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Chronic vascular toxicity of doxorubicin in an organ-cultured

artery
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1 We investigated the chronic effects of doxorubicin (DXR) on morphological and functional
changes in the rabbit mesenteric artery using an organ culture system.

2 In arteries cultured with 0.3 uM DXR for 7 days, the contractions induced by noradrenaline, but
not those induced by endothelin-1 or high K*, were strongly inhibited. This reaction was followed
by a decrease in the induction of the oja-adrenoceptor without any change in the mRNA level.
Inhibition of noradrenaline-induced contractions by DXR was attenuated by superoxide dismutase,
and aja-adrenoceptor protein expression recovered.

3 In the arteries cultured with 1 uM DXR for 7 days, contractions induced by endothelin-1 or high
K* and absolute force in the permeabilized muscles were also inhibited. Morphological
examinations revealed the existence of concentrated nuclei and terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labelling (TUNEL)-positive smooth muscle cells, and
internucleosomal DNA fragmentation was also detected, indicating the induction of apoptosis.

4 In the arteries cultured with 10 uM DXR for 7 days, nuclear swelling, karyolysis and random
DNA fragmentation indicative of necrosis were observed, and muscle contractility was abolished.

5 These results suggest that 0.3 uM DXR selectively down-regulates the o;5-adrenoceptor protein
expression, resulting in a decrease in the noradrenaline-induced contraction. This down-regulation
may be at least partly due to the production of a superoxide radical. DXR also caused a decrease in
muscle contractility followed by apoptotic changes at 1 uM and necrotic changes at 10 uM. These
changes might be responsible for the disturbance of the circulatory system that is often observed
during the course of repetitive chemotherapy.
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Introduction

Doxorubicin (DXR) is one of the most widely used broad-
spectrum anticancer agents (Weiss et al., 1986). However,
because this agent produces a chronic and dose-related
cardiomyopathy as its principal side effect (Von Hoff et al.,
1979; Young et al., 1981), its clinical utility is limited.

DXR can intercalate with DNA and change DNA
functions, such as inhibition of DNA and RNA synthesis
(Chuang & Chuang 1979), causing strand breaks to occur
and inducing of apoptosis (Muller et al., 1997). These
cytotoxicities are believed to be mediated either by an
inhibition of DNA topoisomerase II (Chuang & Chuang
1979; Kusumoto et al., 1996) or by the generation of free
radicals (Muller et al., 1997). The production of superoxide
radical anions by oxidation-reduction cycling of DXR is of
critical importance in mediating the chronic cardiotoxicity
associated with the clinical use of DXR (Jeyaseelan et al.,
1997).

*Author for correspondence; E-mail: aozaki@mail.ecc.u-tokyo.ac.jp

Imbalances of the circulatory system such as decreases in
blood pressure are often observed in clinical situations during
repetitive treatment with DXR (Livingston ef al., 1984; Carr
et al., 1997). Such imbalances have been revealed also by in
vivo studies (Fronczak et al., 1989; Noda et al., 1998), and it
is considered that these circulatory imbalances are also
caused by cardiac dysfunction induced by DXR. However,
it is possible that DXR affects the vascular wall. During the
course of i.v. injection of DXR, the vasculature is exposed to
high levels of DXR, and in vitro studies have suggested that
DXR acutely induces vascular smooth muscle to release Ca**
from its intracellular storage site and causes direct vasocon-
strictor (Kanmura et al., 1989) and vasodilator effects
(Ferrans et al., 1997). Prior to the present study, however,
no systematic investigations of mechanisms of vascular
toxicity following repetitive and/or long-term therapy with
DXR had been conducted.

In the present experiments, we examined the long-term
effects of DXR on the morphology and functions of vascular
smooth muscle using organ-cultured vascular tissue. An
organ culture study has the following advantages: (1) it is



1366 T. Murata et al

Vascular toxicity of doxorubicin

possible to incubate tissues with a constant concentration of
a drug for a long period of time; and (2) it is possible to
observe changes in cell-to-cell interactions and in the
extracellular matrix that are related to drug accumulation
(Sethi et al., 1999).

