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Abstract

The mitochondrial damage induced by cadmium has been well established, but its mechanism and its relationship with
cadmium-induced apoptosis are elusive until now. Our research showed that cadmium could directly lead to the dysfunction
of isolated mitochondria from mouse liver, including the inhibition of respiration, the opening of permeability transition pore
(PTP), the loss of transmembrane potential, and the release of cytochromec. These mitochondrial changes were completely
suppressed by Bcl-xL and Ruthenium Red (RR). Bongkrekic acid (BK), an inhibitor of the PTP opening directly via adenine
nucleotide translocator (ANT), also completely inhibited the PTP opening and loss of transmembrane potential. However,
cyclosporin A (CsA), another inhibitor of the PTP opening indirectly via ANT, had not any inhibitory effect. When cadmium
being pre-incubated with proteins containing abundant thiol groups, its effect was partially reversed. These results revealed that
mitochondria pathway may involve in cadmium-induced apoptosis, and cadmium caused the PTP opening possibly through its
binding to thiol groups of ANT. Furthermore, the mechanism of the PTP opening induced by cadmium was probably distinct
from that of the calcium-induced PTP opening.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Mitochondria, power plants in cells, play crucial
roles in controlling cell life and death. In this pro-
cess, membrane permeability transition pore (PTP) in
mitochondria behaves like a switch to decide cell’s
fate (Wallace, 1999). The opening of PTP can lead to
the collapse of mitochondrial transmembrane potential
(�Ψm), the release of proteins that activate caspases,
the disruption of adenosine triphosphate (ATP) pro-
duction and the induction of ROS sometimes due to
incomplete oxygen reduction (Green and Reed, 1998).
Therefore, in cell death, mitochondria are the possi-
ble common target and the PTP is the “bull’s-eye” for
many stimuli.

Cadmium, potent toxic environmental pollutant, can
induce both apoptosis and mitochondrial injury. Cad-
mium could directly damage isolated mitochondria,
prevent respiration and cause mitochondrial swelling
and loss of inner membrane potential (Al Nasser, 2000;
Rikans and Yamano, 2000). As well as, in our previous
study, the decrease of Bcl-xL and the collapse of mito-
chondrial membrane potential were observed in cells
treated with cadmium (Li et al., 2000); and Bcl-2 could
suppressed cadmium-triggered cell death (Kim et al.,
2000). As well known, the members of anti-apoptotic
Bcl-2 family exert their protection mainly through
maintaining the integrity of mitochondria (Adamas
and Cory, 1998). Therefore, the mitochondrial dam-
age possibly plays a pivotal role in cadmium-induced
apoptosis. However, there is lack of direct relation-
ship between apoptosis and mitochondria in cadmium
toxicity.

Cadmium ions have a high affinity to thiol groups
and easily form cadmium–thiol complexes (Hultberg
et al., 1997; Vairavamurthy et al., 2000). Through
the interaction with cadmium ions, thiol-containing
molecules, such as glutathione (GSH) and metalloth-
ionein, could protect cells and body from toxicity of
cadmium (Diaz-cruz et al., 1997; Furey et al., 1986).
On the other hand, since thiol groups are usually in-
volved in the function of many enzymes, structure
proteins and receptors, the cadmium–thiol complexes
possibly disturbed many functions of cells (Hultberg
et al., 1998; Bandyopadhyay et al., 1997). As well as,
the modification of thiol groups in mitochondria has
been report to induce the PTP opening (Zazueta et al.,
1998).

In our research, we observed the effect of cadmium
on purified mitochondria and tried to clarify the mech-
anism of mitochondrial damage induced by cadmium
and its relationship with cadmium-induced apopto-
sis. The results suggested that cadmium could directly
damage mitochondria and this mitochondrial damage
possibly involved in apoptosis induced by cadmium.

