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Abstract

The cancer chemopreventive effect of selenium compounds cannot be fully explained by the role of selenium as a component of

antioxidant enzymes, suggesting that other mechanisms, such as thiol oxidation or free radical generation, also underlie this effect. The

toxicities of six different selenium compounds (selenite, selenate, selenocystine, selenocystamine, selenodioxide, and selenomethionine)

have now been compared in HepG2 human hepatoma cells and isolated rat liver mitochondria. Selenite, selenocystine, and selenodioxide

induced apoptosis in HepG2 cells and mediated oxidation of protein thiol groups in both HepG2 cells and isolated mitochondria.

Selenocystamine oxidized protein thiol groups in isolated mitochondria and crude extracts of HepG2 cells but not in intact HepG2 cells,

suggesting that this compound is not able to cross the cell membrane. The selenium compounds capable of oxidizing thiol groups also

induced the mitochondrial permeability transition (MPT) in isolated mitochondria. Furthermore, they generated the superoxide (O2
��) on

reaction with glutathione in the presence of mitochondria, and an O2
�� scavenger inhibited their induction of the MPT. These results

suggest that the pro-apoptotic action of selenium compounds is mediated by both thiol oxidation and the generation of O2
��, both of which

contribute to opening of the MPT pore.

# 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Mitochondria play an important role in the regulation

of apoptosis [1–5]. The intermembrane space of

these organelles contains several pro-apoptotic proteins,

including cytochrome c, procaspases 2, 3, and 9, and

apoptosis-inducing factor, all of which are released into

the cytosol as a result either of disruption of the outer

mitochondrial membrane or of the opening of specific

pores [6–8]. The opening of the MPT pore induced by

apoptotic stimuli is thus thought to result in swelling of

the mitochondrial matrix and consequent rupture of the

outer membrane and release of pro-apoptotic proteins.

The opening of the MPT pore is regulated by Ca2þ, thiol

oxidants, ROS, and members of the Bcl-2 family of

proteins [9–15].

The production of ROS by mitochondria contributes to a

variety of conditions associated with cell death, including

ischemia, aging, neurodegeneration, and cancer [3,16–18].

During mitochondrial respiration, electrons are released

from their normal transport pathway to molecular oxygen

at complexes I and III [19], resulting in formation of the

superoxide (O2
��). Mitochondria thus represent the main

source of ROS in mammalian cells and accumulate oxi-

dative damage more rapidly than do other cellular com-

ponents [20]. Although the superoxide is itself damaging to

cellular components, it also generates additional reactive

oxidants both by dismutation to hydrogen peroxide, which

is reduced, usually by a redox active metal ion, such as

ferrous ion, to hydroxy radical and hydroxide. Oxidative
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damage of mitochondria increases with aging, contributing

to an age-related decrease in the efficiency of oxidative

phosphorylation.

Selenium is an essential dietary nutrient for all mam-

malian species. Selenium compounds are also toxic both in

intact animals and in cultured cells [21–24]. The toxicity of

selenium is thought to be due to its ability to catalyze the

oxidation of thiols and simultaneously to generate O2
��

[25]. Selenium also exhibits a chemopreventive activity

with regard to cancer [26,27], although the mechanism of

this activity remains unclear.

We previously showed that selenite induces the MPT by

promoting the oxidation of protein thiol groups [28]. To

examine the possible role of O2
�� generated by selenite in

induction of the MPT, we have now compared the effects of

various inorganic and organic selenium compounds on the

opening of the MPT pore, the associated decrease in the

DCm, the release of cytochrome c into the cytosol, and the

induction of apoptotic cell death with their abilities to

oxidize the protein thiol groups and generate O2
�� by

reaction with glutathione (GSH).

2. Materials and methods

2.1. Reagents

Selenite, selenate, L-selenocystine [(R,R)-3,30-diseleno-

bis-(2-aminopropionic acid)], L-selenomethionine [(S)-

(þ)-2-amino-4-(methylseleno)butanoic acid], selenocysta-

mine, and selenium dioxide were obtained from the Sigma

Chemical Co. Antibodies to cytochrome c and IgG-HRP

were obtained from PharMingen.

2.2. Cell culture

Human hepatoma HepG2 cells were maintained under a

humidified atmosphere of 5% CO2 at 378 in Dulbecco’s

modified Eagle’s medium buffered with NaHCO3

and supplemented with 10% fetal bovine serum (Gibco-

BRL), penicillin (1000 units/mL), and streptomycin

(1000 mg/mL).

2.3. Flow cytometric analysis of cellular DNA content

HepG2 cells were incubated with selenium compounds

(10 mM) for various times and then stained with propidium

iodide for flow cytometric analysis of DNA content. At

least 20,000 events were analyzed with excitation set at

488 nm and emission monitored at 610 nm [29].

