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Abstract
Previous reports have demonstrated that cadmium (Cd) may induce cell death via apoptosis, but the mechanism responsible for cellular

death is not clear. In this study, we investigated the signaling pathways implicated in Cd-induced apoptosis in lung epithelial fibroblast (WI

38) cells. Apoptotic features were observed using terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling assay,

propidium iodide staining and DNA laddering. A treatment of cadmium caused the caspase-8-dependent Bid cleavage, the release of

cytochrome c (Cyt c), activation of caspase-9 and -3, and PARP cleavage. A caspase-8 specific inhibitor prevented the Bid cleavage,

caspase-3 activation and cell death. Alternatively, we observed that full-length Bax was cleaved into 18-kDa fragment (p18/Bax); this was

initiated after 12 h and by 36 h the full-length Bax protein was totally cleaved to the p18/Bax, which caused a drastic release of Cyt c from

mitochondria. The p18/Bax was detected exclusively in the mitochondrial fraction, and it originated from mitochondrial full-length Bax,

but not from the cytosol full-length Bax. Cd also induced the activation of the mitochondrial 30-kDa small subunit of calpain that was

preceded by Bax cleavage. Cd induced the upregulation of Bcl-2 and the degradation of p53 protein. N-acetyl cysteine effectively inhibited

the Cd-induced DCm reduction, indicating ROS acts upstream of mitochondrial membrane depolarization. Taken together, our results

suggest that Cd-induced apoptosis was thought to be mediated at least two pathways; caspase-dependent Bid cleavage, and the other is

calpain-mediated mitochondrial Bax cleavage. Moreover, we found that the function of Bid and Bax was not dependent of Bcl-2, and that

ROS can also contribute in the Cd-induced cell death.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Cadmium (Cd) is a widespread environmental and

industrial pollutant that has been classified as a type I

carcinogen by the International Agency for Cancer
Abbreviations: Cd, cadmium acetate; Cyt c, cytochrome c; ROS, re-

active oxygen species; MTT, 3-(4,5-dimethyl- thiazole-2-yl)-2,5-diphe-

nyltetrazolium bromide; PBS, phosphate buffered saline; PI, propidium

iodide; zVAD-fmk, N-benzyloxycarbonyl-Val-Ala-Asp-fluoromethylke-

tone; zIETD-fmk, N-benzyloxycarbonyl-IIe-Glu-Thr-Asp-fluoromethylke-

tone; MPT, mitochondrial permeability transition; PARP, poly(ADP-

ribose)polymerase; DCm, mitochondrial transmembrane potential;

DCFH-DA, dichlorofluorescin-diacetate; JC-1, 5,50,6,60-tetrachloro-

1,10,3,30-tetraethylbenzimidazolcarbocyanine iodide
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Research [1]. The primary routes of cadmium exposure

in humans are via inhalation from such sources as cigarette

smoking, and the ingestion of Cd containing food [2,3].

Only about 5% of a given dosage of Cd is absorbed from

the gastrointestinal tract, while lung absorption is as much

as 90% of a dose inhaled into the lungs. Despite being one

of the major routes for Cd absorption, the toxic mechanism

of Cd on lung tissue is still poorly understood.

Apoptosis does not only play an essential role in

development and tissue homeostasis but it is also

involved in a wide range of pathological conditions

[4,5]. Typically, two different apoptosis signaling path-

ways are activated depending on the death stimuli, that is,

death receptor-mediated signal and death receptor-inde-

pendent signal via the mitochondria. The ligation of the
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TNF/Fas-receptor by its ligand leads to the cleavage of

procaspase-8, which in turn either directly activates

caspase-3 or it induces the cleavage of the BH-3-only

Bcl-2 family member p22/Bid to generate p15/tBid,

which then subsequently induces cytochrome c (Cyt c)

release [6,7]. Alternatively, there can be diverse proa-

poptotic signal converge at the mitochondrial level,

which will cause the release of Cyt c from mitochondria,

and Cyt c together with Apaf-1 activates caspase-9 and

subsequently caspase-3 [8,9]. In these two pathways, a

cascade activation of caspases and a release of Cyt c from

the mitochondria play key roles in these events.

Pro-(Bax, Bid, Bad) and anti-apoptotic Bcl-2 members

(Bcl-2, Bcl-XL) regulate the mitochondrial pathway. Since

the anti-apoptotic Bcl-2/Bcl-XL proteins are localized to

the outer mitochondrial membrane, they work to prevent

Cyt c release from mitochondria [10,11]. Recently, it has

reported that the p18/Bax fragment cleaved from full-

length Bax (21-kDa) is as efficient as full-length Bax in

promoting Cyt c release [12–15].

Several investigations have reported that Cd-induced

apoptosis occurred via the activation of caspases. In Rat-

1 fibroblast cell, Cd induced apoptosis dose- and time-

dependently through caspase-3 activation [16]. Zn is a

potent caspase-3 inhibitor, and it inhibited Cd-induced

apoptosis in C6 rat glioma cells [17,18]. In U-937

promonocytic cells, Cd-induced apoptosis is inhibited

by caspase-3 inhibitor. Additionally, in HL-60 cells and

human histiocytic lymphoma U937 cells, apoptosis was

demonstrated to be mediated by caspase-9 and -8, res-

pectively [19,20]. Furthermore, Shih et al., 2003 [21]

demonstrated that in the normal human lung fibro-

blast cells line, MRC-5, Cd induced apoptosis through

mitochondria-mediated AIF translocation into the

nucleus, but not via caspase-3 activation and PARP

cleavage. In contrast to the above reports, Cd did not

induce apoptosis in Chinese hamster ovary (CHO) cells.

