
Abstract. The mechanistic significance of oxidative stress to
fibrogenesis in the methionine and choline-deficient (MCD)
diet-induced model of steatohepatitis was evaluated by
antioxidant intervention, using either vitamin E or L-2-oxo-
thiazolidine-4-carboxylate (OTC), a cysteine precursor that
promotes glutathione synthesis. Significant depletion of
hepatic reduced glutathione (GSH) and elevation of thio-
barbituric acid reactive substances (TBARS) occurred from
week 3 in association with hepatic injury in mice fed the
MCD diet. Hepatic stellate cell (HSC) activation and increased
collagen ·1(I) mRNA expression, together with morphologic
fibrosis were evident from week 5. Vitamin E repleted GSH,
reduced TBARS, steatosis, inflammation, HSC activation and
collagen ·1(I) mRNA expression, and ameliorated fibrosis.
Vitamin E did not effect the expression of either profibrogenic
cytokines (transforming growth factor-ß 1, connective tissue
growth factor) or matrix remodeling enzymes (tissue
inhibitor of metalloproteinase-1 and -2, matrix metallo-

proteinase-2 and -13). Despite repletion of hepatic GSH in
OTC-supplemented mice, the initial benefit in the reduction
of hepatic TBARS and inhibition of collagen ·1(I) mRNA
expression at week 5, failed to protect these mice from hepatic
injury or fibrosis at later time points. Oxidative stress or
products of lipid peroxidation mediate HSC activation and
collagen gene expression directly in the MCD model of
steatohepatitis. Vitamin E but not glutathione augmentation
can interrupt this pathogenic process. 

Introduction

Steatohepatitis not attributable to excess alcohol intake (non-
alcoholic fatty liver disorder, NAFLD), initially recognized
in obese or diabetic patients (1,2), is currently accepted as a
disorder of insulin resistance and the hepatic manifestation of
the metabolic syndrome (3,4). Between 15 and 30% of
patients with NAFLD subjected to liver biopsy have steato-
hepatitis (NASH) with advanced hepatic fibrosis or cirrhosis
(3,5,6). The prognosis in such cases is similar to that of
cirrhosis due to chronic hepatitis C (7). The mechanisms that
mediate the transition from steatosis to fibrosing steato-
hepatitis are hypothesized to comprise multiple processes, in
which inflammatory recruitment and lipid peroxidation are
central pathophysiological associations (8-10).

We previously reported that steatohepatitis produced in
rodents by feeding them a lipogenic diet deficient in both
methionine and choline (MCD) is associated with profound
oxidative stress and depletion of total glutathione (11,12). In
both rats and mice, these changes preceded the detection of
hepatocellular injury, inflammation and morphologic fibrosis
(13,14). Oxidative stress can also be detected in livers of
humans with NAFLD (15-17), being most conspicuous in
association with steatohepatitis. In animal models of
steatohepatitis including mice deficient in acyl-CoA oxidase
(18) and methionine adenosyltransferase 1A (19), profound
oxidative stress appears to be a cardinal feature. In alcoholic
hepatitis, a histologically similar form of steatohepatitis,
products of lipid peroxidation have been incriminated in the
pathogenesis of hepatic inflammation, liver injury and
fibrogenesis (20). In vitro studies provide further evidence to
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support a proposed link between products of lipid
peroxidation, such as 4-hydroxynonenal and malondialde-
hyde, and the induction of collagen ·1(I) mRNA expression
by hepatic stellate cells (HSCs) (21). 

In addition to the increased activity of pro-oxidant
pathways (such as leukocyte NADPH, and hepatocellular,
mitochondrial, microsomal and peroxisomal oxidases)
depletion of hepatic antioxidant defences also contributes to
oxidative stress in steatohepatitis. In the MCD dietary model,
deprivation of sulfhydryl amino acid precursors essential for
glutathione (GSH) synthesis, contributes to the development
of oxidative stress. If this is the case, provision of alternative
sources of amino acid building blocks may stimulate GSH
synthesis and combat oxidative damage. Intervention with
antioxidant therapies is an alternative strategy, and vitamin E
has been shown to ameliorate oxidative stress and reverse
fibrosis in other experimental forms of liver disease (22,23). 

