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Primary hepatocyte apoptosis is unlikely to relate to caspase-3 activity
under sustained endogenous oxidative stress
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Abstract

We previously showed that inhibition of catalase and glutathione peroxidase activities in rat primary hepatocytes by 3-amino-
1,2,4-triazole (ATZ) and mercaptosuccinic acid (MS) results in endogenous oxidative stress and apoptosis. For the present
study, we determined whether this apoptosis involved activation of caspase-3, which is known to execute apoptosis in many
cell types. ATZ and MS increased levels of reactive oxygen species (ROS) from 3-9 h, just before the onset of chromatin
condensation (apoptosis) and decreases in protein thiols. Pretreatment with either SKF, a cytochrome P450 inhibitor, or
L-ascorbic acid, an antioxidant, completely suppressed the increase in ROS levels and apoptosis, suggesting that the sustained
ROS increases may cause the apoptosis. SKF also abolished the decrease in protein thiol content, further supporting the
contribution of the P450 system to increased ROS levels. DEVD-CHO, a caspase-3 inhibitor, even at 1 mM had no effect on
apoptosis. Caspase-3 activity remained unchanged and pro-caspase-3 processing was not detected during 18 h incubation
with ATZ and MS. Moreover, the amount of unoxidized pro-caspase-3 decreased even below the level of untreated
hepatocytes. These findings suggest that the sustained oxidative stress is a major cause for the hepatocyte apoptosis, which
occurs independently of the caspase-3 related pathway.
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Abbreviations: ActD, actinomycin D; ATZ, 3-amino-1,2,4-triazole carboxy-H,DCFDA-5-(and-6)-carboxy-2',7'-dichloro-
dihydrofluorescein diacetate; DTNB, 5,5 -dithio-bis(2-nitrobenzoic acid); GPx, glutathione peroxidase; MS, mercaptosuccinic
acid; ROS, reactive oxygen species; SKF, SKF-525A; TNF o, tumor necrosis factor o

Introduction scavenge ROS at relatively low concentrations [3].
The other kind includes free amino acids, peptides,
and proteins in general. These have a relatively low
antioxidant activity per mole. Such molecules also

contribute to overall ROS scavenging activity, because

Reactive oxygen species (ROS) are well known to be
constantly generated, even under normal conditions,
as a consequence of aerobic metabolism [1]. The
generation and elimination of ROS are well balanced

in normal cells, but this balance can be shifted in the
direction of oxidative stress by increased ROS
generation or decreased ROS elimination [2]. Two
kinds of endogenous molecules are involved in the
elimination of ROS. One kind includes the enzymes
superoxide dismutase, glutathione peroxidase and
catalase, and low molecular weight antioxidants such
as ascorbate, a-tocopherol and reduced glutathione.
These molecules are able to efficiently and specifically

they are present in cells at high levels [4-6].
Oxidative stress affects quite a variety of cell
functions [3]. When cells are exposed to oxidative
stress, they often respond by undergoing their demise
via apoptosis or necrosis [7-9]. Apoptosis and
necrosis are two forms of cell death with clearly
different morphological and biological features, and
the levels of ROS are thought to determine apoptosis
or necrosis. Higher concentrations of ROS induce
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necrosis while moderate to low concentrations induce
apoptosis [10,11]. Among the numerous factors
affecting apoptosis, caspases, a family of cysteine
proteases, are widely recognized to play fundamental
roles in apoptosis [12—14], and the active-site cysteine
residues of caspases are very sensitive to oxidation
[15]. Recombinant caspase-3 is reversibly inactivated
by hydrogen peroxide (H,O,); activity is restored by
the addition of reducing agents [16]. This suggests
that sustained oxidative stress is required to keep
caspase-3 inactivated. Caspase-3, similar to other
caspases, is synthesized as a proenzyme and is
proteolytically processed to form an enzymatically
active heterodimer. This processing is inhibited under
a thiol-oxidized state [17,18]. Thus, ROS can regulate
caspase activity leading to apoptosis.

We previously showed that oxidative stress and
apoptosis are induced in rat primary hepatocytes
when catalase and glutathione peroxidase activities
are inhibited for 24h by 3-amino-1,2,4-triazole
(ATZ) and mercaptosuccinic acid (MS), respectively
[19]. Since protein thiols are targets of ROS, it is
important to clarify the relationship between ROS
levels and caspase activity. Thus, this study was
undertaken to determine whether caspase-3 was
involved in primary hepatocyte apoptosis. Caspase-3
was chosen because it is a well-known executor of
apoptosis in several cell types.

