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Abstract

The signal events of 1 mM Ce4+ (Ce(NH4)2(NO3)6)-induced apoptosis of cultured Taxus cuspidata cells
were investigated. The percentage of apoptotic cells increased from 0.82% to 51.32% within 6 days.
Caspase-3-like protease activity became notable during the second day of Ce4+-treatment, and the maxi-
mum activity was 5-fold higher than that of control cells at the fourth day. When the experiment system
was pretreated with acetyl-Asp-Glu-Val-Asp-aldehyde (Ac-DEVD-CHO) at 100 lM, caspase-3-like
activity resulted in distinct inhibition by 70% and 77.3% after 3 and 4 days of induction. Furthermore,
100 lM Ac-DEVD-CHO partially reduced the apoptotic cells by 58.6% and 60.8% at day 4 and 5
respectively. Ce4+ induced superoxide anions (O2�)) transient burst, and the first peak appeared at around
3.7–4 h, the second appeared at about 7 h. Both O2�) burst and cell apoptosis were effectively suppressed
by application of diphenyl iodonium (NADPH oxidase inhibitor). Inhibition of O2�) production attenu-
ated caspase-3-like activation by 49% and 53.6% during day 3 and 4 respectively. In addition, a total of 15
protein spots changed in response to caspase-3-like protease activation were identified by two-dimensional
gel electrophoresis. These results suggest that Ce4+ of 1 mM induces apoptosis in suspension cultures of
T. cuspidata through O2�) burst as well as caspase-3-like protease activation. The burst of O2�) exerts its
activity as an upstream of caspase-3-like activation. Our results also implicate that other signal pathways
independent of an O2�) burst possibly participate in mediating caspase-3-like protease activation.

Abbreviations: Ac-DEVD-AMC – acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin; Ac-DEVD-CHO –
acetyl-Asp-Glu-Val-Asp-aldehyde; DPI – diphenylene iodonium; PBS – phosphate buffered saline; PI –
propidium iodide; REEs – rare earth elements; ROS – reactive oxygen species.

Introduction

The rare earth elements (REEs) are composed of 15
metallic elements which have similar chemical
properties to each other. Cerium is an important
rare earth element and the several compounds of
cerium have been used in clinical applications. In
recent years, it has been reported that applying
cerium compounds to plants resulted in obviously
biological effects on plant growth and development.

Floral initiation and reproductive growth of
Arabidopsis thaliana, as well as, increased pollen
germination and pollen tube growth was
documented (He & Loh 2000; Sun et al. 2003).

In our previous studies, the application of Ce4+

(Ce(NH4)2(NO3)6), an important compound of
cerium, to suspension cultures of Taxus cuspidata
has been found to be very effective for strength-
ening taxol biosynthesis and release than other
rare earth ions (La3+ and Ce3+) (Yuan et al. 1998).
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This metallic elicitor induced not only the
production and release of Taxol, but also apop-
tosis (Ge et al. 2002). After discovering that the
enhancement of taxol biosynthesis was accompa-
nied by apoptosis in suspension cultures of
T. cuspidata, it became imperative to understand
the signal regulation of Ce4+-induced apoptosis.

Programmed cell death (PCD) or apoptosis is a
genetically controlled process that is essential in
cell development, maintenance of homeostasis and
stress-related responses (Ellis et al. 1991). Recent
studies revealed that morphological and
biochemical hallmarks of apoptosis, including cell
shrinkage, chromatin condensation and DNA
laddering, were similar in animal and plant cells
(Ryerson & Heath 1996; Beers 1997). The rapid
production of reactive oxygen species (ROS),
which include superoxide anion (O2�)), hydrogen
peroxide (H2O2) and hydroxyl radicals (OHÆ) by
plant cells, is one of the most striking events that
occur during the early phases following pathogen
attack and abiotic stress. Several sources identified
H2O2 as a signal molecule in the induction of plant
apoptosis (Buckner et al. 2000; Dat et al. 2000). In
contrast, O2�) also is a key regulator of induction
of apoptosis (Jabs et al. 1997; Overmyer et al.
2000). Furthermore, abiotic elicitor-defense
responses were associated with ROS-mediated
systems base on the plasma-membrane-bound
NADPH oxidase complex (Overmyer et al. 2000;
De Dong et al. 2002). Our previous results have
shown that Ce4+-induced O2�) burst could medi-
ate taxol production by activating the NADPH
oxidase complex (Yuan et al. 2002b).