In an earlier study of hepatic fibrogenesis in the rat MCD
diet model, we found a time course consistent with oxidative
stress preceding hepatic stellate cell activation and fibro-
genesis (13). Others have shown that iron loading, which
exacerbates lipid peroxidation, accelerates hepatic fibro-
genesis (24). We undertook the present study to characterize
further the relationship of oxidative stress to fibrogenesis in
the MCD diet-induced model of ‘fibrosing steatohepatitis’. If
oxidative stress is crucial to fibrogenesis in steatohepatitis,
we hypothesized that antioxidant therapy using vitamin E or
repletion of GSH with L-2-oxothiazolidine-4-carboxylate
(OTC), a cysteine precursor, should ameliorate the develop-
ment of fibrosis. 

Materals and methods

Animals and diet. All protocols for animal experimentation
and maintenance were approved by the Western Sydney Area
Health Service Animal Ethics Committee and conformed to
the highest international standards. Animals were monitored
daily to ensure continued well being. Male C57/B6 mice
obtained from the Animal Resource Centre (Canning Vale,
Western Australia) were fed a custom-made diet rich in fat
(10%) and carbohydrates, and deficient in methionine and
choline (MCD) (ICN Biomedicals Inc., Sydney, Australia;
catalogue no. 960439) for periods of 3, 5 and 10 weeks.
Control mice were fed the same diet, supplemented with DL-
methionine (3 g/kg) and choline (2 g/kg). Treatment groups
fed the MCD diet were supplemented with either dl-·-
tocopherol acetate (250 mg/kg diet) or L-2-oxothiazolidine-
4-carboxylate (OTC) (p.o. 20 mmol/kg body wt/day) (Sigma,
St. Louis, MO).

Animals (n=5-8 per group) were sacrificed at 3, 5 and
10 weeks under anesthesia with ketamine (10 mg/100 g body
weight) and xylazine (0.4 mg/100 g body weight). Serum
was obtained by cardiac puncture, and the liver was removed
for histologic, biochemical and molecular studies. 

Morphologic studies. Liver histology was assessed on 5-μm
paraffin sections stained with hematoxylin and eosin (H&E)
for the extent of steatosis and inflammation. Steatosis and
inflammation were scored by an observer blinded to the study
arm, as previously described (25). Steatosis scores were based

on the percentage of hepatocytes showing lipid accumulation:
1-33% as 1, 34-66% as 2, and 67-100% as 3. Inflammation
was scored as 1 (mild), 2 (moderate) and 3 (severe). Collagen
deposition was quantified in Sirius red-stained sections at
week 10 using morphometry to determine the percentage (%)
of the total cross-sectional surface area occupied by collagen
(Optimas v6.5 software, Media Cybernetics L.P., Silver
Spring, MD, USA). As described elsewhere, 10 random fields
were scanned (13). Using the same sections, the degree of
fibrosis was ranked by two independent observers blinded to
the study. Activated HSCs were identified in paraffin sections
by immunohistochemistry using a mouse monoclonal antibody
to · smooth muscle actin (·SMA) (1:400 dilution, clone 1A4,
Sigma), and visualized by avidin/biotinylated horseradish
peroxidase (anti-mouse) using  the mouse ABC Staining
System Kit (Santa Cruz Biotechnology Inc., Santa Cruz, CA).
Activated HSCs were quantified by the average number of
·SMA positively stained cells excluding vascular smooth
muscle cells from 10 high power fields per animal
(magnification x400). 