Cd even blocked apoptosis induced by a metallic chal-

lenge (chromium), as well as nonmetallic apoptotic

agents such as hygromycin B and actinimycin D, and

these two agents are related by their ability to inhibit

caspase-3 by Cd [22,23]. Considering the above results

surely indicates that the intracellular signaling pathway

responsible for Cd-induced apoptosis needs further char-

acterization.

Reactive oxygen species (ROS) have been involved in

the apoptosis induced by different stimuli [24,25] as well

as the pathologic cell death that occurs in many diseases

[26–28]. Some evidence for the participation of ROS in

Cd-induced apoptosis were obtained by using antioxidants

such as glutathion and catalase [29–31]. On the other hand,

Lag et al., 2002 [32] reported that apoptosis induced by

cadmium acetate in alveolar type 2 cells and Clara cells

isolated from rat lung is not mediated by the oxidative

pathway. In CHO cells, Cd even protected against apopto-

tic cell death that was triggered by a pro-oxidant [22].
Therefore, it remains unclear as to the role of ROS for Cd-

induced cytotoxicity.

In this study, to further understand the toxic mechanism

of Cd, we investigated the involvement of mitochondria,

caspase activation and ROS during Cd-induced apoptosis

in WI 38 cells. Our present results show that Cd-induced

apoptosis was associated with caspase-dependent Bid

cleavage, calpain-mediated mitochondrial Bax cleavage

and Cyt c release and the reduction of DCm by ROS

production, but apoptosis was independent of Bcl-2.
2. Materials and methods

2.1. Cell culture and drug treatment

The human lung epithelial fibroblast cell line WI 38 cells

were maintained in RPMI 1640 medium (GIBCO BRL)

and supplemented with heat inactivated 10% fetal bovine

serum (GIBCO BRL) and 2 mM L-glutamine (Sigma

Chemical Co.) at 37 8C in a 5% CO2–95% air humidified

incubator. The cells were seeded at a density of 1.5 �
106 cells on 10 cm petri dishes and used for the drug

exposures after overnight culture, at which time they were

approximately 80% confluent. Cadmium acetate [Cd(Ac)2]

was purchased from Aldrich Chemical Co. A stock solu-

tion of Cd was prepared in PBS and further diluted with

RPMI 1640 medium to the desired concentrations. Broad

spectrum caspase inhibitor, zVAD-fmk and caspase-8

inhibitor, zIETD-fmk were obtained from Biomol and

Calbiochem, respectively.

2.2. MTT cell viability

To determine the cytotoxicity induced by Cd, cells were

suspended in RPMI 1640 at 1 � 105 cells/ml. A sample of

100 ml of the cell suspension was seeded into a 96-well

plate. After an overnight culture it was replaced with fresh

medium containing 0�80 mM Cd and the cells were

further cultured for 24 h. The viability of cultured cells

was determined by MTT [3-(4,5-dimethylthiazole-2-yl)-

2,5-diphenyltetrazolium bromide, Sigma Chemical Co.]

assay [33] and by a tryphan blue exclusion assay.

2.3. Morphological analysis and TUNEL assay

The cells were treated with Cd for 16 h, then washed

gently three times with PBS and fixed in neutral buffered

formalin for 30 min. The cells were washed with PBS and

stained with propidium iodide (PI) solution (50 mg/ml of

propidium iodide; 100 mg/ml of RNase A). The morphol-

ogy of the cells was examined by a Olympus Fluoview

laser scanning confocal microscope. Apoptosis was

detected by the terminal deoxynucleotidyl transferase-

mediated dUTP nick-end labeling (TUNEL) method using

the Boehringer in situ death detection kit.



S.H. Oh et al. / Biochemical Pharmacology 68 (2004) 1845–1855 1847
2.4. DNA fragmentation analysis

Fragmented DNA was extracted using a Wizard Geno-

mic DNA purification kit (Promega) according to the

described protocol with a slight modification. Briefly, at

specific time points after drug treatment, both the floating

and adherent cells were pooled in a 1.5 ml tube and lysed

for 1 h at 37 8C in a lysis buffer [10 mM Tris–HCl, pH 7.4,

10 mM ethylenediamine tetraacetic acid (EDTA), 0.5%

SDS] with 0.5 mg/ml RNase A (Boehringer Mannheim).

The DNA was precipitated with ethanol overnight and then

it was resuspended in a Tris–EDTA buffer (10 mM Tris, pH

7.4, 1 mM EDTA). Ten mg of the DNA sample was

seperated on a 1.2% agarose gel containing 10 mg/ml

ethidium bromide and then the DNA band pattern was

visualized.

2.5. Determination of ROS production

The production of peroxides was measured by staining

cells with DCFH-DA (Molecular probes). This dye is a

stable nonpolar compound that readily diffuses into cells

and yields DCFH. Intracellular H2O2 or OH in the presence

of peroxidase change DCFH to the highly fluorescent

compound DCF. Thus, the fluorescence intensity is pro-

portional to the amount of peroxides produced by the cells.