Methods
Tissue preparation and organ culture procedure

Male Japanese White rabbits (2—3 kg) were euthanized by
stunning and exsanguination. The organ culture procedure
was performed as described previously (Yamawaki et al.,
1999; 2000). Each artery was cut into rings approximately
2 mm wide, and the endothelium was removed by gently
rubbing the intimal surface with forceps. The removal of
endothelium was confirmed by the absence of relaxation
caused by substance P (0.1 uM). Arterial rings were then
placed in 2 ml Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 1% penicillin-streptomycin. The muscle
rings were maintained at 37°C in an atmosphere of 95% air
and 5% CO,. Animal care and treatment conformed with the
institutional guidelines of The University of Tokyo.

Measurement of muscle tension

Muscle tension was measured as described previously
(Yamawaki et al., 1999; 2000). After the incubation, each
arterial ring was attached to a holder under a resting tension
of 10 mN. In another series of experiments, the arterial rings
were cut into small rings (0.3 mm wide) and permeabilized
with  Staphylococcal o-toxin according to the method
described previously (Nishimura et al., 1988). Each arterial
ring was attached to a holder under a resting tension of
I mN. In sets of both experiments, muscle tension was
recorded isometrically with a force displacement transducer
(Orientic, Japan). The amplitude of contractions was
expressed as mN mg~' wet weight or mN mm~? tissue area.

Western blot analysis

Equal amounts (50 ug) of protein from the arterial rings were
loaded onto 7.5% SDS-polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride (PVDF) mem-
brane. The first antibodies were goat anti-o;s-adrenoceptor
polyclonal antibodies and rabbit anti-ETa-receptor poly-
clonal antibodies, respectively (1:500 dilution). After the
secondary antibody reaction, the membranes were treated
with 0.05% 3,3'-diaminobenzine tetrahydrochloride (DAB)
solution containing 0.01% H,O,. The densitometric intensity
was quantified by NIH Imaging. To ensure that the same
amounts of proteins were loaded, we confirmed that the same
densitometric intensities of actin were observed in each
preparation. The results were expressed as the ratio of the
densitometric intensity of control arteries.

Quantitative RT—PCR

The oligonucleotide primers for the o;s-adrenoceptor and the
ET s-receptor were designed from the cDNA database. The
forward primers and reverse primers were designed as

follows: ATCATATACCCATGCTCCAG (aj4-adrenoceptor
forward primer), GGGGCATGGAAGAGAAAAAA (oia-
adrenoceptor reverse primer), CTATTGCCCACAGCAGAC
(ETa-receptor forward primer), and GGGAGATCAAT-
GACCAC (ETa-receptor reverse primer). And the oligonu-
cleotide primers for GAPDH were TCCCTCAAG-
ATTGTCAGCAA (forward primer) and AGATCCA-
CAACGGATACATT (reverse primer), as described pre-
viously (Nishida et al., 1992). PCR products in 27—39 cycles
(3 cycle interval) were electrophoresed onto 2% agarose gel
containing 0.1% ethidium bromide and were detected using a
UV-transilluminator. The densitometric intensity at 30 cycles
was quantified by NIH Imaging. The results were expressed
as the ratio of the densitometric intensity of GAPDH of each
artery.

Morphological examination

The 4-um-thick sections were stained with hematoxylin and
eosin (HE). For the detection of apoptosis, sections were
applied to the terminal deoxynucleotidyl transferase-mediated
dUTP nick-end labelling (TUNEL) method was applied to
the sections using the In Situ Apoptosis Detection Kit-POD
(Boehringer Mannheim, Japan). For visualization, the
sections were treated with 0.05% DAB solution containing
0.01% H,O, with haematoxylin counterstaining. TUNEL-
positive apoptotic nuclei were identified by the presence of
dark brown staining. The densitometric intensity of these
nuclei were quantified by NIH Imaging and the TUNEL-
positive nuclei were counted. The results were expressed as a
percentage of the total number of nuclei in the medial layer.

Analysis of DNA fragmentation

Four micrograms of each extracted DNA was electrophor-
esed onto a 2.0% agarose gel containing 0.1 % ethidium
bromide and detected using an UV-transilluminator.

Statistical analysis

The results of the experiments are expressed as means
+s.e.mean. Statistical evaluation of the data was performed
by unpaired Student’s r-test for comparisons between two
groups, and by one-way analysis of variance (ANOVA)
followed by Dunnett’s test for comparisons between more
than two groups. A value of P<0.05 was taken as
significant.

