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Abstract

To determine if alcoholic liver fibrogenesis is exacerbated
by dietary iron supplementation, carbonyl iron (0.25% wt/
vol) was intragastrically infused with or without ethanol to
rats for 16 wk. Carbonyl iron had no effect on blood alcohol
concentration, hepatic biochemical measurements, or liver
histology in control animals. In both ethanol-fed and control
rats, the supplementation produced a two- to threefold in-
crease in the mean hepatic non-heme iron concentration but
it remained within or near the range found in normal hu-
man subjects. As previously shown, the concentrations of
liver malondialdehyde (MDA),' liver 4-hydroxynonenal
(4HNE), and serum aminotransferases (ALT, AST) were
significantly elevated by ethanol infusion alone. The addition
of iron supplementation to ethanol resulted in a further
twofold increment in mean MDA, 4HNE, ALT, and AST.
Onhistological examination, focal fibrosis was found < 30%
of the rats fed ethanol alone. In animals given both ethanol
and iron, fibrosis was present in all, with a diffuse central-
central bridging pattern in 60%, and two animals (17%)
developed micronodular cirrhosis. The iron-potentiated al-
coholic liver fibrogenesis was closely associated with intense
and diffuse immunostaining for MDAand 4HNE adduct
epitopes in the livers. Furthermore, in these animals, accen-
tuated increases in procollagen al (I) and TGF#61 mRNA
levels were found in both liver tissues and freshly isolated
hepatic stellate cells, perisinusoidal cells believed to be a
major source of extracellular matrices in liver fibrosis. The
dietary iron supplementation to intragastric ethanol infu-
sion exacerbates hepatocyte damage, promotes liver fibro-
genesis, and produces evident cirrhosis in some animals.
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1. Abbreviations used in this paper: 4HNE, 4-hydroxynonenal;
CYP2E1, cytochrome P4502E1; GSSG, glutathione, oxidized; MDA,
malondialdehyde.

These results provide evidence for a critical role of iron and
iron-catalyzed oxidant stress in progression of alcoholic liver
disease. (J. Clin. Invest. 1995. 96:620-630.) Key words: col-
lagen - TGF,1 * non-heme iron * lipid peroxidation * hepatic
stellate cells

Introduction

Hepatic fibrogenesis in alcoholic liver disease is an intricate
process, which appears to involve a metabolic product of etha-
nol oxidation (1, 2), cytochrome P450 induction (3, 4), en-
hanced oxidative stress (5, 6), depletion of antioxidant defenses
(7), lipid peroxidation (8), generation of aldehydic products
(8), the effects of mitogenic and fibrogenic cytokines (9, 10),
and complex interactions between liver parenchymal and nonpa-
renchymal cells (9, 10), with the hepatic stellate cells (Ito
cells, hepatic lipocyte or fat-storing cell) now recognized as the
primary source of extracellular matrix (10). The spectrum of
alcoholic liver disease is partially reproduced in a rat model of
intragastric ethanol infusion (11, 12). Focal centrilobular liver
necrosis is evident after 5-6 wk of feeding high fat diet (HFD)
plus ethanol and liver fibrogenesis is initiated between the 9th
and 16th wk. At the 16th week, the fibroproliferative activation
of hepatic stellate cells is manifested by increased DNAsynthe-
sis together with enhanced gene expression of collagen and
transforming growth factor-P31 (TGF,31) (13). In this model,
the severity of liver damage has been shown to depend on
the magnitude of oxidative stress. For example, diets high in
polyunsaturated fat and low in carbohydrate which induce cyto-
chrome P4502E1 (CYP2E1) (14), enhance ethanol-induced
oxidative stress, compromise glutathione homeostasis (7), and
produce alcoholic liver necrosis, inflammation, and fibrosis (3,
15, 16). Induction of CYP2E1 in animals with alcoholic liver
injury markedly increases the sensitivity of isolated hepatic mi-
crosomes to iron-catalyzed lipid peroxidation (4). Conversely,
inhibition of CYP2E1 by diallyl sulfide ameliorates the early
changes of alcoholic liver injury (17). Furthermore, the extent
of alcoholic liver fibrosis correlates significantly with hepatic
levels of products of lipid peroxidation such as malondialdehyde
(MDA) and 4-hydroxynonenal (4HNE) (8), aldehydes that
directly stimulate collagen synthesis and/or gene expression by
fibroblasts (18) and hepatic stellate cells (19).

