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2001.—Oxidative stress is present in the liver of humans
with steatosis and nonalcoholic steatohepatitis (NASH) and
is a plausible mediator of cellular injury, inflammatory re-
cruitment, and fibrogenesis. CYPs 2E1 and 4A are the mi-
crosomal oxidases involved with fatty acid oxidation. Both
enzymes can reduce molecular oxygen to produce prooxidant
species, which, if not countered efficiently by antioxidants,
create oxidative stress. In this theme article, we present the
evidence that, in the context of hepatic steatosis, CYPs 2E1
and 4A could generate the “second hit” of cellular injury,
particularly when antioxidant reserves are depleted, and
propose ways in which this could contribute to the pathogen-
esis of NASH.
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HEPATIC STEATOSIS IS THE SETTING for nonalcoholic steato-
hepatitis (NASH), but the pathogenesis of liver cell
injury, inflammation, and hepatic fibrosis are unclear.
One potential biochemical mechanism is oxidative
stress (7, 9), defined as an imbalance between prooxi-
dant and antioxidant chemical species with evidence of
oxidative damage to cellular macromolecules; the mere
demonstration of an increase in prooxidant pathways
does not itself prove the operation of oxidative stress.
Evidence of oxidative stress has been found in human
livers showing steatosis or NASH (25); it is also a
cardinal feature of alcoholic steatohepatitis (20) and
experimental models of NASH (18, 28). The increased
levels of free fatty acids present in the fatty liver
provide a perpetuating and propagating mechanism
for oxidative stress via the process of lipid peroxida-
tion, with secondary damage to cellular membranes
and key organelles such as the mitochondria.

A present focus of research into the pathogenesis of
NASH is whether biochemical processes that generate
oxidative stress can initiate hepatocellular injury and
secondary recruitment of inflammation. The alterna-
tive proposal is that inflammation could be the primary
mediator of liver cell injury, in which case oxidative
stress may be secondary to release of inflammatory
mediators such as reactive oxygen species (ROS) and
nitroradicals. Within hepatocytes, there are three po-
tential sites at which prooxidant ROS can be gener-
ated: mitochondria, peroxisomes, and the smooth en-
doplasmic reticulum, which, on cell fractionation,
forms the microsomes. The narrow focus of the present
theme article is on microsomal lipid-oxidizing CYPs as
prooxidants. However, it will be seen that the relation-
ship of these enzymes and the generation of oxidative
stress in NASH are highly dependent on additional
factors including the antioxidant reserves of the cell
and on other pathways of lipid oxidation in mitochon-
dria and peroxisomes.

REGULATION OF CYP2E1 AND CYP4AS

CYP2E1 and CYP4A are inducible hepatic microso-
mal cytochromes P-450 involved with hydroxylation of
fatty acids, and both can initiate the autopropagative
process of lipid peroxidation. Besides being highly in-
ducible by ethanol, CYP2E1 is upregulated in the ab-
errant nutritional states of fasting, diabetes, and obe-
sity as well as by a high-fat/low-carbohydrate diet. The
increased circulating levels of ketone bodies and fatty
acids observed in these seemingly disparate conditions
may be directly involved in CYP2E1 induction.

Hormonal regulation of CYP2E1 is complex. Insulin
has a repressive effect (30), whereas in leptin-deficient
ob/ob mice, CYP2E1 expression is reduced (12, 19, 27).
Depending on the inducing agent or physiological
state, regulation of CYP2E1 operates at a variety of
levels from transcriptional activation to posttransla-
tional enzyme stability. Whatever the molecular mech-
anisms by which it is accomplished, high hepatic activ-
ity of CYP2E1 is associated with each of the factors
commonly associated with NASH: obesity, diabetes,
and hyperlipidemia. Most importantly, insulin resis-
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tance, which seems to be the universal feature of clin-
ical NASH (7, 25), leads directly to increased CYP2E1
by loss of the repressive effect of insulin.

CYP4A genes are partly controlled by peroxisome
proliferator-activated receptor-a (PPARa), a transcrip-
tion factor that governs genes involved with fatty acid
b-oxidation and transport. Microsomal oxidation is
usually a relatively minor pathway of fatty acid dis-
posal, but CYP4A proteins may be key intermediaries
in an adaptive response to the perturbations of hepatic
lipid metabolism that accompany fasting, diabetes, and
overnutrition.