Biochemical assays. The extent of hepatocellular injury was
assessed by determining the serum level of alanine amino-
transaminases (ALT), measured by automated techniques
within the Department of Clinical Chemistry at Westmead
Hospital. GSH was determined fluorometrically (excitation
350 nm, emission 420 nm) as previously described (26).
Products of lipid peroxidation in 5% liver homogenates were
determined by measuring thiobarbituric acid reactive
substances (TBARS) using the method of Ohkawa (27).
Activated TGFß1 protein levels were estimated in 10% liver
homogenates using a Duoset ELISA development system for
human TGFß1 (R&D Systems, Minneapolis, MN, USA) as
per the manufacturer's instructions.

PCR for cytokines and genes that regulate matrix deposition.
Whole liver total RNA (5 μg) was reverse transcribed using
random hexamers (Promega Corp., Madison, WI), and
SuperScript II RNase H Reverse Transcriptase (Gibco BRL,
Melbourne, Australia). Levels of mRNA expression for
collagen ·1(I), transforming growth factor-ß 1 (TGFß1),
connective tissue growth factor (CTGF), tissue inhibitor of
metalloproteinase-1 and -2 (TIMP-1 and -2) and matrix
metalloproteinase-2 and -13 (MMP-2 and -13) were quantified
by real-time PCR with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as invariant control. All primers
and probes (Table I) were designed using Primer Express™
Software (Applied Biosystems, Foster City, CA, USA). PCR
reactions and analyses were carried out using the ABI PRISM
7700 Sequence Detector and Software (Applied Biosystems)
using TaqMan® fluorogenic probes (GAPDH) or SYBR Green
detection (collagen ·1(I), TGFß1, CTGF, TIMP-1, TIMP-2,
MMP-2, and MMP-13). Cycle parameters were set at 50˚C
for 2 min, then 95˚C for 10 min, followed by 45 cycles at 95˚C
for 15 sec and 60˚C for 1 min. Collagen mRNA expression
was also assessed at week 10 by RNase protection assay as
previously described (13).

Statistical analyses. Results are presented as the mean ±
standard deviation. The 2-way ANOVA and Student's t-test
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were used to compare treatment groups. Differences were
considered significant at P<0.05.

Results

Development of fibrosing steatohepatitis in mice fed an MCD
diet: Relationship to glutathione depletion, lipid peroxi-
dation, stellate cell activation and expression of profibro-
genic genes. Liver injury was evident early in the 10 week

time-course study. Serum ALT levels were increased at week 3,
reaching a mean of 16 times the control value by week 10
(Table II). In mice fed the control diet, liver histology
remained normal throughout. By week 3, mice fed the MCD
diet had developed hepatic steatosis (zone 2 and 3) and a
mixed parenchymal inflammatory infiltrate. During the next
7 weeks, there was progression of steatohepatitis such that by
week 5, steatosis extended throughout the hepatic acinus, and
inflammation was more severe (Fig. 1a-d; Table III).
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Figure 1. Temporal development of steatohepatitis and fibrosis in mice fed the MCD diet compared to controls. Compared with control (a), MCD feeding was
associated with steatohepatitis at week 3 (b), which became progressively more florid and extensive at weeks 5 (c) and 10 (d) (H&E, original magnification
x200). Collagen deposition around blood vessels (arrow), stained by Sirius red, was comparable to control (e) at week 3 (f). Fibrosis initially perivenular (PV)
and pericellular (PC) at week 5 (g) extended to the formation of septa (arrow) at week 10 (h) (original magnification x100). 
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In mice fed the MCD diet, hepatic glutathione levels were
significantly depleted compared with control mice at week 3
(Table II), with a further decline to 50% of controls by week
10. As previously reported (12,25), hepatic TBARS levels
were elevated from week 3, rising to 26-fold that in controls
at week 5, and remaining elevated to week 10 (Table II). 

