyrosine occurs in hepatidric oxide synthase (iNOS; Muriel, 2000), and acetamino-
centrilobular cells. These adducts colocalize in cells containipgen induces iNOS in rat hepatocytes (Gardeieal., 1998).
the acetaminophen-protein adducts (Hinebal.,2000, 1998). Endothelial cells constitutively express eNOS (Muriel, 2000).

Peroxynitrite in Drug-Induced Hepatotoxicity
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Various sources produce superoxide, including damaged mito-
chondria (Knightet al., 2001).

The importance of iINOS in acetaminophen toxicity was
investigated by utilizing INOS knockout mice (Michaet al.,
2001). Although serum ALT levels (a biomarker of liver tox-
icity) was less in INOS knockout mice than in wild type mice
after acetaminophen treatment, histology showed no significant
differences in hepatotoxicity. Acetaminophen induced an ap-
proximate 5-fold induction of NO synthesis (serum nitrate plus
nitrite) in wild type mice, and the increase in serum nitrate plus
nitrite paralleled increases in serum ALT. Increased NO sy
thesis was not observed in iINOS knockout mice, although a
small increase in nitrotyrosine residues was observed. Nitroty-
rosine in the knockout mice was in centrilobular areas, which
suggested involvement of constitutively expressed NOS. Con-

171

APAP
l CYP 450
Covalent Binding

GSH Depletion
Reactive Oxygen

l GSH ‘NO

Activated «__—» -NO + 'OZ'\'/. Lo

Peroxidation
/ APAD N
HOONO —— Nitration — ToXicity

GSH

sistent with previously reported data, acetaminophen did NofiG. 4. Postulated mechanism of acetaminophen (APAP)-induced hepa-
increase lipid peroxidation in wild type mice (Kamiyarmigal., totoxicity. Hepatocytes, Kupffer cells, and endothelial cells all participate in
1993). By contrast, hepatic lipid peroxidation (malondialdébe production of reactive nitrogen and oxygen species. The relative levels of
hyde) increased in iNOS knockout mice (MiCh&EBJ.,ZOOl). nitric oxide (NO) and superoxide (€ determine whether the mechanism of

toxicity is metabolism to NAPQI, leading to depletion of GSHis0, cytochrome P450.

and covalent adduct formation, as previously proposed. In wild

type mice, induction of NO synthesis and superoxide genera-

tion occurs subsequently, leading to peroxynitrite formatiod995). Severe impairment of mitochondrial fatty agiebxi-
Ordinarily, GSH detoxifies peroxynitrite (Sie=t al., 1997). dation causes microvesicular steatosis, characterized by accu-
However, after GSH depletion by NAPQI, peroxynitrite nimulation of tiny lipid vesicles in the cytoplasm of hepatocytes
trates protein tyrosine and may oxidize other macromoleculégromenty and Pessayre, 1995). Because of poor mitochondrial
In vitro acetaminophen competes with tyrosine for reactiaoxidation, nonesterified fatty acids (NEFAs) accumulate in the
with peroxynitrite, butn vivo peroxynitrite reacts rapidly with liver and become esterified into triglycerides. Hepatic triglyc-
protein tyrosine in wild type mice. In iINOS knockout micegrides, perhaps emulsified by a rim of amphiphilic NEFAs,
superoxide increases after acetaminophen but not NO synthmass as small lipid vesicles (Fromenty and Pessayre, 1995).
sis. Superoxide then causes lipid peroxidation. Thus acetaniliite sudden onset or aggravation of mitochondrial dysfunc-
ophen toxicity may be mediated by nitration in wild type micéion leaves no time for the progressive coalescence of tiny
and by lipid peroxidation in iINOS knockout mice (Fig. 4)lipid droplets into the large fat inclusions of macrovacuolar
Indeed, by reacting with superoxide NO may prevent lipigteatosis.

peroxidation in wild type mice (Rubbet al., 1994).

These data indicate the importance of peroxynitrite asvare metabolic perturbations causing energy shortage. Inhibi-
mediator of hepatotoxicity and suggest that nitric oxide ton of B-oxidation itself deprives cells of their most important
important in controlling superoxide levels. Depending on GSsburce of energy during fasting. Furthermore, NEFAs and their
status, nitric oxide may induce a toxification or detoxificatiodicarboxylic acid metabolites directly impair mitochondrial
mechanism. With hepatotoxins like acetaminophen, bromenergy production (Fromenty and Pessayre, 1995). Finally,
benzene, chloroform, and allyl alcohol that deplete hepatiésruption of hepatic mitochondrigd-oxidation decreases de-
GSH, peroxynitrite formation promotes toxicity. However witHivery of hepatic ketone bodies and glucose to peripheral tis-
hepatotoxins that cause lipid peroxidation but do not depletaes (Fromenty and Pessayre, 1995). The resulting deficiency

hepatic necrosis is dependent on protein nitrosylation or lipid peroxidation.
%H, glutathione; HOONO, peroxynitrite; NOS, nitric oxide synthase; CYP

Microvesicular steatosis is the histological hallmark of se-
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GSH, such as carbon tetrachloride, NO may scavenge supsdr-energy substrates may cause renal failure, pancreatitis,
oxide by forming peroxynitrite, which is then detoxified bycoma, and death (Fromenty and Pessayre, 1995).