Following exposure to Cd, cells were incubated in a culture

medium containing 20 mM DCFH-DA for 30 min at 37 8C.

The fluorescence emission from DCF was detected at

529 nm with the excitation at 503 nm (slit width: 5 nm).

2.6. Measurement of the mitochondrial transmembrane

potential (DCm)

The changes in DCm were monitored with the dye

5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimidazolcar-

bocyanine iodide (JC-1, Molecular probes). JC-1 emits

light at red and green wavelengths according to its con-

centrations taken up into the mitochondria: at high con-

centration J-aggregated form emits a red light, whereas at

low concentrations the monomer form emits a green light.

So the red and green fluoresences of the JC-1 reflect the

change of DCm of the mitochondrial membrane. After the

drug treatment, the cells were incubated with JC-1 (3 mM)

at 37 8C for 15 min. After washing with PBS, the cells were

suspended in the PBS and then observed with a laser

scanning confocal microscope (Olympus) and analyzed

with flow cytometry (Becton-Dickinson). The green fluor-

escence from JC-1 monomer (with a 515 nm barrier filter)

and the red fluorescence from its J-aggregates (with a

590 nm barrier filter) were visualized simultaneously.

2.7. Preparation of mitochondrial and cytosolic fractions

The cells were washed with ice-cold PBS, then resus-

pended in ice-cold HMKEE buffer (20 mM HEPES-KOH,
pH 7.0, 10 mM KCl, 1.5 mM MgCl2, 1 mM sodium EDTA,

1 mM sodium EGTA, 1 mM dithiothreitol, 0.1 mM phe-

nylmethylsulfonyl fluoride, 10 mg/ml pepstatin A, and

10 mg/ml leupeptin) containing 250 mM sucrose and they

were allowed to swell on ice for 20 min. The cells were

homogenized by passages through a 26-gauge needle and

they were then centrifuged at 14,000 � g for 20 min at

4 8C. The cytosolic supernatant was removed and the pellet

containing the mitochondria was resuspended in lysis

buffer and stored at �70 8C.

2.8. Western blot analysis

At specific time points after the drug treatment, the cells

were harvested and washed with PBS and lysed 50 mM

HEPES, 150 mM NaCl, 1% Triton X-100, 5 mM EGTA,

50 mM -glycerophosphate, 20 mM NaF, 1 mM Na3VO4,

2 mM phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin

and 10 mg/ml aprotinin. The cell lysates were centrifuged

and the protein content was determined. Equal amounts of

protein were separated by SDS-polyacrylamide gel elec-

trophoresis (12–15%), these were transferred to a nitro-

cellulose membrane and then immunoblotted with the

corresponding antibodies. Monoclonal anti-cytochrome

c, polyclonal anti-caspase-3 and monoclonal anti-poly

(ADP-ribose) polymerase (PARP) antibodies were pur-

chased from PharMingen. Polyclonal anti-caspase-8, poly-

clonal anti-Bid, monoclonal anti-Bcl-2 and polyclonal

anti-actin antibodies were obtained from Santa Cruz Bio-

technology. Monoclonal anti-calpain 30-kDa subunit and

monoclonal anti-p53 antibodies were purchased from Che-

micon and NeoMarkers, respectively. The detection of the

reacted antigen/antibody products was performed using

enhanced chemiluminescence Western Blotting Detection

Reagents (Amersham).

2.9. Immunocytochemistry for p53

The cells were cultured on four-chamber polystyrene

tissue culture slides (Becton Dickinson) until 90% con-

fluence was achived and then they were exposed to 30 mM

Cd for 18 h. After incubation, the cells were washed with

PBS, fixed in neutral buffered formalin and washed with

PBS several times. Proteins were detected using a Vector

laboratory kit. Monoclonal anti-p53 antibody (Neo-

Makers) was applied to the cells overnight at 4 8C. Alter-

nate chamber was treated with normal serum as a control.

After washing them in PBS, the cells were further treated

with secondary antibody and their peroxidase activity was

detected with AEC (3-amino-9-ethylcarbazole).

2.10. Statistical analysis

Data are expressed as means and standard deviation, and

intergroup differences were analyzed using the Student’s t-

test.
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3. Results

3.1. Cd-induced apoptosis in WI 38 cells

To examine the Cd’s influence on the growth of WI 38

cells, cells were treated with different concentrations of Cd

for 24 h. The viability of cells was decreased in a con-

centration-dependent manner (Fig. 1A). To identify

whether Cd was able to induce apoptosis in WI 38 cells,
Fig. 1. The effect of cadmium on the viability and apoptotic cell death for

WI 38 cells. (A) Dose-dependent inhibition of WI 38 cells growth by

cadmium. The cells were incubated with increasing concentration of

cadmium for 24 h and cell survival was determined by MTT assay. Values

from each point were compared to the control value and they represent the

mean � S.D. of three independent experiments (***P < 0.005). (B) The

effect of cadmium on chromatin morphology in cadmium-treated WI 38

cells. Panels (a) and (c) show untreated control cells, whereas panels (b) and

(d) were treated with 40 mM cadmium for 16 h. The cells were stained PI (a,

b) and TUNEL (c, d) as described in Section 2 and observed with confocal

microscopy. (C) Concentration- and time-dependent DNA fragmentation of

WI 38 cells by cadmium. WI 38 cells were incubated with increasing

concentration of cadmium for 24 h (a) and 40 mM of cadmium for the

indicated times, respectively. Twenty mg of DNA was run in 1.2% agarose.

