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Evidence of a systemic phenomenon for oxidative
stress in cholestatic liver disease

P Ljubuncic, Z Tanne, A Bomzon

Abstract

Background—There is considerable evi-
dence indicating that the severity of hepatic
damage in individuals with cholestatic liver
disease is causally associated with the
extent of intrahepatic oxidative stress.
Increased levels or accelerated generation
of reactive oxygen species and toxic degra-
dative products of lipid peroxidation have
been reported in the plasma of individuals
with chronic liver disease and animal mod-
els of liver disease. Hence, by virtue of their
increased presence in the circulation, it is
not unreasonable to suppose that they may
account for extrahepatic tissue damage in
chronic liver disease.

Materials and methods—This hypothesis
was tested by determining plasma levels of
the ubiquitous antioxidant glutathione
(GSH) and lipid peroxides (LP), together
with assessment of the extent of lipid per-
oxidation in the kidney, brain, and heart,
in 24 day chronically bile duct ligated
(CBDL) rats. The extent of lipid peroxida-
tion in tissues was based on measurement
of conjugated dienes, lipid peroxides, and
malondialdehyde (MDA) content. Data
were compared with identical data col-
lected from unoperated control, pair fed,
24 day bile duct manipulated (sham oper-
ated), and pair fed sham operated rats.
Results—In CBDL rats, total and reduced
plasma GSH levels were almost half those
determined in all control rats. Plasma,
kidney, and heart LP levels were signifi-
cantly increased in CBDL rats compared
with controls. MDA levels were signifi-
cantly higher in the Kkidney, brain, and
heart homogenates prepared from CBDL
rats compared with MDA content
measured in tissue homogenates prepared
from the four groups of control rats.
Conclusions—OQOur data show that experi-
mental cholestatic liver disease is associ-
ated with increased lipid peroxidation in
the kidney, brain, and heart. Hence we
have concluded that the oxidative stress in
cholestatic liver disease is a systemic phe-
nomenon probably encompassing all tis-
sues and organs, even those separated by
the blood-brain barrier.

(Gur 2000;47:710-716)
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There is evidence that the diseased liver of
patients with cholestatic liver disease is exposed
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to oxidative stress associated with increased
lipid peroxidation.'”> Oxidative stress and
increased lipid peroxidation are also present in
the kidney of animal models of cholestatic liver
disease (for review see Bomzon and
colleagues’). The underlying basis of oxidative
stress in the liver and kidney is complex,
involving intraorgan generation of reactive
oxygen species (ROS), possibly mediated by
endotoxin* and bile acids,’ > and accumulation
of degradative products of lipid peroxidation,
such as lipid peroxides (LP) and/or malondial-
dehyde (MDA).° Increased levels or acceler-
ated generation of ROS, such as superoxide
anion and hydroxyl radical, have been reported
in the plasma of patients with liver disease and
animal models of liver disease.”® Elevated
plasma levels of LLP have been reported in
patients with liver disease.” The increased
presence of ROS and these toxic products in
plasma raises the possibility that they could
exert their injurious actions in the kidney and
other extrahepatic tissues, as well as in the dis-
eased liver.

We have addressed this possibility by meas-
uring the extent of lipid peroxidation in the
heart and brain of the 24 day chronic bile duct
ligated rat (CBDL), a widely used animal
model of cholestatic liver disease.” Increased
lipid peroxidation in the liver and kidney in this
animal model of cholestatic liver disease has
been extensively reported.'™ The extent of
lipid peroxidation was based on determination
of conjugated dienes (CD), LP, and MDA in
the brain and heart. For comparison purposes,
we sought confirmation of increased lipid per-
oxidation in the liver and kidney using identical
biochemical indices, as well as measuring
plasma levels of the ubiquitous intracellular
antioxidant glutathione (GSH) and LP in this
animal model of cholestatic liver disease. Data
were compared with identical data from unop-
erated control, 24 day pair fed (PF), 24 day bile
duct manipulated (sham operated (SO)), and
24 day PF SO rats. Consistent with the
internationally accepted principle that a mini-
mum number of animals be used to achieve the
objectives of a study involving experimental
animals, data on body, liver, and spleen weights
and plasma indices of hepatic damage, together
with the extent of lipid peroxidation in the liver,
were taken from a soon to be published paper
involving identical animals."