2.4. Assay of DNA fragmentation

Cells were suspended in a lysis buffer consisting of

20 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1% Triton

X-100, 0.5% sodium deoxycholate, 12 mM b-glyceropho-

sphate, 10 mM NaF, 5 mM EGTA, 1 mM Na3VO3, 3 mM

DTT, 0.5 mM phenylmethylsulfonyl fluoride, aprotinin

(5 mg/mL), leupeptin (5 mg/mL), and 0.2% SDS. After incu-

bation for 1 hr at room temperature, the cell lysate was

subjected to extraction with phenol–chloroform (1:1 v/v).

The aqueous phase was mixed with ice-cold 70% ethanol

containing 0.3 M sodium acetate (pH 5.2), and the result-

ing DNA precipitate was stored overnight at �208.
The DNA samples (25 mg per lane) were fractionated by

electrophoresis through a 1.2% agarose gel, which was

then stained with ethidium bromide and examined under

ultraviolet illumination [30].

2.5. Isolation of mitochondria and monitoring of the

MPT and DCm

Mitochondria were isolated from rat liver and the MPT

was monitored by measuring the decrease in optical den-

sity at 540 nm as described previously [31]. The DCm of

HepG2 cells or isolated rat liver mitochondria was mea-

sured as described after incubation with 5 mM rhodamine

123 for 30 min; at least 20,000 events were analyzed by

flow cytometry with excitation set at 488 nm and emission

monitored at 530 nm [32].

2.6. Western blot for cytochrome c

For determination of cytochrome c, cytosolic extracts

were obtained as described [33]. Cytosolic fractions

(20 mg) prepared from cells treated with various selenium

compounds for 24 hr were separated by electrophoresis on

a 12% SDS–PAGE. The separated proteins were blotted

onto a nitrocellulose membrane, and detection of cyto-

chrome c was carried out using horseradish peroxidase-

conjugated anti-mouse IgG (1/200 dilution, Pharmingen)

and the ECL reagent (Amersham).

2.7. Detection of free thiol groups in proteins

The proportion of free thiol groups in the membrane or

matrix fractions of mitochondria and in HepG2 cells or cell

lysates was assessed by exposure to DTNB as described

previously [34]. Absorption was measured at 415 nm, with

GSH used as a standard for calibration.

2.8. Analysis of the formation of mitochondrial protein

aggregates

Mitochondria (1 mg/mL) were incubated for 1 hr at

room temperature with selenium compounds (1 mM) or

with 1 mM diazenedicarbolic acid, bis-(N,N-dimethyla-

mide), or diamide, in a solution (final volume: 1 mL)

containing 10 mM Tris–HCl (pH 7.4), 0.25 M sucrose,

and 0.5 mM rotenone. The mitochondria were then har-

vested by centrifugation at 10,000 g for 10 min at 48. The

organelles were solubilized by the addition of 100 mL of
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SDS sample buffer (2% SDS, 50 mM Tris–HCl (pH 6.8),

0.1% bromophenol blue, 10% glycerol) in the presence or

absence of DTT followed by incubation for 5 min at 808.
The samples (10 mL) were fractionated by SDS–PAGE on a

10% gel, after which the gel was stained with Coomassie

brilliant blue [35].

2.9. Measurement of superoxide generation

Mitochondria (1 mg/mL) were incubated for 1 hr at

room temperature with various concentrations of sele-

nium compounds in a solution (final volume: 200 mL)

containing 200 mM NBT, 0.25 M sucrose, 10 mM Tris–

HCl (pH 7.4), and 5 mM succinate, with the reaction

being initiated by the addition of the latter. The rate of

NBT reduction was measured spectrophotometrically at

595 nm [36,37].

3. Results

3.1. Apoptosis of HepG2 cells induced by selenium

compounds

We first examined the toxicity of various inorganic

(selenite, selenate, selenodioxide) and organic (selenocys-

tine, selenocystamine, selenomethionine) selenium com-

pounds by determining whether they induce apoptosis in

HepG2 cells (Fig. 1). Flow cytometry of HepG2 cells

stained with propidium iodide revealed that exposure of

Fig. 1. Structures of selenium compounds.
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the cells to 10 mM selenite, selenocystine, or selenodioxide

induced a marked time-dependent increase in the propor-

tion of apoptotic cells (as reflected by the subdiploid peak),

whereas selenate, selenocystamine, and selenomethionine

did not induce apoptosis (Fig. 2A and B). Analysis of the

integrity of cellular DNA by agarose gel electrophoresis

also demonstrated that incubation of HepG2 cells with the

apoptosis-inducing selenium compounds (10 mM) for

24 hr induced internucleosomal DNA fragmentation

(Fig. 2C).