Materials and methods
Materials

WILLIAMS’ E medium, ATZ, MS, SKF-525A
(SKF), 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB),
tumor necrosis factor a« (TNF «), actinomycin D
(ActD), and Hoechst 33342 were obtained from
Sigma-Aldrich (St. Louis, MO). L-ascorbic acid
sodium salt (vitamin C) was obtained from Wako
Pure Industries, Ltd (Osaka, Japan); 5-(and-6)-
carboxy-2',7'-dichlorodihydrofluorescein diacetate
(carboxy-H,DCFDA) from Molecular Probes
(Eugene, OR); DEVD-CHO from BIOMOL (Ply-
mouth Meeting, PA). Anti-caspase-3 rabbit polyclonal
antibody was purchased from Santa Cruz Biotechno-
logy (Beverly, MA); Activated Thiol Sepharose 4B
from Amersham Biosciences Corp. (Piscataway, NJ).
All other chemicals were obtained from Sigma-Aldrich
or Wako and were of the highest quality commercially
available.

Isolation and culture of ratr hepatocytes

Male Wistar rats (150-200g body weight) were
obtained from Nippon CLEA (Osaka, Japan).
Isolation of hepatocytes was described in a previous
report [19]. Briefly, rats were anesthetized with intra-
peritoneal administration of sodium pentobarbital

(50mg/kg). The liver was cleared of blood by
perfusion through the portal vein with Ca**-free buffer
at 37°C for 5—7 min. This was followed by perfusion
with a buffer containing 0.025% freshly prepared
collagenase solution at 37°C for about 10 min. The
liver was dissected, minced and dispersed in WIL-
LIAMS’ E medium by gentle agitation, and then
filtered through two layers of gauze. The resulting cell
suspension was centrifuged at 50 X gfor 1 min at 4°C
and the pellet was resuspended in WILLIAMS’ E
medium. This centrifugation and resuspension pro-
cedure was repeated three times. Cell viability was
determined by trypan blue exclusion; about 90% of
cells were viable. Cells were counted and plated at a
density of 6.5 X 10° cells per 6-well collagen type
I-coated plate or 1.5 X 10° cells per 60 mm collagen
type I-coated dishes (Sumitomo Bakelite Co., Ltd.,
Tokyo, Japan) (depending on experimental protocols)
in WILLIAMS’ E medium containing 10% FBS,
300nM insulin and 100nM dexamethasone. Cell
suspensions were incubated at 37°C for 2h under a
95% air, 5% CO, atmosphere. Medium was then
changed. Cells were further incubated in the presence
or absence of inhibitors or an antioxidant for 24 h.

Treatment with inhibitors or antioxidant

ATZ and MS at final concentrations of 20 mM and
7mM, respectively, were added to the well at time 0
(when the medium was changed after seeding) and the
incubation continued for another 24 h. SKF (30 uM),
vitamin C (1 mM) or DEVD-CHO (100, 300 wM or
1 mM) were added 20 min before time 0. ATZ, MS,
vitamin C and DEVD-CHO were dissolved in distilled
water; SKF in 0.1% dimethyl sulfoxide (DMSO).
This DMSO concentration did not have significant
effects on the results.

Determination of cell survival/apoptosis

Viable cells were evaluated by trypan blue exclusion at
0, 9, 12, 15, 18, 21 and 24 h after the medium was
changed. Trypan blue dye was added to each well at a
final concentration of 0.1% and cells were incubated
for 2—3 min at room temperature. More than 300 cells
were examined using an inverted phase contrast
microscope and the percentage of viable cells was
calculated. Chromatin condensation and DNA frag-
mentation were used as indices of apoptosis. To assess
chromatin condensation, DNA binding fluorochrome
Hoechst 33342 was assessed at the indicated times.
Hoechst 33342 was added to each well to a final
concentration of 5 wg/ml and cells were incubated for
5 min at room temperature.

Chromatin condensation was determined (at
identical times that were used for the assessment of
cell viability) from fluorographs using an excitation
wavelength at 365 nm of at least 300 nuclei. Data were
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captured by a digital CCD camera (Hamamatsu
C4742-95-10, Hamamatsu Photonics, Hamamatsu,
Japan) associated with a computer-assisted inverted
phase contrast fluoromicroscope. For the detection of
DNA fragmentation, hepatocytes were scraped and
pelleted after 24h incubation. Cellular DNA was
extracted and was purified using an Apoptosis DNA
ladder kit (Wako). DNA was dissolved in Tris-EDTA
buffer and electrophoresed in a 1.5% agarose gel,
followed by visualization under UV light after staining
with SYBR Green I. Fluorographs of the DNA ladder
were stored in the computer-assisted image analyzer
(Fluor-S Multilmager, Bio-Rad, Hercules, CA).

