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Abstract

Reactive oxygen species have long been implicated in the pathophysiology of acute liver injury.
However, the translation of these findings to the clinic and the development of therapeutic agents
have been slow mainly due to the poor mechanistic understanding of the pathophysiology and the
many indirect approaches used to characterize the role of oxidant stress in liver injury. The current
review discusses in depth the sources of reactive oxygen, the oxidants involved and the impact of
this oxidant stress in the mechanism of cell death in 3 different clinically relevant acute liver injury
models.
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1. Introduction

Generation of oxygen free radicals is a necessary by-product of an aerobic existence and the
liver has substantial anti-oxidant defenses, such as the tri-peptide glutathione to prevent
damaging effects of these radicals during normal physiology. This was clear in early
experiments, where evaluation of glutathione disulfide efflux into bile demonstrated an
extremely high resistance of the liver against intracellular reactive oxygen formation (even
with impaired detoxification systems) [1]. However, in pathophysiological conditions, either
due to metabolism of drugs such as acetaminophen, obstruction of the bile duct or conditions
of ischemia, the balance between generation of free radicals and their capacity to detoxify
them can be shifted such that oxidative stress can negatively influence cellular homeostasis
and organelle function. The current information on the role of free radicals in various
clinically relevant acute liver injury models will be examined here.
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2. Oxidative and nitrosative stress in acetaminophen hepatotoxicity

Acetaminophen overdose is the most common cause of acute liver failure in the United
States [2] and intense investigation of the mechanism of hepatotoxicity over the last few
decades have established the role of oxygen free radicals in the etiopathogenesis and
resulted in the development of the only clinically available antidote, A~acetylcysteine.
Initially it was thought that the source of free radicals in APAP-induced liver injury was the
cytochrome P450 system, which can release superoxide during drug metabolism [3].
However, later studies both in rodent models [4] as well as in isolated hepatocytes in vitro
[5] provided evidence that this was not the case. Though highly sensitive detection methods
have recently demonstrated hydrogen peroxide generation during the APAP metabolism
phase, it is unlikely that these low levels play a role in hepatocyte necrosis [6]. Extensive
research into the source of oxygen free radicals after APAP overdose has now established
that mitochondrial dysfunction and generation of free radicals such as superoxide are pivotal
for APAP-induced hepatocyte necrosis [7]. This mitochondrial dysfunction is initiated by
formation of adducts between the reactive APAP metabolite N-acetyl-p-benzoquinone imine
(NAPQI) and mitochondrial proteins, especially components of the electron transport chain
such as ATP synthase [8]. In addition, activity of complex I, which has been characterized as
a source of mitochondrial free radicals in a number of contexts [6], was increased after
acetaminophen overdose and this correlated with the extent of liver injury [9] (Figure 1).
Generation of mitochondrial superoxide was significantly elevated within mitochondria in
primary mouse hepatocytes as well as the metabolically competent human liver HepaRG
cells [10, 11] an effect also seen in mitochondria isolated from mice treated with APAP [9].
The critical role of mitochondrial oxidant stress was further confirmed by the protection of
the mitochondrial targeted anti-oxidant Mito-Tempo against APAP-induced hepatotoxicity,
an effect not seen with Tempo, the same anti-oxidant lacking the mitochondrial targeting
moiety [12]. Importance of mitochondrial superoxide in APAP-induced liver injury is
illustrated by the exacerbation of liver injury in APAP-treated mice with a partial deficiency
of manganese superoxide dismutase (MnSOD), the mitochondrial enzyme responsible for
scavenging superoxide [13, 14]. This also suggests that hydrogen peroxide formation is
benign in the context of APAP-induced liver injury, since deficiency of MnSOD would
reduce H,0, generation from superoxide, but that did not protect. Clues towards the
pathophysiological relevance of superoxide formation came from studies demonstrating
selective generation of nitrotyrosine protein adducts within mitochondria after APAP
overdose, accompanied by oxidative damage to mitochondrial DNA [15]. MnSOD was also
shown to be nitrated and inactivated in mice after APAP overdose [16]. This implies that
reaction of superoxide with nitric oxide within mitochondria, resulting in generation of the
highly reactive peroxynitrite species is the molecular basis of initiation of mitochondrial
dysfunction and subsequent downstream events [6] (Figure 1). This is supported by the
protection against APAP-induced liver injury by resveratrol [17], which can function as a
direct scavenger of peroxynitrite [18]. Hence, it is now established that mitochondrial
superoxide and peroxynitrite generation are the primary molecules responsible for oxidative
stress during APAP overdose. An additional initiator of mitochondrial ROS generation could
be lysosomal iron, which is released from disrupted lysosomes and taken up by
mitochondria [19] through the calcium uniporter, generating hydroxyl radicals [20]. Though
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early studies had implicated lipid peroxidation in the process [21], this was later established
to be due to the vitamin E-deficient diet the animals were subjected to, with very limited
lipid peroxidation in animals on a normal diet [22]. In addition, there was no protection seen
by vitamin E administration against APAP-induced liver injury in animals on a normal diet
[22], ruling out a relevant role for lipid peroxidation in liver injury. Thus, while increased
generation of free radicals due to dysfunction of the mitochondrial electron transport chain is
important for APAP-induced liver injury, its biological effect is amplified due to the parallel
deterioration in anti-oxidant status as seen by the depletion of glutathione in the cytosol and
in mitochondria and the inactivation of MnSOD. A hint towards the clinical relevance of this
is provided by the protection against liver injury seen with a mitochondrial targeted SOD
mimetic such as Mito-Tempo. In addition, the beneficial effects of treatment with N-
acetylcysteine even when administered after the metabolism phase suggests that the newly
synthesized GSH scavenges peroxynitrite and reactive oxygen species in mice and in
humans (reviewed in [6]).