M: 100 bp DNA ladder.
we carried out a morphological analysis using PI and

TUNEL staining. As shown in Fig. 1B, in the untreated

control cells (a), red fluorescence stained cells with oval-

shaped nuclear were seen. The cells that were treated with

40 mM Cd showed a distinct chromatin condensation

compare to the control group (b). In a TUNEL analysis,

the cells treated with Cd showed a strong intensity of

fluorescence (d), indicating a massive DNA breakage,

while there was no positive cells in the control group

(c). To test further for apoptosis, the DNA fragmentation

assay was examined. As shown in Fig. 1C, Cd-induced

DNA fragmentation in WI 38 cells in a dose- and time-

dependent fashion. In a dose-dependent analysis (a),

10 mM Cd induced a weak fragmentation of DNA. The

fragmentation was clearly noted at concentrations of Cd

higher than 40 mM, and so we used 40 mM Cd in our

present study. In a time-dependent analysis with 40 mM Cd

(b), a weak fragmentation was induced at 12 h, but a strong

effect was noted at 24 and 36 h.

3.2. Cd-induced ROS production and mitochondrial

membrane depolarization

The cytotoxicity of Cd is also related to the production

of ROS, and hydrogen peroxide the main ROS involved

[21,29]. We measured the level of intracellular ROS in WI

38 cells with Cd. In a time-dependent analysis using

40 mM Cd, the production of ROS was significantly

increased at 6 h compared to the control group, with a

peak production noted at 24 h (Fig. 2).

ROS production may be accompanied by the reduction

of DCm, and so we monitered the change of DCm in WI 38

cells following a Cd treatment using confocal microscopy

and flow cytometry. In the confocal microscopic analysis

(Fig. 3A), the untreated control cells showed an intensive

red fluorescence (J-aggregate). As the incubation time with

Cd increased, the cells increased their green fluorescence

(monomer form) and lost their red fluorescence simulta-

neously. A brighter red functate staining still remained

throughout incubation time to 24 h in the living attached

cells, but the J-aggregate in the most cells could not be

detected at 36 h. This data coincides well with the result of
Fig. 2. Cadmium-induced ROS production in WI 38 cells. WI 38 cells were

treated with 40 mM of cadmium for the indicated times. ROS intracellular

content was analyzed by DCF fluorescence. Values were compared to the

vehicle treated control. Results are the means � S.D. of three independent

experiments (*P < 0.05; ***P < 0.001).
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Fig. 3. Mitochondrial transmembrane potential in WI 38 cells treated with 40 mM of cadmium, stained with JC-1 and then analyzed with confocal microscopy

and flow cytometry. (A) The untreated control (0 h) shows a strong red fluorcence with a high membrane potential (J-aggregate form of JC-1). But as incubation

time with cadmium passed, the cells show a green fluorecence from the monomer form of JC-1. (B) JC-1 fluorecence in the FL-1 channel increased as the

mitochondrial membrane potential decreases, while its fluorescence in the FL-2 channel decreases. The percentage numbers (lower-right) indicate the propotion

of cells with depolarized mitochondria.
flow cytometry used as a further demonstration. As shown

in Fig. 3B, the percentage of cells with the J-monomer

(lower-right) increased from 0% of the control cells to

74.9% of Cd-treated cells within 12 h. A drastic change

from J-aggreate to J-monomer occurred at 12 h after Cd

treatment. To demonstrate the relationship between the

production of ROS and reduction of DCm, cells were

preincubated with 20 mM N-acetylcystein (NAC) for 2 h

before treatment with 40 mM Cd. After 10 h of treatment of

Cd, the changes of DCm were measured using JC-1. NAC is

able to almost completely inhibit the disruption of DCm

induced by Cd. NAC alone did not affect DCm (Fig. 4).

This result indicates that the reduction of DCm by Cd could

be due to ROS production.
Fig. 4. Effect of N-acetylcysteine (NAC) on Cd-induced mitochondrial

transmembrane potential (DCm) reduction. Cells were incubated with NAC

for 2 h before treatment with 40 mM cadmium. The loss of DCm was

analyzed by flow cytometry after loading with JC-1. The data are repre-

sentative of three independent experiments giving similar results.
3.3. Cd-induced Cyt c release and caspase-9, -3

activation and PARP cleavage

Cyt c release is known to be a key event during the

mitochondrial-dependent apoptosis, which in turn induces

a mitochondrial downstream caspase-9 and -3 activation.

Thus, we examined the release of Cyt c from the mito-

chondria into the cytosol. The cells were harvested at the

indicated time points following a treatment with 40 mM

Cd. Cyt c was not detectable in the cytosolic extracts from

untreated control cells, whereas the Cd triggered Cyt c

release to the cytosol (Fig. 5). The amount of Cyt c in the

cytosol was low at 6 h, but it drastically increased at 12 h.

To determine whether the Cyt c released from mitochon-

dria was mediated by the activation of caspase-9 and -3, we

examined the activation of caspase-9 and -3 by a Western

blot analysis. Caspase-9 and -3 began to process after 6 h of

Cd treatment, and the activation persisted in a time-depen-

dent manner (Fig. 5). In most of the apoptotic pathway, the

activation of caspase-3 causes the cleavage of the PARP to

its cleavage form. As shown Fig. 5, PARP began to show

cleavage after 12 h.

