& Clinical Science (2004) 106, 261268 (Printed in Great Britain) 261

comment

Oxidative stress-related parameters in the liver
of non-alcoholic fatty liver disease patients

Luis A. VIDELA*, Ramén RODRIGO*, Myriam ORELLANA*, Virginia FERNANDEZ",
Gladys TAPIA*, Luis QUINONES*, Nelson VARELA*, Jorge CONTRERAST,

Radl LAZARTET, Attila CSENDESY, Jorge ROJASY, Fernando MALUENDAZ,

Patricio BURDILESY, Juan C. DIAZY, Gladys SMOKS, Lilian THIELEMANN ||

and Jaime PONIACHIK}

*Molecular and Clinical Pharmacology Program, Institute of Biomedical Sciences, Faculty of Medicine, University of Chile,
Casilla 70058, Santiago-7, Chile, TDepartment of Medicine, University of Chile Clinical Hospital, Casilla 70000, Santiago-7,
Chile, $Department of Surgery, University of Chile Clinical Hospital, Casilla 70000, Santiago-7, Chile, §Department of
Pathological Anatomy, University of Chile Clinical Hospital, Casilla 70000, Santiago-7, Chile, and ||Pathophysiology Program,
Institute of Biomedical Sciences, Faculty of Medicine, University of Chile, Casilla 70000, Santiago-7, Chile

A B S TR ACT

Oxidative stress is implicated in the pathogenesis of non-alcoholic fatty liver disease (NAFLD).
In the present study, hepatic and plasma oxidative stress-related parameters were measured and
correlated with clinical and histological findings in 31 NAFLD patients showing increased body mass

index. Liver protein carbonyl content was enhanced by 403 % in patients with steatosis (n= |5)
compared with control values (n = 12), whereas glutathione content, superoxide dismutase (SOD)
activity and the ferric reducing ability of plasma (FRAP) were decreased by 57 %, 48 % and 21 %
(P <0.05) respectively. No changes in microsomal p-nitrophenol hydroxylation and the total
content of cytochrome P450 (CYP) or CYP2EI were observed. Patients with steatohepatitis
(n=16) exhibited protein carbonyl content comparable with that of controls, whereas glutathione
content, SOD and catalase activities were decreased by 27 %, 64% and 48% (P <0.05). In
addition, FRAP values in patients with steatohepatitis were reduced by 33% and 15% (P < 0.05)
when compared with controls and patients with steatosis respectively, whereas p-nitrophenol
hydroxylation (52 %) and CYP2E| content (142 %) were significantly increased (P < 0.05) compared
with controls. It is concluded that oxidative stress is developed in the liver of NAFLD patients with
steatosis and is exacerbated further in patients with steatohepatitis, which is associated
with CYP2EI induction. Substantial protein oxidation is followed by proteolysis of the modified
proteins, which may explain the co-existence of a diminished antioxidant capacity and protein
oxidation in the liver of patients with steatohepatitis.

INTRODUCTION as non-alcoholic fatty liver disease (NAFLD) [2], this

entity is primarily associated with obesity, Type II
Non-alcoholic steatohepatitis is a distinct hepatic dis-  diabetes and/or hyperlipidaemia [2-4]. Fatty liver, the
order observed in patients without a history of signifi- earliest and most prevalent stage of NAFLD [5,6],
cant alcohol consumption which histologically resembles  is thought to sensitize the liver to additional necroinflam-
alcohol-induced liver damage [1]. Recently referred to  matory insults [7], thus promoting disease progression to
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steatohepatitis and cirrhosis [1,2,8]. A number of factors
point to the multifactorial nature of this disease, includ-
ing derangement in metabolic parameters, endotoxin-
induced cytokine release and oxidative stress [7,9]. The
metabolic parameters include mitochondrial dysfunction,
amino acid imbalance, hyperglycaemia and imbalances in
antiketogenic and ketogenic hormones in portal blood
(7-9].