GSH.

Hepatotoxicity Due to Mitochondrial Dysfunction

Damage to mitochondrial DNA (mtDNA) and direct inhibi-
tion of mitochondrial respiration also inhib@-oxidation (Fro-
menty and Pessayre, 199B)Oxidation consumes NADand
transforms it into NADH. Mitochondrial respiration reoxidizes

Microvesicular steatosis. Primary and secondary mito-NADH into the NAD" that is required fo3-oxidation. There
chondrial dysfunction is an important mechanism of drudere, impairment of respiration inhibif3-oxidation. Thus, var-
induced microvesicular steatosis, nonalcoholic steatohepatitiss endogenous and exogenous substances impair mitochon-
(NASH), and cytolytic hepatitis (Fromenty and Pessayrédrial g-oxidation to cause microvesicular steatosis through
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different mechanisms. Oxidative stress after ethanol causkwml uncoupling or respiratory inhibition (Bersat al., 1996,
damage to mitochondrial proteins, lipids, and DNA. mtDNA001). Another mechanism is onset of the mitochondrial per-
depletion occurs in ethanol-treated mice (Manscefrial., meability transition (MPT) caused by opening of permeability
1999). In humans, these oxidative lesions cause mtDNA deteansition (PT) pores in the mitochondrial inner membrane. PT
tions (Mansouriet al., 1997). Interferora and nucleoside pore opening causes mitochondrial depolarization, uncoupling,
analogs (dideoxynucleosides, fialuridine) impair mtDNA trarend large amplitude swelling and can lead to both necrotic and
scription and replication, respectively (Lewis and Dalakagpoptotic cell death (Lemastees al., 1998; Pessayret al.,
1995; Shanet al., 1990). DNA polymerasey incorporates 1999). PT pore opening in all mitochondria of a cell causes
nucleoside reverse transcriptase inhibitors into mtDNA, akTlP depletion, which prevents apoptosis (an energy-requiring
event that blocks mtDNA replication, eventually causingrocess) and causes necrosis (Lemasteas., 1999; Pessayre
mtDNA depletion. et al., 1999). In contrast, PT pore opening in only some
Salicylic acid and valproic acid sequester CoA, which igitochondria permits ATP synthesis by the unaffected mito-
needed to form thio esters with fatty acids (Deschaetpal., chondria, thus preventing necrosis. In mitochondria undergo-
1991; Kestersoret al., 1984). 2,4-Diene-valproyl-CoA, a re-ing the MPT, however, matrix swelling and outer membrane
active metabolite of valproic acid, may also inactiv@texi- rupture causes release of mitochondrial cytochramehich
dation enzymes (Kassahun and Abbott, 1993). Several dr@ggivates caspases in the cytosol to cause apoptosis (Bradham
inhibit B-oxidation, including tetracycline derivatives (Labbeet al., 1998; Feldmanret al., 2000; Hatancet al., 2000).
et al., 1991), glucocorticoids (Lettéroet al., 1997), the non-  Drugs cause the MPT through diverse mechanisms. Some
steroidal antiinflammatory drugs ibuprofen and pirproferi {Fréompounds, such as ROS (Nieminet al., 1995), thio
neauxet al., 1990; Genee et al., 1987), the antidepressantcrosslinkers, bile acids (Botl®t al., 1995), atractyloside
drugs amineptine and tianeptine (Fromeetyal., 1989; Le (Halestrap and Davidson, 1990), betulinic acid (Fuideal.,
Dinh et al., 1988), the antianginal cationic amphiphilic drugd.998), and lonidamide (Ravagnat al., 1999), may directly
amiodarone, perhexiline, and diethylaminoethoxyhexestigduce PT pore opening, whereas other drugs, such as salicylic
(Bersonet al., 1998; Deschampet al., 1994; Fromentyet al., acid and valproic acid, may facilitate PT pore opening by
1990), as well as female sex hormones or pregnancy (Grimbeaicium (Lemasterst al., 1998). Other drugs, such as antican-
et al., 1993). cer drugs, cause Fas ligand expression in hepatocytes to initiate
These metabolic effects may combine to block mitochofras- and MPT-dependent fratricidal killing (Mullest al.,
drial B-oxidation and trigger microvesicular steatosis. For ex997).
ample, Reye’s syndrome occurs after a viral infection in chil- The most frequent mechanism of cytolytic hepatitis is cyto-
dren taking aspirin and/or having a latent inborn defect ghrome P450-dependent formation of reactive metabolites that
B-oxidation enzymes (Fromenty and Pessayre, 1995). Likgause direct toxicity orimmune reactions. Reactive metabolites
wise, acute fatty liver of pregnancy is more frequent in womeRay cause DNA damage and overexpression of p53 and Bax,

whose fetus has a genetic deficiency in long-chain 3-hydrox§s Well as glutathione depletion, protein thiol oxidation, and
acyl-CoA dehydrogenase (Ibdah al., 1999). increased cytosolic Ca (Haouziet al., 2000). Bax overex