3.4. Cd activated caspase-8 upstream of the

mitochondrial pathway and this induced Bid cleavage

We thought that caspase-8 mediated cleavage of Bid

leads to release of Cyt c from the mitochondria, and so we

carried out a time-dependent analysis of caspase-8 and Bid

by Western blot analysis in WI 38 cells treated with Cd

(Fig. 5). The activation of procaspase-8 was initiated after

6 h of Cd treatment, and after this time, its intensity
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Fig. 5. Cadmium-induced apoptotic signaling pathway in WI 38 cells. The

cells were incubated with 40 mM of cadmium for the indicated times. The

cells were harvested and lysed. Cytosol and mitochondrial proteins were

prepared as described in Section 2. Forty to seventy mg of protein lysate was

subjected to 12–15% SDS-PAGE gel and immunoblotted with the corre-

sponding antibodies. Processing of procaspase-8, Bid cleavage, cytochrome

c release from mitochondria to the cytosol, processing of procaspase-9 and -

3, and PARP cleavage were induced by cadmium. b-Actin was used as

loading control.

Fig. 6. Cadmium-induced cell death reduced by caspase inhibitors. (A) WI

38 cells were pretreated with 200 mM zIETD-fmk and 40 mM zVAD-fmk

for 2 h and then incubated with 30 mM cadmium for 15 h. Cell survival was

measured by tryphan blue exclusion. The values are expressed as a

percentage compared to the control (**P < 0.005). (B) The cells were

harvested and lysed. Seventy mg of protein lysate was subjected to 12%

SDS-PAGE gel and then immunoblotted with the corresponding antibodies.

zIETD-fmk prevented the activation of caspase-8 and -3 by cadmium. b-

Actin was used as a loading control.
decreased in a time-dependent manner that corresponded

to its cleaved form (p20). The intensity of p21/Bid

decreased in a time-dependent manner, and this started

at 6 h after Cd treatment. Because caspase-8 functions as

an apical initiator of the death-receptor pathway, as well as

a target of the caspase-3 downstream pathway of mito-

chondria, we try to confirm the function of caspase-8. The

cells were pretreated with 200 mM of a broad-spectrum

caspase inhibitor, zVAD-fmk, and 40 mM of caspase-8

specific inhibitor, zIETD-fmk, for 2 h and the cells were

then incubated in 30 mM Cd for 15 h. The pretreatment

with both inhibitors significantly attenuated Cd-induced

cell death; this was determined by the tryphan blue exclu-

sion (Fig. 6A). In Western blot analysis (Fig. 6B), zIETD-

fmk prevented the Bid cleavage and caspase-3 activation,

while zVAD-fmk did not prevent the caspase-8 activation

and Bid cleavage, indicating that caspase-8 was activated

upstream of the mitochondrial pathway.

3.5. Cd induced the cleavage of Bax residing exclusively

in the mitochondria

Cd induced the cleavage of the full-length Bax (21- and

24-kDa for BAXa and BAXb gene, respectively) into p18/

Bax frgments in the whole cell lysates of WI 38 cells (Fig.

7A). The cleavage of full-length Bax was initiated after

12 h, and by 36 h of incubation with Cd the full-length Bax

proteins were totally cleaved to the p18/Bax. As previously
reported, if the p18/Bax acts as a potent proapoptotic

molecule with a Cyt c releasing activity, it should be found

in a mitochondrial fraction. To test this idea, both cytosolic

and mitochondrial factions of WI 38 cells with or without

Cd treatment were subjected to a Western blot analysis at

the indicated time points. The p18/Bax was detected

exclusively in the mitochondrial fraction, but not in the

cytosol fraction. The level of p18/Bax in the mitochondrial

fraction was upregulated at 12 h, and this matches well

with the time of appearance of p18/Bax in the whole cell

lysates. In contrast to the mitochondrial fraction, the levels

of full-length Bax in the cytosolic fraction were increased

at 12 h (Fig. 7A). Therefore, the result suggests that full-

length Bax resided only in the mitochondrial fraction and it

is cleaved into the p18/Bax, but it is not translocated from

cytosolic Bax into the mitochondria.

3.6. Cd-induced mitochondrial calpain activation

Bax has been shown to be cleaved by a Ca2+-activated

cystein protease calpain from its full-length p21/Bax form

to a p18/bax fragment during apoptosis [12]. Autolysis of

the 30-kDa calpain small subunit is associated with calpain

activation during apoptosis [34,35]. We examined the

expression of 30-kDa calpain small subunit in the cytosolic

as well as mitochondrial fraction (Fig. 7B). In whole cell

lysates, even though it was detected the autolysis of the

calpain small subunit after 6 h of Cd treatment, the level of
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Fig. 7. Cadmium induced mitochondrial Bax cleavage and activation of the

mitochondrial calpain small subunit. (A) Anti-Bax antibody (B-9) detected

both the full-length Bax (p21, p24/Bax) and the cleaved form of Bax (p18/

bax). Upregulation of p18/Bax was detected only in the mitochondrial

fraction, not in the cytosol. (B) Activation of the calpain 30-kDa subunit.