Under normal conditions, hepatic aerobic metabolism
involves a steady-state production of pro-oxidants such
as reactive oxygen species (ROS) and reactive nitrogen
species (RNS), which are balanced by a similar rate of
their consumption by antioxidants [10]. Imbalance in the
pro-oxidant/antioxidant equilibrium in favour of pro-
oxidants constitutes the oxidative stress phenomenon, a
condition that may induce a number of pathophysiolo-
gical events in the liver [10-12]. Hepatotoxicity by
oxidative stress may be achieved through a direct attack
of ROS and RNS on essential biomolecules with loss of
their biological functions and cell viability [10-12].
Alternatively, ROS may indirectly activate redox
sensitive transcription factors such as nuclear factor «B
(NF-«B) [13] or activator protein-1 (AP-1) [14], thus
triggering the production of cytotoxic, proinflammatory
and/or fibrogenic mediators by Kupffer cells and other
non-parenchymal cells [15]. Several lines of evidence
suggest that chronic oxidative stress may be important in
the progression of NAFLD. Studies in animal models of
NAFLD indicate a higher free radical activity in the liver
as shown by (i) the increase in mitochondrial superoxide
radical and H, O, generation [16], (i1) the induction of the
microsomal cytochrome P450 (CYP) isoforms CYP2E1
[17] and CYP4A10/4A14 [18], characterized by their
high pro-oxidant activity [18,19], and (iii) the associated
lipid peroxidation response [20]. In agreement with these
animal studies, patients with NAFLD exhibit increased
levels of hepatic CYP2E1 [21] and thiobarbituric acid
reactants, which are a marker of lipid peroxidation
[22]. In a recent study [23], NAFLD was associated
with an increase in serological parameters of oxidative
stress. The disorder in redox status was detected in
more than 90 % of the patients and evidenced by signif-
icant enhancement in malondialdehyde (92%) and
4-hydroxynonenal (98 %) levels in erythrocytes from
NAFLD patients and a reduction in antioxidant capacity
of plasma, in comparison with values in healthy sub-
jects of similar age or in patients with mild steatosis
[23]. In view of these considerations, the aim of our
present study was to investigate the molecular mechanism
underlying liver oxidative stress in NAFLD. For this
purpose, parameters affording antioxidant protection,
namely superoxide dismutase (SOD), catalase (CAT)
and glutathione peroxidase (GSH-Px) activities and total
glutathione (GSH) content, were determined in the liver
of NAFLD patients. Results obtained were correlated
with the content and activity of CYP2E1 and the total

© 2004 The Biochemical Society

antioxidant capacity of plasma, and were analysed in
terms of the clinical, histological and pathophysiological
aspects of NAFLD.

METHODS

Patients and laboratory investigations
Thirty-one patients [average body mass index (BMI) of
42.4 + 1.8 kg/m?, age range of 18-55 years], who under-
went therapeutic gastroplasty or gastrectomy with a
gastro-jejunal anastomosis, were included in this study.
Twelve patients (BMI=22.0+1.0 kg/m?) who under-
went anti-reflux surgery or cholecystectomy were in-
cluded as a control group. A complete clinical history,
including data on nutrition and alcohol consumption
together with anthropometric measurements, were
obtained. Laboratory tests included liver enzymes, biliru-
bin, albumin, hepatitis B and C serology and auto-
antibodies (anti-nuclear, anti-mitochondrial and anti-
smooth muscle antibodies). In addition, serum levels
of ferritin, transferrin saturation, ceruloplasmin, chol-
esterol, triacylglycerols (triglycerides), low-density lipo-
protein, high-density lipoprotein and glucose were also
determined. Subjects whom consumed two or more
alcohol drinks per week or who had any blood tests
suggesting other specific liver diseases were excluded.
Selected patients were subjected to a diet of 25 kcal/kg
(where 1 kcal =4.184 k), with 30 % of the calories given
as lipids and 15 % as proteins, for at least 2 days prior to
surgery.

Liver biopsies of approx. 2 cm® were taken for histo-
logical diagnosis, immunohistochemistry and parameters
related to oxidative stress. Liver samples were fixed
in 10 % formaldehyde, paraffin-embedded and sections
were stained with either haematoxylin/eosin or Van
Gieson’s stain. Sections of each liver biopsy were ob-
served in a blinded manner and evaluated for histological
abnormalities by means of a previously defined code [24]
to give three groups of individuals: (a) control group (nor-
mal liver histology), (b) patients with steatosis (macro-
vesicular steatosis), and (c) patients with steatohepatitis
(steatosis and lobular inflammation with hepatocyte
ballooning, without the presence of fibrosis). Steatosis
was graded as absent (0), mild (1), moderate (2) and
severe (3).

The Ethics Committee of the University of Chile
Clinical Hospital approved this study protocol, and
the study was performed according to Helsinki criteria.
Informed consent was obtained from all patients.

Liver parameters related to oxidative
stress and total antioxidant capacity

of plasma
Liver samples were blotted on to filter paper, weighed
and minced in ice-cold 0.25 M sucrose. SOD activity was
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Table |

Clinical and biochemical parameters in control subjects and in patients with non-alcoholic

fatty liver disease as a function of the morphological characteristics of the liver

Values represent means = S.E.M. for the number of subjects indicated. The significant differences between mean values (P < 0.05),
assessed by one-way ANOVA and Bonferronis test, are shown by the letters identifying each group. Abbreviations: LDL, low-density
lipoprotein; HDL, high-density lipoprotein; AST, aspartate aminotransferase; ALT, alanine aminotransferase; 3/-GT, ) -glutamyltransferase;

1U, international units. Parentheses show the percentage of subjects exhibiting altered values compared with the normal values.