Evaluarion of ROS levels by flow cytometry

ROS levels were determined using carboxy-
H,DCFDA as a fluorescent probe. Carboxy-
H,DCFDA, which is cell membrane-permeable, is
hydrolyzed to Carboxy-H,DCEF by esterases inside the
cells. Fluorescence from the intracellular oxidation of
carboxy-H,DCF in the presence of ROS, mainly
H,0,, was used as a general and reliable index of
intracellular oxidative stress [20—22]. At the indicated
times, hepatocytes were incubated with 10 uM car-
boxy-H,DCFDA for 10 min under the above culture
conditions. Cells were then washed twice with ice-cold
phosphate-buffered saline (PBS) and detached from
the plates by trypsinization. Fluorescence was
measured by flow cytometry using a FACSCalibur
instrument (BD Bioscience, San Jose, CA) with an
excitation wavelength of 488 nm and an emission
wavelength of 530 nm. Generally, 10,000 events were
monitored and data analysis was performed using the
Cell Quest software program (BD Bioscience).

Measurement of protein thiol content

The number of thiol groups was estimated by the
reaction between thiols and 5,5'-dithio-bis(2-nitro-
benzoic acid) (DTNB) [23,24]. Following incubation,
hepatocytes were collected at 0, 6, 12, 18 and 24 h by
centrifugation and the supernatant was discarded. The
cell pellet was washed twice with 6.5% trichloroacetic
acid: this entailed centrifugation at 13,000 X g for
5min at 4°C, and resuspension in 0.5 M Tris-HCl
buffer at pH 7.6 containing 100 uM DTNB. After
20 min incubation in the dark at room temperature, the
absorbance at 412nm was measured by a spectro-
photometer (U-3300, HITACHI). Data were
expressed as nmol SH per mg protein, calculated
from a calibration curve using L-cysteine as a standard.

Caspase-3 enzymatic assay

Caspase-3 activity was determined by a Caspase-3
Fluorometric Assay kit (R&D Systems Inc.,
Minneapolis, MN). Hepatocytes were collected at
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the indicated times and washed with ice-cold PBS.
Cells were lysed by the addition of Cell Lysis Buffer
and incubated on ice for 10min. The enzymatic
reaction of caspase-3 was started with 50 pM of
DEVD-AFC (a caspase-3 substrate) and the lysate
was then incubated for 30min at 37°C. The
fluorescence from 7-amino-4-(trifluoromethyl) cou-
marin (AFC) released by cleavage of the substrate was
continuously monitored using an excitation wave-
length of 390nm and an emission wavelength of
538 nm using a Fluoroskan Ascent FL instrument
(Labsystems, Mountain View, CA). The fluorescence
from cell lysates without a fluorescent substrate was
used as a blank. Caspase-3-like activity in cells treated
with ATZ plus MS, or TNF « plus ActD, were
compared to those of untreated cells and expressed as
a fold change.

Immunoblotting analysis

After 6, 12 and 18 h of incubation, hepatocytes were
collected by scraping and washed by dilution with
ice-cold PBS and centrifugation. The cells were
resuspended in hypotonic buffer (20mM HEPES;
pH 7.5, 10 mM KCl, 1.5mM MgCIl2, 1 mM EGTA,
1mM EDTA, 1 pg/ml leupeptin, 1 pug/ml pepstatin,
20 M APMSF) and homogenized. After three
freeze-thaw cycles, cell debris was removed by
centrifugation at 13,000 X g for 5min at 4°C, and
the resulting supernatant was used for immuno-
blotting. The supernatant proteins were examined by
SDS-PAGE using a 7.5-15% (w/v) gradient poly-
acrylamide gel and then transferred to a poly-
vinylidene difluoride membrane in a wet-blotting
apparatus. The membrane was then washed with
TBS (20mM Tris-HCL; pH 7.4, 150mM NaCl),
and incubated with Block Ace (Dainippon Pharma-
ceutical, Osaka, Japan) for 60 min at room tempera-
ture. The blocked membranes were incubated over
night at 4°C with an anti-caspase-3 rabbit polyclonal
antibody diluted 1:200 in TTBS (TBS containing
0.05% Tween 20). After washing with TTBS, the
membrane was incubated for 60 min with alkaline
phosphatase-conjugated anti-rabbit goat-polyclonal
antibody diluted 1:1000 in TTBS. Finally, after
washing with TTBS, the membrane was incubated
with BCIP and NBT as alkaline phosphatase
substrates and the visualized bands were stored in
the computer-assisted image analyzer (Fluor-S
Multilmager, Bio-Rad).

