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The Role of Lipid Peroxidation and Glutathione on the Glycocheno-
deoxycholic Acid-Induced Cell Death in Primary Cultured Rat
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Intracellular accumulation of bile acids in the hepatocytes during cholestasis is thought to be pathogenic
in cholestatic liver diseases. The objective of this study was to determine the role of lipid peroxidation
and glutathione on the bile acid-induced hepatic cell death mechanism in primary cultured rat hepatocytes.
To induce hepatic cell death, we incubated primary cultured rat hepatocytes with glycochenodeoxycholic
acid (GCDC; 0~400 ;M) for 3 hours. In electron microscopic examination and agarose gel electro-
phoresis, low concentration of GCDC treatment mainly induced apoptotic feature. Whereas 400 ¢M
GCDC treated cells demonstrated both apoptosis and necrosis. Lipid peroxidation was increased dose-
dependently in GCDC treated hepatocyte. And this was also accompanied by decreased glutathione.
Therefore, oxygen free radical damage may play a partial role in GCDC-induced hepatic cell death.
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INTRODUCTION

Cholestasis, the impairment of bile flow, is the
common feature of many liver diseases (Scharsch-
midt, 1990). Among many pathological processes
resulted in cholestasis, one of the final common path-
ways leading to cholestatic liver injury is the intra-
cellular accumulation of hydrophobic bile acids
(Greim et al, 1973; Festi et al, 1983; Attini et al,
1986; Hofmann & Popper, 1987). Although bile acid
induced cytotoxicity is related to the detergent pro-
perties and hydrophobicity of bile acids (Armstrong
& Carey, 1982; Attini et al, 1986), it is unlikely that
they reach levels sufficient for the detergent pro-
perties to lead to massive solubilization and di-
sruption of cell membranes (Attini et al, 1986). It
has been also proposed that other properties of
hydrophobic bile acids are responsible for cyto-
toxicity.
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Free radicals are molecules with an unpaired elec-
tron including superoxide, hydrogen peroxide, hy-
droxyl radical and possibly, singlet oxygen that may
cause tissue injury by reacting with membrane lipids,
thiol proteins or nucleic acids (Halliwell, 1991).
Clinical evidence of free radical generation during
cholestasis includes the demonstration of increased
plasma and erythrocyte levels of lipid peroxides,
end-products of oxidative modification of polyun-
saturated fatty acids, in children with chronic cho-
lestasis (Lubrano et al, 1989). An extensive system
of cytosolic and membrane-bound enzymatic and non-
enzymatic antioxidants functions to scavenge free
radicals produced in physiological process and in
pathological conditions (Halliwell, 1991). The liver is
richly endowed with cytoprotective mechanisms such
as antioxidants, scavenging enzymes and repair pro-
cesses, which act to counteract the effects of free radi-
cals production. In addition, levels of Cu - Zn-super-
oxide dismutase and catalase, two of the free radical-
scavenging enzymes in liver, have been reported to
be low in the diseased human liver, thereby the
susceptibility of the liver to injury by oxygen- derived
free rtadicals potentially increased (Togashi et al,
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1990).

Although it is clinically important, the mechanism
of hydrophobic bile acid-induced hepatocellular injury
remains unclear. The objectives of this study were to
investigate the role of lipid peroxidation and gluta-
thione during glycochenodeoxycholic acid (GCDC)-
induced hepatic cell death in primary cultured rat
hepatocytes.

METHODS
Isolation and primary culture of rat hepatocytes

Rat hepatocytes were isolated and cultured accord-
ing to Seglen (1976) as we have previously described
(Chu et al, 1999).

Bile acid treatment

GCDC was treated on hepatocytes up to 400 M
concentration for 3 hours because the intracellular
concentration of chenodeoxycholic acid and its con-
jugates are elevated up to 800 yM at the state of
cholestasis (Spivey et al, 1993). Freshly isolated and
cultured rat hepatocytes were used to avoid the
dedifferentiation of hepatocytes that causes decrease
of intrahepatic bile salt uptake in the long term
cultures (Kwo et al, 1995).