Drugs

The chemicals used were as followed; doxorubicin, super-
oxide dismutase (Sigma, U.S.A.), ethidium bromide solution,
penicillin-streptomycin (GIBCO BRL, U.S.A.), DAB (Do-
jindo Laboratories, Japan), noradrenaline (Wako Pure
Chemical, Japan), DMEM (Nissui Pharmaceutical, Japan),
endothelin-1 (Peptide institute, Japan), goat anti-o-adreno-
ceptor polyclonal antibody (Santa Cruz Biotechnology,
U.S.A.), Staphylococcal a-toxin (donated by Dr I. Kato,
Chiba University, Japan), anti-ET s-receptor rabbit polyclo-
nal antibody (donated by Dr T. Okada, Novartis Co.,
Japan), calyculin-A (donated by Dr N. Fusetani, The
University of Tokyo, Japan).

British Journal of Pharmacology vol 132 (7)



T. Murata et al Vascular toxicity of doxorubicin 1367
Results A 40
e . O Control
Muscle contractility in cultured tissue 304 0 DXR03uM
Figure 1 shows the time-dependent changes in the ® DXR1uM

contractions induced by noradrenaline (NA) and endothe-
lin-1 (ET-1) in the tissue cultured in DMEM. NA- and
ET-1-induced contractions decreased gradually with time.
In the presence of 1 uMm DXR, on the other hand,
contractions elicited by 10 uMm NA or 100 nMm ET-1 were
inhibited in a time-dependent manner, and contractions
were almost completely suppressed after 5 days of
incubation.

Figure 2 shows the effect of different concentrations of
DXR on the concentration-response curves for NA, ET-1,
and high K*. In the arteries cultured without DXR for 7
days (control arteries), the cumulative addition of NA
induced contractions in a concentration-dependent manner
with an ECsq value of 6.6+1.3 uM and a maximum force of
36.0+4.2 mN mg~' wet weight (n=17) (Figure 2A). The
NA-induced contractions were strongly inhibited in the
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Figure 1 Time-dependent changes in contractions induced by
noradrenaline (A) and endothelin-1 (B) after cultivation in DMEM
with or without 1 um DXR. Noradrenaline (10 um) or endothelin-1
(100 nm) was added to rabbit mesenteric arteries cultured in DMEM
for 1, 3, 5, and 7 days in the absence (control) or presence of 1 um
DXR. Results are expressed as meansts.e.mean (n=5-15).
**Significantly different from the results in control arteries at
P<0.01. SSignificantly different from the results in control arteries
after cultivation for 1 day at P<0.01.
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Figure 2 Chronic effect of various concentrations of DXR on
contractions induced by noradrenaline (A), endothelin-1 (B), and
high K* (C). Noradrenaline (0.01-100 um), endothelin-1 (0.1—
100 nm), or high K* (15.4-65.4 mM) was added cumulatively.
Results are expressed as means+s.e.mean (n=>5-15). **Significantly
different from results in control arteries at P<0.01.

arteries that had been treated with 0.3 uM DXR for 7 days
(n=15). In the arteries treated with 1 and 10 um DXR for 7
days, the NA-induced contractions were completely abolished
(n=12 and 6, respectively).

In the control arteries, the cumulative addition of ET-1
induced concentration-dependent contractions with an
ECsy value of 26.84+12.6 nM and a maximum force of
328445 mN mg~' wet weight (n=14) (Figure 2B).
Treating the arteries with 0.3 um DXR for 7 days did
not change the ET-l-induced contractions (the maximum
force was 29.34+2.8 mN mg~! wet weight, n=5). How-
ever, the ET-l-induced contractions were strongly in-
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hibited in the arteries treated with 1 or 10 um DXR
(n=21, each).