Although previous reports have suggested an
involvement of caspase-like proteases in plant
systems (Del Pozo & Lam 1998), an important role
of caspase-like protease has been only recently
recognized (Elbaz et al. 2002; Chichkova et al.
2004). It was discovered that some specific
inhibitors of animal caspase could effectively
prevent the induction of apoptosis in tomatoes
(De Jong et al. 2000), tobacco (Mlejnek &
Procházka 2002), and soybean (Zuppini et al.
2003) suspension cell cultures in response to vari-
ous elicitors. Recently, many arguments focused
on the signal events of oxidative burst and caspase
activation in animal cells. Some evidence indicated
that ROS production determined the activation of
downstream caspases in human leukemia cells
(Chung et al. 2003), whereas others showed that

generation of ROS could require upstream cas-
pase-3 activation during the anticancer drugs-in-
duced apoptosis (Simizu et al. 1998). In
Arabidopsis suspension cells, Clarke A et al.
reported that nitric oxide- and H2O2-induced
apoptosis was inhibited by the caspase-1 inhibitor
and suggested that the release of NO and H2O2

could activate caspase proteases (Clarke et al.
2000). However, to date, few evidence indicates the
signal sequence of O2�) burst and caspase-like
protease activation in plant systems.

In this study, we investigate the role of activa-
tion of caspase-3-like protease and burst of O2�) in
Ce4+-induced apoptotic process, and try to further
demonstrate the signal sequence between caspase-
3-like protease activation and O2�) burst. In
addition, the changes of the protein expression
profile associated with caspase-3-like protease
activation are identified.

Materials and methods

Chemicals

Ammonium ceric nitrate (Ce(NH4)2(NO3)6)
was purchased from Aldrich. Cerium nitrate
hexahydrate (Ce(NO3)3 Æ 6H2O), propidium iodide
(PI), Hoechst 33342, diphenylene iodonium (DPI)
and Coomassie Blue R250 were purchased from
Sigma. Ac-DEVD-AMC and Ac-DEVD-CHO
were purchased from Calbiochem. DTT, Chaps
and PMSF were purchased from Roche.
Isoelectric focusing (IEF) gel was from Amersham
Pharmacia. All other chemicals were of analytical
grade and obtained commercially.

Cell culture

The cell line from the young stems of Taxus
cuspidata was subcultured on solid B5 medium at
25 �C in dark (Ge et al. 2002). Cell suspensions
were cultured every 10 days for a total of five
generations in fresh modified B5 medium contain-
ing sucrose (25 g l)1), naphthylacetic acid
(2 mg l)1) and 6-benzyl aminopurine (0.15 mg l)1).
The suspensions were maintained in 250 ml shake
flasks at 25 �C with continuous shaking (110 rpm)
in the dark. The pH of the medium was adjusted to
5.8 with 0.1 M NaOH or 0.1 M HCl. Ce4+

(Ce(NH4)2(NO3)6) and Ce3+ (Ce(NO3)3 Æ 6H2O)
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respectively were dissolved in distilled water to
obtain a 0.5 M stock solution. 100 ll stock
solutions, in exponential growing stage (at the
tenth day), were added to the culture system with
50 ml of medium to make a final concentration of
1 mM Ce4+ and Ce3+. Ac-DEVD-CHO and DPI
were dissolved in DMSO. Various amounts of
Ac-DEVD-CHO and DPI were applied to the
culture system 2 h prior to the addition of Ce4+. In
all experiments, the final concentration of DMSO
was approximately 0.1% (v/v).

Hoechst 33342-propidium iodide co-staining

The cells were stained with fluorescent dyes,
Hoechst 33342 and PI, following the method of
Yuan et al. (Yuan et al. 2002a). The percentage of
apoptotic cells was estimated from at least 500
cells randomly counted at different time points.
The experimental data were measured as the
means ± S.E.M of at least three independent
experiments.