Parameter (normal range) (a) Controls (n =12)

(b) Steatosis (n = 15) (c) Steatohepatitis (n = 16)

Age (years) 243
Male/female ratio 6/6

BMI (< 25 kg/m?) N+l
Cholesterol (< 200 mg/dl) 156 + 11
Triacylglycerols (< 165 mg/dI) 10915
LDL (< 140 mg/dl) 13+9
HDL (> 40 mg/dl) 51+4
Fasting glucose (< I10 mg/dl) 9344
AST (< 4010/1) 5+3
ALT (< 50107) 303
AST/ALT ratio 0.78 - 0.08
y-GT (< 78 units/l) 34+ 6
Bilirubin (< 1.1 mg/dl) 0.62 +0.06
Albumin (> 3.5 g/dI) 41101

$3+4 383
312 313
3542 (100 47412 (100
194+ 13 (33) 180+ 12 (31)
135427 (15) 186431 (40)
128+ 10 (30) 9948 (14)
443 (39) 043 ®)
10445 (20) 9%+8 (3)
3441 (20) 843 (19)
53411 (28) 4145 (29)
0.66+0.13 0.63 4 0.08
11438 (@) 3643 (0)
0.5+ 0.07 (0) 0.63 + 0.07 (6)
41401 (0) 39401 (0)

determined in liver homogenates (10 %, w/v) prepared
in 0.25 M sucrose by using an assay based on the SOD-
mediated increase in the rate of autoxidation of 5,6,64,
11b-tetrahydro-3, 9,10-trihydroxybenzo[c]fluorene in
aqueous alkaline solution to yield a chromophore with
maximum absorbance at 525 nm [25]. The results were
expressed as units/mg of protein (where 1 unit is defined
as the enzyme activity that doubles the autoxidation
background). The activity of CAT and GSH-Px were
assayed in liver homogenates (10 %, w/v) prepared in
1.15% (w/v) KCl/0.01 M Tris/HCl (pH 7.40) buffer.
CAT activity was assayed in 2400-g supernatants by
following the kinetics of H,O, breakdown at 240 nm,
and results were expressed on the basis of the rate constant
of the first order reaction (k)/mg of protein [26]. Soluble
GSH-Px activity was measured in the cytosolic fraction
(100000-g supernatant) by using a spectrophotometric
method based on the reduction of glutathione disulphide
coupled to NADPH oxidation by glutathione reductase
[27]. GSH-Px activity was expressed as units/mg of
protein (where 1 unit is defined as the enzyme activity
that oxidizes 1 umol NADPH/min).

Liver protein oxidation was assayed by the reaction of
2,4-dinitrophenylhydrazine with protein carbonyls [28],
and results were expressed as nmol carbonyl groups/mg
of protein. Total GSH equivalents were assayed by the
method of Tietze [29], and results were expressed as
nmol/mg of protein. Proteins were measured according
to Lowry et al. [30].

Microsomes were prepared by ultracentrifugation
and used to measure the total content of CYP [31],
the hydroxylation of p-nitrophenol to 4-nitrocatechol

catalysed by CYP2E1 [32] and CYP2ET1 levels. The latter
parameter was determined by Western immunoblotting
using SDS/10 % (w/v) polyacrylamide gels with 20 ug
of protein per lane [33]. After being transferred on to
nitrocellulose sheets, blots were developed with a poly-
clonal antibody to human hepatic cytochrome P4502E1
(Daiichi Pure Chemicals Co., Tokyo, Japan). Alkaline
phosphatase was used as second antibody, and bands were
stained with Nitro Blue Tetrazolium/5-bromo-4-cloro-
3-indolylphosphate solution. Results were expressed as
the patient/control ratio of arbitrary densitometric units.

Total antioxidant capacity of plasma was assessed as the
ferric reducing ability of plasma (FRAP) samples [34].

All reagents used were purchased from Sigma—Aldrich
(St. Louis, MO, U.S.A.), Merck (Darmstadt, Germany)
and Riedel-de Hien (Germany), and were of the highest
commercial grade available.

Statistical analysis

Results are expressed as means + S.E.M. for the number
of patients indicated. The sources of variation for multiple
comparisons were assessed by ANOVA, followed by
Bonferroni’s multiple comparison test. The differences
were considered statistically significant at P < 0.05.

