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Abstract

Pentachlorophenol (PCP) is a pesticide used worldwide in industrial and domestic applications. It is used
extensively as biocide and wood preservatives. Metabolic studies carried out in rodents and human liver homogenates
have indicated that PCP undergoes oxidative dechlorination to form tetrachlorohydroquinone (TCHQ). Free radical
catalyzed tissue injury is thought to play a fundamental role in human disease. In the present study, we examined the
effects of PCP and TCHQ on the induction of lipid peroxidation and liver injury in rats. In addition, the cytotoxic
dose, cell death mechanisms and related gene expressions induced by PCP and TCHQ were also determined for
human hepatoma cell line (Hep G2). The results indicated that more toxic effects could be observed both in rats and
human hepatoma cell line treated with TCHQ than its parent compound, PCP. Oxygen species may be involved in
the mechanism of TCHQ intoxication since the urinary 8-epi-PGF2� and AST, ALT activities can be induced by
TCHQ and attenuated by vitamin E treatment. Apoptosis features were found in cells treated with TCHQ but not
PCP. TCHQ-induced cell damage may issue signals for the induction of HSPs, the decrease of the bcl/bax protein
ratio and the decrease of CAS gene, whereas the PCP-induced damage may not. © 2001 Elsevier Science Ireland Ltd.
All rights reserved.
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1. Introduction

Pentachlorophenol (PCP) is a pesticide used
worldwide in industrial and domestic applica-
tions. It is used extensively as biocide and wood
preservatives (Mycroft and Schlag, 1986; Wang
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and Lin, 1995). The persistence of this chemical in
the environment has resulted in its widespread
existence throughout the food chain. The average
amount of excreted PCP in the general population
of Canada was determined to be 4.3 nmol/day
(Treble and Thompson, 1996). Metabolic studies
carried out in rodents and human liver ho-
mogenates have indicated that PCP undergoes
oxidative dechlorination to form tetrachlorohy-
droquinone (TCHQ) (Juhl et al., 1985; Renner
and Hopfer, 1990). In the presence of oxygen,
superoxide radicals can be produced by the cycle
of autoxidation and reduction between TCHQ
and its corresponding semiquinone radical under
certain physiological conditions (Carstens et al.,
1990). Thus, PCP could present a potent source of
reactive oxygen species (ROS) during metabol-
ization.

Free radical catalyzed tissue injury is thought to
play a fundamental role in human disease (Cross
et al., 1987). Particular constraints in addressing
this hypothesis have been the inability to assess
free radical generation in vivo and the lack of
information on drugs or vitamins that act as
effective antioxidants in vivo. Isoprostanes are a
family of prostaglandin (PG) isomers that are
produced from oxidative modification of polyun-
saturated fatty acids through a free radical cata-
lyzed mechanism (Pratico, 1999). One of the
compounds that can be produced in abundance
by such a mechanism is 8-epi-PGF2�, a potent
vasoconstrictor and a chemically stable end
product of lipid peroxidation. Monitoring of this
compound has been shown to be a useful index of
in vivo lipid peroxidation (Wang et al., 1995;
Pratico, 1999).

In our previous studies, we have shown that
DNA strand breakage in mammalian cells, glu-
tathione conjugate formation and the depletion of
glutathione content in liver tissue can be induced
by TCHQ (Wang and Lin, 1995; Wang et al.,
1997). In addition, protein adducts and oxidative
DNA lesions have also been reported by other
investigators (Dahlhaus et al., 1996; Lin et al.,
1999; Umemura et al., 1999). Studies have shown
that PCP exerts a promoting, but not an initiating
effect on liver carcinogenesis, and the promoting
effect is related to oxidative stress and compensa-

tory hepatocellular proliferation (Umemura et al.,
1999). Thus, hepatotoxicity generated through ox-
idative damage is believed to play an important
role during the pathophysiological process of liver
disease induced by PCP.