Electron microscopic examination

Cultured hepatocytes (5X 10’ cells/ml) were har-
vested with gentle scraping and fixed in 2.5% glu-
taraldehyde in 0.1 M phosphate buffer (pH 7.2) at 4°C
for 2 hour. After rinsed for 30 min in three changes
of 0.1 M phosphate buffer, the cells were followed
by a 1 hour postfix in phosphate-buffered 1% OsOs.
And then rinsed again in three changes of distilled
water, the cells were dehydrated in progressive con-
centrations of ethanol followed by 100% propylene
oxide, and embedded in Epon 812. Sections were cut
on an LKB Ultratome III (Mager Scientific, USA),
placed on 200 nm mesh copper grids, stained with 2%
uranyl acetate and lead citrate and micrographs were
taken.

Agarose gel electrophoresis (DNA fragmentation)

Cultured hepatocytes (5 X 10° cells/ml) were harvested

with 0.25% trypsin and by gentle scraping. After
centrifugation, 20 1 of lysis buffer (20 mM EDTA,
100 mM Tris, pH 8.0, 0.8% SDS) and 10 pl of
RNase (1 mg/ml in 10 mM tris-HC], pH 7.5, 15 mM
NaCl) were added to the cell pellets. After incubation
of 1 hour at 37°C, 10 gl of proteinase K (20 mg/ml)
was added. The mixtures were incubated at 50°C for
5 hours. And then 5 gl of loading buffer (10% gly-
cerfol, 10 mM Tris, pHS, 0.1% bromophenol) was
added. Gel electrophoresis was performed at 30 V for
5 hours on a 1.5% agarose gel using a TAE buffer
(40 mM tris, 20 mM acetic acid, 1 mM EDTA, pH
8.4). The gel was stained with ethidium bromide and
photographed under ultraviolet light (IBI, Germany,
Kodak).

Measurement of lipid peroxidation

For the measurement of lipid peroxidation, thio-
barbituric acid reacting substances (TBARS) method
was used (Ohkawa et al, 1979). Briefly, 0.2 ml of
hepatocytes suspension was added to a tube con-
taining 0.2 ml of SDS (8%, w/v) and 0.4 ml of acetic
acid (20%, w/v, pH 3.5), 0.4 ml of thiobarbituric acid
(0.8%, w/v). The mixture was vortexed well and
boiled for 1 hour. After cooling, the mixture was
centrifugated and the absorbance of the supernatant
was determined at 532 nm using a spectrophotometer
(Uvikon 860, Kontron Instruments, Switzerland). A
standard curves were prepared using 1,1,3,3-tetraeth-
oxypropane. Final values were expressed as the re-
lative percent of the control group.

Measurement of cellular glutathione

Cellular glutathione (GSH) concentrations were
measured using mBCl with an adaptation of the
method of Fernadez-Checa & Kaplowitz (1990). After
3 hour incubation with GCDC, cultured hepatocytes
were incubated with 100 M mBCl for 10 min at
37°C. The unreacted mBCl was removed by washing
with PBS. The remained cells were lysed with 0.2%
Triton X-100 in PBS. After centrifugation, the super-
natant was used for quantification of fluorescence at
excitation and emission wavelength of 400 nm and
480 nm, respectively, in a fluoroscence spectro-
photometer (model 650-60, Hitachi, Japan). Standard
curves were prepared by incubating GSH in the
presence of rat liver glutathione-s-transferase (20 U/
ml) for 10 min at 37°C. Final values were expressed
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as the relative percent of the control group.

Statistical analysis

All the data are summerized as mean=+S.E.. To
analyze the data statistically, we performed a one-way
analysis of variance (ANOVA). Then Dunnett’s mul-
tiple range -test was used to determine which means
were significantly different from the mean of the
control group. We considered the differences was
significant at p <0.005.