2. Materials and methods

2.1. Material

Cadmium chloride, BSA, ADP, carbonylcyanide
p-chlorophenylhydrazone (CCCP), cyclosporin A
(CsA), Rhodamine 123 (Rh123) and dichlorodihy-
drofluorescein diacetate (H2DCFDA) were purchased
from Sigma (St. Louis, MO). Sucrose and IPTG
were obtained from Life Technologies (Grand Island,
NY). 2′,7′-Bis(caboxyethyl)-5(6)-carboxyfluorescein
acetoxymethylester (BCECF) was obtained from
Molecular Probes (Eugen, OR). Bongkrekic acid
(BK) was purchased from BIOMOL Research Lab,
Inc. Glutathione Sepharose 4B was obtained from
Amersham Pharmacia Biotech (Uppsala, Sweden).
Triton X-100 and HEPES were products of Merck.
Anti-cytochromec antibody was purchased from BD
PharMingen. pGEX-2TK expression vector with the
full-length human Bcl-xL was a gift from Dr. Y. Tsu-
jimoto (Osaka university, Japan) and selenoprotein P
was generously presented from Dr. J.G. Yang (Sydney
University, Australia).

2.2. Isolation of mitochondria

Livers of Balb/c mice were homogenized with a
glass-Teflon Potter homogenizer. Mitochondria were
isolated in medium (250 mM sucrose, 2 mM HEPES,
pH 7.4, 0.1 mM EDTA, 0.1% fatty acid-free BSA),
as described previously (Graham and Rickwood,
1997a). Purified mitochondria were resuspended in
same buffer and stored on ice for use. Protein content
of mitochondria was determined by biuret method.

2.3. Expression and purification of Bcl-xL

Human Bcl-xL was expressed as Glutathione
S-transferase (GST) protein inEscherichia coliStrain
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BH 5� and purified on a Glutathione Sepharose 4B
column (Narita et al., 1998; Smith and Johnson,
1998). Purified protein was suspended in the buffer
composed of 20 mM HEPES-K+ (pH 7.4) and 1 mM
DTT. The protein content was estimated by measuring
the absorbance at 280 nm.

2.4. Measurement of oxygen consumption

By using a Clark oxygen electrode (YSI Model
53 Oxygen Monitor, USA), mitochondrial respiration
was monitored in media (225 mM sucrose, 20 mM
KCl, 5 mM MgCl2, 10 mM KH2PO4, 10 mM HEPES
(pH 7.4) and 2�M rotenone) at 25◦C (Graham and
Rickwood, 1997b).

2.5. Determination of mitochondrial permeability
transition

Mitochondrial swelling, the result of mitochon-
drial permeability transition, was determined by the
decrease in 90◦ light scattering method (Hunter and
Haworth, 1979). Mitochondrial suspension was mon-
itored at 520 nm in media P (250 mM sucrose, 2 mM
Tris, pH 7.4, 0.5 mM KH2PO4 and 4.2 mM potas-
sium succinate to energize mitochondria) by using a
spectrofluorimeter (Jobin-Yvon FluoroMax-2).

2.6. Measurement of mitochondrial transmembrane
potential (∆Ψm)

Mitochondrial transmembrane potential was es-
timated by measuring the�Ψm-dependent up-
take of Rhodamine 123, using a spectrofluorimeter
(Jobin-Yvon FluoroMax-2) operated at excitation and
emission wavelengths of 500 and 527 nm, respectively
(Narita et al., 1998; Emaus et al., 1986) . Isolated
mitochondria were incubated at 25◦C in media P.

2.7. Determination of mitochondrial matrix
pH (pHm)

Matrix pH of mitochondria in media P was mea-
sured with pH-sensitive probes, BCECF (Kapus
et al., 1989). Mitochondria were incubated with 5�M
BCECF/AM for 5 min at 2◦C. After centrifugation
(10,000× g; 10 min), mitochondria were resuspended
for use. The fluorescence of BCECF was deter-

mined by using a spectrofluorimeter (Jobin-Yvon
FluoroMax-2) with excitation at 500 nm and emission
at 530 nm.