It is now emerging that the metabolic roles of
CYP2E1 and CYP4A in lipid oxidation may be comple-
mentary and that this may lead to interactions in the
regulation of the individual enzymes. Thus, although
CYP2E1 appears to play some physiological role in
lipid metabolism, it is not indispensible because
Cyp2e1 null mice do not display an obvious phenotype.
However, they are more prone to develop hepatic ste-
atosis, especially when challenged with a high-fat diet
or ethanol (18, 26). They also have increased constitu-
tive expression (26) and heightened inducibility of
Cyp4a genes (18). In addition, the upregulation of
PPARa and PPARa-responsive genes involved in lipid
metabolism in Cyp2e1 null mice indicates an interplay
between CYP2E1 and PPARa-mediated fatty acid ho-
meostasis (26). The concept of overlap and/or redun-
dancy in the role of CYP2E1 and CYP4As as microso-
mal lipoxygenases is supported by the increases in
specific CYP4A genes observed in obese diabetic ob/ob
mice and fa/fa Zucker rats in which CYP2E1 is down-
regulated (12). It appears that in situations of reduced
CYP2E1 activity, there is a compensatory increase in
CYP4As.

CYPS AS A SOURCE OF PROOXIDANTS IN
LIVER CELLS

Microsomal cytochrome P-450 enzymes are capable
of undergoing “futile cycling” in the absence of sub-
strate to produce active oxygen species: superoxide
anions, hydroxyl radicals, and hydrogen peroxides.
CYP2E1 is particularly prone to do this. Because of the
observation of loose coupling of the CYP redox cycle,
CYP2E1 has been described as a “leaky” enzyme. The
production of oxyradicals is the basis for the greater
capacity for CYP2E1 to initiate NADPH-dependent
lipid peroxidation (3, 14). Using CYP2E1-specific anti-
bodies, Ekström and Engelman-Sundberg (11) demon-
strated that CYP2E1 is a major microsomal source of
hydrogen peroxide and NADPH-dependent lipid per-
oxidation. CYP4A enzymes are also capable of reducing
oxygen to superoxide and H2O2 due to such uncoupled
turnover (10).

Although this work establishes the biochemical ca-
pacity of CYP2E1 and CYP4A as leaky enzymes to
generate prooxidants, it does not demonstrate that this
process is operative in damaging intact cells. Unequiv-
ocal evidence for the involvement of microsomal CYP-
derived prooxidants in causing cellular damage has

come from work in isolated liver cells. Primary hepa-
tocytes isolated from animals treated with 4-meth-
ylpyrazole to induce CYP2E1 displayed heightened
sensitivity to the toxicities of ethanol and the polyun-
saturated fatty acid arachidonic acid. The mechanism
involved CYP2E1-derived oxidative stress because ei-
ther diallylsulfide, a CYP2E1 inhibitor, or the antiox-
idant vitamin E analog Trolox abrogated the toxicity
(31).

Creation of liver cell lines that overexpress CYP2E1
confirm the direct link between the generation of
prooxidants by microsomal pathways and cellular in-
jury. Whereas much of the focus has been to define the
role of CYP2E1 in ethanol hepatotoxicity, recent work
has explored aspects of oxidative stress of relevance to
NASH. Thus, in HepG2 cells overexpressing CYP2E1,
but not in control cells, addition of arachidonic acid
caused toxicity and cell death predominantly by apop-
tosis (6). The essential role of CYP2E1 in generation of
ROS and lipoperoxides was demonstrated with specific
CYP2E1 inhibitors that blocked oxidative stress and
provided protection against cytotoxicity.

CELLULAR PROTECTION BY ANTIOXIDANTS

Experiments with CYP2E1-overexpressing cells also
illustrate the critical relationship between prooxidants
and antioxidants in production of oxidative stress and
resultant cell injury. Thus, when levels of the key
cellular antioxidant, reduced glutathione (GSH), were
lowered by inhibiting GSH synthesis with buthionine
sulfoximine (BSO), arachidonic acid toxicity was en-
hanced. Conversely, supplementing cellular defenses
with a range of antioxidants, including vitamin E,
conferred protection.

Overexpression of catalase also counteracted the ef-
fects of ROS generated by CYP2E1-mediated metabo-
lism of arachidonic acid in the presence of iron (2).
Targeting catalase to either the mitochondria or the
cytosol was equally protective, suggesting that hydro-
gen peroxide causing mitochondrial injury during ara-
chidonic acid oxidation in CYP2E1 overexpressing cells
diffuses into the mitochondria rather than being locally
produced within mitochondria. The critical role of an-
tioxidants in protecting against CYP2E1-mediated tox-
icity is further demonstrated by the cellular damage
that results from GSH depletion in the absence of other
agents. Thus BSO treatment of CYP2E1-overexpress-
ing cells impaired mitochondrial function and resulted
in apoptosis (32). The disruption of mitochondrial
membrane potential and resultant decline in cellular
ATP levels reinforce the idea that mitochondria are a
potential target for damage by CYP2E1-generated
ROS.