RESULTS

The main clinical and biochemical characteristics of
NAFLD patients and the percentage of subjects exhib-
iting altered values in relation to normal values are
shown in Table 1. Patients were divided into three groups
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A. Protein oxidation index
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Figure I Protein oxidation index (A) and GSH content
(B) in the liver of control subjects and in patients with
non-alcoholic fatty liver disease with different degrees of
liver injury

Values represent means £ S.E.M. for the number of subjects per group indicated
in parentheses. The significance between mean values was assessed by one-way
ANOVA and Bonferroni's multiple comparison test, and is shown by the letters
identifying each group of patients (P < 0.05).

according to their hepatic histology: (a) normal histology
(controls, 12/43 =28 %), (b) steatosis (15/43 = 35 %) and
(c) steatohepatitis (16/43 =37 %). The steatosis score of
control, steatosis and steatohepatitis groups were 0+0
(n=12), 1.2240.12 (n=11) and 2.0640.23 (n=10)
respectively (P <0.05 when control compared with
steatosis or steatohepatitis; P < 0.05 when steatosis com-
pared with steatohepatitis). The three groups revealed
no significant differences in the parameters studied,
except for BMI values that were increased in steatosis and
steatohepatitis groups compared with controls (P < 0.05).
Subjects were predominantly female and were negative
for hepatitis B and C virus infection and for genetic or
autoimmune liver diseases. The majority of patients were
asymptomatic, with normal or mild alterations of liver
function tests and lipid profile.

Parameters related to oxidative stress in the liver of
patients with NAFLD are shown in Figures 1-4. Total
protein oxidation, assessed by the content of hepatic
protein carbonyls, was significantly increased (P < 0.05)
in the liver of patients with steatosis when compared
with that of patients with steatohepatitis (188 %) or
control subjects (403 %; Figure 1A). The content of
total hepatic GSH equivalents was significantly decreased
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Figure 2 Specific activity of SOD (A), CAT (B) and GSH-Px
(C) in the liver of control subjects and in patients with
non-alcoholic fatty liver disease with different degrees of
liver injury

Values represent means = S.EM. for 6—I3 subjects per group. The significance
between mean values was assessed by one-way ANOVA and Bonferroni’s multiple
comparison test, and is shown by the letters identifying each group of patients
(P < 0.09).

(P <0.05) compared with control values in patients with
steatosis (57 %) and steatohepatitis (27 %; Figure 1B).
Accordingly, patients with steatosis exhibited a 1280 %
increase in the ratio of hepatic protein carbonyl/GSH
content (0.48 +0.10 nmol carbonyls/nmol GSH, n=6;
P < 0.05 compared with control) compared with control
values (0.0375+0.007, n=5), whereas no significant
changes in this parameter were observed in patients
with steatohepatitis (0.090 - 0.009 nmol carbonyls/nmol
GSH, n=13). The specific activity of SOD exhibited
48% and 64 % decreases in the liver of patients with
steatosis and steatohepatitis respectively, compared
with control values (Figure 2A), whereas that of CAT
was significantly reduced in patients with steatohepatitis
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Figure 3 Microsomal p-NPH (A), CYP2EI content (B), total CYP content (C) and CYP2EI/total CYP content ratio (D) in the
liver of control subjects and in patients with non-alcoholic fatty liver disease with different degrees of liver injury

Values represent means & S.EM. for 6—10 subjects per group. The significance between mean values was assessed by one-way ANOVA and Bonferroni’s multiple

comparison test, and is shown by the letters identifying each group of patients (P < 0.05).

compared with patients with steatosis (42 %) and controls
(48 %; Figure 2B). However, no significant changes were
observed in the activity of hepatic GSH-Px between the
two subgroups of NAFLD patients and controls studied
(Figure 2C).

Measurement of hepatic CYP2E1 activity, through the
assessment of microsomal p-nitrophenol hydroxylation
(p-NPH) [32], showed no significant changes in patients
with steatosis compared with control values, whereas it
was enhanced by 52 % (P <0.05) in those with steato-
hepatitis (Figure 3A). Content of CYP2E1 assessed by
immunoblot analysis revealed 142 % and 70 % increases
in patients with steatohepatitis compared with controls
and patients with steatosis respectively, whereas, in con-
trol subjects and patients with steatosis, it was comparable
(Figure 3B). Values of p-NPH and CYP2E1 content
obtained from controls and NAFLD patients with
steatosis or steatohepatitis were significantly correlated
(r=0.96, P < 0.05). In these conditions, the total content
of CYP was found to be comparable in the liver of
controls and NAFLD patients (Figure 3C), thus leading
to a 83 % and 133 % enhancement in the CYP2E1/total
CYP ratio in steatosis and steatohepatitis compared with
control values respectively (Figure 3D).

The total antioxidant capacity of plasma, assessed by
the FRAP index, exhibited 21 % and 33 % reduction in
patients with steatosis and steatohepatitis compared with
control values respectively (Figure 4). In these groups,
the FRAP values negatively correlated with the steatosis
score (r=—0.997; P < 0.001).

Antioxidant capacity of plasma

(FRAP)
500
= a) Control {12)
b) Steatosis (11)
4004 B ¢) Steatohe patitis (10)
s 300
3
200
1001
0

Figure 4 Total antioxidant capacity of plasma in control

subjects and in patients with non-alcoholic fatty liver
disease with different degrees of liver injury, measured as
the FRAP

Values represent means &= S.EM. for the number of subjects indicated in
parentheses. The significance between mean values was assessed by one-way
ANOVA and Bonferroni's multiple comparison test, and is shown by the letters
identifying each group of patients (P < 0.05).