One limitation of the intragastric infusion model was that
only early or mild fibrosis was produced; cirrhosis was not
observed even with more prolonged exposure to ethanol. Mea-
surements of the hepatic iron in the rats used in our previous
study (8) indicated that the concentrations of non-heme iron
present were in the lower portion of the normal range for human
adults (57-681 Mug Fe per gram of liver, wet weight) (20).
Accordingly, we hypothesized that the addition of dietary iron
supplementation to intragastric ethanol infusion would increase
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hepatic non-heme iron which might then enhance iron-catalyzed
oxidant stress, increase the generation of aldehydic products of
lipid peroxidation and promote hepatic fibrogenesis. The goal
of dietary iron supplementation was not to produce iron over-
load but rather to increase the hepatic nonheme iron into the
upper portion of the normal range for human adults. The addi-
tion of dietary iron supplementation to intragastric infusion of
ethanol was found to increase lipid peroxidation and the forma-
tion of peroxidation-derived protein adducts, exacerbate hepato-
cyte damage, accelerate and potentiate fibrogenesis, and to pro-
duce micronodular hepatic cirrhosis in some animals.

Methods

Animal models. The animal protocol described in this study was ap-
proved by the Institutional Care and Use Committee of Case Western
Reserve University and is in full compliance with the Public Health
Service Guide for the Care and Use of Laboratory Animals. The rat
model of alcoholic liver fibrosis has been described in detail elsewhere
(11, 12). In brief, male Wistar rats weighing 325-375 grams were
implanted with long-term gastrostomy catheters to enable continuous
intragastric infusion of the high fat diet (25% of calories as corn oil)
plus increasing concentrations of ethanol or isocaloric dextrose solution
for 16 wk. Ethanol intake at the end of experiment was 49% (16g/kg
per day) of total calories. Carbonyl iron was added at 0.12% (wt/vol)
during the first week and at 0.25% after the second week to the diet
given to the iron-supplemented alcohol-fed and pair-fed control groups.
At the ninth week, animals were anesthetized with ketamine and xyla-
zine to collect blood for determination of aminotransferase levels and
to perform aseptic liver biopsy to assess the hepatic non-heme iron
concentration and progression of liver pathology. At the end of the 16-
wk period, all animals were killed, the whole or a portion of liver
removed, weighed, cut into small portions for various biochemical, mo-
lecular biological, and histological examinations described below.

Measurements of non-heme iron, lipid peroxidation, glutathione and
hydroxyproline. The non-heme iron concentrations in plasma and liver
were measured by a bathophenanthroline sulfonate-thioglycolic acid
chromogen assay (21). A piece of liver was quickly homogenized in
1.15% KCl containing 0.2% butylated hydroxytoluene at 4°C and used
immediately for MDAand 4HNE assays. The measurement of MDA
equivalents was performed according to the method described by Uchi-
yama and Mihara (22) using 1% phosphoric acid and 0.6% thiobarbi-
turic acid. To determine the level of free 4HNE, the homogenate was
first incubated with 0.1% 2,4-dinitrophenylhydrazine in ethanol and
sulfuric acid (9:1) in the dark for 12 h to form dinitrophenylhydrazone
derivatives of alkenals (8, 23, 24). These derivatives were extracted
with dichloroethane and separated by thin-layer chromatography. The
area corresponding to the derivative of authentic 4HNEwas scraped,
extracted, redissolved and injected into a HPLC reverse-phase column
(Ultrasphere, 5 jsm octadecyl silica gel; Alltech Associates, Inc., Deer-
field, IL) to separate and quantify the 4HNEderivative (8, 23, 24). For
determination of hepatic concentrations of GSHand GSSG, portions of
the livers were immediately snap-frozen in liquid nitrogen and stored
at -80°C until assayed by the method of Griffith (25) as modified by
Allen and Arthur (26) using the glutathione reductase-5',5'-dithiobis-
(2-nitrobenzoic acid) recycling assay. To estimate the collagen content
of the liver, the release of hydroxyproline in hydrolysate of the liver
was determined using Ehrlich's reagent (27).

Liver histology and blood aminotransferase assays. Liver tissues were
fixed in a 10% formalin solution, processed, and stained with hematoxylin
and eosin, Sirius red, and reticulin stains. Using light microscopy, an
observer unaware of the treatment group systematically graded sections
obtained from multiple liver lobes for fatty liver, necrosis, inflammation,
perivenular fibrosis, bridging fibrosis, and cirrhosis. At the time of sacri-
fice, three mL venous blood was collected via venipuncture of inferior

vena cava and serum ethanol, ALT and AST levels were determined on
a CX-7 computer-controlled biochemical analyzer (Beckman Diagnostic
Instruments Inc., Brea, California) and a Kodak Ektachem 750 autoana-
lyzer (Eastman Kodak Co., Rochester, New York).