CYP-MEDIATED UPREGULATION OF
ANTIOXIDANT ENZYMES

As part of the adaptive response to overproduction of
prooxidants, cells increase the expression of genes in-
volved in antioxidant defenses. Hepatocyte-derived cell
lines with high levels of CYP2E1, which exhibit in-
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creased ROS in the absence of added toxins, also ex-
hibited higher levels of GSH. It was shown that this
compensatory increase in antioxidant pathways was
due to upregulation of g-glutamylcysteine synthetase
(21), the rate-limiting step in GSH synthesis. Other
antioxidant pathways were also induced, including
GSH S-transferases and catalase (22). One conse-
quence of this compensatory induction of antioxidants
in CYP2E1-expressing cells is that they are actually
more resistant to a range of oxidative insults (16, 22).
On this basis, before cellular injury can occur in a liver
that chronically expresses high levels of CYP2E1, there
needs to be either a major increase in production of
ROS, such as might accompany ethanol exposure or
increased hepatic levels of free fatty acids, and/or an
accompanying depletion of GSH or other antioxidant
pathways.

EVIDENCE LINKING HEPATIC CYP2E1 AND/OR CYP4A
PROTEINS TO OXIDATIVE STRESS IN NASH

In vitro studies conducted in CYP2E1-overexpress-
ing hepatocyte cell lines indicate potential links be-
tween CYP2E1-dependent oxidative stress, GSH ho-
meostasis, and mitochondrial damage leading to cell
death. It is therefore of interest that hepatic CYP2E1 is
consistently upregulated in both clinical and experi-
mental NASH and that evidence of both oxidative
stress and mitochondrial injury can be found (25).

Several of the factors that regulate hepatic CYP2E1
and CYP4A expression have been linked to the patho-
genesis of hepatic steatosis and NASH (1, 7). Thus
levels of hepatic CYP2E1 increase with type 2 diabetes,
insulin resistance, central obesity, and fasting. How-
ever, unlike alcoholic liver disease in which hepatic
CYP2E1 activity subsides within days of discontinuing
toxic alcohol intake, CYP2E1 is persistently increased
in the livers of patients with NASH (29). Furthermore,
the distribution of CYP2E1 protein is in the perivenu-
lar (acinar zone 3) regions, corresponding to the site of
maximal hepatocellular injury in NASH (4).

Hepatic CYP2E1 levels and activity are also strik-
ingly increased in both rats and mice after intake of a
lipid-rich diet deficient in methionine and choline (18,
28). There are corresponding reductions in other CYPs,
particularly the most abundant form, CYP3A4. As in
human liver, the distribution of CYP2E1 in experimen-
tal NASH corresponds to that of liver injury. Oxidative
stress is profound in the rodent dietary model, with a
100-fold increase in hepatic levels of lipoperoxides and
a 25% reduction in GSH levels. In key experiments
with anti-CYP2E1 antiserum or chemical inhibitors of
CYP2E1 activity, we demonstrated that CYP2E1 is the
catalyst of microsomal lipid peroxidation in wild-type
mice with methionine/choline-deficient (MCD) diet-in-
duced NASH (18).

Other work has shown that CYP2E1 is not unique as
the microsomal lipid peroxidase in generating lipid
peroxides in NASH. Thus, in Cyp2e1 nullizygous mice,
there is a compensatory increase in expression of
CYP4As, referred to earlier. Feeding the lipid-rich

MCD diet led to a further major increase in activity of
CYP4A enzymes, which, by analogous experiments
with CYP4A antibodies, were shown to participate as
the major catalysts of lipid peroxidation. Therefore,
CYP4A enzymes may contribute to microsomal oxida-
tive stress in the absence of CYP2E1. A recent report of
persistence of alcohol-induced liver injury in Cyp2e1
null mice may be consistent with a similar replacement
of CYP2E1 function (17).