RESULTS
Morphological features of apoptosis

In the control group, the euchromatin is distributed
throughout the nucleus and the nucleolus was ob-
served. 200 M GCDC treated cells suggested apop-
tosis demonstrating the membrane-enclosed nuclear
fragments containing sharply segregated, compact
chromatin and condensed cytoplasm with preservation
of the integrity of organelles. Whereas 400 M
GCDC treated cells demonstrated both apoptosis and
necrosis. The ill-defined edges of the small chromatin

Fig. 1. Electron microscopy of
cultured rat hepatocytes treated
with glycochenodeoxycholic acid
for 3 hours. In the control group
the euchromatin is distributed
throughout the nucleus and - the
nucleolus (arrow) was observed.
200 M glycochenodeoxycholic
acid (GCDC) treated cells demon-
strated the membrane-enclosed nu-
clear fragmenis containing sharply
segregated, compact chromatin (ar-
row head). 400 uM GCDC treated
cells demonstrated both apoptosis
and necrosis. (A) Control (X 4500)
(B) 200 M GCDC (x4000) (C)
400 «M GCDC (x3700)
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clumps and the preservation of the overall con-
figuration of the cells despite extensive breakdown of
their membrane as well as the membrane-enclosed
nuclear fragments were observed (Fig. 1).

Biochemical features of apoptosis

GCDC treated hepatocytes induced DNA fragmen-
tation, which resulted in a typical DNA ladder pattern
on agarose gel electrophoresis under the concen-
trations of 200 uM after 3 hour of incubation with
GCDC (Fig. 2).

Lipid peroxidation
After 3 hours GCDC treatment, lipid peroxidation

was increased dose-dependently (Fig. 3). Generation
of TBARS increased significantly to 141.7% (p<
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Fig. 2. An ethidium bromide-stained agarose gel after
electrophoresis of hepatocyte DNA. The left lane contains
a molecular weight marker. DNA was estracted from
cultured hepatocytes treated with glychochenodeoxy-
cholic acid (GCDC) for 3 hours. A ladder-like DNA
fragmentation pattern was well demonstrated in the 100
#M and 200 uM GCDC treated group. A: DNA-
STANDARD, B: 0 uM GCDC, C: 50 uM GCDC, D: 100
uM GCDC, E: 200 uM GCDC, F: 400 uM GCDC

0.005), 193.0% (p<0.0001) of the control value at the
concentrations of 200 #M and 400 uM respectively.

Intracellular glutathione

Cellular GSH concentrations in hepatocytes ex-
posed to GCDC were unchanged from basal levels
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Fig. 3. Thiobarbituric acid reacting substances (TBARS)
levels in isolated hepatocytes incubated for 3 hours with
GCDC. Significant increase in TBARS levels were seen
in cultured hepatocytes treated with 200 M and 400
#M GCDC compared with control (n=24, *p<0.005,
**p<0.0001). Results are expressed as the relative
percent of the control group (meanz S.E.).
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Fig. 4. Intracellular glutathione (GSH) concentrations of
cultured hepatocytes treated with GCDC for 3 hours.
Significant decrease of intracellular GSH concentration
was detected at 400 M (n=50, *p <0.005). Results are
expressed as the relative percent of the control group
(mean=*S.E.).



Role of Lipid Peroxidation and Giutathione on the Glycochenodeoxycholic Acid-Induced Hepatic Cell Death 125

and were >90% of those in controls under the
concentration of 200 M (Fig. 4). However, at the
concentration of 400 M, celluar concentration of
GSH decreased significantly to 75.0% (p<0.005)
compared with the control value.