3. Reactive Oxygen and Obstructive Cholestasis

Cholestasis is a disease process that involves reduction in bile flow and hepatic
accumulation of bile acids. Cholestasis can be caused by drugs, endogenous compounds
(e.g. estrogens) or in its most severe form obstruction of the bile duct by gallstones or
pancreatic tumors. Early studies using rodent hepatocytes assumed that cholestatic liver
injury is mainly caused by direct toxicity of hydrophobic bile acids, which induce a
mitochondrial oxidant stress and apoptosis (reviewed in [23]. However, this hypothesis has
been questioned for rodent hepatocytes when it was shown that the levels of toxic bile acids
such as glycochenodeoxycholic acids and others remained several orders of magnitude
below cytotoxically relevant concentrations after bile duct ligation in mice [24]. In contrast,
the predominant bile acids in rodents, which include tauro-cholic acid and tauro-muricholic
acid, are not cytotoxic and promote inflammatory gene expression in hepatocytes instead of
cell death [24-26]. These cytokines and chemokines, together with the initial release of
cleaved osteopontin [27], are responsible for hepatic neutrophil recruitment and an
inflammatory injury in areas where bile leaks back into parenchyma [28, 29]. The focal
necrosis caused by neutrophil cytotoxicity involves evidence for an extensive neutrophil-
derived oxidant stress generated by hypochlorous acid formation as indicated by staining for
chlorotyrosine adducts on intracellular proteins [28, 29] (Figure 1). Inhibitors of NADPH
oxidase eliminated chlorotyrosine staining and consequently prevented hepatocellular
necrosis [30] and glutathione peroxidase deficiency enhanced liver injury [31] in a
galactosamine/endotoxin shock model. These data support the hypothesis that neutrophil-
derived extracellular oxidants generated in close proximity diffuse into the hepatocytes and
induce a direct intracellular oxidant stress in target cells [32]. However, this may not be
sufficient to directly cause cell death. Experiments where hepatocytes were exposure to
moderate levels of t-butylhydroperoxide /n vitro, cell death was caused by mitochondrial
dysfunction and a mitochondrial oxidant stress, which triggered the formation of
mitochondrial membrane permeability transition pores (MPTP) and collapse of the
membrane potential [33, 34]. Similar to APAP toxicity, the mitochondrial translocation of
lysosomal iron provides a second hit together with the oxidants to facilitate the MPTP
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opening [35]. This insight into sources and the mechanism of oxidant stress-mediated liver
injury during obstructive cholestasis suggests that therapeutic targets for this disease could
include inhibitors of critical adhesion molecules responsible for neutrophil recruitment to the
liver, inhibitors of NADPH oxidase that prevent reactive oxygen formation by neutrophils,
intracellular antioxidants that scavenge mitochondria-derived oxidants and iron chelators. In
contrast, lipid-soluble antioxidants would be expected to be ineffective.