Necrosis and apoptosis are distinct mechanisms
of cell death with very different characteristics.
Necrosis is caused by catastrophic toxic or trau-
matic events; in contrast, apoptosis is an active
process of cell destruction with specific defining
morphologic and molecular features (Ledda-
Columbano et al., 1989; Kerr, 1991; Bursch et al.,
1992). It is generally accepted that identification
of the genes involved in the process of cell death
is an important area of future research. The best
studied example of a cell death-associated gene is
probably the bcl-2 gene. Expression of the proto-
oncogene bcl-2 has been shown to inhibit cell
death in several cell types and in response to a
wide variety of inducers (Huie and Padmaja,
1993). The ratio between bcl-2 and bax protein
determines cell survival or death. The cellular
apoptosis susceptibility (CAS) gene may have a
dual function in mammalian cells, one in apopto-
sis and another in cell proliferation. Heat shock
protein (HSPs) have been connected to protective
mechanisms against a variety of injuries (Hir-
vonen et al., 1996). HSPs function as molecular
chaperones and are essential to cell survival under
stressful conditions.

In the present study, we examined the effects of
PCP and TCHQ on the induction of lipid peroxi-
dation and liver injury in rats. Monitoring of
8-epi-PGF2� in urine was served as an index of
oxidant stress in vivo. Hepatocellular damage was
measured via the biochemical estimates of the
serum levels of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) (Fesus et
al., 1987). We also examined the protective effect
of vitamin E, a chain-breaking antioxidant with
the particular function of preventing lipid peroxi-
dation in membrane systems, against the TCHQ-
induced oxidative damage. In addition, the
cytotoxic doses of and cell death mechanisms
induced by PCP and TCHQ were determined for
human hepatoma cell line (Hep G2). The results
indicated that apoptotic cell death can be induced
in human hepatoma cells by TCHQ but not PCP.



Y.-J. Wang et al. / Toxicology Letters 122 (2001) 157–169 159

How cell injury can trigger the sequence of events
that results in apoptosis or necrosis is not well
understood. Finally, this study used western blot-
ting analysis to further examine some death-related
gene expressions (hsp-70, bcl-2, bax and CAS)
during the process of apoptosis or necrosis induced
by PCP or TCHQ.

2. Materials and methods

2.1. Materials

PCP, TCHQ and �-tocopherol acetate were
purchased from Sigma Chemical Co. (St. Louis,
MO, USA). The purity of the PCP and TCHQ is
approximately 98%. Both of them were dissolved
in absolute ethanol in concentrated form. The PCP
used in the present study was the original com-
pound and not the sodium salt form. Quantities of
hsp-70 (W27), bcl-2 (clone 100) and CAS (C42920)
mouse monoclonal antibodies and bax polyclonal
antibody were obtained from Transduction Labo-
ratories. DMEM medium, cell culture supplements
and fetal calf serum were ordered from Life Tech-
nologies (Gibco BRL, NY, USA). All other chem-
icals were commercially available products of
analytical grade.

2.2. Animal and treatment

Male Sprague–Dawley rats (250–350 g) pur-
chased from the Animal Center of National Cheng
Kung University were housed in a metabolic cage
in a temperature and humidity controlled room
with 12 h light/dark cycles. Feed and tap water were
provided ad lib. Rats were given a single i.p.
injection of 40 mg/kg PCP or 15 mg/kg TCHQ
dissolved in 0.5 ml corn oil. For vitamin E pretreat-
ment, 100 mg/kg �-tocopherol acetate was injected
2 h prior to TCHQ treatment. The control group
received the same amount of corn oil only or 100
mg/kg vitamin E. Urine samples were collected
from the metabolic cage at 24, 48 and 72 h after
treatment. Blood samples were collected from the
heart and abdominal aorta at 24, 48 and 72 h after
treatment. Serum was removed from the blood

samples. Both the serum and urine samples were
stored immediately at −70°C until analysis.

2.3. Determination of urinary 8-epi-PGF2� and
serum transaminases

Urine samples were thawed and centrifuged at
1500 g for 15 min. Aliquot of 0.5 ml supernatant
was applied to the 8-Isoprostane Affinity Column
(Cayman Chemical Company) for purification of
samples. The affinity column purification proce-
dures were validated and showed that averaged
recoveries were greater than 90% with a variance
of less than 20%. Each purified sample was assayed
in a 96-well plate coated with mouse anti-rabbit
IgG monoclonal antibody to 8-epi-PGF2� (Cay-
man Chemical Company. 8-Isoprostane EIA Kit).
An 8-epi-PGF2� tracer bound to acetyl
cholinesterase was used to compete with free 8-epi-
PGF2� for binding sites until the maximum bind-
ing wells read 0.8 A.U. Each sample underwent
assay in duplicate. There was less than a 15%
discrepancy between the duplicate measurements of
each sample. Urine creatinine was used as a denom-
inator for urine 8-epi-PGF2� levels and was mea-
sured in each sample.