Activated HSCs were evident in liver sections stained for
·SMA from week 5 of MCD feeding but were not noted at
week 3; they were seen predominantly around inflammatory
foci and steatotic hepatocytes (Fig. 2b). Activated HSCs were
not found in controls for the entire period (Fig. 2a; Table II).
Activation of the HSCs was associated with significantly up-
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Table I. Primers and probes for real-time PCR.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Gene Accession no. Forward (F)/Reverse (R) primers/Probe (P)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
mCollagen ·1(I) BC003198 F:  CCTCAGGGTATTGCTGGACAAC

R:  ACCACTTGATCCAGAAGGACCTT
P:  6FAM-CTTCCCGGTCAGAGAGGAGAAAGAGGCT-TAMRA

mTGFß1 BC013738 F:  GCCCGAAGCGGACTACTATG
R:  AGATGGCGTTGTTGCGGT
P:  ACCATTAGCACGCGGGTGACCTCTTT

mCTGF BC006783 F:  ACTGCCCCTTCCCGAGAA
R:  TCCTTGGGCTCGTCACACA
P:  TCGCAGCATTTCCCAGGCAGCTT

mTIMP-1 BC008107 F:  CATGGAAAGCCTCTGTGGATATG
R:  GATGTGCAAATTTCCGTTCCTT
P:  CAAGTCCCAGAACCGCAGTGAAGAGTTTC

mTIMP-2 X62622 S37984 F:  ATGGTTCTTGCGCGTGGTA
R:  GCTTTTCAATTGGCCACAGG
P:  TGTCAGCCTTCTTACGGGTCCTCGA

mMMP-2 M84324 F:  GATACCCTCAAGAAGATGCAGAAGTT
R:  ACATCTTGGCTTCCGCATG
P:  CAGACAGGTGACCTTGACCAGAACACCAT

mMMP-13 X66473 S48798 F:  ACTTAACTTACAGGATTGTGAACTATACTCCT
R:  TGTCAGCAGTGCCATCATAGATT
P:  AGGCCTTCTCCACTTCAGAATGGGACATA

mGAPDH M32599 F:  GTCGTGGATCTGACGTGCC
R:  TGCCTGCTTCACCACCTTCT
P:  6VIC-CCTGGAGAAACCTGCCAAGTATGATGACA-TAMRA

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table II. Time course of hepatic injury, oxidative stress, stellate cell activation and up-regulation of collagen ·1(I) gene
expression in mice fed the control or MCD diet.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Duration of Experimental Serum ALT Hepatic GSH Hepatic TBARS Activated stellate cells Collagen ·1(I)
feeding group (n) (U/l) (μg/g tissue) (μmol/g tissue) (number of ·SMA- mRNA

positive HSCs/ field) (arbitrary units)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
3 weeks Control (5) 41±52 1940±108 0.11±0.09 0.00±0.00 0.02±0.01

MCD (5) 380±122a 1495±324a 0.30±0.11a 0.00±0.00 0.02±0.01

5 weeks Control (5) 19±11 1450±243 0.19±0.02 0.00±0.00 0.01±0.01
MCD (5) 701±224a 842±82a 5.05±2.86a 2.60±1.9a 0.30±0.11a

10 weeks Control (6-7) 35±21 1780±339 0.19±0.03 0.00±0.00 0.10±0.08
MCD (6-8) 548±518a 910±95a 4.36±2.45a 1.84±1.83a 0.48±0.32a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Data are expressed as the mean ± SD. aP<0.05 relative to control values. 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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regulated expression of collagen ·1(I) mRNA from week 5,
values being 22-fold higher than controls (Table II), and
maintained thereafter. Hepatic fibrosis was evident in Sirius
red-stained sections at week 5; the distribution was peri-
venular, intralobular pericellular (chicken wire) and periportal
(Fig. 1e-g). By 10 weeks, septal fibrosis was conspicuous
(Fig. 1h).

MCD feeding induced minor changes in TGFß1 expression
(Table IV). CTGF mRNA expression, downstream from
TGFß1, was up-regulated compared to controls at week 10 of
MCD diet feeding (Table IV). Likewise, TIMP-1, TIMP-2,
MMP-2, and MMP-13 mRNA were up-regulated by week 10
(Table IV).