2.8. Determination of ROS production

Mitochondrial ROS production was evaluated by
using H2DCF as previously described with some mod-
ification (Bejma and Ji, 1999). Mitochondria were
loaded with 5�M H2DCFDA for 15 min at 25◦C. Af-
ter centrifugation (10,000× g; 10 min), the pellet was
resuspended for use. By using a spectrofluorimeter
(Jobin-Yvon FluoroMax-2) with excitation and emis-
sion wavelengths of 499 and 525 nm, respectively, the
rate of the conversion from H2DCF to DCF was deter-
mined in assay buffer (225 mM sucrose, 20 mM KCl,
5 mM MgCl2, 10 mM KH2PO4, 2 mM Tris (pH 7.4)
and 4.2 mM succinate as substrate).

2.9. Cytochrome c release assay

Purified mitochondria (1 mg protein/ml; 50�l/tube)
were incubated in media P with presence of cadmium
or/and other inhibitors for 5 min at 25◦C. After cen-
trifugation, aliquots supernatant were subjected to
SDS–PAGE gel electrophoresis (12%). Western blot
analysis of cytochromec was carried out by using a
specific monoclonal antibody (Liu et al., 1996).

3. Results

3.1. Suppression of mitochondria respiration
by cadmium

In reaction system containing 1 mg mitochondrial
protein/ml, the effects of 1, 2.5 and 5�M cadmium
on mitochondrial respiration were observed (Fig. 1A).
The results illustrated that cadmium could suppress
mitochondrial oxygen consumption depending on con-
centration. 5�M cadmium completely suppressed mi-
tochondria respiration, but 1�M cadmium had little
effect. Because of different effects on mitochondrial
respiration, a basic and vital function of mitochondria,
1 and 5�M cadmium were often used in this study.
Although its ion radius and valence is very similar to
that of cadmium ion, calcium had different effect on
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Fig. 1. The effect of cadmium and calcium on the mitochondrial respiration. (A) In presence of different concentrations of cadmium,
succinate-stimulated state 4 and ADP-stimulated state 3 respiration of mitochondria was measured by a Clark oxygen electrode as described
in Section 2. Trace awas normal control, andtraces b, c and d were delineated in presence of 1, 2.5 and 5�M cadmium, respectively.
(B) Mitochondrial respiration was measured in presence of 100�M calcium as described in A.Trace awas normal control, andtrace b
was delineated with 100�M calcium.

mitochondrial respiration. 100�M calcium induced
the uncoupling of mitochondria (Fig. 1B).

Mitochondria are main source of ROS in cells.
H2DCFDA, which has been used to detect the overall

Fig. 2. ROS production in mitochondria treated with cadmium. Mitochondria were loaded with DCFH-DA and then the rate of the
conversion from DCFH to DCF was determined at excitation and emission wavelengths of 488 and 525 nm, respectively.Trace a was
normal control, andtraces bandc were delineated with 1 and 5�M cadmium, respectively. Where indicated, cadmium was added (arrow).

oxidative stress both in cell (Culcasi et al., 1994) and
in mitochondria (Bejma and Ji, 1999), was employed
to observed the ROS production induced by cad-
mium.Fig. 2showed that regardless of mitochondrial
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Fig. 3. Induction of opening of PTP, loss of membrane potential and decrease of pHm induced by cadmium. (A) Mitochondrial swelling
was monitored at 520 nm in absence or presence of cadmium as described inSection 2. Trace awas normal control, andtraces band c
were delineated with 1 and 5�M cadmium, respectively.Arrow indicated that cadmium was added. (B) The fluorescence of Rhodamine
123 (Rh123), showing mitochondrial transmembrane potential, was monitored at excitation and emission wavelengths of 500 and 527 nm,
respectively.Trace awas normal control in which CCCP (uncoupling agent, 3�M) was added as positive control at 400 s andtraces b
and c were delineated with 1 and 5�M cadmium, respectively which was added at 200 s (arrow). (C) Matrix pH of mitochondria was
measured with BCECF as described inSection 2. Trace a was normal control, andtraces band c were delineated with 1 and 5�M
cadmium, respectively which was added at 200 s (arrow).
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Fig. 3. (Continued).

respiration, 1 and 5�M cadmium did not cause any
change of the rate of the conversion from H2DCF to
DCF by auto-oxidation. Therefore, cadmium may not
directly stimulate the mitochondrial ROS production.