Serum alanine transaminase (ALT) and aspar-
tate transaminase (AST) were assayed using a
biochemical analyzer (EKTACHEM DT-II sys-
tem, Kodak, USA).

2.4. Cell culture, drug treatments and cytotoxicity
assay

The cell line Hep G2 (HB 8065; American Type
Culture Collection) was derived from a human
hepatocellular carcinoma. Hep G2 cells were main-
tained in Eagle’s minimum essential medium, sup-
plemented with 100 units/ml penicillin, 100 �g/ml
streptomycin, and 10% heat-inactivated fetal calf
serum at 37°C in a 5% carbon dioxide atmosphere.
For exposure to PCP and TCHQ, the reagents were
added in concentrated form to the culture medium
and mixed gently. The cultures were then incub-
ated for the times indicated in the figures. Cell
viability was determined at the indicated times
based on the trypan blue exclusion method. Trypsin
was added to the control cells and the treated cells.
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The cells were then centrifuged and suspended.
Each cell suspension (0.1 ml) was mixed well with
0.1 ml trypan blue solution (0.2% in phosphate-
buffered saline, PBS). After 1 or 2 min, each
solution was placed on a hemocytometer where the
blue stained cells were counted as nonviable.

2.5. DNA agarose gel electrophoresis

The control and treated cells were grown in 10
cm Petri dishes. Both attached and unattached cells
were harvested, washed twice with ice-cold PBS,
suspended in TNE (10 mM Tris–HCl, pH 7.6; 140
mM sodium chloride; and 1 mM EDTA) and lysed
at 37°C in 4 ml of extraction buffer (10 mM
Tris–HCl, pH 8.0; 0.1 M EDTA, pH 8.0; 20 �g/ml
pancreatic RNase; and 0.5% SDS). After 2 h,
proteinase K was added to a final concentration of
100 �g/ml, and the mixture was incubated for
another 3 h at 50°C. The DNA was extracted twice
with equal volumes of phenol and once with
chloroform– isoamyl alcohol (24:1 v:v). The DNA
was then precipitated with 0.2 volumes of sodium
acetate, pH 4.8, and 2.5 volumes of ethanol at
−20°C overnight then pelletted with 13 000 g for
1 h. The samples under went electrophoresis in a
1.5% agarose gel. The DNA was made visible by
ethidium bromide staining.

2.6. Hsp-70, bcl-2, bax and CAS, western
blotting analysis

Cells were washed with PBS and lysed in an
ice-cold RIPA buffer (Tris–HCl pH 7.2, 25 mM;
SDS 0.1%; Triton X-100 1%; sodium deoxycholate
1%; NaCl 0.15 M; EDTA 1 mM) containing 1 mM
of phenyl methyl sulfonyl fluoride (PMSF), 10
�g/ml of aprotinin, 1 mM of sodium orthovanadate
and 5 �g/ml of leupeptin. Protein concentrations
were determined with the BCA method (Pierce,
Rockford, IL, USA). Protein (50 �g) was resolved
on 12.5% polyacrylamide gels and blotted onto
nitrocellulose sheets using the semidry blot system
(TE 70; Hoefer Scientific Instruments, San Fran-
cisco, CA) at 2 mA/cm2 for 60 min in 25 mM
Tris–HCl, pH 8.3; 192 mM glycine; and 20%
methanol. The membrane was blocked overnight at
room temperature with a blocking reagent (20 mM

Tris, pH 7.4; 125 mM NaCl; 0.2% Tween 20; 4%
nonfat dry milk; and 0.1% sodium azide). Then it
was incubated for 1 h with the mouse anti-human
hsp-70 (W27), bcl-2 (100) and CAS (C42920) mon-
oclonal antibodies or the rabbit anti-human bax
polyclonal antibody. The proteins were washed
three times, then incubated with alkaline phos-
phatase-conjugated rabbit anti-mouse or goat anti-
rabbit antibody in PBS and 0.5% Tween 20 for
another 45 min with gentle shaking. After three
final washes, the proteins were made visible by the
Bio-Rad NBT-BCIP color development system.