Assay of DNA fragments

Total DNA was extracted following the method of
Dellaporta et al. with a slight modification
(Dellaporta et al. 1983). Fresh cells were grounded
in liquid N2 with mortar and pestle and powder
were dissolved in 500 ll lysis buffer (2% (w/v)
CTAB, 10 mM Tris–HCl pH 8.0, 20 mM EDTA,
1.4 mM NaCl and 2% (v/v) b-mercaptoethanol) at
65 �C for 30 min and centrifuged at 12 000 g for
20 min. The water phase was extracted with
chloroform/isoamyl alcohol (24:1, v/v). The
supernatant was mixed with pellet buffer (1% (v/v)
CTAB, 50 mM Tris–HCl pH 8.0 and 10 mM
EDTA) at 65 �C for 30 min and collected by
centrifugation at 3000 g for 10 min. The pellets
were re-suspended in 0.5 ml high-salt buffer
(10 mM Tris–HCl pH 8.0, 1 mM EDTA and 1 M
NaCl). DNA were precipitated by two volume of
ethanol at )20 �C for 2 h and centrifuged, washed
with 75% (v/v) ethanol and then dried at 37 �C.
The dried DNA were dissolved in 30 ll TE buffer
(10 mM Tris–HCl pH 8.0, 1 mM EDTA) con-
taining RNase A (100 lg ml)1) and incubated at
37 �C for 30 min. The DNA samples were run on
1.5% (w/v) agarose gel stained with ethidium
bromide and illuminated under ultraviolet
(GDS-8000, UVP).

Measurement of caspase-3-like protease activity

Caspase-3-like protease activity was assayed
following the method of Mlejnek et al. with a
slight modification (Mlejnek & Procházka 2002).
Fresh cells were grounded in liquid N2 with mortar
and pestle. The cell powder were lysed in caspase
lysis buffer (50 mM Hepes pH 7.2, 1 mM EDTA,
0.2% Chaps, 5 mM DTT, 20% glycerol, 1 mM
PMSF) at 4 �C for 30 min. Lysates were centri-
fuged at 28 000 g for 30 min and the upper cytosol
was collected for measurement. An appropriate
volume of cytosol (200–300 lg of total protein)
was mixed with 500 ll of caspase assay buffer
(50 mM Pipes-KOH pH 7.2, 5 mM EGTA, 2 mM
MgCl2, 5 mM DTT) and reactions were initiated
by adding a specific substrate (Ac-DEVD-AMC,
100 lM). Samples were incubated at 30 �C for 2 h
and the fluorescence was measured using a
fluorescent spectrophotometer (Varian, CARY
Eclipse) at an excitation/emission wavelength of
380/445 nm. The relative AMC fluorescence of
caspase-3-like protease activities were determined
by the formula: Dk445 ¼ k445(enzyme extract with
substrate) )k445(enzyme extract without substrate)
)k445(substrate added to caspase lysis buffer
without enzyme extract). The absolute value of
enzymatic activities was determined by standard-
izing to the quantity of total proteins present in the
sample and reaction time. The experiment data
were measured as means±S.E.M of at least three
independent experiments.

Determination of O2�)

Superoxide anions were assayed following
the method of Han et al. with a slight
modification (Han & Yuan 2004). Cell suspension
cultures (0.5 ml) were mixed with 1 ml of 1 mM
hydroxylammonium chloride and 0.5 ml of
50 mM phosphate buffer (pH 7.8), and the mixture
was incubated at 25 �C for 60 min. Then 1ml
sulphanilamide (17 mM) dissolved in 30% (w/w)
acetic acid and 1ml of naphthalene diamine
dihydrochloride (7 mM) were added and the
mixture was incubated at 25 �C for 20 min. The
absorbance was measured at 530 nm using a
spectrophotometer (UNIC, UV-4802). Calibration
curve of OD530 against NO2

) concentration was
established (r2 ¼ 0.9968). The concentration
of O2�) was calculated as twice of that of
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NO2
) based on the following reaction:

2O2�) + H+ + NH2OH fi H2O2 + H2O + -
NO2

). The experimental data was based on cell dry
weight determined at the end of the measurement
in order to correct variations between samples,
and measured as the means±S.E.M of at least
three independent experiments.