Estimation of intracellular caspase-3 redox state

Separation of unoxidized from oxidized thiol
proteins was performed by covalent chromatography
using Activated Thiol Sepharose 4B basically
according to the manufacturer’s instructions.
Hepatocytes were scraped and washed with ice-cold
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PBS at 6, 12 and 18h after treatment with ATZ
and MS. The cells were lysed on ice in cell lysis
buffer (50 mM Tris; pH 7.4, 150 mM NaCl, 1 mM
EDTA, 0.25% (v/v) TritonX-100, 1 pg/ml leupep-
tin, 1pg/ml pepstatin, 20 uM APMSF). After
disrupting the cell membranes by sonication, cell
debris was removed by centrifugation at 13,000 X g
for 5min at 4°C and the supernatant was used as
the cell lysate. Cell lysates were mixed with
Activated Thiol Sepharose 4B (80 pl drained
gel/mg protein) pre-equilibrated with cell lysis
buffer, and kept over night at 4°C to allow protein
thiols to bind covalently to the resin. After
centrifugation at 10,000 X g for 1 min at 4°C, the
precipitated resin was washed twice with cell lysis
buffer and then protein thiols bound to the resin
were eluted with cell lysis buffer containing 10 mM
dithiothreitol (DTT). Oxidized pro-caspase-3 in the
supernatant and unoxidized pro-caspase-3 in the
eluents were analyzed by immunoblotting as
described in “Immunoblotting Analysis™.
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Figure 1.

Determination of protein content

Protein content was determined according to the
method of Bradford [25] using bovine serum albumin
as a standard.

Statistical analysis

Data for each variable are expressed as mean = SE.
Data obtained from the two groups were compared
using Student’s z-test with Holm’s correction for
multiple comparisons. P values of less than 0.05 were
considered significant.

Results

Inhibition of hepatocyte apoptosis by treatment
with cytochrome P450 inhibitor or antioxidant

Treatment with ATZ and MS for 9h had no
effect on cell viability. However, treatment
periods longer than 12h induced a time-dependent

="=untreated
== ATZ+MS
==+\Vitamin C

Chromatin Condensation (%) (0D
(o)}
o

. |untreated

Inhibitory effects of cytochrome P450 inhibitor, SKF or antioxidant, vitamin C, on ATZ and MS-induced hepatocyte apoptosis.

Primary rat hepatocytes were pretreated with SKF (30 wuM) or vitamin C (1 mM) for 20 min and then incubated for 24 h in the presence or
absence of ATZ (20 mM) and MS (7 mM). Panel A and B show time-courses for percent viability and chromatin condensation, respectively.
The values are given as the mean = S.E. of seven separate experiments. Panel C shows fluorescence micrographs of Hoechst 33342 stained
nuclei of untreated hepatocytes (upper left), treated hepatocytes with ATZ and MS in the absence (upper right) or presence of SKF (bottom
left) or vitamin C (bottom right), respectively. Bars in the micrographs represent 25 um. Panel D shows agarose gel electrophoresis results.
After hepatocytes were scraped and collected, cellular DNA was extracted and then electrophoresed.
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decrease in cell viability (Figure 1A). Chromatin
condensation occurred at 12h and increased
thereafter in a time-dependent manner (Figure 1B,
C). The onset and time course for the decrease
in cell viability was very similar to that for the
increase in chromatin condensation. The addition
of SKF, a cytochrome P450 inhibitor, or vitamin C,
an antioxidant, inhibited the decrease in
cell viability and the increase in chromatin
condensation to almost the same extent
(Figure 1A, B, C). DNA fragmentation was not

A (@)
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detected after treatment with SKF or vitamin C
(Figure 1D).

Inhibitory effects of SKF or Vitamin C on sustained and
wmcreased ROS levels

We next examined the levels of ROS by flow
cytometry. Typical examples and results from seven
separate experiments of flow cytometric analyses of
carboxy-H,DCFDA-stained hepatocytes are shown in
Figure 2A and B, respectively, following exposure to
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Figure 2.

Flow cytometric analysis of intracellular ROS levels. Primary rat hepatocytes were pretreated with SKF (30 uM) for 20 min and

then incubated for 9h in the presence or absence of ATZ (20 mM) and MS (7mM). Cells were treated with carboxy-H,DCFDA and
fluorescence intensity derived from carboxy-H,DCFDA oxidation was measured by a flow cytometer. Panel A shows the overlay of three
representative fluorescence flow cytometry analyses at Oh (a), 3h (b), 6h (c), and 9h (d) incubation. Panel B shows the mean fluorescent
intensity in treated hepatocytes divided by that in untreated cells at the indicated time. The ROS levels in untreated cells at the indicated times
are almost the same (O h, 100 = 13;3h,85 * 11;15h, 87 = 8; 18 h, 104 * 12 arbitrary unit, respectively). Values are given as mean = S.E. of
seven separate experiments. Data were analyzed using Student’s z-test with Holm’s correction for multiple comparisons. P values less than

0.05 were considered significant. **; p < 0.01, *; p < 0.05.
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Figure 3.