Immunohistochemical procedures. Serial paraffin-embedded sec-
tions were used for immunostaining for MDA- and 4HNE-adduct epi-
topes with the immunoperoxidase technique (28). After deparaffiniza-
tion, sections were pretreated with swine serum and incubated with
primary guinea pig anitsera (1:500 in 1% BSA-PBS). After washing
three times in PBS, the sections were retreated with swine serum to
block nonspecific binding. The secondary antibody was biotinylated
anti-guinea pig antiserum (1:300 in 1%BSA-PBS). (Amersham, UK).
Specific staining was detected using peroxidase-conjugated streptavidin
(1:600 in PBS) (Dakopatts, Copenhagen, Denmark), and 9 mgdiamino-
benzidine tetrahydrochloride (DAB) in 15 mLPBS.

Preparation of antisera. Antisera against MDA-LDL were raised
by immunizing male guinea pigs with homologous MDA-LDLprepared
as previously described (28). The priming immunization was an intra-
dermal injection of 150 jig of antigen in 0.5 ml of PBS and 0.5 ml of
Freund's complete adjuvant. Boosters were 100 jig of antigen in
Freund's incomplete adjuvant at 14-d intervals. Conjugation of 4HNE
to LDL was carried out according to the procedure described earlier
(29, 30). Polyvalent antisera were generated by immunizing male
guinea pigs with homologous 4HNE-LDL as described for the antisera
against MDA-LDL.

Isolation of hepatic stellate cells. Hepatic stellate cells were isolated
from the liver by in situ liver digestion and discontinuous gradient
ultracentrifugation (13). Without the prior vitamin A treatment, the
livers were digested enzymatically with pronase and collagenase by in
situ perfusion. For fibrotic livers, we generally increased collagenase
concentration by 30-70% compared to those employed for the control
livers. Parenchymal cells were removed by centrifugation of the digest
at 50 g for 1 min, and nonparenchymal cells were recovered from the
supernatant by centrifugation at 500 g for 7 min. The nonparenchymal
cells were laid on top of the four density gradients of arabinogalactan
(LARCOLL; Sigma Chemical Co., St. Louis, MO), and centrifuged at
21,400 rmp for 35 min at 250C. A pure fraction of hepatic stellate cells
was recovered from the interface between the medium and the density
of 1.038. The purity of the cells was assessed by phase contrast micros-
copy and UV excited fluorescence microscopy, and the viability by
trypan blue exclusion. The purity of the cells from rats given high fat
diet, high fat diet with iron, high fat diet with ethanol, and high fat diet
with iron and ethanol, averaged 97, 96, 93, and 92%, respectively, and
the viability exceeded 97% in all four groups.

Northern blot analyses for collagen and TGFf3 mRNA. A portion
of the liver and all of freshly isolated hepatic stellate cells were immedi-
ately homogenized in 4 Mguanidinium thiocyanate followed by phenol-
chloroform extraction to isolate total RNA(31). 20 pg of RNAsamples
were electrophoresed on formaldehyde-containing agarose gel (1.2%)
and transferred to nylon membranes (NYTRAN; Schleicher & Schuell,
Keene, NH). Ethidium bromide staining was used to assess the equal
loading and the intact nature of RNAsamples. Northern blot hybridiza-
tion was performed with cDNA for rat procollagen al (I) and human
TGF31 (32, 33), which were labeled by 32P-dCTP using the random
method. An P actin cDNA was used as an internal control. The filters
were prehybridized and hybridized at 50°C in lOx Denhardt's solution,
0.5% SDS, 50 ,M Tris, 5 1.M EDTA, Sx standard saline citrate (SSC),
150 ,g/ml sonicated salmon sperm DNA, and 10% dextran sulfate. The
filters were washed twice at room temperature in 2x SSC and 0.1%
SDS, twice at 500C in 2x SSC and 1% SDS, and twice at 500C in
0.1 X SSC and 0.1% SDS with each washing period lasting 30 min.
Autoradiography was performed with Kodak XAR films and intensi-
fying screens at -80°C. Bands corresponding to transcripts were
scanned in a densitometer to express steady state levels with densitomet-
ric units which were subsequently normalized to that of ,B actin. The
normalized values were then compared to those of pair-fed controls to
assess relative changes.
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Figure 2. Plasma ALT (A) and AST (B) concentrations. Venous blood
samples were collected before (Pre) and 9 wk (9 wk) and 16 wk (16
wk) after the commencement of respective dietary regimens for
determination of plasma ALT and AST levels. Note accentuated
increases in both ALT and AST levels in the group given high fat diet
with iron and ethanol (I n = 8) as compared to the group of high fat
diet with ethanol (+-, n = 5). Both control groups: high fat diet (-I-, n

= 7) and high fat diet with iron (a}, n = 8) show no significant
changes from the basal values (Pre). Data points shown are means.