Extraction of proteins and two-dimensional gel
electrophoresis of proteins

Fresh cells (1 mg) were grounded in liquid N2 with
mortar and pestle, and powder (0.2 g) were dis-
solved in 0.5 ml lysis buffer (8 M urea, 4% (m/v)
CHAPS, 40 mM Tris-base and 1 mM PMSF) at
4 �C for 2 h. The mixture was centrifuged at 15
000 g for 30 min and the supernatant was mixed
with three volume of ice-cold acetone at )20 �C
for 2 h. The mixture was centrifuged at 10 000 g
for 20 min and the precipitate was freeze-dried.
The dried cytosolic proteins were dissolved in
100 ll rehydration buffer (8.0 M urea, 2.0% (m/v)
Chaps, 20 mM DTT, 0.5% (v/v) IPG buffer and
small amounts of bromphenol blue). 2-D gel
electrophoresis of proteins was performed on the
Hoefer DALT Vertical System. IEF gels (pH 4–7,
18 cm long) were re-hydrated with the proteins
(1000 lg), dissolved in 350 ll rehydration buffer
and focused on an IPGphor apparatus. The first
dimension electrophoresis was run using the fol-
lowing conditions: 30 V for 12 h, 500 V for 1 h,
1000 V for 1 h, 8000 V for 8 h. Then, the IPG
strips were incubated in a SDS equilibration buffer
(50 mM Tris–HCl of pH 8.8, 6 M urea, 30% (v/v)
glycerol, 2% (m/v) SDS, 1% (m/v) DTT, trace of
bromophenol blue) for 15 min. After being equil-
ibrated, the proteins were separated on 12.5%
SDS-PAGE gels and stained with Coomassie Blue
R250 in 50% methanol and 10% acetic acid. The
2-D gel image was analyzed using the Image
Master 2-D software.

Statistics

The experimental points represent the mean values
from at least three independent experi-
ments±standard error of the mean (S.E.M). The
significance of differences between experimental
conditions was determined using two independent
sample t-tests. A P value less than 0.05 was
considered to be statistically significant.

Results

Apoptotic cells induced by Ce4+

At various cultivation stages, apoptotic cells were
almost not detected in controls (Figure 1). The
percentage of apoptotic cells increased after 3 days
of Ce4+ treatment (** P<0.001) and gradually
reached a maximum of 51.32% at the sixth day
(** P < 0.001). The percentage of apoptotic cells
at the seventh day showed a decrease from 51.32%
to 46.6% (P < 0.05). In a parallel set of experi-
ments, we treated cells with 1 mM Ce3+, which
could not induce cell apoptosis (the percentage of
apoptotic cells at the sixth day was only 3.32%).

Caspase-3-like protease activation by Ce4+ and
Caspase-3 inhibitor suppresses Ce4+-induced
apoptosis

To identify the role of caspase-3-like protease
activation during cellular apoptosis, a substrate of
caspase-3 (Ac-DEVD-AMC) was added to protein
extracts prepared from Ce4+-induced cells at
various time points. As can be seen in Figure 2a,
the comparison of caspase-3-like protease activity
from Ce4+-induced and control cells allowed
quantification of the increased protease activity.
Caspase-3-like protease activity became notable
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Figure 1. Induction of apoptosis by Ce4+. Ce4+ of 1 mM and
Ce3+ of 1mM respectively were added at 10 day of the
cultivation. The percentage of apoptotic cells was estimated
using co-staining with Hoechst 33342 and PI, and at least 500
cells were examined in one experiment. Data represent the
means ± S.E.M of three independent experiments. Ce4+-in-
duced cell compared with the control cell (* P<0.05,
** P<0.001, # P>0.05).
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after 2 days of treatment (* P < 0.05) and
gradually increased reaching a peak level at day 4.
The maximum activity was 5-fold higher than that
of control cells (** P < 0.001). To further eluci-
date caspase-3-like protease function, we added
two different concentrations of caspase-3 inhibitor
(Ac-DEVD-CHO) to the cultured system. As
expected, caspase-3-like activity was significantly
inhibited. Inhibition at a rate of 70% and 77.3%
resulted following addition of 100 lM Ac-DEVD-
CHO at days 3 and 4 respectively (** P < 0.001)
(Figure 2b). Also, activity decreased 57.8% and
67.6% with 50 lM Ac-DEVD-CHO addition