Because of its uncoupling, 100�M calcium did not
change the rate of H2DCF conversion to DCF too (data
not shown). This suggested that the over-loading of
calcium in mitochondria did not induce ROS produc-
tion.

3.2. Induction of opening of PTP, loss of membrane
potential and decrease of pHm

Mitochondrial swelling is the direct result of the
PTP opening (Kroemer and Reed, 2000; Martinou and
Green, 2001), so it is a very good index for mitochon-
drial permeability transition. In our study, the rapid
decrease of light scatter at 520 nm happened at once
when 5�M cadmium was added into mitochondrial
suspension, but 1�M cadmium did not have this ef-
fect (Fig. 3A). This result elucidated that cadmium can
directly trigger the opening of PTP.

Usually, the collapse of transmembrane potential
(�Ψm) ensue from the opening of PTP (Zamzami

and Kroemer, 2001). In order to observe the change
of �Ψm of mitochondria exposed cadmium, Rh123,
which is cationic lipophilic dye and can enter mito-
chondria depending on voltage, was employed.Fig. 3B
illustrated that 5�M other than 1�M cadmium dras-
tically destroyed�Ψm and caused the sharp increase
of fluorescent intensity of Rh123.

Transmembrane potential (�Ψm) is generated from
electrochemical proton gradient. The PTP opening can
lead to influx of proton into mitochondrial matrix and
decrease matrix pH (pHm) (Ichas and Mazat, 1998).
Our results indicated that 5�M cadmium violently
decrease the fluorescent intensity of BCECF to show
the acidification in mitochondria, but 1�M cadmium
did not have this effect (Fig. 3C).

As previous reports, the release of cytochromec,
a cofactor in the activation of caspases, is a direct
result from the opening of PTP (Green and Reed,
1998; Bossy-Wetzel and Green, 1999). In our study,
5�M but not 1�M cadmium caused the release of
cytochromec (Fig. 8).

In the induction of opening of PTP, loss of�Ψm and
decrease of pHm, 100�M calcium was very similar to
cadmium (data not shown).
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3.3. Inhibition of Ruthenium Red and Bcl-xL on
opening of PTP and loss of membrane potential

Because cadmium can enter cells through Ca2+
channel, we wonder whether cadmium enter mito-
chondrial via similar channel and take its effect inside
other than outside mitochondria. Hence, we observed
the effect of Ruthenium Red (RR), a specific in-
hibitor of calcium uniporter which is main calcium
channel in mitochondrial membrane (Bernadi, 1999).
1�M Ruthenium Red could completely inhibited the
opening of PTP, the loss of�Ψm and the release of
cytochromec induced by 5�M cadmium (Figs. 4A,
B and 8).

As mentioned above, cadmium can induce apoptosis
and the mitochondrial damage, however, there is lack
the direct relationship between them. Anti-apoptotic
members of Bcl-2 family have been reported to in-
hibit the PTP opening directly and indirectly (Shimizu
et al., 2000; Tsujimoto and Shimizu, 2000). There-
fore, we observe the effect of Bcl-2 on the mitochon-
drial damage induced by cadmium.Figs. 4 and 8
indicated that Bcl-xL (16�g/ml) completely inhibited
the cadmium-induced PTP opening, loss of�Ψm and
the release of cytochromec. However, although it
contained 1 mM DTT, the only buffer used to dissolve
Bcl-xL was not effective on the opening induced by
cadmium (data not shown).

Ruthenium Red and Bcl-xL had the same effect on
the PTP opening and loss of�Ψm induced by 100�M
calcium (data not shown).

3.4. Different effects of cyclosporin A and Bongkrekic
acid on the cadmium-induced PTP opening

Cyclosporin A and Bongkrekic acid are two known
inhibitors of the PTP opening (Leoffler and Kroemer,
2000; Jurgensmeier et al., 1998). However, they had
different effect on the cadmium-induced PTP opening.
1�M CsA, even up to 10�M, could not inhibit the
opening of PTP induced by 5�M cadmium (Fig. 5A).
Moreover, it could not also prevent the release of cy-
tochromec (Fig. 8). In contrast to CsA, BK could sup-
press cadmium-triggered PTP opening and presented
concentration-dependent manner (Fig. 5A).