The intensity of 30-kDa calpain increased with the appearance of the

cleaved form at 6 h. In contrast to the cytosolic 30-kDa calpain that showed

an increase in a time-dependent fashion, mitochondrial 30-kDa calpain

decreased. The cells were incubated with 40 mM cadmium for the indicated

times. The cells were harvested, lysed and subjected to 12% SDS-PAGE gel.

The proteins were immunoblotted with anti-Bax and anti-calpain for the

small subunit antibody, respectively. Cisplatin-treated HepG2 cell lysate

and b-actin were used as size marker and loading control, respectively.

Fig. 8. The change of the expression pattern of apoptosis-related proteins

by cadmium. The cells were incubated with 40 mM cadmium for the

indicated times. The cells were lysed and immuoblotted with the corre-

sponding antibodies. Cadmium induced the upregulation of Bcl-2 (A) and

the down-regulation of p53 (B) and p21 (C). The intensity of mdm2 showed

an increase at 6 h, after that, the intensity decreased (D). b-Actin was used

as the loading control. (E) Expression pattern and localization of p53 by

cadmium in WI 38 cells. After a 40 mM cadmium treatment, the cells were

incubated with anti-p53 antibody (Pab 240). Peroxidase activity was

detected with AEC. b-Actin was used as a loading control.
calpain small subunit increased in a time-dependent man-

ner. Therefore, we needed to examine this contradiction in

the subcellular localization of calpain small subunit. In the

mitochondrial fraction, the autolysis of calpain small sub-

unit began at 6 h after Cd treatment with a decrease in the

level of 30-kDa subunit, and it persisted for 36 h, while the

level of 30-kDa calpain subunit showed an increase in the

cytosol.

3.7. Cd-induced apoptosis is independent of the

antiapoptotic protein Bcl-2

Since Bcl-2 is mainly located in the outer mitochondrial

membrane where it inhibit the membrane’s permeability.

Furthermore, it has been reported that the expression of

anti-apoptotic Bcl-2 suppressed Cd-induced cell death

[16,36,37]. To examine the same effect during Cd-induced

cell death in WI 38 cells, we carried out a Western blot

analysis for Bcl-2 expression. As shown Fig. 8A, in the

whole cell lysates, Bcl-2 protein was upregulated in a time

dependent manner with Cd treatment. This indicates that

Bcl-2 failed to inhibit Cd-induced apoptotic cell death in

WI 38 cells.
3.8. Cd-induced rapid degradation of p53

While the p53 is maintained at a low levels through

targeted degradation, following damage to the DNA it

accumulates in the nucleus and is activated as transcription

factors such as Bax and p21 gene Waf-1 [38–40]. As shown

Fig. 8B, p53 protein was expressed at a high basal level and

it decreased in a time-dependent manner after Cd treat-

ment. The expression of p53 was further examined by

immunocytochemistry (Fig. 8E). In the control cells, many

cells showed strong and diffuse intranuclear staining with

conspicuous punctate structures, and this indicates the

presence of large protein aggregates (arrow), but some

cells did not express p53 at all (arrow heads). After a

treatment with 30 mM Cd for 18 h, nuclear p53 staining in

most of the cells disappeared, but weak punctate structures

were randomly dispersed throughout the cytoplasm and at

the perinuclear boundary (Fig. 8E, arrows). The functional

loss of p53 protein was further supported by p21 protein, a

downstream target of p53, by Western blot analysis. The

level of p21 protein was also decreased in a time-dependent

manner following the Cd treatment (Fig. 8C). In addition,

we could detect the induction of mdm2 protein, which is

known to partly control p53 inactivation, at 6 h after Cd

treatment and then the levels of mdm2 protein showed a

decrease (Fig. 8D). These results indicate that Cd-induced

degradation of p53 protein through the mdm2 protein
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induction in WI 38 cells, thereby inhibiting transcription

function of p53 for its downstream targets.
4. Discussion

Epidemiological evidences has shown that occupational

and environmental cadmium exposure causes pulmonary

damage such as emphysema and lung cancer [41–43].

Although Cd has been demonstrated to induce toxicity

via in part by apoptotic cell death, the precise pathway

remains poorly understood. In the present study we have

attempted to elucidate the molecular events that occurred

during Cd-induced cell death in WI 38 cells. Cd activated

caspase-8, induced Bid cleavage, caused Cyt c release and

subsequently, it induced caspase -9 and -3 activation and

PARP cleavage. Cd also induced mitochondrial Bax clea-

vage at a later stage than the time of Bid cleavage. The

cleavage of Bax was followed by the autolysis of mito-

chondrial calpain 30-kDa small subunit. This result sug-

gests that the Cd-induced mitochondrial Bax cleavage is

mediated by the activation of calpain. Furthermore, Cd

caused ROS production and a reduction of DCm at early

stages after Cd treatment.

Caspases are cystein proteases and they play a key role

for cascade activation during apoptosis that is induced by

many stimuli. Activation of initiator caspases (procas-

pase-8, -9, -10) leads to the proteolytic activation of

downstream effector caspases (caspase-3, -6, -7). Cas-

pase-8 is an apical caspase that becomes activated upon

ligation of the Fas-receptor by its ligand [6,7]. However,

Scaffidi et al., 1998 [44] has demonstrated that two

different cell types exsits with respect to the Fas apoptosis

signaling pathway. Type I cells require activation of

caspase-8 early at the DISC (death-inducing signaling

complex) and directly followed by activation of caspase-

3, and the anti-apoptotic proteins Bcl-2 and Bcl-XL had

no effect on the cleavage of these caspases. On the other

hand, in type II cells, caspase-8 was activated downstream

of mitochondria, and it was blocked by the overexpres-

sion of Bcl-2. Indeed, recent studies on the cytotoxic

drug-induced apoptosis pathway have demonstrated that

caspase-8 activation is independent of Fas/CD95 signal-

ing and this occurs downstream of caspase-3 [45–47].