(** P < 0.001) (Figure 2b). Furthermore, 100 and
50 lM concentrations of Ac-DEVD-CHO reduced
in part the number of apoptotic cells respectively
by 58.6% and 45.2% at day 3 and by 60.8% and
49.1% at day 4 (** P < 0.001, * P < 0.05, #
P>0.05) (Figure 3a). DNA assays revealed a large
DNA fragment at about 25 kb in the control. A
visible DNA ladder appeared at day 5, while a
more distinct ladder pattern was observed at day 6
(Figure 3b). However, the DNA ladder in treated
cells with 100 lM Ac-DEVD-CHO was much less
distinct than in cells treated with Ce4+ alone
(Figure 3b).
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Figure 2. Activation of caspase-3-like protease in Ce4+-in-
duced apoptosis of suspension cultures of Taxus cuspidata.
Data represent the means ± S.E.M of at least three indepen-
dent experiments. (a) Caspase-3-like protease activities were
detected at the different time points. Ce4+-induced cell com-
pared with the Control cell (* P < 0.05, ** P < 0.001).
Con. ¼ 215.42±19.18 nmol mg protein)1 .h)1. (b) Effect of
caspase-3 inhibitor on caspase-3-like protease activities. Ac-
DEVD-CHO of 100 and 50 lMwere applied to cell cultures 2 h
before the addition of 1 mM Ce4+. Caspase-3-like protease
activities were detected at the third and fourth days. Ce4+-
induced cell with 100 lM Ac-DEVD-CHO compared with
Ce4+-induced cell alone (** P < 0.001). Ce4+-induced cell
with 100 lM Ac-DEVD-CHO compared with Ce4+-induced
cell with 50 lM Ac-DEVD-CHO (* P < 0.05). Con. 3d
=196.65 ± 12.73 nmol mg protein)1 h)1, Con. 4d =208.72
± 22.10 nmol mg protein)1 h)1.

Figure 3. Inhibition of Ce4+-induced apoptosis by caspase-3
inhibitor. Ac-DEVD-CHO of 100 and 50 lM were applied to
cell cultures 2 h before the addition of 1 mM Ce4+. (a) The
percentage of apoptotic cells was estimated using co-staining
with Hoechst 33342 and PI, and at least 500 cells were examined
in one experiment. Data are the means ± S.E.M of at least
three independent experiments. Ce4+-induced cell with 100 lM
Ac-DEVD-CHO compared with Ce4+-induced cell alone (**
P < 0.001). Ce4+-induced cell with 100 lM Ac-DEVD-CHO
compared with Ce4+-induced cell with 50 lM Ac-DEVD-CHO
(* P < 0.05, # P>0.05). (b) DNA was isolated from control
cells (control-line 2), Ce4+-treatment alone (4d-line 3, 5d-line 4,
6d-line 5, 7d-line 6) and Ce4+-treated cells with 100 lM
Ac-DEVD-CHO (5d-line 7, 6d-line 8, 7d-line 9). Molecular
weight markers are line 1, 10. Results are representative of three
independent experiments.
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Burst of O2�) induced by Ce4+

As illustrated in Figure 4, a significant dynamic
burst of O2�) was observed in Taxus cuspidata
cells treated with Ce4+. Detailed analyses of time-
dependent increases in O2�) levels indicated that
the first peak appeared at around 3.7–4 h, the
second peak at about 7 h, and then O2�) produc-
tion declined at 9 h compared to the control level.
The amount of the first peak was 5.75-fold higher
than that of the control cells, and the second peak
was 5.06-fold higher (** P < 0.001). In our
experiments, we also measured O2�) concentra-
tions at day 6 and 7. It was found that O2�) con-
centrations had declined back to control values
(O2�) < 20 lM). The concentration of O2�) was
reduced to less than 30 lM with the addition of
5 lM DPI, and 10 lM DPI produced a more
effective inhibition (# P > 0.05, # # P < 0.05).
Figure 5 showed DPI significantly attenuated the
cellular apoptosis (** P < 0.001). Ten micromo-
lar DPI caused a reduction of apoptotic cells by
73.6% and 80.5% at days 4 and 5 respectively,
whereas 5 lM DPI resulted in a reduction of
55.6% and 71.8% (* P < 0.05).

Caspase-3-like protease activation not depend on
burst of O2�) entirely

To investigate a hypothesis that burst of O2�)
acted as a mediator of activation of caspase-3-like

protease, DPI was added to cultured cells 2 h
before the application of Ce4+. As shown in
Figure 6, 10 lM DPI caused a reduction of
Ce4+-activated caspase-3-like protease by 49%
and 53.6% after 3 and 4 days of treatment
respectively, and 5 lM DPI reduced by 41.8% and
44.4% (* P < 0.05). The t-tests also indicated
that the inhibition effect of 10 or 5 lM DPI on
caspase-3-like protease was significant at a
probability level (** P < 0.001).