DISCUSSION

In agreement with earlier observations [35], patients in
the present study show minimal changes in liver function
tests and lipid profile but have elevated BMI over normal
values, strengthening the association between obesity
and the appearance of NAFLD [4,23,24]. According to
the severity of the morphological alterations assessed
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by liver histology, this condition was found to involve
major changes in parameters related to oxidative stress
in the liver and plasma samples. NAFLD patients with
steatosis exhibit a substantial pro-oxidant condition in the
liver, as evidenced by the higher content of protein car-
bonyls, GSH depletion and the consequent enhancement
in the protein oxidation/GSH content ratio, when com-
pared with values found in control subjects. This pro-
oxidant condition occurs concomitantly with a significant
decrease in hepatic SOD activity, changes involving
an overall derangement in the antioxidant status of the
liver, with the consequent diminution in the antioxidant
capacity of plasma. The observation that NAFLD
patients with steatosis exhibit a higher protein oxidation
index in the liver may be of special pathological signi-
ficance in those cases in which iron overload is evidenced
[24,36,37]. Iron binding to proteins favours their
interaction with ROS to produce carbonyl formation
[38], a condition that may exacerbate oxidative damage
in the liver [39].

Progression from steatosis to steatohepatitis involves
a further decrease in the antioxidant capacity of the
liver, as shown by the significant decrease in the activity
of CAT, in addition to that of SOD, two major en-
zymes affording antioxidant protection. These changes
are accompanied by an increased CYP2E1 activity, which
involves a high production of free radicals and reactive
intermediates [18,19], thus rendering the liver more
susceptible to oxidative stress. Enhancement in hepatic
CYP2EL1 activity could lead to SOD and CAT inactiv-
ation upon progression of the disease, considering that
SOD [40-42] and CAT [40,43] are inactivated in vitro
by superoxide radical, hydroxyl radical, H,O, or singlet
oxygen. Induction of CYP2EL1 in the liver of NAFLD
patients with steatohepatitis was evidenced by the
significant increase in its activity (p-NPH) and content
(immunoblot analysis) [44], in agreement with studies
assessing liver CYP2E1 by immunohistochemistry [21],
and occurs regardless of changes in total cytochrome
P450 content. Although obesity increases the activity of
CYP2E1 in human liver, as shown by studies measuring
the pharmacokinetics of chlorzoxazone [44-46] or the
plasma levels of inorganic fluoride after exposure to
halogenated anaesthetics [47], no correlation with liver
injury was carried out. Furthermore, progressive func-
tional deficiency associated with the development of liver
injury, mainly protein synthesis, could also contribute
to the lower activity of antioxidant enzymes found in
patients with more advanced stages of NAFLD. In ad-
dition to the reduction in liver antioxidant enzyme activ-
ity, a systemic reduction in the antioxidant capacity was
observed in patients with steatohepatitis, as evidenced
by the significant additional drop in their FRAP values
compared with those in patients with steatosis. This
may represent a consequence of the higher pro-oxidant
status developed in patients with steatohepatitis, which
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is likely to involve a high consumption of cellular and
circulating antioxidants, partly due to the decrease in
the activity of SOD and CAT otherwise lowering ROS
levels. In agreement with data reported previously [35],
immunohistochemical assessment of intrahepatic nitric
oxide markers, namely, inducible nitric oxide synthase
expression and nitrotyrosine reactivity, were significantly
higher in the severe forms of NAFLD than in the mildest
forms.

Despite the lower liver and plasma antioxidant
capacities found in patients with steatohepatitis compared
with patients with steatosis, the hepatic protein oxidation
index was significantly lower in patients with the more
severe condition. This discrepancy could be explained by
the higher susceptibility to proteolytic attack exhibited
by ROS-oxidized proteins [38]. Thus the levels of oxid-
ized proteins may be linked to the pro-oxidant status in
a biphasic manner, initially increasing with the establish-
ment of a pro-oxidant activity, followed by a reduction
in the levels of oxidized proteins as the proteolytic action
is enhanced.