Suppression of increased and sustained ROS levels by treatment with antioxidant. Primary rat hepatocytes were pretreated with

vitamin C (1 mM) for 20 min and then incubated for 9h in the presence or absence of ATZ (20 mM) and MS (7 mM). The fluorescence
intensity of carboxy-DCF was measured by a flow cytometer. The mean value of the fluorescent intensity of treated cells was divided by that of
untreated ones at the indicated times, and are shown as fold changes. The data represent the mean * S.E. of six separate experiments. Data
were analyzed using Student’s z-test with Holm’s correction for multiple comparisons. P values less than 0.05 were considered significant.

* p < 0.05.

ATZ and MS at 3 h intervals up to 9 h. An increase in
ROS by ATZ and MS treatment was noted at 3 h, as
evidenced by a significant shift in carboxy-DCF
intensity to the right (Figure 2A). The shift was
observed for up to 9 h, showing that the hepatocytes
were exposed to excess levels of ROS. The ROS levels
in untreated cells remained unchanged up to 9h (0 h,
100 = 13; 3h, 85 £ 11; 6h, 87 = 8; 9h, 104 £ 12
arbitrary unit). Increased ROS levels in ATZ and MS
treated cells were 1.5, 1.8 and 1.6 fold at 3, 6, and 9 h,
respectively, compared to ROS levels in untreated
cells (Figure 2B). These increased and sustained levels
of ROS were totally suppressed to the ROS levels of
untreated cells as early as 3 h after exposure of cells to
SKF (Figure 2A, B) or vitamin C (Figure 3). The
inhibitory effects of SKF or vitamin C persisted for up
to 9h (Figures 2A, B and 3).

As described above, a decrease in cell viability and
an increase in chromatin condensation were observed
after 12h of treatment with ATZ and MS. These
results indicate that drastic changes in the living cell
population and cell size occurred after 12h incu-
bation, showing that flow cytometry is not applicable
in such situations. Thus, the levels of ROS induced by
treatment with ATZ and MS were estimated only up
to 9h of incubation.

Intracellular protein thiol contents

As shown in Table I, the protein thiol contents in
untreated cells were 67.9 +11.9 and
67.5 = 12.9nmol SH/mg protein at Oh and 24h,
respectively, although only slight changes were noted
throughout the 24h incubation. Thus, the pro-
tein thiols can be regarded as constant during

the experimental period. Incubation of cells with
ATZ and MS had no effect on intracellular thiol
contents up to 6h. However, after 12h incubation,
ATZ and MS treatment resulted in a decrease in
protein thiols, which reached a plateau at 18 h. The
protein thiol contents in ATZ and MS treated cells
were significantly lower than those of untreated cells at
18 and 24h. The decrease in protein thiols was
completely inhibited by pretreatment with SKF.

Hepatocyte apoptosis and caspase-3

The addition of the caspase-3 inhibitor, DEVD-CHO,
at a concentration of 100, 300 uM or 1 mM did not
have any effect on decreases in cell viability and
increases in chromatin condensation caused by
treatment with ATZ and MS (Figure 4A, B, C). The
time course for the decrease in cell viability or the
increase in chromatin condensation in DEVD-CHO
treated cells was the same as that for ATZ and MS
treated cells (Figure 4A, B). Furthermore, DEVD-
CHO had no effect on DNA fragmentation at 24h
(Figure 4D). The above findings clearly show that a
caspase-3 inhibitor has no effect on hepatocyte
apoptosis induced by treatment with ATZ and MS.
To corroborate this finding, the issue of whether ATZ
and MS treatments affect caspase-3-like activity was
investigated as a function of time. The caspase-3-like
activity in untreated cells remained unchanged
throughout the experiment (Oh, 0.79 = 0.16; 6h,
0.79 £ 0.14; 12h, 0.83 = 0.09; 18h, 0.83 £ 0.12
arbitrary unit/mg protein). As shown in Figure 5, ATZ
and MS treatments did not affect caspase-3-like
activity. In fact, caspase-3-like activity in the ATZ and
MS treated cells was 0.8 = 0.1, 1.1 £ 0.1 and
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TableI. Inhibition of the decrease in protein thiol contents by SKF.