2.7. Statistical analysis

Data are expressed as mean�SD. Statistical
significance was performed using the Student’s
t-test for comparison between the means. Differ-
ence was considered significant at a P value of less
than 0.05.

3. Results

3.1. Determination of 8-epi-PGF2� in urine
samples collected from rats treated with PCP,
TCHQ and TCHQ/�itamin E

Lipid peroxidation was estimated by measure-
ment of the 8-epi-PGF2� in urine. As shown in Fig.
1, the basal level of 8-epi-PGF2� in control rats was
about 0.53 ng/mg creatine. When rats were treated
with a single dose of 100 mg/kg vitamin E for 1 day,
the level of 8-epi-PGF2� in their urine was lower
than that of the control rats but with no significant
difference. When rats were treated with a single
dose of 40 mg/kg PCP or 15 mg/kg TCHQ for up
to 3 days, significantly higher amounts of urinary
8-epi-PGF2� were found in the treated rats. A
roughly 2.5- to 6-fold increase of urinary 8-epi-
PGF2� was found in rats treated with PCP at day
2 and 3. The increase of urinary 8-epi-PGF2� in
rats treated with TCHQ from day 1 through day
3 was about 3- to 11-fold. Additionally, when the
rats were treated with TCHQ and vitamin E
simultaneously, the amount of urinary 8-epi-
PGF2� was significantly lower than that of the
TCHQ-treated rats.
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3.2. Effects of PCP, TCHQ and TCHQ/�itamin E
on serum transaminase acti�ities in rats

Hepatic toxicity was monitored by quantitative
analysis of the ALT and AST activities which
were used as the biochemical markers of liver
injury. As shown in Table 1, serum ALT and AST
levels in normal rats were 42.3�15.5 and 76.0�
8.9 U/l. In PCP-treated rats, serum ALT and AST
elevated to about two-fold on day 1 and de-
creased to normal levels by day 3. In TCHQ-
treated rats, serum ALT elevated to about
five-fold on day 1 and also decreased significantly
at day 2 and 3, respectively. A more than 10-fold
increase in AST was found in TCHQ-treated rats
on day 1; the amount of AST on days 2 and 3 was
still two- to three-fold higher than in the control
rats. Among the rats treated with vitamin E, a
slightly increased serum AST was found. How-
ever, there was no significant difference when
compared to the control rats. Vitamin E treat-
ment can decrease the hepatic toxicity induced by
TCHQ. The protection of vitamin E was signifi-
cant but not complete.

3.3. Cytotoxicity effects and cell death
mechanisms of PCP and TCHQ in Hep G2 cells

As seen in Fig. 2A, PCP at levels greater than
250 �m showed a significant toxicity to Hep G2
cells. At 24 and 48 h after exposure to 250 �m
PCP, the viability of Hep G2 cells was less than
70 and 50%, respectively. Similar results were also
observed in cells treated with TCHQ but with a
higher rate of toxicity. After treatment with 100
�m TCHQ for 24 and 48 h, the cell viability was
decreased by 41 and 66% in Hep G2 cells. Cell
death mechanisms were monitored in Hep G2
cells with the same treatment as in the cytotoxic
assays. To analyze DNA fragmentation, which is
characteristic of apoptosis, both attached and de-
tached cells were harvested at the indicated times
after treatment with PCP and TCHQ. The dose-
dependent experiments showed that DNA frag-
mentation could be induced at 48 h after exposure
to doses greater than 20 �m TCHQ in Hep G2
cells (Fig. 2B). When cells were exposed to 0.1–1
mM PCP for 48 h, agarose gel electrophoresis
showed no DNA fragmentation but a slight smear
of DNA due to random cleavage of base pairs
during the necrosis process (Fig. 2B).