Abbreviations used in this paper: BDL/CBDL,
(chronic) bile duct ligated/ligation; CD, conjugated
dienes; GSH, glutathione; GSSG, oxidised glutathione;
LP, lipid peroxides; MDA, malondialdehyde; PF, pair
fed; ROS, reactive oxygen species; SO, sham operated;
TBARS, thiobarbituric acid reactive substances.
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Materials and methods

ANIMAL MODEL

Fifty four male Sprague-Dawley rats, weighing
300-350 g, were used in the experiments. The
surgical procedures and experimental proto-
cols were approved by the Technion Com-
mittee for Supervision of Animal Experiments.
Rats were housed in a temperature and humid-
ity controlled holding facility with a 12:12 hour
light-dark cycle. The rats had free access to
chow and water. The present study was under-
taken in CBDL rats. This rat model of choles-
tatic liver disease and secondary biliary cirrho-
sis has been wused previously in our
laboratory.”” ' Under ketamine anaesthesia
(120 mg/kg intraperitoneally), the common
bile duct was exposed through a midline
abdominal incision in 16 rats. It was ligated in
two places with 4-0 silk thread and sectioned
between the ligatures. After surgery, all rats
received ampicillin (30 000 units intramuscu-
larly) and vitamin K (1 mg intramuscularly;
Konakion, Roche) and thereafter weekly until
completion of the experiment.

Five CBDL rats died postoperatively.
Twenty four days following bile duct ligation,
the remaining 11 rats were anaesthetised with
pentobarbitone sodium (35 mg/kg). The abdo-
men was opened and the lower abdominal
aorta exposed. Approximately 10 ml of arterial
blood were withdrawn through an aortic 21
gauge needle puncture for measurement of
plasma GSH and LP concentrations. The kid-
neys, heart, and brain were harvested for deter-
mination of the extent of lipid peroxidation
(see below for details). Individual plasma sam-
ples and organs were numerically identified
and stored at —70°C until required. Data on
plasma GSH levels and extent of lipid peroxi-
dation in kidneys from SO rats could not be
obtained due to refrigeration failure resulting
in irretrievable sample loss.

Identical plasma and tissue collection proce-
dures were performed in 17 control, seven PF,
seven SO, and seven PF SO rats whose bile
ducts had been exposed and manipulated 24
days previously. PF animals were prepared by
restricting their food intake over 24 days and
daily weighing to affect a 10% decrease in indi-
vidual body weight after 24 days. Four control
groups were used in this study for two reasons.
Firstly, we have previously shown that the sham
operation procedure may influence in vitro
study parameters.'” Secondly, BDL rats are
malnourished and do not thrive,"* " and
malnutrition has been reported to enhance the
extent of lipid peroxidation.”®* Hence incor-
poration of four control groups into the experi-
mental design was necessary to avoid these
confounding influences.

PREPARATION OF CRUDE TISSUE HOMOGENATES
On the day of quantification, randomly chosen
kidneys and brains from each group were
thawed, freed of unnecessary tissue, cut into
small pieces by fine scissors, and homogenised
in ice cold 100 mM sodium phosphate buffer,
pH 7.4, at 4°C using a Potter-Elvehjem glass
homogeniser. Crude homogenates of thawed
hearts (also cleaned and cut into small pieces)
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were prepared in identical buffer using a Poly-
tron homogeniser by three five second bursts,
set at 7. Separate aliquots of each homogenate
were used for CD, LP, and TBARS assays (see
below for details). Protein content of individual
tissue homogenates was determined using the
method of Lowry and colleagues,” with
crystalline bovine serum albumin (Sigma
Chemical Corp, St Louis, Missouri, USA) as
standard.