Comparing with cadmium, the PTP opening in-
duced by 100�M calcium could be strongly inhibited
by both CsA and BK (Fig. 5B).

Besides CsA and BK, we also observed effects of
other inhibitors. ADP, endogenous inhibitor of PTP,
could not inhibit the PTP opening induced by cad-
mium (data not shown). Inhibitors of mitochondrial
respiratory chain, antimycin A, potassium cyanide
and myxothiazol, could completely suppressed the
PTP opening induced by either cadmium or cal-
cium (Fig. 5C). These results illustrated that the PTP
opening induced by cadmium was dependent on the
integrity of mitochondrial respiratory chain.

3.5. Suppression of thiol-containing proteins on the
PTP opening induced by cadmium

How to induce the mitochondrial PTP opening
by cadmium? Possibly, it was related to the interac-
tion between thiol group and cadmium. In order to
validate our speculation, we choose glutathione and
proteins containing abundant thiol groups, seleno-
protein P and bovine serum albumin (BSA). GSH
and BSA had not any protection on mitochondria,
when they pre-incubate with mitochondria for 5 min
and then 5�M cadmium was added into mitochon-
drial suspension (data not shown). In contrary, if
they pre-incubated with cadmium for 5 min and then
was added into mitochondrial suspension together,
mitochondrial PTP opening was delayed and par-
tially suppressed (Fig. 6A and B). Selenoprotein P,
pre-incubating with either mitochondria or cadmium,
could suppress the cadmium-induced PTP opening in
very similar degree. Moreover, 3�g/ml selenoprotein
P completely inhibited the cadmium-triggered PTP
opening (Fig. 5C). These results revealed that GSH,
BSA and selenoprotein P antagonize effects of cad-
mium due to their binding to cadmium. Furthermore,
selenoprotein P was most effective possibly due to its
thiol groups and selenium (Sies and Arteel, 2000).

3.6. The closing state of PTP is very important
factor for maintaining the respiratory function of
mitochondria

The closing state of PTP is very helpful to maintain
the mitochondrial transmembrane potential (Ichas and
Mazat, 1998). Therefore, it probably is very important
factor to maintain the mitochondrial respiratory. In our
study, the protective effect of some inhibitors of PTP
opening on the respiratory was observed. Both Bcl-xL
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Fig. 4. Inhibition of Bcl-xL and Ruthenium Red (RR) on the opening of PTP, loss of membrane potential. (A) As described inFig. 3,
mitochondrial swelling was monitored in presence of Bcl-xL (16�g/ml) or RR (1�M). Trace awas delineated with only 5�M cadmium,
and traces bandc were with 5�M cadmium in presence of Bcl-xL (16�g/ml) or RR (1�M), respectively.Arrow indicated that cadmium
was added. (B) As described inFig. 3, the loss of membrane potential was determined in presence of Bcl-xL (16�g/ml) or RR (1�M)
or CsA (1�M). Trace awas delineated with only 5�M cadmium, andtraces band c were with 5�M cadmium in presence of Bcl-xL

(16�g/ml) or RR (1�M), respectively.Trace d was with cadmium in presence of CsA (1�M) and CCCP (3�M) was added at 400 s.
Cadmium 5�M was added at 200 s (arrow).
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Fig. 5. The effect of cyclosporin A (CsA) and Bongkrekic acid (BK) and respiratory chain inhibitors on the opening of PTP induced by
cadmium or calcium. (A) As described inFig. 3, mitochondrial swelling was monitored in presence of CsA or BK.Trace awas delineated
with only 5�M cadmium,trace b was with 5�M cadmium in presence of CsA (1�M), and traces c, d and e were with 5�M cadmium
in presence of 12.5, 25 and 50�M BK, respectively.Arrow indicated the point where cadmium was added. (B) As described inFig. 3,
mitochondrial swelling was determined in presence of CsA (1�M) or BK (50�M). Trace awas delineated with only 100�M calcium,
and traces bandc was with 100�M calcium in presence of BK or CsA, respectively. Calcium was added at 200 s (arrow). (C) The effect
of some inhibitor of respiratory chain on the mitochondrial swelling induced by cadmium as inFig. 3. Trace awas delineated with only
5�M cadmium, andtraces b, c andd were with 5�M cadmium in the presence of antimycin A (10�M), potassium cyanide (1 mM) and
myxothiazol (3�g/ml), respectively. Cadmium was added at 200 s (arrow).
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Fig. 5. (Continued).