3.2. Cytochrome c release and loss of DCm induced by

pro-apoptotic selenium compounds

We next examined the effects of the six selenium

compounds on mitochondrial events associated with apop-

tosis. These events are initiated by the MPT, which is

accompanied by collapse of DCm, impairment of respira-

tion, and inhibition of ATP synthesis and results in the

release of cytochrome c into the cytosol and cell death

[1,5,7,9]. We incubated HepG2 cells for various times with

selenium compounds (10 mM) and monitored DCm by flow

cytometric measurement of the fluorescence emitted by

rhodamine 123, a cationic lipophilic dye. Selenite, sele-

nocystine, and selenodioxide (but not selenate, selenocys-

tamine, or selenomethionine) each induced a time-

dependent reduction in DCm, with this effect being first

apparent after treatment for 3–6 hr (Fig. 3A). Immunoblot

analysis of the cytosolic fraction of HepG2 cells that had

been incubated in the presence of selenium compounds

(10 mM) for 24 hr also revealed that selenite, selenocystine,

and selenodioxide each induced the release of cytochrome

c into the cytosol (Fig. 3B). These results thus indicated

that apoptosis induced by selenium compounds are

mediated by mitochondria.

We also performed the same experiments with mito-

chondria isolated from rat liver. The mitochondria were

preincubated with 5 mM succinate for 5 min, and were

then incubated with the various selenium compounds

(1 mM) for 30 min or 1 hr. The selenium compounds that

induced apoptosis in HepG2 cells also induced a loss of

DCm (Fig. 3C) and cytochrome c release (Fig. 3D) in

isolated mitochondria. In addition, however, despite its

inactivity with HepG2 cells, selenocystamine also induced

these effects in isolated mitochondria.

3.3. Thiol oxidation induced by pro-apoptotic selenium

compounds

The opening of the MPT pore is induced by an increase

in the cytosolic Ca2þ concentration, thiol oxidants, and

ROS [7,11,31,38]. To investigate the possibility that sele-

nium compounds might induce the MPT by acting as thiol

oxidants, we determined the effects of these agents on the

proportion of free thiol groups in HepG2 cells and in

isolated liver mitochondria. In previous study, we showed

Fig. 2. Induction of apoptosis by selenium compounds in HepG2 cells. (A,

B) Cells were incubated for 24 hr (A) or for the indicated times (B) at 378
in the absence (control) or presence of the indicated selenium compounds

(10 mM). They were then stained with propidium iodide (PI) and analyzed

by flow cytometry. Data in (B) represent the number of apoptotic cells

(subdiploid cells, as indicated by the peak labeled M1 in (A)) expressed as

a percentage of total cells and are means � SE of values from three

independent experiments. (C) Cells were incubated for 24 hr in the absence

or presence of selenium compounds (10 mM), after which cellular DNA

was analyzed by agarose gel electrophoresis and ethidium bromide

staining. Lane M: molecular size standards.
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that MPT is induced by various concentration of selenite

(10–1000 mM), which lead to oxidation of protein thiol

group, decrease in DCm, and release of cytochrome c [28].

In this study, to observe evident effects of selenium com-

pounds on mitochondria, we used high concentrations

(10–1000 mM) of selenium compound.

Isolated mitochondria were incubated with selenium

compounds (10 mM) for 1 hr, after which membrane and

matrix fractions were prepared and assayed for free thiol

groups with DTNB. Selenite, selenocystine, selenocysta-

mine, and selenodioxide (but not selenate or selenomethio-

nine) each induced a depletion of protein free thiol groups

that was apparent in both mitochondrial fractions (Fig. 4A

and B). Incubation of HepG2 cells with selenium com-

pounds (10 mM) for 24 hr revealed that selenite, seleno-

cystine, and selenodioxide each induced oxidation of

protein free thiol groups (Fig. 4C); selenate, selenomethio-

nine, and, in contrast to its action in isolated mitochondria,

selenocystamine did not affect the abundance of free thiols

in the cultured cells. These observations thus suggested

that selenocystamine has the potential to induce mitochon-

dria-mediated apoptosis but that it is prevented from doing

so by its inability to penetrate the cell membrane.

This conclusion was supported by the observation that

selenocystamine, like selenite, selenocystine, and seleno-

dioxide, induced thiol oxidation on incubation with crude

extracts of HepG2 cells (Fig. 4D). We further examined

whether selenium compounds acted as thiol cross-linkers

of mitochondrial proteins by SDS–PAGE analysis. Like the

thiol cross-linker diamide used as a positive control,

the selenium compounds that induced thiol oxidation

(selenite, selenocystine, selenocystamine, selenodioxide)

also induced the formation of protein aggregates of high

molecular mass (Fig. 4E). These results thus suggested that

the ability of selenium compounds to mediate thiol oxida-

tion and cross-linking might contribute to their induction of

the MPT and cell death.