ANALYTICAL PROCEDURES
Determination of plasma GSH levels
Determination of plasma GSH levels using
GSH reductase was performed according to
the method of Adams and colleagues® with
immediate acidification of plasma after blood
centrifugation (3000 rpm for five minutes) to
prevent spontaneous oxidation of GSH (50 pl
of 50% 5-sulphosalicyclic acid/1 ml plasma).
The acidified plasma samples were frozen at
—70°C for a maximum of three weeks. Before
measurement of GSH, the sample was thawed
and back titrated to pH 7 with 0.2 mol/l
NaOH. Two separate measurements were per-
formed: total plasma GSH and the oxidised
form (GSSG). The reduced plasma GSH level
was calculated as the difference between total
GSH and the oxidised form. Total plasma
GSH concentration was determined using
10 mmol/l 5,5'-dithio-bis-2-nitrobenzoic acid,
after reduction of GSSG by GSSG reductase
(derived from Baker’s yeast, Sigma Chemical
Corp). The resulting amount of GSH was
determined from a standard curve (0—2.5 nmol
GSSG), measured spectrophotometrically at
412 nm and expressed as change in absorbance
per minute during reduction with GSH
reductase. To measure plasma GSSG content,
alkylation of the SH groups of glutathione was
carried out with freshly prepared 10 mmol/l
N-ethylmaleimide. To avoid the adverse effects
of excess N-ethylmaleimide on the enzyme
reaction used to determine GSSG levels, excess
N-ethylmaleimide was removed by separation
on a Sep-Pak (C18) column (Sigma Chemical
Corp).

Determination of plasma LP content

Plasma LP content was determined using a
commercially available kit purchased from
Kamiya Biochemical Co. (Washington, USA).
The assay is based on the observation that
haemoglobin catalyses a reaction between LP
and a methylene blue derived chromogen,
10-N-methylcarbamoyl-3,7-dimethylamino-
10 H-phenothiazine forming an equimolar
concentration of methylene blue with maxi-
mum absorbance at 675 nm. Duplicate deter-
minations in 100 pl plasma samples collected
from all animals were made and the average of
two measurements was used in subsequent sta-
tistical analysis of the data.

Determination of tissue CD content

The formation of CD is one of the early
biochemical events associated with the process
of lipid peroxidation.’® They arise when ROS
attack hydrogen atoms of methylene groups
separating double bonds in polyunsaturated
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Table 1 Plasma levels of glutathione (GSH, its redox state, and its oxidised form (GSSG)) in control, pair fed (PF), pair
fed sham operated (PF SO), and cirrhotic (CBDL) rats. No SO data are reported (see text for details).

Control (n=17) PF (n=7) PF SO (n=7) CBDL (n=11)
Total GSH (uM) 9.52 (1.09) 11.52 (1.98) 10.04 (1.82) 4.22 (0.54) <0.005
GSSG (uM) 2.42 (0.38) 2.04 (0.36) 2.53 (0.48) 0.76 (0.16) ns
Reduced GSH (uM) 7.10 (1.07) 9.48 (1.77) 7.52 (1.66) 3.48 (0.47) <0.005
GSH redox state (GSSG/GSH) 0.26 (0.04) 0.19 (0.03) 0.27 (0.04) 0.22 (0.05) ns

Data are mean (SEM).

Significance values represent differences between the CBDL group and the three control groups (control, PF, and PF SO).

fatty acids.’ Their presence in tissue homoge-
nates reflects their formation and indicates the
initiation of the lipid peroxidation process.
Determination of CD in the kidney, brain, and
heart homogenates was identical to that
described by Fuhrman and colleagues.”* An
aliquot (1 ml) of tissue homogenate underwent
hexane:isopropanol (3:2, v/v) lipid extraction
followed by evaporation of the upper (hexane)
phase by an oxygen free nitrogen stream in a
light protected environment to quantify the tis-
sue contents of CD and LP. For CD determi-
nations, the sample was redissolved in 1 ml of
hexane. Tissue CD content was detected spec-
trophotometrically at an optical density of
234 nm against a hexane blank.”

Determination of tissue LP content

The presence of LP in biological samples is
indicative of propagation of the lipid peroxida-
tion process.” LP content of the tissue samples
was determined wusing the method of
El-Saadani and colleagues® which uses the
cholesterol colour reagent of a commercially
available kit to measure cholesterol (Diagnos-
tica Merck, Darmstadt, Germany). The basis
of the determination relies upon the ability of
LP to convert iodide to iodine. After lipid
extraction and drying under an oxygen free
nitrogen stream in a light protected environ-
ment, 1 ml of colour reagent was added to the
sample and incubated at room temperature for
30 minutes in the dark. On completion of the
incubation, LP content was determined by
recording absorbance at 365 nm against the
reagent blank.