3.4. Death-related gene expressions during PCP
and TCHQ treatments

As seen in Fig. 3, when Hep G2 cells were
treated with 200 �m TCHQ, hsp-70 concentra-
tions began to increase after 12 h of incubation,
with further increases at 24 and 36 h after expo-
sure. A roughly three-fold increase in the concen-
tration of hsp-70 was found in treated cells
compared to the control cells. No significant
change was found in the amount of hsp-70 in the
cells treated with 0.5 mM PCP from 0 to 36 h.
The expression levels of bcl-2 slightly increased in
cells treated with PCP, when treated with TCHQ,
bcl-2 also increased slightly at 6 and 12 h and
then decreased at 24 and 36 h of incubation. The
expression of bax gene increased after 6 h of
incubation and persisted to 36 h in cells treated
with PCP and TCHQ. No significant change of
CAS gene expression was found in cells treated
with PCP, however, when cells treated with

Fig. 1. Effects of PCP, TCHQ and TCHQ/Vit E on urinary
8-epi-prostaglandin F2� in rats. Five rats per group were
injected intraperitoneally with PCP, TCHQ and combined
TCHQ/Vitamin E at doses of 40, 15 and 15 plus 100 mg/kg.
Urine samples were collected from the metabolic cages at
24, 48 and 72 h after treatment. Each value represents the
mean�SD for five animals. * P�0.05 vs control. ** P�0.05
vs TCHQ treated only.
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Table 1
Time-course effect of PCP, TCHQ and TCHQ/Vit E on serum ALT and AST activities in rats

Control PCP 1 PCP 2 PCP 3 TCHQ 1 TCHQ 2 TCHQ 3 Vit E TCHQ 1/Vit E TCHQ 2/Vit E TCHQ 3/Vit E

42.3�15.5 90.0�35.8ALT (U/L) 60.0�3.6 47.7�12.7 202.0�10.4* 76.3�6.4* 58.3�11.0 41.7�8.1 93.3�13.3** 59.7�13.3 66.0�10.4
76.0�8.9 177.7�27.7* 90.3�4.9 82.3�9.2 477.3�92.2* 183.3�17.5* 148.0�55.0 106.0�25.1AST (U/L) 228.3�51.7** 129.7�18.3** 148.3�68.2

Rats were injected intraperitoneally with PCP, TCHQ and combined TCHQ/Vit E at doses of 40, 15 and 15 plus 100 mg/kg. Blood samples were collected from the
heart and the abdominal aorta at 24, 48 and 72 h after treatment. Control rats were injected with vehicle or Vit E only for 24 h. Each value represents the mean�SD
for five animals. PCP 1, PCP 2, PCP 3 means treated with PCP for 1, 2, and 3 days. TCHQ 1, TCHQ 2, TCHQ 3 means treated with TCHQ for 1, 2, and 3 days.

* P�0.05 vs control.
** P�0.05 vs TCHQ treated only.
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Fig. 2. (A) Effects of varying concentrations of PCP and TCHQ on cell death of Hep G2 cells. Cell viability was determined at 24
and 48 h after PCP and TCHQ treatment based on the trypan blue exclusion method. Data are expressed as means�SD; (B)
Agarose gel analysis of DNA fragmentation in Hep G2 cells. After treatment with 0.1–1 mM of PCP for 48 h, cells did not display
the DNA ladder, suggesting that the cells died by necrosis. After treatment with 20–200 �M of TCHQ for 48 h, cells produced a
DNA ladder characteristic of apoptosis.
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Fig. 3. Immunoblot analysis of the genes expression of hsp-70, bcl-2, bax and CAS in PCP and TCHQ-treated Hep G2 cells. Cells
from each time point following 0.5 mM PCP or 200 �M TCHQ treatment were analyzed. Proteins recognized by each antibody are
indicated on the central site. A typical protein blot was cut into two halves at the position of 46 KDa marker. The upper half blot
was probed with antibodies which recognize hsp-70 and CAS, the lower half blot probed with antibodies which recognize bcl-2 and
bax. Graphs are normalized quantitative results of the relative proteins.

TCHQ, CAS gene expression decreased signifi-
cantly after 6 h of incubation, and further de-
creased during prolonged incubation. Only trance
amounts of the CAS remained in the cells at 36 h
of incubation.