Therefore, the results of above authors have led us to

study the relationship of a cascade activation of caspases

during Cd-induced apoptosis. In our model that used a

caspase inhibitor system, we analyzed the activation of

caspase-8 and -3 after pretreatment with caspase-8 spe-

cific inhibitor zIETD-fmk and broad spectrum caspase-3

inhibitor zVAD-fmk to confirm the function of caspase-8,

that is, whether the activation of caspase-8 occurred

upstream or downstream of mitochondria. Our results

showed that the caspase-8 inhibitor blocked caspase-3

cleavage, while the caspase-3 inhibitor did not prevent the

activation of caspase-8. The activation of caspase-8 was
inhibited by zIETD-fmk only, but it was not inhibited by

zVAD-fmk, which is known to inhibit caspase-1, -3, -4

and -7. This finding indicates that caspase-8 is working as

a apical initiator upstream of mitochondria. How Cd

activates caspase-8 is not clear. Because ROS can induce

Fas and Fas-L expression, and subsequently caspase-8

activation [48], it suggests that Cd-induced ROS may

modulate the signal from death-receptor to caspase-8.

Bid, a proapoptotic Bcl-2 family member containing

only the BH-3 domain, it is exclusively a cytosolic protein,

and it can be cleaved by caspase-8. The cleaved form, tBid,

translocates to the mitochondria, where in turn it promote

Cyt c release [49]. We observed the intensity of a full-

length Bid decrease over time following the Cd treatment,

and it seems to happen thought the cleavage of Bid to tBid.

The Bid cleavage occurred at the same time as the activa-

tion of caspase-8 by the Cd treatment, and then tBid

triggered a weak release of Cyt c from the mitochondria

(Fig. 5). This suggests that the caspase-8-dependent Bid

cleavage in Cd-induced apoptosis may trigger the mito-

chondrial pathway by releasing Cyt c to induce caspase-9

activation.

It is generally thought that the expression of full-length

Bax increased following a death stimulation, and it then

translocated into the mitochondria to induce Cyt c release

[50,51]. Full-length Bax also has been known to undergo

post-translational modification during apoptosis in

response to various stimuli including Interferon (INF)-a

and chemotherapeutic drugs, and the cleaved form of Bax

is a potent inducer of apoptotic cell death [52–54]. But the

location for the Bax cleavage is not still clear. Lag et al.,

2002 [32] reported the upregulationof p53 and Bax expres-

sion during Cd-induced apoptosis in alveolar type 2 cells

and clara cell from rat lung. To examine above all possi-

bilities including the protein level, post-translational mod-

ification and the subcellular localization of Bax by Cd, we

examined the level of Bax in whole cell lysates in mito-

chondrial and cytosol fractions during Cd-induced apop-

tosis. Our results showed that the level of full-length Bax

protein in the whole cell lysates decreased in a time-

dependent manner with upregulation of the p18/Bax frag-

ment at 12 h after Cd treatment (Fig. 7A). This suggests

that p18/Bax may be involved in the apoptotic signaling

pathway by Cd in WI 38 cells. For Bax is localized in both

cytosol and mitochondrial membrane [49,55], the mito-

chondrial p18/Bax could be originating from the cleavage

of either the mitochondrial full-length or cytosolic full-

length Bax. However, only the mitochondrial full-length

Bax decreased corresponding to the upregulation the p18/

Bax at 12 h, and this indicates that mitochondrial Bax may

be cleaved by some factors located in mitochondria or

translocated from cytosol after Cd treatment. In contrast to

the mitochondrial fraction, cytosolic full-length Bax

showed an increase at 12 h after Cd treatment, indicating

that cytosolic Bax did not translocate into the mitochon-

dria.
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As we noted, the p18/Bax fragment is a potent inducer of

Cyt c release. In our present study, Cyt c was drastically

released from mitochondria after 12 h of Cd treatment (Fig.

5), which was coincidental with the timing of Bax cleavage

in the mitochondrial fraction after Cd treatment (Fig. 7A).

This indicates that the cleavage of Bax plays a critical role

in releasing Cyt c during Cd-induced apoptosis. Therefore,

our results suggest that there is a possibility that at the later

stage, the p18/Bax can synergically works with Bid

cleaved at the early stage to induce Cyt c release from

mitochondria after Cd treatment. If so, we thought about

what could be the factor related with Bax cleavage after the

Cd treatment. Since Wood et al., 1998 [54] has demon-

strated that calpain is involved in the cleavage of full-

length Bax during drug-induced apoptosis, several inves-

tigations have reported that the cleavage of Bax by calpain

generates a potent proapoptotic p18/Bax [13–15,56]. Gao

and Dou, 2000 [13] demonstrated that activation of the

calpain is a prerequisite for Bax cleavage. They also found

that the activation of the calpain small subunit in the

mitochondrial is required for apoptosis execution [35].