* p < 0.01 compared with the high fat diet with ethanol group.

Statistical analyses. Results are expressed as means±standard devia-
tion. Student's t test for the comparison of two independent means was

used to test for the significance of the difference between the means of
two groups. The relationship between normally distributed variables
was assessed using Pearson's coefficient of correlation. All tests were

two-tailed. Because of the multiple comparisons performed between
groups of animals, a conservative significance level of 0.01 was used.

Figure 1. MDA, 4HNE, and GSHlevels. The liver concentrations of
MDA(A), 4HNE (B), and GSH(C) were determined as described in
Methods, in rats fed high fat diet (n = 7), high fat diet with iron (n
= 8), high fat diet with ethanol (n = 5), or high fat diet with iron and
ethanol (n = 8) for 16 wk. Note prominent increases in MDAand
4HNE levels in the group given high fat diet with iron and ethanol as

compared to moderate increases in these aldehydes in the group of high
fat diet with ethanol. Hepatic GSHlevels were similarly depressed in

both high fat diet with ethanol and high fat diet with iron and ethanol
groups as compared to the respective controls.* P < 0.01 compared to
the corresponding controls; * *P < 0.01 compared to the high fat diet
with ethanol.
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Results

Weight gain, liver weight, ratio of liver weight to body weight,
and blood alcohol concentration. Differences in weight gain
among the four groups of animals were not statistically signifi-
cant (Table I). By contrast, liver weights of both groups of

Figure 3. (A) Perivenular and perisinusoidal fibrosis seen in a 9-wk liver
biopsy specimen from a rat fed iron and alcohol. Note the accumulation
of reticulin fibers around the rim of the central vein (large arrow) and
along the sinusoids (small arrow). Reticulin stan, original magnification
x200. (B) Pericellular fibrosis seen in a 9-wk liver biopsy from a rat fed
iron and alcohol. Arrows indicate development of pericellular fibrosis.
Reticulin stain, original magnification x 100. (C) Micronodular cirrhosis
in a rat fed iron and alcohol for 16 wk. This is a representative low power
view of micronodular cirrhosis seen in one of the rats infused with the
iron supplemented high fat diet plus ethanol for 16 wk. Reticulin stain,
original magnification x70. (D) A high power view of a micronodule
formed in the liver shown above. Reticulin stain, original magnification
x200. (E) Micronodular cirrhosis stained with Sirius red. A section
stained with Sirius red showing micronodular cirrhosis under polarized
light. Sirius red, original magnification X100.

alcohol-fed rats (high fat diet with ethanol; and high fat diet
with iron and ethanol) were markedly increased by about two-
fold when compared with the corresponding control group. As
a consequence, if the comparisons were made with respect to
weight gain excluded the increase in liver weight, both alcohol-
fed groups gained significantly less body weight than the corre-
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Table I. Body Weight Gain, Liver Weight, Ratio of Liver Weight to Body Weight and Blood Alcohol Levels of Animals Fed Control or
Ethanol Diet with or without Iron Supplementation for 16 wk

Ratio of liver weight
Weight gain Liver weight to body weight Blood alcohol

g g mg/dL

High-fat diet (n = 8) 228.6±42.2 17.3±0.6 0.028±0.002
High-fat diet with iron (n = 9) 191.5±35.4 16.7±1.4 0.029±0.002
High-fat diet with ethanol (n = 7) 208.2±40.0 30.2±2.0* 0.050±0.003* 307±28
High-fat diet with iron and ethanol (n = 10) 175.9±34.6 33.7±4.6** 0.058±0.008** 350±70

These data were collected after 16 wk of intragastic infusion of a high-fat diet with ethanol or isocaloric glucose with or without supplementation
with carbonyl iron. Data are shown as means±standard deviation. * P < 0.0001 compared with group receiving high-fat diet. t P < 0.0001
compared with group receiving high-fat diet with iron.

sponding control groups and the iron-supplemented, alcohol-
fed group gained significantly less body weight than the high
fat diet with ethanol group (data not shown). If comparisons
were made with respect to the final ratio of liver weight to body
weight, the ratios were significantly higher in both ethanol-fed
groups when compared to the corresponding control group.
Mean blood alcohol concentrations in the two groups fed etha-
nol were similar (Table I).