The development of a higher oxidative stress status in
the liver of NAFLD patients with steatohepatitis may
also lead to modulation of Kupffer cell function, through
activation of transcription factors such as nuclear factor
kB and activator protein-1 [13,14]. These transcription
factors up-regulate genes coding for proinflammatory
and/or fibrogenic mediators that may induce progression
of NAFLD. This mechanism may account for the in-
creased serum levels of the Kupffer cell- and stellate
cell-derived cytokines, such as tumour necrosis factor-o
(TNF-«) [48] and transforming growth factor-81 (TGF-
B1) [49], observed in NAFLD patients with steatohepat-
itis. Tumour necrosis factor-a is also overexpressed in
the adipose tissue of obese humans [50] and rodents
[51]. Furthermore, a significant improvement in serum as-
partate aminotransferase, y -glutamyltransferase, alkaline
phosphatase and transforming growth factor-g1 levels
and in the histological grade of hepatic inflammation and
fibrosis were reported after long-term «-tocopherol
treatment [49], supporting the role of oxidative stress as an
indirect pathogenic mechanism in NAFLD, an effect not
observed with shorter periods of a-tocopherol adminis-
tration [52]. In agreement with these studies in
NAFLD patients, the animal model of non-alcoholic
steatohepatitis elicited by feeding rats a high-fat diet for
12 weeks showed an increased number and activity of
Kupffer cells [53]. Furthermore, in the model of non-
alcoholic steatohepatitis produced by feeding mice a diet
deficient in methionine and choline, chronic oxidative
stress development precedes stellate cell activation and
the expression of pro-fibrogenic genes [54], features that
are inhibited by a-tocopherol [55].

In conclusion, oxidative stress-related parameters are
markedly altered in the liver of obese NAFLD patients
exhibiting normal or mild alterations in liver function
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tests. Changes in the redox balance of the liver include
the development of a substantial pro-oxidant condition
at the early stage of steatosis, with a derangement in some
major hepatic enzymic antioxidant mechanisms, induc-
tion of CYP2E1 with pro-oxidant behaviour [18,19] and
systemic reduction in the antioxidant capacity of plasma
at the latter stages of steatohepatitis. These data and
previous observations [49,55,56] suggest that nutritional
support with antioxidants might be useful in preventing
oxidative damage and/or progression of NAFLD.

ACKNOWLEDGMENTS

This work was supported by grant 1011057 from
Fondo Nacional de Desarrollo Cientifico y Tecnolégico
(FONDECYT) Chile. We wish to thank Dr Yedy Israel
and Dr Maria Bartholomew for their critical discussion
of the manuscript. The technical support of Diego Soto
and the sample handling assistance of Ivonne Cancino are
also acknowledged.

REFERENCES

1 Ludwig, J., Viggiano, R. T. and McGill, D. B. (1980)
Nonalcoholic steatohepatitis: Mayo Clinic experiences
with a hitherto unnamed disease. Mayo Clin. Proc. 55,
342-348

2 Matteoni, C., Younossi, Z. M. and McCullough, A.
(1999) Nonalcoholic fatty liver disease: a spectrum of
clinical pathological severity. Gastroenterology 116,
1413-1419

3 Angulo, P, Deach, J. C., Batts, K. P. and Lindor, K. D.
(1999) Independent predictors of liver fibrosis in patients
with nonalcoholic steatohepatitis. Hepatology 30,
1356-1362

4 Ratziu, V., Giral, P, Charlotte, E et al. (2000) Liver
fibrosis in overweight patients. Gastroenterology 118,
1117-1123

5 Sheth, S. G., Gordon, F. D. and Chopar, S. (1997)
Nonalcoholic steatohepatitis. Ann. Intern. Med. 126,
137-145

6 Neuschwander-Tetri, B. A. (2001) Fatty liver and
nonalcoholic steatohepatitis. Clin. Cornerstone 3, 47-57

7 Day, C. P. and James, O. (1998) Steatohepatitis: a tale of
two ‘hits’? Gastroenterology 114, 842-845

8 Angulo, P. (2002) Nonalcoholic fatty liver disease.

N. Engl. . Med. 346, 1221-1231
9 Diehl, A. M. (1999) Nonalcoholic steatohepatitis.

Sem. Liver Dis. 19, 221-229

10 Sies, H. (1986) Biochemistry of oxidative stress.
Angew. Chem. Int. Ed. Engl. 25, 1058-1071

11 Videla, L. A., Fernandez, V., Carrién, Y., Azzalis, L. A.,
Bainy, A. C. D. and Junqueira, V. B. C. (1995) Biochemical
mechanisms in hepatotoxicity: oxidative stress induced by
xenobiotics and hormonal changes. J. Braz. Ass. Adv. Sci.
47,385-384

12 Kaplowitz, N. (2000) Mechanisms of liver cell injury.
J. Hepatol. 32, 39-47

13 Baecuerle, P. A. and Henkel, T. (1994) Function and
activation of NF-«B in the immune system.
Ann. Rev. Immunol. 12, 141-179

14 Karin, M., Liu, Z. and Zandi, E. (1997) AP-1 function and
regulation. Curr. Opin. Cell Biol. 9, 240-246

15 Tilg, H. and Diehl, A. M. (2000) Cytokines in alcoholic
and nonalcoholic steatohepatitis. N. Engl. J. Med. 343,
1467-1476

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

Yang, S. Q., Zhu, H., Li, Y. et al. (2000) Mitochondrial
adaptations to obesity-related oxidant stress.