. - pression, disulfide formation, and increased mitochondrial
Nonalcoholic steatohepatitis (NASH)NASH develops Ca* all promote MPT and cell death (Haouet al., 2000).

progre'_sswely n patl_ents W'.th chrqnlc, macrovacuolar, or m “ovalent binding of reactive metabolites to hepatic proteins
crovesicular steatosis, leading to liver cell death, Mallory bod-

) 0 . ; ; . an also trigger an immune response. Cytotoxic T lymphocytes
ies, polynuclear cell infiltrates, fibrosis, and cirrhosis (Pessa 99 P y ymphocy

: ) . . fl their targets by 3 mechanisms: cell surface Fas ligand
eF aI.,2Q01). .NASH oceurs in patients with the obesny/hyperé pression, formation of TNk; and release of granzymefJ B
triglyceridemia/insulin resistance syndrome, or can be induc essayret al., 1999). All 3 events trigger the MPT to cause
by chronic amiodarone, perhexiline, or diethylaminoethox eath of targe',t cells (Bradhast al., 1998; Feldmanret al.
hexestrol administration (Pessateal.,2001). These cationic 2000: Hatancet al.. 2000 Pessayrét al 1'999) ’
amphiphilic drugs concentrate electrophoretically into mito- ’ ’ h '
chondria to inhibitB-oxidation and respiration (Bersaat al.,
1998). Respiratory inhibition leads to ROS formation by mi-

tochondria to cause lipid peroxidation of fat deposits (Beeton | | summary, several mechanisms initiate liver cell damage

al., 1998). Similarly in alcohol abuse, increased ROS form%-nd aggravate ongoing injury processes. Mitochondria are

tion causes Iipid.p_eroxidat?on _and steatohepatitis (Pess&yr%ominem targets for the hepatotoxicity of many drugs. Dys-
al., 2001). Both lipid peroxidation and ROS-induced cytoking,,tion of these vital cell organelles results in impairment of

release (TGH, TNF-a, IL-8) may contribute to the develop- gnergy metabolism and an intracellular oxidant stress with

ment of NASH (Pessayret al., 2001). excessive formation of reactive oxygen species and peroxyni-
Cytolytic hepatitis. Cytolytic hepatitis is a severe livertrite. In addition to mitochondria, induction of cytochrome

lesion that can cause liver failure and may involve mitochof450 isoenzymes such as CYP2E1 also promote oxidant stress
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and cell injury. Once hepatocellular function is impaired, ac-quired for tumor necrosis factar-mediated apoptosis and cytochrome
cumulation of bile acids causes additional stress and cytotoxteleaseMolec. Cell. Biol.18,6353-6364. _

icity. Cell injury, gut-derived endotoxin or a combination ofchen, Q., and Cederbaum, A 1. (1998). Cytotoxicity and apoptosis produced
both also activate Kupffer cells and recruit neutrophils into the &Ytochrome P4502E1 in Hep G2 celldol. Pharmacol.53, 638 -648.

liver. Although responsible for removal of cell debris and paft"e™ Q- Galleano, M., and Cederbaum, A. I. (1997). Cytotoxicity and
apoptosis produced by arachidonic acid in HepG2 cells overexpressing

of the host-defense system, under certain circumstances thefgman cytochrome P4502EL Biol. Chem272, 14352—14541.

inflammatory cells initiate additional liver injury. However,cnosay, 3. G., Essani, N. A., Dunn, C. J., and Jaeschke, H. (1997). Neutrophil
cell injury and death is not only determined by the nature antmargination and extravasation in sinusoids and venules of the liver during
dose of a particular drug but also by factors such as arendotoxin-induced injuryAm. J. Physiol272, G1195-G1200.

individual’'s gene expression profile, antioxidant status, am@bhen, S. D., Pumford, N. R, Khairallah, E. A., Boekelheide, K., Pohl, L. R.,
capacity for regeneration. Because of the many direct andmouzadeh, H. R., and Hinson, J. A. (1997). Selective protein covalent
indirect mechanisms of drug-induced cell injury in the liver, PNding and target organ toxicitfroxicol. Appl. Pharmacol143, 1-12.
hepatotoxicity remains a major reason for drug Withdrawgflurzw' M., Esterbauer, H., Di Mauro, C., Cecchini, G., and Dianzani, M. U.

f h ical d | d clinical (1986). Chemotactic activity of the lipid peroxidation product 4-hy-
rom pharmaceutical development and clinical use. droxynonenal and homologous hydroxyalken8igl. Chem. Hoppe Seyler

367,321-329.
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