DISCUSSION

In human cholestatic liver diseases, toxic bile salts
are retained within the liver because biliary excretion
of these compounds is impaired (Hofmann, 1989).
Despite the clinical importance and implications for
future therapeutic approaches of bile salt-induced
cytotoxicity, its mechanisms remain incompletely
understood. This study was designed to determine the
mechanism of GCDC-induced hepatic cell death.

In this study, we wanted to begin by confirming
the occurrence of apoptosis in GCDC-induced hepatic
cell death. In electron microscopic examination de-
monstrated that 200 M GCDC treated cells suggest
apoptosis whereas 400 xM GCDC treated cells
demonstrated both apoptosis and necrosis. And apop-
tosis was accompanied by a typical DNA ladder
pattern on agarose gel electrophoresis. Thus after
exposure to GCDC, the resulting cell death pattern
depended on the concentration. High GCDC con-
centration (400 M) rapidly induced significant ne-
crosis as well as apoptosis, whereas low GCDC
concentrations (<200 xM) were followed by apop-
tosis. In high concentrations, bile acid are biophy-
sically active molecules that act as detergents, and
hepatocellular injury has been attributed to direct
membrane damage (Heuman, 1993). Recently apop-
tosis has been the subject of intense investigation of
bile acid-induced cell death. Although less is known
about the intracellular signals that trigger the effectors
of apoptosis, several signaling mechanisms have
received attention in bile acid-induced apoptosis in-
cluding ATP depletion, increase of cytosolic free
calcium (Spivey et al, 1993), increase of magnesium
(Patel et al, 1994), activation of mitogen-activated
protein kinase (Webster & Anwer, 1998) and acti-
vation of protein kinase C (Jones et al, 1997). The
increased nuclear endoclease and cytosolic protease
activity (Kwo et al, 1995) and the involvement of
cathepsin B as one of the proteases (Lewis et al,
1997) have been reported in bile acid-induced he-
patocellular injury.

Although bile acids are not oxidants per se, bile

acids have been implicated in causing oxidant damage
both in vitro and in vivo (Sokol et al, 1991; Sokol
et al, 1993). Sokol et al (1995) reported that intra-
cellular hydroperoxide generation appeared to precede
hepatocytes injury on exposure to taurochenodeoxy-
cholic acid. Rodrigues et al (1998) demonstrated that
increased production of superoxide anion during ex-
posure to deoxycholic acid. In this study, we de-
monstrated lipid peroxidation was increased dose-
dependently. Therefore, we can suggest that lipid
peroxidation can occur both in apoptosis and necrosis.
The earlier literature on cell death and lipid peroxi-
dation focused on decomposition of membrane lipids
by massive lipid peroxidation as a mechanism of
necrosis (Rosser & Gores, 1995). We realized that
low levels of oxidative stress with lipid peroxidation
can result in apoptosis. Indeed, lipid peroxidation by
oxidative stress is widely recognized as an induction
mechanism for apoptosis.

GSH is known to be broadly distributed and
participate in numerous cellular processes, particularly
in the detoxification processes (Meister, 1989). GSH
protects cells from the toxic effects of many oxygen
free radicals as a substrate in the removal of in-
termediates such as hydrogen peroxide and other
hydroxy peroxides by GSH peroxidase. In the liver,
GSH is a more important reducing agent against
hydrogen peroxide than catalase (Shan et al, 1990).
In this study, hepatocellular GSH concentrations
exposed to GCDC were unchanged from basal levels
under the concentration of 200 M whereas at the
concentration of 400 M, cellular concentration of
GSH decreased significantly. Thus, during low con-
centration of GCDC-induced hepatocellular apoptosis
(=200 p¢M), lipid peroxidation occurred without
changing intracellular GSH levels whereas during
high concentration of GCDC-induced hepatocellular
necrosis (400 ¢M), lipid peroxidation and conco-
mitant intracelluar GSH depletion occurred. Recent
study (Morales et al, 1997) also suggested that low
concentration of oxygen free radical generator in-
duced GSH synthesis whereas high concentration of
radical generator depleted intracellular GSH. How-
ever, Patel & Gores (1997) reported that during
GCDC-induced apoptosis, cellular GSH levels were
unchanged from basal levels and were >95% of
those in controls, suggesting that cellular lipid per-
oxidation occurs without a concomitant depletion in
GSH during GCDC-induced hepatocellular injury.