Arch. Biochem. Biophys. 378, 259-268

Weltman, M. D., Farrel, G. C. and Liddle, C. (1996)
Increased hepatocyte CYP2E1 expression in a rat
nutritional model of hepatic steatosis with inflammation.
Gastroenterology 111, 1645-1653

Leclercq, I. A., Farrel, G. C., Field, J., Bell, D. R.,
Gonzilez, E. J. and Robertson, G. R. (2000) CYP2E1 and
CYP4A as microsomal catalysts of lipid peroxides in
murine nonalcoholic steatohepatitis. J. Clin. Invest. 105,
1067-1075

Lieber, C. S. (1997) Cytochrome P-4502E1: its
physiological and pathological role. Physiol. Rev. 77,
517-544

Lettéron, P., Fromenty, B., Terris, B., Degott, C. and
Pessayre, D. (1996) Acute and chronic hepatic steatosis
lead to in vivo lipid peroxidation in mice. J. Hepatol. 24,
200-208

Weltman, M. D., Farrel, G. C., Hall, P,
Ingelman-Sundberg, M. and Liddle, C. (1998) Hepatic
cytochrome P450 2E1 is increased in patients with
nonalcoholic steatohepatitis. Hepatology 27, 128-133
Cortez-Pinto, H., Filipe, P., Camilo, M. E., Baptista, A.,
Ferndndes, A. and Mopura, M. C. (1999) A peroxida¢io
dos lipidos na esteatohepatite nio alcodlica: relagio com a
esteatose. J. Portugués Gastroenterol. 6, 234-240
Loguercio, C., De Girolamo, V., de Sio, L. et al. (2001)
Non-alcoholic fatty liver disease in an area of southern
Italy: main clinical, histological, and pathophysiological
aspects. J. Hepatol. 35, 568-574

Bacon, B. R., Farahvash, M. J., Janney, C. G. and
Neuschwander-Tetri, B. A. (1994) Non-alcoholic
steatohepatitis: an expanded clinical entity.
Gastroenterology 107, 1103-1109

Nebot, C., Moutet, M., Huet, P, Xu, J. Z. and
Chaudiere, J. (1993) Spectrophotometric assay of
superoxide dismutase activity based on the activated
autoxidation of a tetracyclic catechol. Anal. Biochem. 214,
442-451

Aebi, H. (1974) Catalase. In Methods of Enzymatic
Analysis, Vol. 2 (Bergmeyer, H. U., ed.), pp. 673-678,
Academic Press, New York

Flohé, L. and Gunzler, W. A. (1984) Assays of glutathione
peroxidase. Methods Enzymol. 105, 114-121

Reznick, A. Z. and Packer, L. (1994) Oxidative damage to
proteins: spectrophotometric method for carbonyl assay.
Methods Enzymol. 233, 357-363

Tietze, F. (1969) Enzymatic method for quantitative
determination of nanogram amounts of total and oxidized
glutathione: applications to mammalian blood and other
tissues. Anal. Biochem. 27, 502-522

Lowry, O. H., Rosebrough, N. J., Farr, A. L. and
Randall, R. J. (1951) Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193, 265-275

Omura, T. and Sato, R. (1964) The carbon-monoxide
binding pigment by liver microsomes. J. Biol. Chem. 239,
2379-2385

Reinke, L. A. and Moyer, M. J. (1985) P-Nitrophenol
hydroxylation. A microsomal oxidation which is highly
inducible by ethanol. Drug Metab. Dispos. 13, 548-552
Towbin, H., Stahelim, T. and Gordon, J. (1979)
Electrophoretic transfer of proteins from polyacrylamide
gels to nitrocellulose sheets. Procedure and some
applications. Proc. Natl. Acad. Sci. U.S.A. 76, 4350-4355
Benzie, I. E F and Strain, J. J. (1996) The ferric reducing
ability of plasma (FRAP) as a measure of antioxidant
power: the FRAP assay. Anal. Biochem. 239, 70-76
Garcia-Monzén, C., Martin-Pérez, E., Lo Iacono, O. et al.
(2000) Characterization of pathogenic and prognostic
factors of nonalcoholic steatohepatitis associated with
obesity. J. Hepatol. 33, 716-724

George, D. K., Goldwurm, S., Macdonald, G. A. et al.
(1998) Increased hepatic iron concentration in
nonalcoholic steatohepatitis is associated with increased
fibrosis. Gastroenterology 114, 311-318

© 2004 The Biochemical Society



268

L. A Videla and others

37

38

39

40

41

42

43

44

45

46

47

Bonkovsky, H.L., Jawaid, Q., Tortorelli, K. et al. (1999)
Non-alcoholic steatohepatitis and iron: increased
prevalence of mutations of the HFE gene in non-alcoholic
steatohepatitis. J. Hepatol. 31, 421-429