Effects of vitamin E and L-2-oxothiazolidine-4-carboxylate
supplementation on liver injury, hepatic GSH and lipid
peroxides. We designed intervention experiments over 5 and
10 weeks to test the proposal that oxidative stress plays a
causal role in fibrosis development. For these experiments, we
chose vitamin E (vit E), a lipid soluble free radical scavenger,
and OTC, a glutathione precursor, for their different modes of
action.

Vit E supplementation reduced steatosis and inflammation
compared to the MCD diet fed mice at week 10, although not
at the earlier time point (Fig. 3a-b; Table III). In contrast,
OTC supplementation did not significantly reduce steatosis
or inflammation (Fig 3c; Table III).

At weeks 5 and 10 of dietary feeding, both vit E and OTC
supplementation repleted GSH, compared to mice fed the
MCD diet alone (P<0.05) (Fig. 4). At week 5, vit E
supplementation also reduced hepatic TBARS levels by 75%
(P<0.05), though this protective effect appeared to diminish
by week 10 (Fig. 5). OTC supplementation did not signifi-
cantly alter TBARS levels (Fig. 5). 

Effects of vitamin E and L-2-oxothiazolidine-4-carboxylate
supplementation on hepatic fibrosis. Supplementation with
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Figure 2. ·-smooth muscle actin (·SMA) immunostaining in liver sections from mice fed the MCD or control diet at week 10. (a) Mice fed the control diet
showed ·SMA expression, indicated by the brown staining confined to the portal tract fibroblasts (not shown) and central vein (arrow). (b) In mice fed the
MCD diet for 10 weeks, ·SMA was expressed in the HSCs in the hepatic lobule (arrows), distributed around steatotic hepatocytes and inflammatory foci.
(c) ·SMA expression by HSCs was not evident in mice supplemented with vitamin E, but on the other hand was still abundant in animals supplemented with
OTC (arrows) (d) (original magnification x400).

Table III. Effects of vitamin E and L-2-oxothiazolidine-4-
carboxylate on steatosis and inflammation in mice fed the
MCD or control diet.
–––––––––––––––––––––––––––––––––––––––––––––––––
Duration Experimental Steatosisa Inflammationa

of feeding group (n)
–––––––––––––––––––––––––––––––––––––––––––––––––
5 weeks Control (5) 0.00±0.00 0.00±0.00

MCD (5) 2.80±0.45b 3.00±0.00b

MCD and vit E (5) 2.80±0.45b 2.60±0.55b

MCD and OTC (5) 2.20±0.54b 2.60±0.55b

10 weeks Control (7) 0.00±0.00 0.00±0.00
MCD (7) 2.29±0.76b 2.45±0.19b

MCD and vit E (8) 1.50±0.53bc 1.25±0.46bc

MCD and OTC (8) 2.00±0.93b 2.13±0.64b

–––––––––––––––––––––––––––––––––––––––––––––––––
aSteatosis and inflammation were scored as described in Materials and
methods. Data are expressed as the mean ± SD. bP<0.05 relative to
control values. cP<0.05 relative to values for MCD diet fed mice.
–––––––––––––––––––––––––––––––––––––––––––––––––
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Table IV. Effects of vitamin E and L-2-oxothiazolidine-4-carboxylate on TGFß1, CTGF and matrix remodeling enzymes in
mice fed the MCD or control diet for 10 weeks.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Experimental TGFß1 Activated CTGF TIMP-1 TIMP-2 MMP-2 MMP-13
group (n) mRNA TGFß1 protein mRNA mRNA mRNA mRNA mRNA

(arbitrary (pg/mg) (arbitrary (arbitrary (arbitrary (arbitrary (arbitrary
units) units) units) units) units) units)