In the control arteries, high K" induced contractions
with a maximum force of 32.54+2.7 mN mg~' wet weight
(n=13) (Figure 2C). Treatment with 0.3 um DXR did not
change the high K™'-induced contractions (the maximum
force was 28.9+3.8 mN mg~' wet weight, n=38). In the 1
or 10 um DXR-treated arteries, in contrast, the contrac-
tions induced by high levels of K* were inhibited in a
concentration-dependent manner (=10 and 5, respec-
tively)

Western blot analysis for the o, 4-adrenoceptor and the
ET 4-receptor

As shown in Figure 3A, the protein preparations
extracted from the control arteries showed a typical band
with a molecular mass of about 68 kDa, a value that is
in agreement with earlier results (Hu er al., 1996). In the
protein preparations extracted from 0.3 yM DXR-treated
arteries for 7 days, the expression of o;s-adrenoceptor
protein was decreased to 0.22+0.02 of the control (n=>5).
On the other hand, the ETa-receptor expression (with a
molecular mass of about 72 kDa) was not changed in the
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Figure 3 Chronic effect of 0.3 um DXR on oya-adrenoceptor (oy4-
AR) protein and mRNA expression. (A) Shows a typical trace of the
4—5 experiments in Western blot analysis for ETs-receptor (ET-R)
and oja-adrenoceptor (x;5-AR) protein expression. (B) Shows
quantitative RT—PCR for the determination of mRNA of the
ETa-receptor (ETA-R) and the aja-adrenoceptor (xja-AR). The
results were expressed as the ratio of GAPDH of each artery at 30
cycles.
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Expression of o, 4-adrenoceptor mRNA

We examined the effects of DXR on the mRNA level of the
o a-adrenoceptor and the ET,-receptor using quantitative
RT-PCR. The amplification at 27-39 cycles showed a
similar increase in RNA signals for the o44-adrenoceptor (244
basepairs), the ETa-receptor (204 basepairs), and GAPDH
(308 basepairs) in the control and the 0.3 um DXR-treated
arteries (7 days) (data not shown). As shown in Figure 3B,
the expression of RT—PCR products encoding the oja-
adrenoceptor and the ET4-receptor did not differ between the
control arteries and the 0.3 umM DXR-treated arteries at 30
cycles of amplification (ratio ET-receptor/GAPDH: control,
0.861+0.01; 0.3 um DXR, 0.85+0.02; ratio aja-adrenoceptor/
GAPDH: control, 0.42+0.01; 0.3 um DXR, 0.43+0.03)
(n=4, each).

Effect of superoxide dismutase (SOD) on DXR-induced
impairment of NA-induced contractions

To further clarify the mechanism of the inhibitory effect of
DXR on NA-induced contractions, we examined the effect of
SOD, a suppressor of free radicals to hydrogen peroxide.
Arteries were cultured in the presence of 0.3 uM DXR with or
without 50, 100, and 200 u ml~' SOD for 7 days. Muscles
treated with SOD (50 or 100 u ml~') markedly recovered
from the NA-induced contractions in a concentration-
dependent manner (from 1.4640.28 mN mg~' wet weight
to 6.9740.7 or to 8.044+0.48 mN mg~' wet weight, respec-
tively) (n=7, each) (Figure 4A). On the other hand, in the
arteries treated with 0.3 uM DXR and 200 u ml~' SOD for 7
days, this recovery was not obvious (1.01+0.73 mN mg~'
wet weight). In addition, we examined the effects of
100 u ml=" SOD on ajs-adrenoceptor expression (Figure
4B), and found that o;s-adrenoceptor protein expression in
the 0.3 um DXR-treated arteries also recovered from
0.22+0.02 (n=5) to 0.82+0.04 (n=5) after the SOD
treatment (Figure 4B).

Muscle contractility in the a-toxin permeabilized muscle

Figure 5A shows the effect of DXR on myogenic muscle
contractility in the permeabilized muscle. To obtain the
maximum contractile force, a myosin light chain was
maximally phosphorylated by 1 um calyculin-A, a potent
inhibitor of myosin phosphatase (Ishihara et al., 1989), at
pCa?* 4.5. In the control arteries, the maximum force was
0.54+0.07 mN mm > (n=8). Although the maximal force
did not change in the 0.3 uM DXR-treated arteries (7 days)
(0.514+0.07 mN mm~2, n=38), the contractile activity was
significantly decreased in the 1 uM DXR-treated arteries
(0.194+0.06 mN mm~2; n=8, P<0.01). The contractile
activity was almost abolished in the arteries cultured with
10 um DXR (n=8).

Figure 5B shows the effects of DXR on the pCa>*-force
relationship. Treatment of the muscle with 0.3 and 1 uM
DXR for 7 days had no effect on the relationship with ECs,
values (control, 6.1+0.1; 0.3 um DXR, 5.9+0.1; 1 um DXR,
59+0.1).