4. Discussion

PCP and its metabolite TCHQ were evaluated
for effects on hepatotoxicity in rats and cell death
mechanisms in human hepatoma cell line. Mea-
surements of 8-epi-PGF2� in urine and ALT,

AST activities in serum served as markers of lipid
peroxidation and liver damage. In this study, we
found that significant increase of urinary 8-epi-
PGF2� in rats could be induced by both PCP and
TCHQ. The more intense toxic insult was found
in rats treated with TCHQ rather than PCP,
although the dose of TCHQ used was only one-
third that of PCP. In in vitro tests, PCP uncouples
oxidative phosphorylation, inactivate respiratory
enzymes and causes damage to mitochondria (De-
ichman and Keplinger, 1981). Although covalent
binding of PCP to DNA has been reported, PCP
does not seem to produce real DNA damage (Van
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Ommen et al., 1989). In contrast to PCP itself,
TCHQ both binds to DNA and causes strand
breaks in DNA in vitro (Smith, 1985; Wang and
Lin, 1995; Wang et al., 1997). Oxygen radicals can
be produced by the cycle of autoxidation and
reduction between TCHQ and its corresponding
semiquinone radicals or quinones, a process that
is referred to as redox cycling (Carstens et al.,
1990). Thus, oxygen radicals might play a central
role in the generation of lipid peroxidation in rats
treated with PCP and TCHQ.

The leakage of certain intracellular enzymes
suggested irreversible damage in hepatocytes. In
this case, serum ALT and AST activities fre-
quently served as an index of liver injury. After
one single dose of PCP and TCHQ, a significant
increase in ALT and AST activities was observed
on day 1, then declined on day 2 and 3. One day
after i.p. injection may not be the optimal sam-
pling time, and the peak value of acute liver
toxicity needs to be further investigated. The ele-
vated amounts of both 8-epi-PGF2� and ALT,
AST activities in TCHQ-treated rats were higher
than in the PCP-treated rats. These may be due in
part to the metabolic pathway of PCP in vivo. It
has been claimed that PCP is mainly excreted
unchanged in the urine (Braun et al., 1977). The
rats in this study eliminated approximately 74% of
the dose as PCP and an additional 12% as PCP
glucuronide. In contrast, other investigators indi-
cate that PCP is extensively metabolized to PCP
glucuronide in humans (Uhl et al., 1986; Reigner
et al., 1992). The mean peak plasma concentration
occurred 4 h after administration, and the entero-
hepatic recirculation was considered as important
(Braun et al., 1977). An average half-life of 16
days was found in workers occupationally ex-
posed to PCP. No accumulation of PCP could be
observed in the enterohepatic circulation (Uhl et
al., 1986; Pekari et al., 1991). Acute liver toxicity
after a high dose injection of PCP and TCHQ
might occur during the first several hours, with
rapid recovery following. This may partly explain
why the increased ALT, AST activities occurred
on day 1 and decreased on day 2 and 3. In
addition to the liver tissue, the extrahepatic tissues
were also exposed continuously. Measurements of

urinary 8-epi-PGF2� served as an index of oxida-
tive stress in the whole body and not only the
liver. The levels of urinary 8-epi-PGF2� increased
persistently from day 1 through day 3. The pro-
tective effect of vitamin E against lipid peroxida-
tion and hepatotoxicity in rats treated with
TCHQ was investigated. Lipid peroxidation has
been implicated as a possible mechanism for hep-
atic injury in acute TCHQ poisoning. The present
study showed that the lipid peroxidation, as well
as the activities of ALT and AST, was suppressed
by administration of vitamin E.

8-Epi-PGF2� is a major F2-isoprostane that has
been shown to increase during free radical-medi-
ated arachidonic acid oxidation in experimental
animal studies and in human studies (Davi et al.,
1999; Sodergren et al., 2000). However, there are
only a few earlier animal studies investigating the
effect of vitamin E on F2-isoprostanes (Basu,
1998, 1999). Many different biomarkers of lipid
peroxidation could be used to evaluate the oxida-
tive damage. Different responses are represented
by different biomarkers because they reflect differ-
ent stages of the lipid peroxidation process. The
noninvasive measurement of 8-epi-PGF2� is a
promising approach for studies, investigating the
possible roles of lipid peroxidation under normal
conditions and in the pathology of human disease.
Basal levels of 8-epi-PGF2� in vitamin E treated
rats (100 mg/kg i.p.) were lower than those of the
control rats prospectively. Nevertheless, the AST
activities were slightly higher in the treated ani-
mals than in the control rats. In safety studies of
vitamin E intake, adverse effects were rarely ob-
served with dosages up to 2 g/kg body weight in
rats (Kappus and Diplock, 1992). Whether vita-
min E has other functions, apart from the antiox-
idant properties exhibited by the scavenging of
free radicals and reactions with active forms of
oxygen, has not yet been established. The cause
for the effects of vitamin E on AST levels in the
rats is unclear.