Determination of tissue MDA content

MDA is an end product of peroxidative
decomposition of polyenic fatty acids in the
lipid peroxidation process and its accumulation
in tissues is indicative of the extent of lipid
peroxidation.® Tissue MDA was measured
using the thiobarbituric acid reactive sub-
stances (TBARS) assay, as described by
Draper and Hadley.”” TBARS reagent (1 ml)
was added to a 0.5 ml aliquot of tissue
homogenate and heated for 20 minutes at
100°C. The antioxidant, butylated hydroxy-
toluene, was added before heating the samples.
After cooling on ice, samples were centrifuged
at 840 g for 15 minutes and absorbance of the
supernatant was read at 532 nm. Blanks for
each sample were prepared and assessed in the
same way to correct for the contribution of
A532 to the sample. TBARS results were
expressed as MDA equivalents using 1,1,3,3-
tetraethoxypropane as standard.
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STATISTICAL ANALYSIS
For each study parameter, measurements were
made in duplicate and the average of the two
measurements was used in subsequent statisti-
cal analysis. Data were analysed by one way
analysis of variance (ANOVA) with a Bonfer-
roni post test. Data are expressed as mean
(SEM). p<0.05 (two tailed) was considered
statistically significant.

Results

Compared with all four control groups, CBDL
rats had elevated plasma activities of alanine
and aspartate transferase, alkaline phos-
phatase, and raised plasma levels of bilirubin
and cholesterol. Histology of liver biopsies
verified the presence of secondary biliary
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[J Pair fed rats M Cirrhotic (CBDL) rats
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Figure 1  Extent of lipid peroxidation, measured as content
of conjugated dienes (A), lipid peroxides (B), and
malondialdehyde (TBARS) (C) in kidney homogenates
prepared from control, pair fed, pair fed sham operated, and
chronic bile duct ligated (CBDL) rats (n=7-17). (There
were no data on sham operated rats (see text for details).)
*<0.05 compared with the three control groups..
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Figure 2 Extent of lipid peroxidation, measured as content
of conjugated dienes (A), lipid peroxides (B), and
malondialdehyde (TBARS) (C) in brain homogenates
prepared from control, pair fed, sham operated, pair fed
sham operated, and chronic bile duct ligated (CBDL) rats
(m=7-17). ***p<0.001 compared with the four control

groups.

cirrhosis. In addition, the livers of these rats
had an elevated MDA content indicative of
increased hepatic lipid peroxidation (data not
shown).

PLASMA GLUTATHIONE LEVELS
In CBDL rats, total GSH levels were approxi-
mately half those determined in control rats
(table 1). This decrease was associated with a
significant reduction in plasma levels of re-
duced GSH in CBDL rats compared with con-
trol values (table 1). There was a tendency for
the glutathione redox state to increase in
CBDL rats (table 1). In addition, there were no
significant changes in GSSG levels in CBDL
rats compared with control rats (table 1). We
were unable to detect statistically significant
correlations between changes in individual
plasma GSH study parameters and individual
plasma indices of hepatic damage.

PLASMA LIPID PEROXIDE CONTENT

In control rats, there were no detectable plasma
levels of LP. However, LP were detected in the
plasma of CBDL rats (0.52 (0.14) nmol/ml).
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Figure 3 Extent of lipid peroxidation, measured as content
of conjugated dienes (A), lipid peroxides (B), and
malondialdehyde (TBARS) (C) in heart homogenates
prepared from control, pair fed, sham operated, pair fed
sham operated, and chronic bile duct ligated (CBDL) rats
(n=7-17). *p<0.05, **p<0.01 compared with the four
control groups.

TISSUE INDICES OF LIPID PEROXIDATION
Kidney

CD, LP, and MDA levels were significantly
greater (p<0.05) in kidney homogenates pre-
pared from CBDL rats than those measured in
kidney homogenates from control rats (fig 1).
Furthermore, there were no significant differ-
ences between levels of these indices between
the four groups of control rats.

Brain

CD and LP levels in brain homogenates
prepared from control and CBDL rats were not
significantly different (fig 2). In contrast, the
MDA content in brain homogenates prepared
from CBDL rats was twice (p<0.001) that of
levels found in brain homogenates prepared
from all groups of control rats (fig 2). In addi-
tion, MDA levels were not significantly differ-
ent between the four control groups (control,
PF, SO, and PF SO rats).