British Journal of Pharmacology vol 132 (7)
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Figure 4 The effects of SOD (100 uml~') on DXR (0.3 um)-
induced inhibition of noradrenaline-induced contractions (A) and
oy a-adrenoceptor  (o;4-AR) protein expression (B). Results are
expressed as meansts.e.mean (n=5-7). (B) Shows a typical result
of the five experiments in Western blot analysis for a;5-adrenoceptor
(x1ao-AR) protein expression. **Significantly different from results in
DXR treated arteries at P<0.01.

Morphological examination

Figure 6 shows the effect of DXR on the morphology of
the artery. In the medial layer of the control arteries, the
flat-shaped smooth muscle cells were arranged in an
ordinary manner (Figure 6A). In the medial layer of the
arteries treated with 0.3 uMm DXR for 7 days, several
smooth muscle cells appear shrivelled, and occasional
apoptosis-like cells were observed (Figure 6B). In the
medial layer of the 1 um DXR-treated arteries, typical
apoptotic cells, in which nuclei were concentrated, rounded,
and surrounded by a rim of red reaction product, were
observed (Figure 6C). The orientation of the smooth
muscle cells was generally lost in these arteries. In the
medial layer of the 10 uM DXR-treated arteries, the
orientation of the smooth muscle cells was also lost,
nuclear swelling and karyolysis were observed, and the
intensity of the cytoplasm staining was decreased, indicating
that necrotic changes had taken place (Figure 6D).

pCa2+

Figure 5 Chronic effect of DXR on muscle contractility in the
permeabilized rabbit mesenteric artery. (A) Shows the maximum
contractile capability induced by adding 30 um Ca®* with 1 um
calyculin-A. (B) Shows the pCa®*-tension relationship. 100%
represents the maximum force induced by 30 um Ca* with 1 um
calyculin-A. **Significantly different from results in control arteries
at P<0.01.

Figure 7 shows the TUNEL-staining sections. In the medial
layer of the control, the 0.3 uM DXR-, and the 10 um DXR-
treated arteries (7 days), TUNEL-positive staining was almost
invisible (control, 1.5+0.2%; 0.3 um DXR, 4.54+0.6%; 10 um
DXR, 1.6+0.2%; n=6, each) (Figure 7Aa,b,d). In the medial
layer of these arteries, however, weak brown staining for
TUNEL was observed. This weak staining was probably due to
the nicks in DNA caused by the cutting of sections or to
physiological nicks or necrotic changes. In the medial layer of
the 1 um DXR-treated arteries, in contrast, TUNEL-positive,
dark brown nuclei were often observed (42.6+2.0%, n=>5)
(Figure 7Ac, arrow heads). In the arteries treated with 1 uMm
DXR for 5 days, few TUNEL-positive cells were detected (data
not shown).

Analysis of DNA fragmentation

We further examined the internucleosomal DNA fragmenta-
tion using gel electrophoresis (Figure 7B). In the control and
the 0.3 um DXR-treated arteries (7 days), no DNA cleavage
was visualized. In the 1 uM DXR-treated arteries, in contrast,
DNA cleavage bands with a pattern characteristic of an
internucleosomal ladder were observed. Such DNA fragmen-
tation was not obvious in the arteries treated with 1 uM DXR
for 5 days (data not shown). Additionally, in the preparation
isolated from the 10 um DXR-treated arteries, random

British Journal of Pharmacology vol 132 (7)
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Figure 6 Representative light micrographs of sections stained with hematoxylin and eosin in rabbit mesenteric arteries chronically
treated with DXR for 7 days. Arrow heads indicate typical apoptotic smooth muscle cells. Magnification: x 184. Bar, 85 um.

fragmentation of DNA (smearing of DNA) associated with
necrosis was observed.

Discussion

In the preliminary experiments, we examined the acute effect
of DXR on smooth muscle contractility in a freshly isolated
artery and found that DXR induced neither contraction nor
relaxation at a dosage of 0.3—10 uM. We also examined the
effects of serum-free organ culture on smooth muscle
morphology and contractility (Figures 1, 2, 4 and 6), and
confirmed that smooth muscle morphology was well
maintained and smooth muscle contractility was preserved
in the rabbit mesenteric arteries cultured in the serum-free
DMEM for 7 days, as reported previously (Webb & Karaki
1999; Yamawaki et al., 2000).