and Ruthenium Red could suppress the respiratory in-
hibition induced by cadmium, but cyclosporin A had
no any effect (Fig. 7A). As well as, Bcl-xL, RR and
CsA all inhibited the uncoupling of calcium (Fig 7B).

4. Discussion

It has been report that cadmium can lead to cell
death (Li et al., 2000; Tsangaris and Tzortzatou-
Stathopoulou, 1998), but the mechanism is not very
clear yet. The change of mitochondria permeability
transition has been known to be a common and cru-
cial mechanism in cell death (Lemasters et al., 1998).
Via the opening of PTP, cytochromec, apoptosis in-
ducing factor (AIF) and procaspase 2, 9 release from
mitochondria and take part in startup of apoptosis
(Shimizu et al., 1999; Susin et al., 1999). Our study
showed that cadmium could directly lead to the dys-
function of mitochondria, including the inhibition of
respiration, the opening of PTP, the loss of trans-
membrane potential, and the release of cytochrome
c. Therefore, mitochondrial damage probably lies
in a main position in cadmium-induced apoptosis
(Fig. 8).

The PTP is a protein-complex, which lies in the
contact site between inner and outer membrane
of mitochondria. Although its exact composition
is unclear, PTP is thought to contain hexokinase,
voltage-dependent anion channel (VDAC), creatine
kinase, the adenine nucleotide translocator (ANT)
and cyclophilinD (CyP-D) (Zamzami and Kroemer,
2001). Many inducers and inhibitors of apoptosis act
on the VADAC or ANT, such as Ca2+, oxidant agent,
Bcl-2 family members etc (Zamzami and Kroemer,
2001; Susin et al., 1998). Our research revealed
that cadmium probably acted on ANT to trigger the
opening of PTP. There are two evidences for this
conclusion in our study. (1) Ruthenium Red, which is
specific inhibitor of Ca2+ uniporter on mitochondria,
could completely inhibit the mitochondrial dysfunc-
tion. It suggested that cadmium entered mitochondria
via Ca2+ uniporter and only took an effect inside mi-
tochondria. ANT lied in the inner membrane and was
easily attacked by cadmium. (2) Bongkrekic acid, a
specific inhibitor of ANT, also could completely sup-
press the cadmium-induced PTP opening. Zazueta’s
group has also deducted that ANT possibly involved
in the cadmium-induced PTP opening (Zazueta et al.,
2000).
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Fig. 6. Inhibition of thiol-containing proteins on the PTP opening induced by cadmium. (A) 30 and 60 mM glutathione (GSH) were
pre-incubated with cadmium (5�M) for 5 min, and then the mixture were added into mitochondrial suspension at 200 s (arrow). The PTP
opening was measured as described inFig. 3. Trace a was delineated with only 5�M cadmium, traces band c showed the effect of
30 or 60 mM GSH on the PTP opening. (B) 30 and 60�g/ml BSA were pre-incubated with cadmium (5�M) for 5 min, and then the
mixture were added into mitochondrial suspension at 200 s (arrow). The PTP opening was measured as described inFig. 3. Trace awas
delineated with only 5�M cadmium, andtraces bandc showed the effect of 30 or 60�g/ml BSA on the PTP opening. (C) 5 and 10�g/ml
selenoprotein were pre-incubated with cadmium (5�M) for 5 min, and then the mixture were added into mitochondrial suspension at 200 s
(arrow). The PTP opening was measured as described inFig. 3. Trace awas delineated with only 5�M cadmium, andtraces band c
showed the effect of 5 or 10�g/ml selenoprotein on the PTP opening.
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Fig. 6. (Continued).