Protein thiol contents (nmol/mg protein)

Time (h) untreated ATZ + MS +SKF

0 67.9 = 11.9 69.6 = 11.6 78.5 + 13.1
6 88.0 = 15.1 73.8 = 10.4 68.5 = 12.8
12 77.4 = 10.7 47.0 £ 10.1 78.2 = 10.5
18 76.8 * 14.2 33.2 = 4.1t 68.1 £ 9.6%
24 67.5 = 12.9 26.8 = 5.2% 68.4 + 12.5%

Primary rat hepatocytes were pretreated with SKF (30 pM) for
20 min and then incubated for 24 h in the presence or absence of
ATZ (20mM) and MS (7mM). Protein thiol levels were
determined by spectrophotometry using DTNB, which specifically
reacts with thiol groups. The values are given as the mean = S.E.
of five separate experiments. Data were analyzed using the
Student’s z-test with Holm’s correction for multiple comparisons.
P values less than 0.05 were considered significant. 1; p < 0.05 vs.
untreated hepatocytes. *; p < 0.05 vs. ATZ and MS treated
hepatocytes.
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0.8 £ 0.1 fold at 6, 12 and 18h, respectively,
compared to that of untreated cells. Treatment with
TNF « and ActD, at final concentrations of 50 and
50 ng/ml, respectively, induced cell death in primary
rat hepatocytes (data not shown). TNF « and ActD
were added to the well at time 0, and incubated for a
further 24 h. Cell death induced by TNF « and ActD
treatments was accompanied by chromatin conden-
sation and DNA fragmentation; DEVD-CHO clearly
inhibited this apoptosis (data not shown). Caspase-3-
like activity was dramatically increased in a time-
dependent manner in hepatocytes that had been
treated with TNF « and ActD compared to untreated
hepatocytes (Figure 5).

The processing of pro-caspase-3 occurred in a time-
dependent manner in hepatocytes treated with TNF «
and ActD, as evidenced by the time-dependent
increases in the p17 large subunit showing the cleavage

o
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-=—+300 pM DEVD
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Figure 4. Failure of the caspase-3 inhibitor DEVD-CHO to prevent ATZ and MS-induced apoptosis Primary rat hepatocytes were
pretreated with DEVD-CHO (100, 300 puM orl mM) for 20 min and then incubated for 24 h in the presence or absence of ATZ (20 mM) and
MS (7 mM). Panel A and B show time-courses for percent viability and chromatin condensation, respectively. Values are given as the mean *
S.E. of seven separate experiments. Panel C shows fluorescence micrographs of Hoechst 33342 stained nuclei of untreated hepatocytes (upper
panel), treated hepatocytes with ATZ and MS in the absence (bottom left) or presence of 100 uM DEVD-CHO (bottom right), respectively.
Bars in the micrographs represent 25 pm. Panel D shows agarose gel electrophoresis results. Untreated hepatocytes and treated hepatocytes
with ATZ and MS in the absence or presence of 100 pM DEVD-CHO were collected at 24h. Cellular DNA was extracted and then

electrophoresed.
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Figure 5. Effects of ATZ and MS treatment on caspase-3-like
activity. Primary rat hepatocytes were treated with ATZ (20 mM)
plus MS (7mM) or TNF « (50 ng/ml) plus ActD (50 ng/ml) at time
0 and then incubated for 18 h. Caspase-3-like protease activity in
cell lysates was measured using an AFC-conjugated substrate
specific for caspase-3-like enzymes. “Caspase-3-like” refers to all
DEVDase activities. The values are given as the mean * S.E. of five
separate experiments.

of pro-caspase-3 (Figure 6). Pro-caspase-3 was not
processed by ATZ and MS treatments at 6, 12 and 18 h.

Intracellular caspase-3 redox state

Activated Thiol Sepharose 4B can separate thiol-
containing proteins from other proteins [26-28].
Thus, this sepharose can be used for a separation of
unoxidized thiol proteins from oxidized ones and
allows us to measure unoxidized and oxidized pro-
caspase-3, using the anti-caspase-3 antibody to
estimate the intracellular caspase-3 redox state. The
amount of unoxidized pro-caspase-3 in ATZ and MS
treated hepatocytes declined in a time-dependent
manner, and was barely detectable at 18 h. In contrast,
the amount of oxidized pro-caspase-3 increased time-
dependently (Figure 7). Both decreases in unoxidized
pro-caspase-3 and increases in oxidized pro-caspase-3
were suppressed by pretreatment with SKF. These
results indicate that the intracellular caspase-3 redox

untreated ATZ+MS TNFa+ActD

Time (h) 0 61218 6 1218 6 12 18
Pro-Caspase-3 W S sy s s s S s S8 S5
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Figure 6. Effects of ATZ and MS treatments on pro-caspase-3
processing. Primary rat hepatocytes were treated with ATZ
(20mM) and MS (7mM) or TNF «a (50ng/ml) and ActD
(50ng/ml) at time O and then incubated for 18 h. At the indicated
times, cells were collected and lysed. The caspase-3 precursor, pro-
caspase-3 and its cleaved large subunit, pl17 were detected in the
lysates by immunoblotting. Details of the procedure are described
under “Materials and methods”.
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Time(h) 0 6 12 18 18 18