Plasma and liver non-heme iron concentration. Plasma and
liver non-heme iron concentrations at 9 and 16 wk are shown
in Table II. The concentrations in plasma and liver at 16 wk
were or tended to be higher than those at 9 wk in all groups,
demonstrating an age-dependent increase as previously reported
(34). Ethanol feeding alone (high fat diet with ethanol) did
not affect plasma and liver non-heme iron concentrations. Iron
supplementation caused a two to threefold increase in both
plasma and liver non-heme iron in alcohol-fed and control-pair
fed animals (high fat diet with iron; and high fat diet with iron
and ethanol). Hepatic non-heme iron concentrations in ethanol-
fed groups with or without iron supplementation were signifi-
cantly lower than those in respective control groups. This reduc-
tion is most likely to be due to a twofold increase in liver
weights in both ethanol-fed groups as compared with the control
groups (Table I).

Liver lipid peroxidation. As shown in Fig. 1 and as predicted
from a previous study (8), animals-fed high fat diet with ethanol

had increased hepatic levels of MDA(Fig. 1 A) and 4HNE
(Fig. 1 B) compared with the pair-fed, high-fat diet group.
These changes were accompanied by a significant depression
in the GSHlevel (Fig. 1 C), indicating enhanced oxidant stress
in the ethanol-fed animals. Iron supplementation caused further
increases in the MDAand 4HNElevels in the ethanol-fed rats
(high fat diet with iron and ethanol) resulting in concentrations
twofold higher than those of the group receiving high fat diet
with ethanol. The GSHconcentrations in the ethanol-fed group
with or without iron were reduced to a similar extent. MDA,
4HNE and GSHconcentrations in the high fat diet with iron
group were not significantly different from those in the high fat
diet group.

Plasma aminotransferase concentrations. The ALT and
AST concentrations are depicted in Fig. 2, A and B, respec-
tively. At 9 wk, plasma levels of both enzymes were elevated
two- to threefold by ethanol feeding alone (high fat diet with
ethanol) compared to the high fat diet group. Iron supplementa-
tion resulted in an additional two- to threefold increase in the
concentrations of these enzymes (high fat diet with iron and
ethanol). At 16 wk, the ALT level in this group continued to
be twofold higher than that of the high fat diet with, ethanol
group while the AST levels were not significantly different.

Liver histopathology. After 9 wk, enhanced alcoholic liver
fibrogenesis with iron supplementation was already evident in
liver biopsy specimens. Diffuse perivenular (Fig. 3 A), perisi-

Table II. Plasma and Liver Non-heme Iron Concentrations after 9 and 16 wk of Feeding the Diets Shown

9 wk 16 wk

Plasma iron Liver non-heme iron Plasma iron Liver non-heme iron

Ag/dL sAg/g, wet wt Hg/dL ug/g, wet wt

High-fat diet (n = 7) 83.3±11.8 140.3±10.4 167.0±14.711 241.0±17.711
High-fat diet with iron (n = 8) 158.7±5.5* 400.0±46.5* 231.7±41.0*11 627.7±130.5*11
High-fat diet with ethanol (n = 5) 80.7±4.7* 142.3±8.2t 210.0±30.511 191.5±2.5*I
High-fat diet with iron and ethanol (n = 9) 194.8±25.7**l 359.7±50.5*§ 326.5±45.7*1111 406.7±75.8**§

Blood and liver biopsy specimens were collected for determination of plasma and liver non-heme iron concentrations, respectively, after 9 wk of
feeding the diets shown. These determinations were repeated on specimens obtained at autopsy at 16 wk. Because of technical difficulties and
sample size limitations, iron measurements could not be done in some animals in each of the experimental groups. Data are shown as means
± standard deviation. * P < 0.005 compared with group receiving high-fat diet. * P < 0.005 compared with group receiving high-fat diet with
iron. § P < 0.0005 compared with group receiving high-fat diet with ethanol. 11 P < 0.005 compared with group at 9 wk.
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Figure 4. Summary of histological grading of liver fibrosis in the four
dietary groups. Liver fibrosis was evaluated and graded as described in
Methods. Changes in each animal are depicted in a vertical manner for
each of histological criteria (1+: focal; and 2+: diffuse). Note apparent
potentiation by iron supplementation of alcohol-induced liver fibrosis.