In our present study, even though the intensity of 30-

kDa calpain subunit in the whole cell lysates showed an

increase in a time-dependent manner, this was accompa-

nied by autolysis/activation of calpain after 6 h by the Cd

treatment. The answer for this contradiction could be found

by examing the subcellular localization of 30-kDa calpain.

The 30-kDa calpain in the mitochondrial fraction showed a

decrease with the appearance of the cleaved form after 6 h

of incubation with Cd. In contrast to the mitochondrial

fraction, the 30-kDa calpain increased in the cytosol. This

result indicates that mitochondrial Bax cleavage is

mediated by activation of the mitochondrial calpain

(Fig. 7B).

ROS includes the superoxide (O2
�), hydroxyl radicals

and hydrogen peroxide (H2O2), and ROS may act as a

signal molecule of the death pathway [24,25]. Several

investigations have been demonstrated that the cytotoxicity

by Cd is associated with ROS [21,57,58], and ROS pro-

duction results in mitochondrial membrane depolarization.

In a time-course analysis for ROS, the production of ROS

significantly increased after 6 h of Cd treatment, after this

it continuously increased for 24 h (Fig. 2). The change of

DCm at the same time points showed a drastic change of

fluorescence after 12 h of Cd treatment. Furthermore, the

experiment using NAC, a precursor of glutathione, demon-

strated that ROS production is preceded by the reduction of

DCm (Fig. 4). Though we did not confirm the role of ROS

in cell viability, the increased ROS production by Cd may

led to the reduction of DCm. This in turn increases mito-

chondrial membrane permeability (MMP) and subse-

quently, there is a release of mitochondrial apoptogenic

factors into cytosol.

Anti-apoptotic Bcl-2 family member proteins such as

Bcl-2 and Bcl-XL inhibit the proapoptotic function of Bax,

as well as apoptotic cell death associated with oxidants
[59–61]. Furthermore, it has been demonstrated that Cd-

induced cell death is suppressed by Bcl-2 [16,36,37]. In our

present study, although Cd induced an increase of Bcl-2

protein in a time-dependent manner in whole cell lysates

(Fig. 8A), it did not prevent Cd-induced apoptotic cell

death in WI 38 cells. Therefore, our results suggest that

Bcl-2 did not interact with the mitochondrial p18/Bax in

WI 38 cells. Indeed, Gao and Dou, 2000 [13] demonstrated

that the potent proapoptotic p18/Bax was independent of

Bcl-2.

The tumor suppressor p53 is activated upon DNA

damage and it is accumulated in the nucleus, where it

then functions as transcription regulator for its downstream

target genes such as p21 and Bax [38–40]. In normal cells,

p53 levels are tightly regulated because of a short half-life

[62] and they are not detectable by immunocytochemistry.

Leg et al., 2002 [32] reported an increase of p53 and Bax

expression by Cd in the lung type II alveolar and clara cells

of rat. On the other hand, Méplan et al., 1999 [63] reported

that in human breast cancer MCF7 cells, Cd induced a

conformational change of the p53 structure, and thereby

inhibited its DNA binding ability and inactivated the p53

protein. These authors also suggested, that in contrast to

the accumulation of p53 protein at low concentration (up to

10 mM), 40 mM of Cd caused a significant decrease of p53

protein. In our present study, we observed a decrease of p53

protein in a time-dependent manner following 40 mM Cd

treatment, and also, we could not observe the upregulation

of the downstream effector proteins such as p21 and Bax

(Figs. 6 and 7). The functional inactivation of p53 strongly

correlates with tumorigenesis and it is the result of at least

two mechanisms; mutational inactivation is the most com-

mon mechanism and it is found in many types of cancers

leading to nuclear accumulation [64]. The other is muta-

tional-independent mechanisms that include cytoplasmic

sequestration by viral oncoproteins [65,66] and degrada-

tion by HPV-16/18 E6 oncoprotein and mdm2 [67,68].

Once protein stabilization is occurrs by mutation or by

post-transcriptional modification of the wild-type p53, this

results in the upregulation of p53 protein by nuclear

accumulation or cytoplasmic sequestration and it becomes

detectable by immunocytochemistry. However, we could

not observe the same effect by Western blot analysis and

immunocytochemistry (Fig. 8B and E). Therefore, we

could exclude the possibility that the loss of p53 function

was caused by mutation or post-transcriptional modifica-

tion of p53 after Cd treatment. In view of our present data, a

more attractive explanation for the decrease of p53 protein

by Cd is that it is thought to be caused by degradation. This

idea was supported by the upregulation of mdm2 protein at

6 h after Cd treatment (Fig. 8D). Therefore, our results

suggest that Cd can effectively inhibit p53 function through

the degradation of p53 protein.

When taken together, our results suggest that Cd might

induce Cyt c release via at least two different apoptotic

pathways. One pathway is that the caspase-dependent Bid
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cleavage caused a weak Cyt c release from mitochondria at

the early stage. The other pathway is that there is a calpain-

mediated mitochondrial Bax cleavage at a later stage of Cd

treatment, which synergistically works with Bid, and so it

caused a drastic Cyt c release from mitochondria. The

proapoptotic function of Bid and Bax was not prevented by

Bcl-2. Cd can suppress the p53 activation by inducing

degradation of p53 protein. NAC inhibited Cd-induced

DCm reduction, indicating ROS acts upstream of mito-

chondrial membrane depolarization.
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