pro-caspase-3 _
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Figure 7. Time-dependent changes in amounts of unoxidized or
oxidized pro-caspase-3. Primary rat hepatocytes were pretreated
with SKF (30 puM) for 20 min and then incubated for 18h in the
presence or absence of ATZ (20mM) and MS (7mM). At the
indicated times, cells were collected and lysed. Activated Thiol
Sepharose 4B was added to cell lysates to bind protein thiols to the
resin. Pro-caspase-3 bound to the resin was termed “unoxidized”
and unbound pro-caspase-3 was termed “oxidized”. Oxidized pro-
caspase-3 in the supernatants and unoxidized pro-caspase-3 in the
eluents were analyzed by immunoblotting. Details of the procedure
are described under “Materials and methods”.

state was shifted to the oxidized state as a function of
time. The amount of both unoxidized and oxidized
procaspase-3 in untreated cells did not change.

Discussion

Treatment of rat primary hepatocytes with ATZ and
MS induced sustained increases in ROS levels,
followed by typical features of apoptosis. Caspase-3
activity remained unchanged and the processing of
pro-caspase-3 was not detected during apoptosis.

We previously reported that increases in lipid
peroxidation were detected at 24h, but not at 6h
[19]. Generally, lipid peroxidation is considered to be
the ultimate consequence of cells being overwhelmed
by oxidative stress. In the present study, protein thiol
levels, which are potent targets of ROS, were gradually
decreased after 12h incubation in ATZ and MS
treated hepatocytes. Decreases in cell viability and
increases in chromatin condensation were detected
only at 12h and later. However, no evidence for cell
abnormalities was found for periods of up to 9h,
strongly indicating that the hepatocytes were able to
tolerate the increased and sustained ROS levels and
were functioning normally up to 9h after treatment
with ATZ and MS. Unfortunately, we could not
perform a flow cytometric analysis after 9 h incubation
because apoptosis reduced the number of hepatocytes
required for the analysis. However, it is reasonable to
conclude that the hepatocytes were exposed to
unmanageable oxidative stress after 12h incubation,
judging from the decrease in protein thiols and the
increase in lipid peroxidation at 24 h [19].

Cytochrome P450 is a drug-metabolizing enzyme
and forms a super family. On the other hand,
cytochrome P450 has long been known to be involved
in oxidative stress. Almost all isoforms of cytochrome
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P450 produce ROS wia catalytic cycle in the presence
or absence of substrates [29-31]. SKF potently
inhibits reduction of a wide variety of P450 isoforms
in a non-competitive manner [32] and therefore,
inhibits ROS production. In fact, in rat hepatocyte
microsomes, ROS production via cytochrome P450
systems is reported to be suppressed by SKF [33].
Thus, the finding that SKF as early as 3h completely
suppressed the increased and sustained ROS levels
caused by the ATZ and MS treatment confirms the
major source of ROS being directly related to the
cytochrome P450 enzyme [19]. Furthermore, SKF
inhibited apoptosis, indicating that sustained and
increased ROS levels are closely related to apoptosis.
Treatment with vitamin C attenuated not only the
sustained and increased ROS levels but also the
decreases in cell viability, increases in chromatin
condensation and DNA fragmentation. Vitamin C is a
water-soluble antioxidant that has the capacity to
scavenge ROS such as hydroxyl radical or superoxide
anion. Thus the suppressive effect of vitamin C on
increased levels of ROS is probably due to its ability to
scavenge excess amounts of ROS produced by the
inhibition of catalase and GPx. Thus, in the presence
of vitamin C, the antioxidative capacity of the
hepatocytes treated with ATZ and MS is considered
to be similar to that of untreated cells. Therefore,
apoptosis was not triggered. We had assessed that
apoptosis was not induced when hepatocytes were
treated with ATZ and MS for 3 h followed by washing
them out and cultured for further 21h (data not
shown). Collectively, that the inhibition of ROS
production or the replenishment of anti oxidative
capacity suppressed hepatocyte apoptosis, strongly
indicates that sustained and increased ROS levels are
responsible for hepatocyte apoptosis after 12h
incubation under these experimental conditions.

Protein thiols gradually decreased over time after
12h treatment with ATZ and MS. Considering that
hepatocytes treated with ATZ and MS are thought to
be under unmanageable oxidative stress, and that thiol
compounds are potent targets of ROS, protein thiols
would likely be oxidized. This conclusion is supported
by our finding that the decrease in protein thiol levels
in ATZ and MS treated cells parallels the increase in
the ratio of chromatin condensation. In addition, SKF
inhibited apoptosis as well as the gradual decrease in
protein thiol contents after 12h incubation. This
further supports the possibility that the P450 system
contributes to increased ROS levels which causes
apoptosis.