The expression of different proteins associated with
caspase-3-like protease activation identified by
two-dimensional gel electrophoresis

To further identify downstream signal molecules in
response to caspase-3-like protease activation, we
compared the proteome of Ce4+-induced cells
alone at day 5 with that of Ce4+-induced cells in
the presence of 100 lM Ac-DEVD-CHO. We
detected more than 600–700 proteins spots on 2-D
gels, and found 15 changed spots across two gels in
Figure 7(a2) and (a3) which were distributed in pI
5.8–6.6 and their molecular masses ranged 18.0–
45.0 kDa. Expressed protein abundance of eight
spots (A, B, C, D, I, J, K, P spots) were decreased
compared with Ce4+-induced alone and other
seven spots protein (E, F, G, H, L, M, N spots)
were increased (Figure 7b). Meanwhile, we also
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Figure 4. Time course of burst of O2�) induced by Ce4+ and
effect of DPI on production of O2�). Ce4+ of 1 mM was added
at 10 day of the cultivation. DPI of 10 and 5 lM were applied
to cell cultures 2 h before the addition of 1 mM Ce4+. Data
represent the means ± S.E.M of at least three independent
experiments. Ce4+-induced cell compared with the control cell
(* P < 0.05, ** P < 0.001). Ce4+-induced cell with 10 lM
DPI compared with Ce4+-induced cell with 5 lM DPI
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Figure 5. Inhibition of Ce4+-induced apoptosis by DPI. DPI of
10 and 5 lM were applied to cell cultures 2 h before the addi-
tion of 1 mM Ce4+. The percentage of apoptotic cells was
estimated using co-staining with Hoechst 33342 and PI at the
fourth and fifth days, and at least 500 cells were examined in
one experiment. Data represent the means ± S.E.M of three
independent experiments. Ce4+-induced cell with 10 lM DPI
compared with Ce4+-induced cell alone (** P < 0.001). Ce4+-
induced cell with 10 lM DPI compared with Ce4+-induced cell
with 5 lM DPI (* P < 0.05).
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compared 15 changed spots above with that of the
control cells (Figure 7(a1)). Ac-DEVD-CHO
effectively prevented caspase-3-like protease-acti-
vated alterations of 15 spots protein. Protein
abundance of 12 of the 15 changed spots in Ce4+ -
induced cells with 100 lM Ac-DEVD-CHO
showed some similarity with that of the control.
For example, K spot identified was increased after
Ce4+ treatment, but the expression of this protein
was approximately decreased to the level of the
control cells due to addition of caspase-3 inhibitor.
The similar inhibition was also observed in other
11 spots ( A, E, F, G, H, I, J, L, M, N, P). The
change of B, C, and D spots differed from these 12
protein spots.

Discussion

Our previous studies have demonstrated that dif-
ferent elicitors could result in the apoptosis of
suspension culture of Taxus chinensis and Taxus
cuspidata (Li et al. 2002; Qiao et al. 2002). Wätjen
et al. indicated that 1–100 lM Cd2+ or high con-
centrations of Zn2+ (>150 lM) caused apoptosis
of C6 glioma cells (Wätjen et al. 2002). In our
present works, using Ce4+ as metallic elicitor, we
analyzed the changes of percentage of apoptotic
cells in suspension culture of T. cuspidata. After

being exposed to 1 mM Ce4+ within 7 day, the
number of apoptotic cells was significantly en-
hanced compared with that of Ce3+-treated cells
and control cells (Figure 1). A decrease in the
number of apoptotic cells at the seventh day from
51.32% to 46.6% reflected the transformation of
cells from apoptosis to the dying state, which re-
sulted from an increase 4.72% of necrotic cells.
The effects of Ce4+-treated T. cuspidata cells on
apoptosis could be partially attributed to the
particularity of this compound, including its high
redox (Fh Ce4+/Ce3+ =1.4430).