4. Reactive Oxygen and Hepatic Ischemia

Hepatic ischemia is a common clinical problem, which can be caused by elective surgery
(Pringle Maneuver during tumor resection, liver transplantation), hemorrhagic shock and
drug overdose—induced hypotension episodes. Re-establishing blood flow and adequate
oxygen supply is vital to prevent ischemia necrosis, however, it was recognized several
decades ago that reperfusion also causes damage, termed reperfusion injury [36]. The early
studies hypothesized that activation of the intracellular enzyme xanthine oxidase is the main
source of reactive oxygen species (e.g., superoxide and hydrogen peroxide) during
reperfusion resulting in lipid peroxidation, which causes cell death [37]. However, this
hypothesis was questioned because direct evidence for a relevant intracellular stress was
missing and it could be demonstrated that the liver was still able to detoxify orders of
magnitude more superoxide and hydrogen peroxide than was generated during reperfusion
[38]. On the other hand, it was recognized that initially Kupffer cells and later neutrophils
contribute to a vascular oxidant stress in close proximity to the stressed hepatocytes, which
causes cell death [39-41]. The priming for reactive oxygen formation for both Kupffer cells
and neutrophils and the recruitment of neutrophils into the liver is caused by cytokines,
especially TNF-a, CXC chemokines and complement factors [42—44] (Figure 1). These
detailed studies on the oxidant stress during reperfusion have been performed in both rats
[41] and mice [45]. Interestingly, lipid peroxidation was considered the main mechanism by
which oxidant stress causes cell death during hepatic ischemia-reperfusion and other liver
disease processes [46]. However, many lipid peroxidation parameters are elevated only 2-
to-3-times above baseline despite severe liver reperfusion injury [47]. In contrast, it was
shown that it requires a very severe oxidant stress by t-butyl hydroperoxide to cause
sufficient lipid peroxidation (50-times above baseline) that can kill hepatocytes [47]. In fact,
even excessive intracellular oxidant stress caused by the herbicide diquat, which is a redox-
cycling agent that produces superoxide, can be effectively detoxified in hepatocytes with
very little damage [38]. The well-developed antioxidant defense system, which includes
superoxide dismutases, glutathione peroxidase, thioredoxins, peroxyredoxin and
glutaredoxins together with glutathione in the cytosol and mitochondria, the iron chelator
ferritin in the cytosol and vitamin E in membranes prevents lipid peroxidation unless there is
an excessive oxidant stress and a serious compromise of the antioxidant system [48]. In fact,
ischemic preconditioning, an occasionally used intervention during elective surgery (tumor
resections), produces a sublethal oxidant stress, which is thought to protect against ischemia-
reperfusion injury by strengthening the antioxidant defense system in the liver [49]. Even a
lethal oxidant stress rarely causes direct destruction of the cell but more frequently triggers
disturbances of the intracellular homeostasis, which results in the formation of a secondary
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hit, e.g. a mitochondrial oxidant stress, that promotes signaling mechanisms of apoptosis or
programmed necrosis [50].

5. Perspectives

Oxidant stress has been implicated in a number of liver disease processes. However,
therapeutic interventions that specifically target reactive oxygen species have shown limited
clinically efficacy. Part of the reason can be that some cell or animal models used to study
the oxidant stress in a pathophysiology may not accurately mimic the human disease. In
addition, the oxidant stress or antioxidants used may have been insufficiently characterized.
As the discussion of several well studied examples showed, it is important to identify the
source and the exact nature of the reactive oxygen species that may be generated. These
events can be time-sensitive and dose-dependent and may not be limited to a single source.
Furthermore, the specificity of any intervention against reactive oxygen needs to be
established and preferably multiple interventions need to be tested. As an oxidant stress can
be the cause of cell dysfunction and cell death but also a consequence of the injury, it is vital
to establish causality through time course studies and specific interventions. Most
importantly, translational studies using biomarkers need to evaluate the relevance of the
mechanisms studied in experimental models for humans. Considering these important
aspects will enhance the chances that interventions discovered in cell and animal models will
be successfully translated to the human pathophysiology.
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Highlights
The current status of the role of oxygen free radicals in models of acute liver
injury is discussed
Mitochondrial-derived superoxide and peroxynitrite are critical mediators of

acetaminophen hepatotoxicity

Mitochondrial free radical generation facilitated by lysosomal iron functions
as a second hit after neutrophil mediated hypochlorite formation in
obstructive cholestasis

Cytokine mediated priming is important for neutrophil and Kupffer cell
mediated oxidative stress in hepatic ischemia-reperfusion injury
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Figure 1.

Hepatic oxidative stress can occur in a number of contexts: (A) In etiology of drug-induced
liver injury as in acetaminophen overdose, enhanced mitochondrial generation of
superoxide, probably through respiratory chain complex I initiates oxidative stress and
generation of peroxynitrite by reaction with nitric oxide. This ultimately leads to activation
of the mitochondrial permeability transition and hepatic necrosis, which can be prevented by
mitochondrial targeted superoxide scavengers such as Mito-TEMPO. (B) In conditions such
as obstructive cholestasis, the oxidative stress is mainly from infiltrating neutrophils
generating hypochlorous acid, which ultimately induces mitochondria dysfunction. (C) In
ischemia-reperfusion injury, however, both Kupffer cells and neutrophils are involved, which
are primed by release of cytokines such as TNF-a.. (modified from ref. 50)
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