In conclusion, low concentration of GCDC (=200
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#M) mainly induced hepatocellular apoptosis fol-
lowed by increased lipid peroxidation without chang-
ing intracellular GSH level whereas high concen-
tration of GCDC (400 ¢M) mainly induced hepato-
cellular necrosis occurred with increased lipid per-
oxidation and concomitant GSH depletion. Thus, we
suggest that oxygen free radical damage may play a
partial role in GCDC-induced hepatocellular injury.

REFERENCES

Armstrong MJ, Carey MC. The hydrophobic-hydrophilic
balance of bile salts. Inverse correlation between
reverse-phase high performance liquid chromatographic
mobilities and micellar cholesterol-solubilizing capa-
cities. J Lipid Res 23: 70— 80, 1982

Attini AF, Angelico M, Cantafora A, Alvaro D, Capo-
caccia L. Bile acid-induced liver toxicity: relation to
the hydrophobic-hydrophilic balance of bile acids. Med
Hypoth 19: 57—69, 1986

Chu SH, Park WM, Lee KE, Pae YS. Glycoche-
nodeoxycholic acid induces cell death in primary
cultured rat hepatocyte: Apoptosis and necrosis. Ko-
rean J Physiol Pharmacol 3: 565—570, 1999

Fernandez-Checa JC, Kaplowitz N. The use of mono-
chlorobimane to determine hepatic GSH levels and
synthesis. Anal Biochem 190: 212—219, 1990

Festi D, Labate AMM, Roda A, Bazzoli F, Frabboni R,
Rucci P, Taroni F, Aldini R, Roda E, Barbara L. Di-
agnostic effectiveness of serum bile acids in liver
diseases as evaluated by multivariate statistical meth-
ods. Hepatology 3: 707—713, 1983

Greim H, Czygan P, Schaffner F, Popper H. Determi-
nation of bile acids in needle biopsies of human liver.
Biochem Med 8: 280286, 1973

Halliwell B. Reactive oxygen species in living systems:
source, biochemistry, and role in human disease. Am
J Med 91: 145-225, 1991

Heuman DM. Role of newly synthesized cholesterol or
its metabolites on the regulation of bile acid biosyn-
thesis after short-term biliary diversion in the rat.
Hepatology 18: 660— 608, 1993

Hofmann AF, Popper H. Ursodeoxycholic acid for pri-
mary biliary cirrhosis. Lancet 2: 398 —399, 1987

Hofmann A. Bile acid hepatotoxicity and the rationale of
UDCA therapy in chronic cholestatic liver disease;
some hypotheses. In: Paumgartner G, Stiehl A, Barbara
L, Roda E eds, Strategies for the treatment of he-
patobiliary disease. Kluwer, Boston, p 1333, 1989

Jones BA, Rao YP, Stravitz RT, Gores GJ. Bile salt-
induced apoptosis of hepatocytes involves activation of
protein kinase C. Am J Physiol 272: G1109—1115,

1997

Kwo P, Patel T, Bronk SF, Gores GJ. Nuclear serine
protease activity contributes to bile acid-induced
apoptosis in hepatocytes. Am J Physiol 268: G613 —
621, 1995

Lewis RR, Kurosawa H, Bronk SF, Fesmier PJ, Agellon
LB, Leung WY, Mao F, Gores GJ. Cathepsin B
contributes to bile salt-induced apoptosis of rat he-
patocytes. Gastroenterology 113: 1714—1726, 1997