Recent work has indicated that a definite role
for caspase-3-like protease activation has been
identified in the hypersensitive-response of tobacco
leaves (Del Pozo & Lam 1998), the heat shock-
induced apoptosis of tobacco suspension cells
(Tian et al. 2000), and the apoptosis of megaga-
metophyte cells after germination of Picea glauca
seeds (He & Kermode 2003). Furthermore, evi-
dence from caspase-like purification indicated that
this plant enzyme during the HR triggered by
TMV and human caspase-3 protease have partially
overlapping protein sequences (Chichkova et al.
2004). In our case, activities of caspase-3-like
protease were first clearly detected after 2 days of
Ce4+ treatment, and a maximum activity appeared
at day 4 (Figure 2a). The activated caspase-3-like
protease through a complex activation cascade led
to the activation of other proteases and cleaved
various targeted proteins. These activated signal
molecules at last caused an increase of apoptotic
cells from 3.56% at day 2 to 51.32% at day 6
(Figure 1). Our results further showed 100 or
50 lM Ac-DEVD-CHO significantly blocked
caspase-3-like protease activation (Figure 2b) and
Ac-DEVD-CHO prevented in part cell apoptosis
(Figure 3a and b). Since the plant cellular wall
could tend to adsorb a certain amount of
Ac-DEVD-CHO applied to the suspension
cultures, a higher concentration of inhibitor
(100 lM) was more efficient than 50 lM inhibitor
for researching the apoptotic process. It was
interesting that although caspase-3-like protease
activation was an essential event of Ce4+-induced
apoptotic pathway, caspase-3 inhibitor was not
sufficient to suppress the apoptosis of T. cuspidata
cells. These results implicated that different signal
pathways might be activated in Ce4+-treated cells.
It has been reported that a caspase-independent
signaling pathway was involved in apoptosis of

Figure 6. The signal sequence between caspase-3-like protease
activation and burst of O2�). DPI of 10 and 5 lM were applied
to cell cultures 2 h before the addition of 1 mM Ce4+. Caspase-
3-like protease activities were detected at the third and fourth
days. Data are the means ± S.E.M of three independent
experiments. Ce4+-induced cell with 10 lM DPI compared
with Ce4+-induced cell alone (** P < 0.001). Ce4+-induced
cell with 10 lM DPI compared with Ce4+-induced cell with
5 lM DPI (* P < 0.05). Con. 3d ¼ 196.65 ± 12.73 nmol
mg protein)1 h)1, Con. 4d ¼ 208.72 ± 22.10 nmol mg -
protein)1 h)1.
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Arabidopsis cells, which was mediated by AIF
(apoptosis-inducing factor)-like associated with
mitochondria (Balk et al. 2003). Moreover,
the activation of other cysteine proteases or
caspase-like protease involved in apoptosis of
Ce4+-induced could be another reason for the
failure of Ac-DEVD-CHO inhibition. Some
evidences have proposed that caspase-1-like or

caspase-6-like protease instead of caspase-3-like
protease was a critical role during the apoptosis in
tobacco cells (Chen et al. 2000; De Jong et al.
2002), and other cysteine proteases without exist-
ing caspase-like protease activities also played a
key role in oxidative stress-induced apoptosis of
soybean cells (Solomon et al. 1999). Various
apoptosis-inducing signal activations and trans-

Figure 7. The expression of 15 different proteins (A–P spots) induced by Ce4+ depend upon caspase-3-like protease activation. Results
are representative of three independent experiments. (a) The proteome of Ce4+-induced cells alone at day 5 (a2) was compared with
that of Ce4+-induced cells in the presence of caspase-3 inhibitor AC-DEVD-CHO of 100 lM (a3) and the control cells (a1). Total cell
lyates (1000 lg) were subjected to 2-D gel electrophoresis, and stained by Coomassie R250. The first-dimension electrophoresis
between pH 4 and 7 of entire gel images was shown on top of the gel, and molecular mass marker for 12.5% SDS-PAGE in the second
dimension was shown on the right side. The original gel size was 250 · 180 · 1 mm. (b) Enlargement of gel segments containing eight
up-regulated proteins (A, B, C, D, I, J, K, P spots) and other seven down-regulated proteins (E, F, G, H, L, M, N spots).
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ductions reflect the differences of apoptotic
mechanism in the different model systems. While it
was currently unclear how Ce4+ directly activated
caspase-3-like protease and how caspase-3-like
protease mediated apoptosis, it was likely to that
caspase-3-like activation was very important for
cell apoptosis of suspension culture of T. cuspidata.