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Control (6) 23±6 26±4.6 7±3 8±7 11±2 12±3 3±1
MCD (7) 29±12 20±1.9a 41±20a 37±25a 23±8a 33±16a 30±23a

MCD and vit E (6) 30±12 20±3.5a 46±17a 22±15 28±7a 25±7a 30±30a

MCD and OTC (7) 57±22a 20±1.5a 41±30a 40±25a 36±16a 42±29a 51±17a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Data are expressed as the mean ± SD. aP<0.05 relative to the respective control values.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 3. Effects of antioxidant therapy on liver histology in mice fed the
MCD or control diet at week 10. Mice fed the MCD diet developed florid
steatosis and foci of necroinflammation (a, see also Fig. 1d). Inflammatory
foci and steatosis were reduced by vitamin E supplementation (b) but not by
OTC (c). (H&E sections, original magnification x100).

Figure 4. Effect of the MCD diet with or without antioxidant supplementation
on hepatic GSH. Hepatic GSH levels in mice fed the MCD (black bars) or
control diet (white bars) for 5 or 10 weeks. Supplementation with vitamin E
(dark gray bars) and OTC (light gray bars) repleted hepatic GSH. Data are
expressed as the means ± SD for n=5-8 per group. *P<0.05 compared with
mice fed the control diet. #P<0.05 compared to mice fed the MCD diet.

Figure 5. Effect of the MCD diet with or without antioxidant supple-
mentation on TBARS. TBARS levels in mice fed the MCD (black bars) or
control diet (white bars) for 5 or 10 weeks. Compared to mice fed the MCD
diet alone, supplementation with vitamin E (dark gray bars) reduced TBARS
levels. OTC supplementation (light gray bars) did not significantly alter
TBARS levels, although a trend for reduction was noted at week 5. Data are
expressed as the means ± SD for n=5-8 per group. *P<0.05 compared with
mice fed the control diet. #P<0.05 compared to mice fed the MCD diet.

171-180  25/6/2009  08:26 Ì  Page 176



vit E reduced HSC activation (Fig. 2c), significantly
suppressed hepatic collagen ·1(I) mRNA expression at both
week 5 and 10 (Fig. 6), and fibrosis was ranked less severe in

mice supplemented with vit E compared to MCD diet fed
mice at week 10 (Fig. 7B). These findings were confirmed on
morphometric analysis for collagen in Sirius red-stained
sections (Fig. 7A). In contrast, OTC failed to inhibit HSC
activation (Fig. 2d). Thus, while collagen ·1(I) mRNA
expression was inhibited at week 5, this effect was lost by
week 10 (Fig. 6), Also, expression of profibrogenic genes
and fibrosis were similar whether MCD animals received or
not OTC (Table IV) (Fig. 7A and B).

Despite the reduction in collagen ·1(I) mRNA expression
and collagen deposition at week 10 in mice supplemented with
vit E, mRNA levels of profibrogenic genes, including TGFß1,
CTGF, TIMP-1, TIMP-2, MMP-2 or MMP-13 were not
significantly altered, although there was a trend for reduction
in TIMP-1 mRNA expression (Table IV). 

Discussion

This study provides support for a role for oxidative stress in
mediating hepatic fibrosis in steatohepatitis resulting from
intake of a lipogenic MCD diet. In mice fed the diet, a
decline in hepatic GSH and elevation of TBARS occurred at
the onset of liver injury, preceding HSC activation and up-
regulation of collagen ·1(I), profibrogenic cytokines,
metalloproteinases and their inhibitors, and morphologic
evidence of progressive hepatic fibrosis. Vit E antioxidant
therapy suppressed steatosis, inflammation, HSC activation,
collagen ·1(I) mRNA up-regulation and fibrosis, in association
with lower TBARS and higher GSH levels. In contrast, the
reduction in collagen ·1(I) mRNA at week 5 with OTC was
not sustained despite repletion of hepatic GSH to levels
comparable with those noted with vit E supplementation.