Lubrano R, Frediani T, Citti G, Cardi E, Mannarino O,
Elli M, Cozzi F. Erythrocyte memebrane lipid per-
oxidation before and after vitamine E supplementation
in chidren with cholestasis. J Pediatr 115: 380— 384,
1989

Meister A. Metabolism and function of glutathione. In:
Dolphin D, Poulson R, Avramovic O eds, Glutathione:
chemical, biochemical, and medical aspects, part A.
John Silley and Sons, New York, 367 —474, 1989

Morales A, Garca-Ruiz C, M, Miranda M, Mar M, Colell
A, Ardite E, Fernadez-Checa JC. Tumor necrosis factor
increases hepatocellular glutathione by transcriptional
regulation of the heavy subunit chain of y-glutamyl-
cystein synthetase. J Biol Chem 48: 30371—30379,
1997

Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides
in animal tissues by thiobarbituric acid reaction. Anal
Biochem 95: 351—358, 1979

Patel T, Bronk SF, Gores GJ. Increase of intracellular
magnesium promote glycodeoxycholate-induced apop-
tosis in rat hepatocytes. J Clin Invest 94: 2183 —2192,
1994

Patel T, Gores GJ. Inhibition of bile-salt-induced hepa-
tocyte apoptosis by the antioxidant Lazaroid U83836E.
Toxicol Appl Pharmacol 142: 116—122, 1997

Rodrigues CMP, Fan G, Ma X, Kren BT, Steer CJ. A
novel role for ursodeoxycholic acid in inhibiting apop-
tosis by modulating mitochondrial membrane pertur-
bation. J Clin Invest 101: 2790—2799, 1998

Rosser B, Gores GJ. Liver cell necrosis: Cellular me-
chanisms and clinical implications. Gastroenterology
108: 252—275, 1995

Scharschmidt BF. Bile formation and cholestasis. In:
Zakim D, Boyer TD eds, Hepatology: A Textbook of
Liver Diseases. Saunders, Philadelphia, p 303 —340,
1990

Seglen PO. Preparation of isolated rat liver cells. In:
Prescott DM ed, Methods in Cell Biology, vol. 13.
Academic Press, New York, 29—83, 1976

Shan X, Aw TY, Jones DP. Glutathione-dependent pro-
tection against oxidative injury. Pharmacol Ther 47: 61
—71, 1990

Sokol RJ, Devereaux M, Khandwala R. Effect of dietary
lipid and vitamine E on mitochondrial lipid per-
oxidation and hepatic injury in the bile duct-ligated rat.



Role of Lipid Peroxidation and Glutathione on the Glycochenodeoxycholic Acid-induced Hepatic Cell Death 127

J Lipid Res 32: 13491357, 1991

Sokol RJ, Devereaux M, Khandwala R, O’Brien K.
Evidence for involvement of oxygen free radicals in
bile acid toxicity to isolated rat hepatocytes. Hepat-
ology 17: 869—881, 1993

Sokol RJ, Winklhofer-Roob BM, Devereaux MW, Jr
McKim JM. Generation of hydroperoxides in isolated
rat hepatocytes and hepatic mitochodria exposed to
hydrophobic bile acids. Gastroenterology 109: 1249 —
1256, 1995

Spivey JR, Bronk SF, Gores GJ. Glycochenodeoxycho-

late-induced lethal hepatocellular injury in rat hepato-
cytes. Role of ATP depletion and cytosolic free cal-
cium. J Clin Invest 92: 17—24, 1993

Togashi H, Shinzawa H, Wakabayashi H, Nakamura T,
Yamada N, Takahashi T, Ishikawa M. Activities of
free oxygen radical scavenger enzymes in human liver.
J Hepatol 11: 200—205, 1990

Webster CRL, Anwer MS. Cyclic adenosine monopho-
sphate-mediated protection against bile acid-induced
apoptosis in cultured rat hepatocytes. Hepatology 27:
1324—1331, 1998