Stadtman, E. R. (1990) Metal ion-catalyzed oxidation of
proteins: biochemical mechanism and biological
consequences. Free Radical Biol. Med. 9, 315-325
Facchini, F. S., Hua, N. W. and Stoohs, R. A. (2002) Effect
of iron depletion in carbohydrate-intolerant patients with
clinical evidence of nonalcoholic fatty liver disease.
Gastroenterology 122, 931-939

Escobar, J. A., Rubio, M. and Lissi, E. A. (1996) SOD and
catalase inactivation by singlet oxygen and peroxyl
radicals. Free Radical Biol. Med. 20, 285-290

Bray, P. C., Cockle, S. A., Fielden, E. M., Roberts, P. B.,
Rotilio, G. and Calabrese, L. (1974) Reduction and
inactivation of superoxide dismutase by hydrogen
peroxide. Biochem. J. 139, 4348

Hodgson, E. K. and Fridovich, I. (1975) The interaction of
bovine erythrocyte superoxide dismutase with hydrogen
peroxide: inactivation of the enzyme. Biochemistry 14,
5294-5299

Kono, Y. and Fridovich, I. (1975) Superoxide radical
inhibits catalase. J. Biol. Chem. 257, 5751-5754

Chalasani, N., Gorski, J. C., Asghar, M. N. et al. (2003)
Hepatic cytochrome P450 2E1 activity in nondiabetic
patients with nonalcoholic steatohepatitis. Hepatology 37,
544-550

Lucas, D., Farez, C., Bardou, L. G, Caisse, J., Attali, J. R.
and Valensi, P. (1998) Cytochrome P450 2E1 activity in
diabetic and obese patients as assessed by chlorzoxazone
hydroxylation. Fundam. Clin. Pharmacol. 12, 553-558

de la Maza, M. P, Hirsch, S., Petermann, M., Suazo, M.,
Ugarte, G. and Bunout, D. (2000) Changes in microsomal
activity in alcoholism and obesity. Alcoholism

Clin. Exp. Res. 24, 605-610

Cheng, P. Y. and Morgan, E. T. (2001) Hepatic cytochrome
P450 regulation in disease states. Curr. Drug Metab. 2,
165-183

48

49

50

51

52

53

54

55

Wigg, A. J., Roberts-Thomson, I. C., Dymock, R. B.,
McCarthy, P. ., Grose, R. H. and Cummins, A. G. (2001)
The role of small intestinal bacterial overgrowth, intestinal
permeability, endotoxaemia, and tumor necrosis factor & in
the pathogenesis of non-alcoholic steatohepatitis. Gut 48,
206-211

Hasegawa, T., Yoneda, M., Nakamura, K., Makino, I. and
Terano, A. (2001) Plasma transforming growth factor-g1
level and efficacy of a-tocopherol in patients with
non-alcoholic steatohepatitis: a pilot study. Alimen.
Pharmacol. Ther. 15, 1667-1672

Hotamisligil, G. S., Arner, P, Caro, J. E, Atkinson, R. L.
and Spiegelman, B. M. (1995) Increased adipose expression
of tumor necrosis factor-a in human obesity and insulin
resistance. J. Clin. Invest. 95, 2409-2415

Hotamisligil, G. S., Shargill, N. S. and Spiegelman, B. M.
(1993) Adipose expression of tumor necrosis factor-a:
direct role in obesity-linked insulin resistance. Science
(Washington, D.C.) 259, 87-91

Kugelmas, M., Hill, D. B., Vivian, B., Marsano, L. and
McClain, C. J. (2003) Cytokines and NASH: a pilot study
of the effects of lifestyle modification and vitamin E.
Hepatology 38, 413-419

Fan, J., Zhong, L., Wang, G. et al. (2001) The role of
Kupffer cells in non-alcoholic steatohepatitis of rats
chronically fed with high-fat diet. Zhonghua Ganzangbing
Zazhi 9, 16-18

George, J., Pera, N, Phung, N, Leclerg, I., Yun Hou, J.
and Farrell, G. (2003) Lipid peroxidation, stellate cell
activation and hepatic fibrogenesis in a rat model of
chronic steatohepatitis J. Hepatol. 39, 756-764

Phung, N, Farrell, G. C., Robertson, G. and George, J.
(2001) Vitamin E but not glutathione precursors inhibits
hepatic fibrosis in experimental NASH exhibiting
oxidative stress and mitochondrial abnormalities.
Hepatology 34, 361A

Lavine, J. E. (2000) Vitamin E treatment of nonalcoholic
steatohepatitis in children: a pilot study. J. Pediatrics 136,
734-738

Received 27 August 2003/1 | September 2003; accepted 14 October 2003
Published as Immediate Publication 14 October 2003, DOI 10.1042/CS20030285

© 2004 The Biochemical Society