In vitro vit E supplementation of cultured human fibro-
blasts and HSCs (28,29) reduces lipid peroxidation and
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Figure 7. Effects of the MCD diet, with or without antioxidant supplementation on fibrosis at week 10. (A) Image analysis of fibrosis based on collagen
deposition stained by Sirius red in mice fed the MCD (black bars) or control diet (white bar) and mice fed the MCD diet supplemented with vitamin E (dark
gray bars) or OTC (light gray bars) (data expressed as the means ± SD). (B) Fibrosis ranking based on collagen deposition stained by Sirius red (data
expressed as a box and whisker plot. The bar within each column represents the median value, the upper and lower borders of the box are the quartiles, and
the whiskers (error bars) at the extremities indicate the 10th and 90th percentiles). All data for n=7-8 per group. *P<0.05 compared with mice fed the control
diet. #P<0.05 compared to mice fed the MCD diet.

Figure 6. Effect of the MCD diet with or without antioxidant supple-
mentation on collagen ·1(I) mRNA expression. Collagen ·1(I) mRNA
expression in mice fed the MCD (black  bars) or control diet (white bars) for
5 or 10 weeks by real-time PCR (A) and by RNase protection assay at week
10 (B). Compared to mice fed the MCD diet alone, supplementation with
vitamin E (dark gray bars) reduced collagen ·1(I) mRNA expression. OTC
(light gray bars) initially reduced collagen ·1(I) mRNA expression at week
5, but the benefit was abolished at week 10. Data are expressed as the means
± SD for n=5-8 per group. *P<0.05 compared with mice fed the control diet.
#P<0.05 compared to mice fed the MCD diet. 
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inhibits collagen gene up-regulation. Similar effects have
been noted in animal models of fibrosis associated with iron
overload and carbon tetrachloride (CCl4). In gerbils with iron
overload (23), vit E supplementation for 4 months reduced
lipid peroxidation, and this blocked up-regulation of collagen
·1(I) gene expression and progression to cirrhosis. Likewise,
in rats with chronic iron overload (30), vit E reduced lipid
peroxidation over 4, 8 and 14 months, and at the later time
point, reduced hepatic hydroxyproline content; however,
there was no evidence of collagen ·1(I) mRNA up-regulation in
this model. In CCl4-induced liver injury in rats, vit E prevented
oxidative liver damage and ameliorated hepatic fibrosis (22).
The benefit of vit E in human NASH has been variable. Vit E
and C treatment improved fibrosis scores without reductions
in inflammatory changes in a randomized, placebo controlled
study (31). In another study, treatment with vit E decreased
steatosis, but the improvements observed in inflammation
and fibrosis were not significant (32). Cumulative data to
date therefore, are insufficient to either support or refute the
benefits of antioxidant therapy for patients with NASH, in part
due to limited studies with histological outcomes (33,34).

While vit E had a dramatic impact on both lipid peroxi-
dation and fibrosis in our model, its efficacy as an antioxidant
appeared to diminish over time. This may reflect the
consumption of vit E by the ongoing pro-oxidants generated
during MCD diet feeding. However, in a pilot study, higher
doses of vit E (480 mg/kg diet) for 5 weeks did not indicate
any additional benefit (data not shown). The antioxidant
capacity of vit E is dependent on the recycling of oxidized ·-
tocopherol by co-antioxidants such as ubiquinol-10 which
may have become depleted by week 10 in the present report,
thereby limiting its beneficial effects (35). This limitation in
antioxidant capacity may explain the variable benefits of vit E
in patients with NASH (31,32).