Activation of PPARa in other situations has also
been implicated as leading to NASH. Mice lacking
peroxisomal fatty acyl CoA oxidase (AOX), the rate-
limiting enzyme in the peroxisomal b-oxidation spiral,
develop florid NASH and mitochondrial injury (13). In
the absence of AOX, long-chain fatty acids accumulate,
causing induction of CYP4A via PPARa-activation. In-
creased production of hydrogen peroxide generated by
CYP4A-mediated oxidation of long-chain fatty acids
causes cell injury and steatohepatitis. The involvement
of CYP4A enzymes in this process is further supported
by the demonstration that mice nullizygous for both
PPARa and AOX do not develop steatohepatitis or
mitochondrial injury (15). Together, these findings are
consistent with a role for PPARa-induced genes, espe-
cially members of the CYP4A family, in determining
severity of steatosis and necroinflammatory injury in
livers with defective peroxisomal b-oxidation.

RELATIONSHIPS AMONG OXIDATIVE STRESS
PRODUCED BY MICROSOMAL LIPID OXIDASES, LIVER
CELL INJURY, INFLAMMATORY RECRUITMENT,
AND HEPATIC FIBROGENESIS IN NASH

The nexus between CYP-induced oxidative stress
and cellular injury in the face of fatty acid excess
provides a plausible explanation for hepatocellular
damage in NASH. However, oxidative stress also acti-
vates a suite of proinflammatory pathways including
secretion of proinflammatory cytokines, such as tumor
necrosis factor; chemokines, such as interleukin-8; and
adhesion molecules ICAM-1, E-selectin, or P-selectin.
The end products of lipid peroxidation are also potent
chemoattractants for inflammatory cells (8). Clearly,
this potential pathway toward incitement and perpet-
uation of hepatic inflammation in NASH should now be
explored experimentally.

Although the inflammatory activity in NASH, with
its obvious implications for cytokine-mediated activa-
tion of stellate cells and profibrotic pathways, is impor-
tant in hepatic fibrogenesis, oxidative stress may also
play a role. ROS are increasingly recognized as poten-
tial mediators of stellate cell activation (5). This has
been partially explored by studies in CYP2E1-overex-
pressing hepatic stellate cell lines. In the absence of
exogenous substrate, CYP2E1-dependent oxidative
stress was associated with upregulation of collagen I;
this could be further enhanced by GSH depletion and
was reversed by antioxidants (23). Addition of CYP2E1
substrates such as ethanol or arachidonic acid to
CYP2E1 expressing stellate cells activated collagen I
gene expression to an even greater extent than oc-
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curred spontaneously (24). However, whereas ethanol-
derived prooxidants directly stimulated collagen I
transcription, arachidonic acid required metabolism by
the inducible cyclooxygenase, COX-2, before activating
collagen I. This work shows that intracellular genera-
tion of ROS can be a signal for stellate cell activation
and also confirms the potential for CYP2E1-derived
oxidants to participate in this process.

CONCLUDING REMARKS AND DIRECTIONS FOR
FUTURE STUDIES

Experimental NASH is strongly associated with he-
patic microsomal lipid peroxidation and accumulation
of lipid peroxides, which, at least in the ob/ob mouse,
are not features of uncomplicated hepatic steatosis.
CYP2E1 appears to be the inducible microsomal cyto-
chrome P-450 usually involved with generating micro-
somal lipid peroxidation in humans, rats, and mice.
However, it is not a unique catalyst for peroxidation of
endogenous lipids, and in special circumstances,
CYP4A enzymes can be an alternative pathway. Be-
cause factors that favor PPARa-activation are usually
operative in patients with NASH, it is now important
to determine whether CYP4A is also expressed at in-
creased levels in the liver of these patients.

It should also be noted that animal models of steato-
hepatitis are associated with reduced levels of GSH
compared with appropriate controls. This could reflect
either consumption of GSH in combating the chroni-
cally increased production of prooxidants or a patho-
genic role of lowered GSH levels in predisposing to
oxidative stress. The failure of GSH levels to increase
in the presence of increased activity of CYP2E1 could
be the result of dietary deficiency of sulfhydryl amino
acids in the dietary model of NASH. Whereas dietary
factors leading to GSH depletion have been proposed in
alcoholic steatohepatitis and in steatohepatitis after
jejunoileal bypass surgery, to date, there are no infor-
mative studies of hepatic antioxidant levels in patients
with NASH. If lipid-oxidizing cytochrome P-450s are
responsible for creating hepatic oxidative stress in
NASH, the way in which this causes hepatocellular
injury and mitochondrial damage requires further in-
vestigation. Finally, the proposal that the oxidative
stress is also responsible for hepatic inflammation
should be subject to critical analysis.
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