Lipid peroxidation is a well known example of
oxidative damage in cell membranes and other
lipid-containing structures. The present in vivo
study shows that both PCP and TCHQ can in-
duce lipid peroxidation in rats, and the induction
potency was found stronger for TCHQ than PCP.
Similar results were reported in previous studies
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in vitro. It has been shown that slightly increased
lipid peroxidation could be induced by PCP in
isolated rat hepatocytes (Suzuki et al., 1997). Fur-
thermore, oxidative damage such as single-strand
breakage in isolated DNA and genotoxicity in
human fibroblasts could be induced by TCHQ
(Witte et al., 2000). An aspect of related interest
that is under intensive investigation is lipid perox-
idation mediated stress signaling, which may
evoke a variety of cellular responses, ranging from
induction of antioxidant enzymes to apoptotic
death (reviewed in Girotti, 1998). Further investi-
gation of these processes will facilitate the under-
standing of disease states associated with
peroxidative stress.

Cytotoxicity, cell death mechanisms and related
genes expression were investigated in human hep-
atoma cells treated with PCP and TCHQ. Using
the trypan blue exclusion method to detect cyto-
toxicity, exposure to relatively mild insults (levels
below 100 �M PCP and 50 �M TCHQ) led to
slower onset and less overall cell death than expo-
sure to more intense insults (levels greater than
500 �M PCP and 200 �M TCHQ). Failure to
exclude trypan blue reflects a loss of plasma mem-
brane integrity associated with necrosis. Thus,
lysis occurred earlier and in a greater percentage
of the cells exposed to more intense excitotoxic
insults. The concentration of PCP required to
cause 50% cell death was about five-fold greater
than that required for TCHQ in Hep G2 cells.
This may be due in part to their different toxic
mechanisms in which oxygen radicals are believed
to play an important role. The concentration
ranges used to induce cell death in the experi-
ments are higher than the general population
under nonoccupational exposure encounters (Tre-
ble and Thompson, 1996). However, acute poi-
sonings by accidents have occurred in many
workers who were exposed while working in wood
plants (Jorens and Schepens, 1993). In toxicologi-
cal studies, the doses selected are usually larger
than those humans come into contact with. Ex-
trapolation of the observed dose–response rela-
tionship to an expected response at much lower
doses could be achieved by consideration of other
relevant data.

Cell death mechanisms induced by PCP and
TCHQ were investigated in Hep G2 cells. The
results suggest that TCHQ mediated apoptosis
and DNA laddering in Hep G2, but PCP induced
cell death more characteristic of necrosis than
apoptosis. It is an unexpected finding that even
high doses of PCP in Hep G2 cells cannot induce
significant apoptotic features, since PCP is as-
sumed be metabolized to TCHQ in hepatocytes.
This may be due in part to the inhibiting effects of
PCP on metabolizing enzymes. It has been shown
that the metabolizing process of PCP could be
inhibited by itself (Arrhenius et al., 1977; Juhl et
al., 1985). Besides, the solubility of PCP in a
culture medium should be taken into consider-
ation, especially when treated with a higher con-
centration. The PCP used in the present study is
the original compound but not its sodium salt
form. It is indicated that the solubility of PCP in
water is limited. The distinction between apopto-
sis and necrosis in cell culture systems can be
confused because of the lack of scavenging cells;
thus, the phagocytic step after apoptosis may not
occur. It is important to look for features of
apoptosis at various time points after the insult
and not to unduly delay these observations, as
secondary necrosis may intervene and therefore
obfuscate the true nature of the injury to the
compromised cell (Bonfoco et al., 1995). The se-
lection of incubation time for treatment of Hep
G2 cells with TCHQ is based on a time-course
pilot study, and the results showed that 48 h is
optimal for observing DNA fragmentation (data
not shown). As seen in Fig. 2B, a dose-dependent
DNA laddering could be observed in Hep G2
cells treated with different concentrations of
TCHQ for 48 h, indicating that TCHQ is a strong
inducer that can trigger apoptotic cell death in
Hep G2 cells.