nusoidal (Fig. 3 A) and pericellular (Fig. 3 B) fibrosis were

present in most of the animals fed high fat diet with iron and
ethanol while such changes were not evident or restricted to
focal areas in animals fed high fat diet with ethanol (data not
shown). Results on induction of liver fibrosis at the 16 wk are

summarized in Fig. 4. Neither animals fed high fat diet nor

those fed high fat diet with iron showed liver fibrosis even

though focal necrosis and inflammation were noted in some of
the rats given high fat diet with iron. Feeding high fat diet with
ethanol for 16 wk caused moderate to severe fatty liver in all,
focal centrilobular necrosis and inflammation in 43% of the
animals (data not shown) with focal perivenular and bridging
fibrosis in 29% (Fig. 4). These focal and mild fibrotic changes
are typical for this model under the high fat diet and alcohol
regimen. By contrast, the group which receive high fat diet with
iron and ethanol showed marked potentiation of liver fibrogen-
esis evidenced by diffuse lesions in the majority of the animals
(Fig. 4). This diffuse development of perivenular and bridging
fibrosis (predominantly central-central) appeared to reflect ex-

acerbation of the pattern of fibrotic changes seen in the high
fat diet with ethanol group. In addition, two animals in the given
high fat diet with iron and ethanol developed micronodular
cirrhosis (Fig. 3, C-3E).

Hepatic hydroxyproline level. Chemical assessment of he-
patic collagen content by measurement of hydroxyproline con-

firmed the histological observation of enhanced alcoholic liver
fibrogenesis in the high fat diet with iron and ethanol group
(Fig. 5). Both the hydroxyproline concentration expressed per
gram of liver wet weight (2.56±0.58 timoles/gram) and the
total content of this amino acid in the whole liver (89.60±9.92
ttmoles: individual data shown in Fig. 5) were significantly
increased by twofold as compared to those in the animals given
high fat diet with ethanol (1.32±0.32 urmoles/g liver and
42.24±6.95 lmoles/liver) and by more than twofold when
compared with the high fat diet with iron group (0.99±0.18
timoles/gram and 17.83±1.56 timoles/liver).

MDA- and 4HNE-derived protein adducts in the liver. Im-
munostaining using antibodies specific for the MDA- (Fig. 6)
and 4HNE- (Fig. 7) derived protein epitopes revealed distinct
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Figure 5. Total hepatic hydroxyproline and iron content. The total he-
patic hydroxyproline content in the four groups of animals were depicted
as a function of the total hepatic iron content, both determined at 16th
wk. Note higher hydroxyproline content in animals given ethanol and
iron as compared to that in other three groups.

positive reactions in all ethanol-fed animals. The MDA-derived
proteins were also present at the same sites as the HNE-derived
adducts, although the intensity of the reaction for the MDA-
derived epitopes was usually stronger. In the group fed high fat
diet with ethanol, positive reactions for the aldehyde-derived
epitopes were restricted to the perivenular zone (Figs. 6 B and
7 B), while in the animals given high fat diet with iron and
ethanol, more intense, positive reactions were found to occur
through all zones in a diffuse manner (Figs. 6 A and 7 A).
No immunoreactivities were found for both MDAand 4HNE
adducts in the high fat diet group (Figs. 6 C and 7 C). Slight
staining was focally found in some of the animals fed high fat
diet with iron while others showed no immunostaining (data
not shown). No specific staining was observed when livers
from animals that received ethanol, with or without iron, were
stained with non-immune serum (Fig. 8 A and B).

Collagen and TGFJ31 mRNAexpression. Northern blot anal-
yses of liver RNAsamples showed a pattern of changes similar
to that seen in the chemical and histological studies, demonstra-
ting iron-induced potentiation of alcoholic liver fibrogenesis as
indicated by increased steady-state mRNAlevels for procolla-
gen al (I) and TGFP31 in the animals fed high fat diet with iron
and ethanol as compared with other three groups; a representa-
tive blot is shown in Fig. 9 where a RNAsample from a rat
with liver cirrhosis induced by high fat diet with iron and etha-
nol (HFD + Iron + Ethanol) showed markedly elevated levels
of procollagen al (I) mRNAwhile a rat fed high fat diet with
ethanol (HFD + Ethanol) had a mild increase. For quantitative
assessment of procollagen al (I) and TGF,61 mRNA,Northern
blots of samples from the different dietary groups (4-5 samples
per group) were densitometrically analyzed, standardized with
/i-actin values, and compared to results from high fat diet ani-
mals which were arbitrarily set at 1.0. The relative changes
derived from this analysis for procollagen al (I) and TGF/31
mRNAin the different dietary groups were: 4.7±2.6 (P < 0.01 )
and 1.7±0.6 (P = 0.06) for the high fat diet with ethanol group;
1.5±0.7 and 1.7±0.8 (both P > 0.05) for the high fat diet with
iron group; and 16.7±8.5 (P < 0.001 ) and 2.8±1.0 (P < 0.01 )
for the high fat diet with iron and ethanol group, respectively.