Heart

There were no significant differences in CD
levels in heart homogenates prepared from
control and CBDL rats (fig 3). In CBDL rats,
tissue LP content was significantly elevated
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(p<0.05) compared with control rats (fig 3).
Consistent with that described in the other tis-
sues, MDA content in heart homogenates pre-
pared from the CBDL rats was significantly
elevated (p<0.01) compared with levels deter-
mined in homogenates from all groups of con-
trol rats (fig 3).

Discussion

One method of detecting oxidative stress is to
estimate the ratio between plasma or tissue lev-
els of endogenous antioxidants, such as GSH,
and indices of the extent of lipid peroxidation,
such as LP or MDA.”® We' and others' '* *
have demonstrated increased lipid peroxida-
tion in the diseased liver of CBDL rats. In the
present study, we found reduced levels of GSH
and elevated LP content in plasma of CBDL
rats compared with controls. Furthermore, we
detected increased lipid peroxidation in the
kidneys, brain, and heart in identical CBDL
rats. Therefore, we conclude that oxidative
stress of cholestatic liver disease is not
restricted to the diseased liver and can be con-
sidered a systemic phenomenon.

Before discussing the data, we wish to com-
ment on the presence of elevated MDA levels
in the kidneys, brain, and heart with variable
changes in individual tissue levels of CD and
LP in 24 day CBDL rats. The presence of CD,
LP, and MDA is indicative of different phases
of the lipid peroxidation process in which CD
and LP are intermediatory products while
MDA is one of the accumulated end
products.”® Detection of MDA wusing the
TBARS assay is widely used to detect the pres-
ence of the lipid peroxidation process and ROS
activity.® **° In cholestatic liver disease, the
membrane phospholipid profile and/or compo-
sition is abnormal’* and content is depleted.”
In tissues with relatively low phospholipid con-
tent such as the heart, further shifts in
phospholipid content or composition due to
ROS attack become magnified. Thus if abso-
lute values of MDA in the various tissues har-
vested from CBDL rats are compared, it is not
surprising that the lowest values are found in
heart homogenates and the greatest values in
brain homogenates. To interpret the absence of
changes in tissue levels of CD or LP as being
indicative of the absence of oxidative stress is a
reasonable conclusion when no increases in
MDA levels are seen in the same tissue. Our
demonstration of consistent significant in-
creases in MDA content of tissue homogenates
prepared from CBDL rats is indicative of
increased activity of the lipid peroxidation
process. Moreover, we do not consider these
reproducible increases as repetitive type 1
errors.

During the 1980s, isolated communications
began to appear in the literature reporting
increased plasma content of markers of lipid
peroxidation, such as LP, in liver disease.”
Since the publication of these studies, there
have been many reports confirming the pres-
ence of oxidative stress in liver disease in
humans and experimental animals using a
variety of plasma markers.'”** > In liver
disease, GSH levels are depleted due to
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reduced production.””” Plasma GSH levels
reflect intracellular levels.” In healthy individu-
als, the plasma content of LP is negligible and
their presence in plasma is indicative of an
ongoing oxidative process.”** Therefore, our
data on reduced plasma GSH levels and
increased plasma content of LP in the CBDL
rat are consistent with these earlier observa-
tions that cholestatic liver disease is associated
with a noticeable reduction in the availability of
an important endogenous antioxidant and the
presence of an ongoing oxidative process.

Using identical biochemical markers as
those used to describe increased lipid peroxida-
tion in the diseased liver of CBDL rats," we
also observed increased lipid peroxidation in
the kidneys, brain, and heart of CBDL rats.
The presence of oxidative stress in the brain
and heart of CBDL rats has not been
previously reported. This finding could have
been anticipated by virtue of enhanced ROS
generation and the presence of degradative
products of lipid peroxidation in the plasma of
individuals and animals with liver disease.”’
Although we did not seek evidence of oxidative
stress in other organs, such as the intestine,
lung, and reproductive organs, we can only
speculate that increased lipid peroxidation will
probably be found in other extrahepatic tissues.