ANT, ADP/ATP carrier, works as a dimmer in mi-
tochondrial inner membrane. Each monomer of ANT
possesses four cysteine residues (Majima et al., 1995,
1993). Therefore, through its high affinity to thiol

Fig. 7. Inhibition of PTP-opening inhibitors on the dysfunction of mitochondrial respiration induced by cadmium or calcium. (A) In
presence of 5�M cadmium without or with PTP-opening inhibitors, succinate-stimulated state 4 and ADP-stimulated state 3 respiration
of mitochondria was measured by a Clark oxygen electrode as described inSection 2. Trace a is 5�M cadmium, andtraces b, c and d
showed that 5�M cadmium was with CsA (1�M), Bcl-xL (16�g/ml) or RR (1�M), respectively. (B) In presence of 100�M calcium
without or with PTP-opening inhibitors, the oxygen consumption of mitochondria was monitored by a Clark oxygen electrode as described
in Section 2. Trace a is 100�M calcium; andtraces b, c and d showed that 100�M calcium was with CsA (1�M), Bcl-xL (16�g/ml)
or RR (1�M), respectively.

groups, cadmium may directly modify thiol groups of
ANT and finally make PTP open. Furthermore, when
thiol-containing proteins (GSH, BSA, selenoprotein
P) are pre-incubated with cadmium, they can delay
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Fig. 8. Release of cytochromec induced by cadmium. The mitochondria was incubated with cadmium in absence or presence of some
inhibitors for 5 min. After centrifugation, aliquots of the supernatant were subjected to SDS–PAGE and immunoblotted as described in
Section 2.

and suppress the PTP opening. This demonstrated
that thiol-containing proteins possibly decreased the
available cadmium (free cadmium) to bind to the thiol
group in ANT. As previous reports, thiol reagents
can form a disulfide bridge between two vicinal thiol
residues of the ANT monomers and promote the PTP
opening, and they can overcome the inhibitory effect
of Bcl-2 (Halestrap et al., 1997; Costantini et al.,
2000). These results also support our speculation, that
cadmium induced the opening of PTP not through
forming disulfide bridge but just binding to vici-
nal thiol groups (Cys–s–Cd–s–Cys). Because in our
study, Bcl-xL could completely suppress the effect

Fig. 9. Scheme of the pathway of cadmium-induced PTP opening. Cadmium enter mitochondria via Ca2+ uniporter, then binding to thiol
groups in adenine nucleotide translocator (ANT), and finally induce the opening of PTP, loss of membrane potential and decrease of pHm.

of cadmium, and there is not ROS production during
cadmium-treatment. In addition, cadmium suppressed
the mitochondrial respiration possibly also through
its binding to thiol groups.

Bongkrekic acid and cyclosporin A directly or
indirectly act on ANT and inhibit the PTP opening
(Zamzami and Kroemer, 2001). BK can directly lock
ANT at m-state (one of two conformations of ANT)
and inhibit the pore opening (Crompton, 1999). CsA
probably occupy the active site of cyclophilinD
(Mikol et al., 1994; Alberg and Schreiber, 1993) and
forms a VDAC–ANT–CyPd–CsA complex to block
the pore opening (Crompton, 1999; Woodfied et al.,



32 M. Li et al. / Toxicology 194 (2003) 19–33

1998). In our studies, BK and CsA have different
effects on the PTP opening induced by cadmium.
Possibly since their binding positions is difference
and they have direct or indirect effect on ANT con-
formation. Although Ca2+ and Cd2+ are very sim-
ilar in some action (Beyersmann and Hechtenberg,
1997), the mechanism of the PTP opening induced
by them is different. Calcium-induced PTP opening
was CsA-dependent but cadmium was not.

In our study, the possible mechanism of the PTP
opening caused by cadmium is expounded (Fig. 9).
Cadmium may enter mitochondria via Ca2+ uniporter
and interact with crucial thiol groups of ANT to in-
duce the PTP opening and cytochromec release. Fur-
thermore, because of inducing the mitochondrial PTP
opening and the release of cytochromec, cadmium
could probably induce cell death via mitochondria
pathway besides Ca2+ and caspase-8 pathway in apop-
tosis of U937 cells, respectively in our previous study
(Li et al., 2000).
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