To examine the cellular basis for the enhanced collagen and
TGFI31 mRNAexpression in the livers of the animals fed high
fat diet with iron and ethanol, we analyzed the procollagen
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al (I) and TGF,631 mRNAlevels in freshly isolated hepatic
stellate cells, the perisinusoidal cells believed to be responsible
for production of excessive extracellular matrices in liver fibro-
sis. As shown in a representative Northern blot (Fig. 10), accen-
tuated increases in procollagen a l (I) and TGFf31 mRNAlevels
were observed in the animals fed high fat diet with iron and
ethanol (HFD + Iron + Ethanol), which paralleled the changes
seen in the Northern blot analysis of the liver RNAsamples.
The relative increases in mRNAexpression by hepatic stellate
cells in this group (with normalization to fl-actin and compari-
son to the high fat diet group) were 29.5±9.1 for procollagen
a l (I) and 8.3±2.4 for TGF,61 (both n = 4, P < 0.01). These
results established that the iron-induced potentiation of alco-
holic liver fibrosis was closely associated with fibrogenic activa-
tion of hepatic stellate cells.

Correlation of liver collagen content with 4HNEand iron.
The relationship between the hepatic concentration of 4-HNE
and the liver content of hydroxyproline was examined in the
group fed high fat diet with iron and ethanol using a correlation
analysis (Fig. 11). The analysis revealed a positive, significant
correlation between these parameters. Interestingly, no signifi-

Figure 6. Immunohistochemistry for MDA-derived protein epitopes. Im-
munoperoxidase staining was performed as described in Methods. These
are representative photos of the staining for liver sections from a rat fed
high fat diet with iron and ethanol (A), high fat diet with ethanol (B),
or only high fat diet (C). Note the staining is weaker and restricted around
the central vein in the rat fed high fat diet with ethanol (B), but more
intense and diffuse in the rat given high fat diet with iron and ethanol
(A). No reaction was found in the animal fed high fat diet (C).

cant correlation was found between the hydroxyproline content
and the non-heme iron content in the livers of this group (data
not shown). When the same analysis was performed with the
animals from both groups given high fat diet with ethanol and
high fat diet with iron and ethanol, it showed a tendency for
the correlation (r = 0.52, P = 0.086), but did not achieve
statistical significance.

Discussion

The experimental results reported here provide support for the
hypothesis that the livers of ethanol-fed rats are more suscepti-
ble to iron-catalyzed lipid peroxidation which, in turn, potenti-
ates hepatic fibrogenesis. In ethanol-fed animals, accentuated-
liver injury and fibrogenesis were induced by slightly elevated
liver iron concentrations, which were still within or near the
upper limit of the normal range in human subjects (- 681 itg
iron per gram of liver, wet weight) (20). Even though this
range of non-heme iron concentrations produced no or minimal
histological or biochemical abnormalities in pair-fed control
rats given iron but no alcohol, it caused marked potentiation of
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Figure 7. Immunohistochemistry for 4HNE-derived protein epitopes. The
patterns of staining are very similar to those for MDAepitopes shown
in Fig. 6: the weak and perivenular staining for the rat given high fat
diet with ethanol (B); more intense and diffuse pattern in the rat fed
high fat diet with iron and ethanol (A); no staining in the high fat diet
control rat (C).

Figure 8. Immunohistochemistry with non-immune serum. No specific staining was detected when the liver from the rat given high fat diet with
iron and ethanol (A) or high fat diet with ethanol (B) was stained with non-immune serum.
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Figure 9. Northern blot analyses of total liver RNAfor collagen and
TGF3I1 mRNAexpression. Twenty micrograms of total liver RNAsam-
ples from the rat fed: high fat diet (HFD); high fat diet with ethanol
(HFD + Ethanol); high fat diet with iron (HFD + Iron); or high fat
diet with iron and ethanol (HFD + Iron + Ethanol), were subjected
to Northern blot analysis using 32P-labeled procollagen a l (I) and
TGFf31 cDNAs. Note marked increases in procollagen mRNAlevels in
the rat given high fat diet with iron and ethanol which developed mi-
cronodular liver cirrhosis while a mild increase in this mRNAcan be
seen in the rat fed high fat diet with ethanol. The increased TGFPI1
mRNAexpression can also be observed in the HFD+ Iron + Ethanol.