Recently, it has been reported there was a bi-
phasic oxidative burst in response to an avirulent
microbial pathogen (Levine et al. 1994; Jabs et al.
1997). Interestingly, double peaks of O2�) also
were observed in our results. The first peak oc-
curred rapidly at about 3.7–4 h, the second weak
peak at 7 h (Figure 4). It was presumed that the
characteristics resemble the manner of oxidative
burst in avirulent pathogen induction. The addi-
tion of DPI (NADPH-oxidase inhibitor) strongly
suppressed Ce4+-induced O2�) burst and cell
apoptosis (Figures 4 and 5). In mammalian cells,
some heavy metal ions (Fe2+, Cu2+and Co2+ et
al.) initiated oxidative damage by enhancing the
release of ROS through Fenton-like reactions
(Stohs & Bagchi 1995), whereas Gd2+ induced
apoptosis of C6 glioma cells indirectly through
inhibition of antioxidant enzymes (Wätjen & Be-
yersmann 2004). In our case, it was concluded that
the production of O2�) was mainly due to NAP-
DH-oxidase activity and an early burst of O2�)
was a prerequisite for upstream apoptotic signal
activation. Ten micromolar DPI failed to fully
inhibit caspase-3-like protease activation (Fig-
ure 6), but successfully suppressed the apoptosis of
T. cuspidata cells (Figure 5). Our findings impli-
cated that the role of caspase-3-like protease in
Ce4+-induced cells was complex. It is necessary to
mention that caspase-like proteases have been re-
ported in tomato suspension cultures as upstream
signals mediating the release of H2O2 (De Dong et
al. 2002). However, our results showed an opposite
viewpoint that burst of O2�) triggered activation
of caspase-3-like protease in Ce4+-induced apop-
tosis. Furthermore, caspase-3-like protease acti-
vation in part depended on the generation of O2�),
and other signal cascades independent of O2�)
possibly participated in regulating caspase-3-like
protease. Indeed, the addition of DPI completely
prevented the early production of O2�) and par-
tially prevented the late responses such as caspase-
3-like activation. In mammalian cells, the case for
the relation between generation of ROS and acti-
vation of caspase-3-like was also controversial.

Early evidences have shown that activation of
caspase-3 protease by anticancer drugs could cause
generation of H2O2 through NADPH oxidase
complex (Simizu et al. 1998). However, recent
results emphasized that ROS, which were
upstream of caspase activation, acted at an early
stage of apoptosis (Chung et al. 2003; Yu et al.
2004). In the present study, our results proposed
the key role of O2�) burst and caspase-3-like
protease activation, and revealed a positive cor-
relation between O2�) and caspase-3-like protease
events leading to apoptosis of T. cuspidata cells.

Although different protein expression associ-
ated with caspase activation in different animal
cells have been reported (Jin et al. 2003; Kaji et al.
2003), few data have been demonstrated in botany
species. To gain further insights into the position
that caspase-3-like protease activation occupied in
the apoptotic signal pathway, two-dimensional gel
electrophoresis approaches were utilized. In our
study, a total of 15 protein spots affected by
caspase-3-like activation were analyzed, including
eight proteins up-regulated and other seven
proteins down-regulated (Figure 7). Since the
activation of caspase led to many cleavage of
targeted proteins and inhibition of antiapoptotic
factors, these proteins can be involved in apoptotic
downstream signal transduction in response
to caspase-3-like activation. Interestingly, the
tendency of three changed proteins (B, C, D spots)
had some differences from that of other 12 spots,
which were possible effects of unknown signal
proteins modification. In some cases, a functional
impact of cleaved targeted proteins have been
recognized such as seen with the caspase substrates
Rho-GDI2 (Thiede et al. 2002; Jin et al. 2003), but
for most of substrates, the role of protein cleavage
was poorly identified. As the total genome
sequences of T. cuspidata has not been reported,
no protein database of T. cuspidata could be used
to understand the observed proteins. However,
our results further showed that activation of
caspase-3-like protease affected the development
of apoptosis of Ce4+-induced T. Cuspidata cells
and these protein spots would help to elucidate the
caspase-3-like protease role in apoptosis.

In summary, findings of the present study
demonstrate that Ce4+ at 1 mM is a potent
metallic inductor of apoptosis in suspension cul-
tures of T. cuspidata cells. The burst of O2�) and
activation of caspase-3-like protease are required
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for Ce4+-induced apoptosis and caspase-3-like
protease activation, which partially depends upon
the levels of O2�). Our results further propose that
other signal molecules independent of O2�) burst
may participate in regulating caspase-3-like pro-
tease activation. In addition, a total of 15 proteins
changed in response to caspase-3-like protease
were identified, which pave the way to a better
understanding of the mechanisms of Ce4+-induced
apoptosis.
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