In the present experiments, we examined the effects of
DXR on arterial contractility and found that treatment with
0.3 uM DXR for 7 days selectively inhibited the NA-induced
contractions (Figure 2A). However, the absolute force and
Ca’"-sensitivity of the permeabilized muscles did not change,
and no remarkable morphological changes were observed in
the 0.3 uM DXR-treated arteries (Figure 6). To elucidate the
mechanisms of the impairment of vascular contraction, we
examined the expression of the ajs-adrenoceptor and ET4-
receptor proteins (Figure 3A). We found that the culture with
0.3 uMm DXR decreased the expression of the ojs-adreno-
ceptor but not that of the ETa-receptor, suggesting that
down-regulation of the ojs-adrenoceptor protein plays a
critical role in decreases in the NA-induced contractions.
Additionally, we found that ojas-adrenoceptor mRNA
expression in the 0.3 uM DXR-treated arteries did not differ
from that in the control arteries (Figure 3B). Cardiotoxicity

British Journal of Pharmacology vol 132 (7)
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Figure 7 Detection of apoptosis induced by chronic treatment with DXR for 7 days. (A) Shows the results of TUNEL assay.
Arrow heads indicate TUNEL-positive smooth muscle cells. Magnification: x 304. Bar, 50 um. (B) Shows the results of the DNA
ladder formation assay using gel electrophoresis.

of DXR is considered to be mediated by the production of SOD, which induces the formation of hydrogen peroxide
superoxide radical anions produced by oxidation/reduction from superoxide anion radicals, significantly restored the NA-
cycling of DXR (Jeyaseelan et al., 1997). In the present study, induced contraction in the 0.3 uM DXR-treated arteries along
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with oja-adrenoceptor protein expression (Figure 4). These
results indicate that superoxide radical anions produced by
oxidation-reduction cycling may be related to the down-
regulation of the ajs-adrenoceptor at the protein synthesis
step. However, after SOD-treatment, vascular muscle con-
tractility (Figure 4A) did not recover at a rate proportional to
the recovery ratio of o;-adrenoceptor expression (contrac-
tility, 15.3% recovery; protein expression, 60% recovery)
(Figure 4B). It has been reported that free radicals alter the
higher order structure of protein, and result in a depletion of
its functional characteristics (Wratten er al., 2000). Therefore,
one possible explanation for this discrepancy is that, although
protein expression was recovered, its function was not
recovered fully. Further study is needed to examine this
possibility. Dalske & Hardy (1988) examined the contractility
of aortic smooth muscle isolated from rat to which a low
dose of DXR had been administered for 4 weeks, and found
that the low-dose treatment with DXR attenuated the NA-
induced contractions of the aorta in vivo without any signs of
toxicity in cardiac muscle. Taken together, these results
suggest that the sympathetic regulation of vascular contrac-
tion is impaired by low doses of DXR through reduction in
the o;a-adrenoceptor. Mechanism for selective down-regula-
tion of the o;s-adrenoceptor protein was not clarified in the
present experiments.

Treatment of the arteries with a higher concentration
(1 um) of DXR for 7 days nonselectively inhibited the
contractilities of intact and permeabilized muscles (Figures 2
and 5A). Furthermore, in the 1 uM DXR-treated arteries,
morphological examinations revealed the existence of con-
centrated nuclei (Figure 6) and TUNEL-positive smooth
muscle cells (Figure 7A). Formation of internucleosomal
DNA fragmentation was also visualized (Figure 7B). The
DNA fragmentation in the 1 uM DXR-treated vascular tissue
was not visualized so clearly as compared with that in the
results obtained in cultured cells. This may be due to the low
ratio of the apoptotic cells as shown in TUNEL assay
(42.6+2.0%). These results suggest that chronic treatment of
rabbit mesenteric arteries with 1 uM DXR induces apoptosis
in smooth muscle cells. This may be at least partly
responsible for the decreased smooth muscle contractility.

In various cell lines, it has been reported that DXR, within
several hours of administration, induces apoptosis that is
mediated by Fas-dependent or Fas-independent pathways
(Gamen et al., 1997; Fulda et al., 1997). On the other hand,
recent studies have documented the occurrence of a delayed
type of apoptosis in vivo and vitro (Zhang et al., 1996;
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