The main new findings of our study were
enhanced lipid peroxidation in the heart and
brain of BDL rats. Following BDL, these rats
do not thrive, are anorexic, and lose
weight." ® ' It has also been reported that
starvation of three and seven days’ duration can
enhance the extent of lipid peroxidation in the
brain® and heart,” respectively. To eliminate
the possibility that the nutritional status of the
BDL rats did not confound our data, we incor-
porated two groups of pair fed animals (PF
group and PF SO group). The extent of lipid
peroxidation in the heart and brain, as well as
in the liver and kidneys, in these two groups of
PF animals was similar to that determined in
the control and SO rats. Therefore, we
conclude that the presence of increased lipid
peroxidation in the tissues of cirrhotic (CBDL)
rats was a direct consequence of ligation of the
bile duct for 24 day and was not caused by
alterations in nutritional risk factors.

What triggers the onset of oxidative stress in
extrahepatic tissues in cholestatic liver disease?
Chronic activation of the sympathetic and
renin-angiotensin systems, reflected by in-
creases in plasma concentrations of catecho-
lamines and angiotensin II, occurs in chronic
liver disease.” Catecholamines are pro-
oxidants stimulating generation of ROS."
Angiotensin II can generate superoxide anion
release by stimulating an NADH/NADPH
dependent, membrane bound oxidase present
in the membranes of vascular smooth muscle
and endothelium,” as well as circulating
neutrophils.” Bile acids accumulate in the dis-
eased liver and plasma of patients with choles-
tatic liver diseases.” In CBDL rats, serum bile
acid levels increase 80-100 fold, with urinary
excretion exceeding normal biliary secretion.”
Bile acids are pro-oxidants causing direct tissue
damage mediated by ROS’* or indirectly
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through activation of tissue resident macro-
phages to release ROS.* It is tempting to
speculate that their increased presence in
plasma and kidney could trigger the onset of
the lipid peroxidation process as well as
account for the difference in the patterns of
lipid peroxidation in the kidney and heart
compared with the brain after 24 days of bile
duct ligation. Bile acids can also accumulate
intracellularly by virtue of their ability to bind
to plasma lipoproteins, specifically low density
lipoprotein, that are targeted to all cells. Thus
low density lipoproteins may play a major role
in the transport of potentially toxic bile acids
from plasma into the intracellular milieu of
extrahepatic tissues to generate ROS when the
integrity of the enterohepatic circulation is dis-
rupted due to portosystemic shunts and/or bile
acid spillover into the systemic circulation.
Furthermore, plasma MDA and similar sub-
stances aggravate ROS induced cytotoxicity.’
Hence the oxidative stress in extrahepatic
tissues in cholestatic liver disease may be linked
to chronic exposure of tissues to elevated
plasma concentrations of catecholamines,
angiotensin, hydrophobic bile acids, and the
degradative products of lipid peroxidation.

Is there a causal relationship between oxida-
tive stress and organ malfunction in liver
disease? Such a causal relationship has been
reported in the diseased liver derived from evi-
dence reporting a beneficial therapeutic re-
sponse of antioxidants in animal models of liver
disease.* This relationship has been extended
to extrahepatic organs or systems where
complications exist in chronic liver disease,
such as the kidney® and the hyperdynamic
circulation.” In view of these relationships, can
our data on increased lipid peroxidation in the
brain and heart be implicated in the pathogen-
esis of hepatic cardiomyopathy or encepha-
lopathy? A causal relationship between oxida-
tive stress and loss of cardiac function has been
proposed as the basis of cardiomyopathy in
cardiac failure.”’ Although cardiomyopathy,
with features similar to that of cardiac failure,
has been described in CBDL rats,” we were
unable to find any reports linking oxidative
stress to hepatic cardiomyopathy. Moreover,
oxidative stress has not been implicated as a
contributory component in the development of
hepatic encephalopathy.” >* While there is no
dispute linking increased generation of ROS to
cell/tissue/organ damage, additional studies are
required to establish whether there are causal
relationships between oxidative stress and
other extrahepatic complications of liver dis-
ease.

In conclusion, our study showed that experi-
mental cholestatic liver disease was associated
with: increased lipid peroxidation in the brain
and heart, in addition to increased presence in
the liver and kidney; and depleted plasma levels
of the ubiquitous antioxidant glutathione in
conjunction with elevated plasma LP content.
These data indicate that oxidative stress in
cholestatic liver disease is a systemic phenom-
enon, probably encompassing all tissues and
organs, even those separated by the blood-
brain barrier.
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