experimental alcoholic liver disease. This result obviously has
a clinical implication that the threshold concentration of hepatic
iron for developing liver damage in patients with alcoholic liver
disease may actually be lower than normal subjects due to the
ethanol-induced sensitization. Increased concentrations of stain-
able or chemically measured hepatic iron are sometimes seen
in association with alcoholic liver disease (35, 36), and may
reach the levels 2-3 times higher than those in normal subjects
or those seen in the iron-supplemented animals in the present
study. Thus a combination of the elevated hepatic iron concen-
trations and the increased sensitivity to iron-catalyzed oxidant
stress may result in exacerbated oxidant stress contributing to
the pathogenesis and progression of alcoholic liver disease.

Our previous studies have suggested two potential sources
for the increased sensitivity to iron-catalyzed oxidant stress in
animals fed ethanol. First, chronic excessive ethanol consump-
tion markedly induces CYP2E1, causing a several fold increase
in the content of this cytochrome and a 20-fold enhancement
of its catalytic activity in hepatic microsomes (4). This finding

Figure 10. Northern blot analyses of hepatic stellate cell RNAfor colla-
gen and TGFfI3 mRNAexpression. 20 Mg of hepatic stellate cell RNA
samples were subjected to Northern blot analysis as described in Meth-
ods. Note prominent increases in procollagen al (I) and TGF,31 mRNA
levels in the animals fed high fat diet with iron and ethanol (HFD +
Iron + Ethanol), both of which developed micronodular liver cirrhosis.

has now been confirmed by other investigators (3, 15, 16, 17).
This induction accounted for the enhanced sensitivity of the
microsomes to iron-catalyzed lipid peroxidation in vitro (4),
and may possibly be responsible for the enhanced oxidant injury
in the iron and ethanol fed rats in the present study. Second,

140 r=O.82
0 p<O.O1
o 120
* 40D00

6100
80

oE

I 60
0

40

6 7 8 9 10
Liver 4HNEConcentration

(nmoles/mg protein)

Figure 11. Correlation between liver 4HNEconcentration and collagen
accumulation. Relationship between the 4HNEconcentration and the
hydroxyproline content in the livers of rats fed high fat diet with iron
and ethanol for 16 wk, was evaluated by a correlation analysis. Note a
significant, positive correlation between the two parameters.
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mitochondria may also be a site of the oxidant stress because
enhanced lipid peroxidation has also been documented to occur
in this organelle in both ethanol-fed (8) and iron-overloaded
(37) animals. Moreover, this organelle exhibits a specific defect
of glutathione depletion during the development of experimental
alcoholic liver injury (7).

Another hypothesis supported by the results from the present
study is the pathogenetic role of lipid peroxidation and its alde-
hydic products in liver fibrogenesis. This hypothesis was origi-
nally proposed when MDA(18), acetaldehyde (1), and the
basal lipid peroxidation (38) were shown to stimulate collagen
gene expression in cultured fibroblasts. These observations in
vitro were recently extended to the cultures of hepatic stellate
cells, which are critically involved in liver fibrogenesis (11).
Studies have now demonstrated that collagen gene expression
is stimulated by 4HNE, another major aldehydic lipid-peroxida-
tion product (19). In the present study, the increases in both
MDAand 4HNE levels in the livers of iron and alcohol-fed
animals were associated with a marked enhancement of liver
fibrogenesis. Furthermore, a positive correlation was found be-
tween hepatic 4HNE concentration, immunohistochemical lo-
calization of MDA- and 4HNE-derived epitopes, and collagen
accumulation in these animals. Along with the direct evidence
for stimulation of collagen gene expression by 4HNEand MDA,
these results provide strong evidence for a possible mechanistic
role of lipid peroxidation and its products in liver fibrosis.

Alternatively, oxidant stress may stimulate hepatic fibro-
genesis in a manner independent from lipid peroxidation. For
example, oxidant stress can induce intracellular signaling as
recently shown in a variety of cells (39-42) which may involve
activation of phospholipase A2 (39), an increase in cytosolic
calcium concentration (40), and induction of nuclear factors
(41, 42). Therefore, these intracellular mechanisms may di-
rectly or indirectly contribute to the effects of iron-catalyzed
oxidant stress on collagen gene expression. Further studies are
obviously needed to elucidate cellular and molecular mecha-
nisms which underlie iron-potentiated alcoholic liver fibrogen-
esis.
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