PCP has been proposed to be a promoting
agent (McConnel, 1989; Sai et al., 1998). The cell
proliferation resulting from toxicity may selec-
tively induce enhanced replication of an already
damaged genome in the initiated cell population.
We cannot exclude the possibility that promuta-
genic lesions can also be produced by PCP in
vivo, since free radicals could be generated during
the metabolizing process of PCP. There is abun-
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dant evidence suggesting that mutagenic DNA
damage can be derived from the oxidative attacks
of free radicals (Dedon et al., 1998; Nunoshiba, et
al., 1999; Ruiz-Laguna et al., 2000). The ability of
PCP to induce cell proliferation in mouse livers
has been reported (Umemura et al., 1996). In our
recent report, both PCP and TCHQ induced ne-
crotic cell death in chang liver cells (Wang et al.,
2000). The major difference between these two
liver cell lines is that chang liver cells were derived
from human epithelial origins and is normal,
however, the Hep G2 cells were derived from
human hepatocyte origins and were transformed.
Transformed cell lines might be more susceptible
than normal cell lines when treated with cytotoxic
agents. It has been reported that the cytotoxic
drugs commonly used in cancer therapy can in-
duce tumor cell death by apoptosis (Martin and
Green, 1994; Schmitt and Lowe, 1999; Lowe and
Lin, 2000).

In this study, it was found that the expression
of the hsp-70 gene increased significantly (three-
fold) in cells treated with TCHQ. However, no
significant change was found in the cells treated
with PCP. Obviously, the increased amount of
hsp-70 in the Hep G2 cells is not sufficient to
protect them against the lethal metabolic alter-
ations brought about by TCHQ. These results
suggest that TCHQ-induced cell damage may is-
sue a profound intracellular signal for the induc-
tion of HSPs, whereas the PCP-induced damage
may not issue this signal. The best example of a
cell death-associated gene is probably the bcl-2
gene. The bcl-2 protein is a suppressor of pro-
grammed cell death that homodimerizes with it-
self and forms heterodimers with bax (Oltvai et
al., 1993). Bax protein is considered a promoter of
cell death, which is functionally neutralized by
heterodimerization with bcl-2. The ratio of bcl-2/
bax protein might account for the protective
mechanism of bcl-2 in cells. In the present study,
a significant decrease in the bcl-2/bax protein
ratio was found in cells treated with TCHQ but
not PCP. It was suggested that bcl-2 acts proxi-
mally, rather than distally, on the apoptotic effec-
tor which is thought to be calcium-activated
endonuclease. In addition, the net cellular produc-
tion of reactive oxygen species might also be

regulated by bcl-2. CAS gene is a cytoplasmic
antigen that is highly expressed in proliferating
cells but only at low levels in cells that do not
proliferate (Hirvonen et al., 1996; Scherf et al.,
1996). CAS also plays a role in apoptosis, because
CAS is involved in nuclear transport of apoptosis-
associated proteins. Expression of the CAS gene
decreased significantly in cells treated with TCHQ
but not PCP, indicating that the CAS gene partic-
ipates in an important regulating role during the
process of apoptosis. However, the real mecha-
nisms need to be further investigated. Gene ex-
pression measurement in this study included
hsp-70, bcl-2, bax and CAS. The major concern
of the selection is that the selected genes may have
some relation to both apoptosis and necrosis. So,
apoptosis-related gene expression is not the only
concern in this study.

In summary, more toxic effects can be observed
both in rats and human hepatoma cell lines
treated with TCHQ than with its parent com-
pound, PCP. Oxygen species may be involved in
the mechanism of TCHQ intoxication since the
urinary 8-epi-PGF2� and AST, ALT activities
can be induced by TCHQ and attenuated by
vitamin E treatment. Apoptosis features were
found in cells treated with TCHQ but not PCP.
TCHQ-induced cell damage may issue signals for
the induction of HSPs, the decrease of the bcl/bax
protein ratio and the decrease of CAS gene ex-
pression, whereas the PCP-induced damage may
not.
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