The caspase family play a fundamental role in
apoptosis. Above all, caspase-3 is one of the key
executors of apoptosis, being responsible either
partially or totally for the proteolytic cleavage of
many essential proteins, such as the nuclear enzyme,
poly(ADP-ribose) polymerase [34]. Pro-caspase-3
is proteolytically cleaved and activated to form
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caspase-3. This is the case for TNFa and ActD-
induced apoptosis in primary rat hepatocytes [35—
37]. As expected, treatment of hepatocytes with
TNFa and ActD elicited apoptosis as evidenced by a
representative morphological feature of apoptosis
accompanied by a vast increase in caspase-3 activity,
indicating that caspase-3 enzyme systems are func-
tional. However, apoptosis induced by ATZ and MS
does not appear to be related to caspase-3. The
evidence for this is as follows: (1) the caspase-3
inhibitor, DEVD-CHO, did not inhibit this apoptosis,
(2) caspase-3-like activity in hepatocytes treated with
ATZ and MS was almost the same as that of untreated
hepatocytes, (3) processing of pro-caspase-3 to the
activated form (caspase-3) was not detected. (4)
unoxidized procaspase-3 decreased during apoptosis.
Furthermore, total amounts of oxidized and unox-
idized pro-caspase-3 were not changed. As already
established, caspases other than caspase-3 are
responsible for apoptosis in many types of cells
including rat hepatocytes. The pan-caspase inhibitor,
z-VAD-fmk, failed to inhibit this apoptosis at
concentrations ranging from 50 to 300 uM and no
change in caspase-2, -6, -7, -8 and -9 activity was
found under the same conditions as this study (data
not shown). These findings suggest that other caspases
were also in oxidized states in this study. Further
studies to clarify the relationship between these
caspases and this apoptosis will be required.

As mentioned above, thiol-containing compounds
or enzymes are targets of ROS. Caspase-3 contains
several thiol groups and cysteine residue Cys-163 is
thought to be an active site. Basic amino acids
surrounding the active site cysteine are considered to
lower its pKa and thus, shift the thiol-thiolate anion
equilibrium toward the thiolate anion [38,39]. H,O,
is known to react with the thiolate anion to initially
produce the sulfenic acid and then the disulfide
[39,40], and therefore, lower pKa is postulated to
enhance its reactivity with the active site cysteine.
Consequently, the active site cysteine is the most likely
target of H,O, and would be sensitive to oxidation
[41,42]. In this study, the observation that pro-
caspase-3 thiol levels decreased prior to the reduction
of total protein thiol levels supports the above
mechanism. In fact, caspase-3 is reported to be
inactivated by oxidants such as H,O, [16] and the
processing of pro-caspase-3 appears to be suppressed
under a thiol-oxidized state [17] showing that the
oxidation of thiol groups either of pro-caspase-3 or
caspase-3 causes a loss of caspase-3 proteolytic
activity. However, the oxidation of thiol groups of
caspase-3 has been reported to be reversible, and
inactivated caspase-3 activity can be recovered by
treatment with thiol-reducing agents, including DTT
and thioredoxin [16,18]. Thus, this shows that
sustained oxidative stress is required to keep pro- or
caspase-3 in an oxidized form, as was the case in our
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study. In support of this, treatment with ATZ and MS
elicited time-dependent decreases in the levels of thiol
groups of pro-caspase-3. Collectively, sustained and
increased ROS produced by treatment with ATZ and
MS continuously oxidize cysteine residues in the
vicinity of the active site in both pro- and caspase-3
keeping them in the oxidized state for the period of the
experiment.

An increasing number of reports regarding caspase-
independent apoptosis induced by many stimuli or
treatments has accumulated to date [43—45]. In recent
years, caspase-independent apoptosis in relation to
increased levels of ROS was reported in some cells,
including thymocytes [46], retinal cells [47], MRC-5
fibroblasts [48] and PC12 cells [49]. However, the
molecular mechanisms of caspase-independent apop-
tosis are not well characterized. Nucleosomal DNA
fragmentation was not detected in these reports [46—
49], although chromatin condensation and large scale
DNA fragmentation were noted, suggesting the
involvement of apoptosis-inducing factor, which has
been reported to induce large-scale DNA fragmenta-
tion [50]. Our results clearly revealed nucleosomal
DNA fragmentation. Further study is needed to
clarify molecular mechanisms for the hepatocyte
apoptosis induced by treatment with ATZ and MS.

In conclusion, treatment of primary rat hepatocyte
with a catalase inhibitor and a GPx inhibitor elicits
sustained and increased ROS levels, which are
probably responsible for both apoptosis and prevent-
ing caspase-3 activation. Thus, caspase-3 related
pathways do not appear to be involved in hepatocyte
apoptosis under these experimental conditions.
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