OTC, while protective against oxidative liver injury in
other systems, was insufficient in the MCD dietary model of
steatohepatitis. Thus, unlike vit E, OTC did not reduce
hepatic steatosis or inflammation; its ability to suppress lipid
peroxidation and collagen ·1(I) gene expression appeared
transient and incomplete, and was unable to sustain protection
against fibrosis beyond week 5. In rats exposed chronically to
alcohol, OTC reduced inflammation, NF-κB activation and
serum AST levels (36). In the MCD model, the protective
effect of OTC treatment was potentially limited by the reduced
availability of glutathione peroxidase which catalyzes the
hydrolysis of hydrogen peroxide by GSH. Both cytosolic and
mitochondrial glutathione peroxidase are significantly
reduced in steatotic livers (37), thereby limiting the efficacy of
anti-fibrotic strategies aimed primarily at GSH repletion. In
addition, we noted loss of mitochondrial integrity by week 10
of MCD diet feeding (38), and this could potentially result in
decreased GSH transport into the mitochondrial compartment.

Data from this study suggest that amelioration of fibrosis
occurs only when there is sufficient protection from lipid
peroxidation. Oxidative stress appears to mediate fibro-
genesis directly during MCD diet feeding, since activated
TGFß1 protein levels were not increased. The critical role of
TGFß in fibrogenesis is well known (39), but there is evidence
that it is not an obligate requirement. Other mechanisms for
fibrogenesis independent of TGFß1 have been reported,

including CTGF- (40) and interleukin 13 (IL-13)- (41)
dependent pathways, the former being inducible by oxidative
stress (42) and dexamethasone (43). Thus, IL-13 null mice
showed almost complete abrogation of fibrosis following
Schistosoma mansoni infection, without alterations in TGFß1

production (41). Disruption of the TGFß1 signaling cascade
did not affect IL-13 mRNA expression or prevent fibrosis (41).
Likewise, fibrosis in bile duct ligated rats is not completely
inhibited by abolishment of TGFß signaling with soluble
TGFß type II receptors, and fibrosis still occurs in response
to CCl4 in TGFß1 gene-deleted knockout mice (44,45). A
plausible mechanism for these TGFß-independent pro-oxidant-
mediated fibrogenic effects involves hydrogen peroxide.
Hydrogen peroxide enhances the binding of the CCAAT/
enhancer binding protein-ß (C/EBPß) complex to the
collagen ·1 (I) promoter, thereby activating HSCs and
inducing collagen ·1(I) mRNA expression (46). Co-admini-
stration of neutralizing anti-TGFß1 antibodies failed to abolish
the up-regulation of collagen ·1(I) in response to acetaldehyde
(46). 

The role of TGFß in matrix remodeling has been well
documented (39). However, in Schistosoma mansoni
infection and cell culture studies, activation of TIMP-1 and -2
occurs through processes other than TGFß involving IL-13,
IL-1ß, IL-6, IL-11, dexamethasone and prostaglandin E2
(41,48-50). In our study, up-regulation of TIMPs and
MMPs is consistent with observations in fibrotic human
liver (51) and other models of fibrosis induced by CCl4 (52),
Schistosoma mansoni infection (41) and lipopolysaccharides
(53). These results differ from other studies where down-
regulation of MMP-2 was shown to be concurrent with HSC
and TIMP-1 activation (54). 

To our knowledge, the molecular mechanisms by which
vit E protects against hepatic fibrosis have not been
characterized in terms of the genes associated with matrix
remodeling. In a study of CCl4-induced liver injury, TIMPs but
not MMPs were down-regulated during spontaneous resolution
of fibrosis with a resultant increase in interstitial collagenase
activity (55). In our study, the mRNA expression of the
metalloproteinases and their inhibitors were not altered by vit E
supplementation despite amelioration of fibrosis, although
there was a trend for reduction in TIMP-1 mRNA expression
in vit E-treated mice. 

In conclusion, the results of this intervention study indicate
that peroxides participate in hepatic fibrogenesis associated
with a nutritional form of steatohepatitis. The antifibrotic
effects of vit E were independent of the expression of pro-
fibrogenic cytokines or transcriptional effects on genes
involved with matrix remodeling, but may instead be more
directly mediated via suppression of HSC activation and
transcription of matrix secreting genes like collagen ·1(I).
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