3.4. Induction of mitochondrial swelling by selenium

compounds

During the MPT, the entry of water and solutes into

mitochondria results in swelling of the matrix, rupture of

the outer membrane, and the release of pro-apoptotic

proteins from the intermembrane space [1,11]. We next

examined whether the various selenium compounds

(100 mM) induce the large-amplitude mitochondrial swel-

ling attributable to the MPT by measuring the associated

decrease in optical density at 540 nm. Isolated rat liver

mitochondria were preincubated with 5 mM succinate for

5 min and then exposed to selenium compounds (Fig. 5A).

Fig. 3. Cytochrome c release and loss of DCm induced by selenium

compounds in HepG2 cells and in isolated mitochondria. (A) HepG2 cells

were incubated for various times at 378 in the presence of the indicated

selenium compounds (10 mM). They were then stained with rhodamine

123 (Rh123) for 30 min and analyzed by flow cytometry for measurement

of DCm. (B) Cells were incubated for 24 hr in the absence (control) or

presence of selenium compounds (10 mM), after which the cytosolic

fraction was prepared and subjected to immunoblot analysis with

antibodies to cytochrome c. (C) Isolated rat liver mitochondria (1 mg/

mL) were suspended in a solution containing 0.25 M sucrose and 10 mM

Tris–HCl (pH 7.4), preincubated for 5 min with 5 mM succinate, and

incubated with selenium compounds (1 mM) for 30 min at room

temperature in the presence of Rh123. They were then analyzed by flow

cytometry for measurement of DCm. (D) Mitochondria were treated as

in (C) with the exception that the incubation with selenium compounds

was performed for 1 hr in the absence of Rh123. They were then separated

by centrifugation, and the resulting supernatant was subjected to

immunoblot analysis with antibodies to cytochrome c.
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Fig. 4. Protein thiol oxidation induced by selenium compounds in isolated mitochondria and HepG2 cells. (A, B) Rat liver mitochondria (1 mg/mL) were

suspended in a solution containing 0.25 M sucrose, 10 mM Tris–HCl (pH 7.4), and 0.5 mM rotenone and were incubated for 1 hr at room temperature in

the absence (control) or presence of selenium compounds (10 mM). Membrane (A) and matrix (B) fractions were then prepared and assayed for their

content of free thiol groups with the use of DTNB. (C) HepG2 cells were incubated with selenium compounds (10 mM) for 24 hr and then assayed for

their content of free thiol groups. (D) Crude extracts of HepG2 cells (1 mg/mL) were incubated with selenium compounds (1 mM) for 1 hr at room

temperature, after which their content of free thiol groups was determined. Data in (A)–(D) are expressed as a percentage of the total number of thiol

groups and are means � SE of values from three to five independent experiments. (E) Rat liver mitochondria were treated as in (A) and (B), with the

exception that one incubation was performed with 1 mM diamide in the place of a selenium compound. They were then harvested by centrifugation,

solubilized in SDS sample buffer in the absence of DTT, and subjected to SDS–PAGE. The positions of molecular size standards are shown (in kDa)

on the left.
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Mitochondrial swelling was induced by selenite, seleno-

cystine, selenocystamine, and selenodioxide, the same four

compounds that induced thiol cross-linking of mitochon-

drial proteins. The mitochondrial swelling induced by

these selenium compounds was completely inhibited by

5 mM cyclosporin A (an MPT pore blocker), 10 mM EGTA

(a Ca2þ chelator), or 100 mM N-ethylmaleimide (a mono-

functional thiol oxidant) (data not shown). The rate of

mitochondrial swelling induced by selenite increased in a

concentration-dependent manner from 10 mM to 1 mM

(Fig. 5B).

3.5. Superoxide generation by reaction of selenium

compounds with GSH

The MPT has been shown to be induced by thiol

oxidants (diamide, alloxan, 4,40-diisothiocyanatostilbene-

2,20-disulfonic acid, phenylarsine oxide) and by ROS

(peroxynitrite, tert-butylhydroperoxide, hydrogen perox-

ide) [15,35,39–41]. We also previously showed that the

MPT induced by selenite is mediated by thiol oxidation

[28]. Given that the reaction of selenite with GSH generates

O2
��, we investigated the possibility that O2

�� generated

by the reaction of selenium compounds and GSH contri-

butes to the induction of the MPT by these compounds. We

first measured the ability of the various selenium com-

pounds to generate O2
�� on incubation with GSH in the

presence of isolated mitochondria as described above. In

addition to selenite, selenocystine, selenocystamine, and

selenodioxide (but not selenate or selenomethionine) also

each generated O2
�� by reacting with GSH (Fig. 6).

3.6. Mitochondrial swelling in response to superoxide

generation by selenite

We next examined whether O2
�� produced from the

reaction of selenium compounds with GSH induces the

MPT in isolated mitochondria. We compared the effect of

selenite with that of diamide, which induces mitochondrial

swelling through thiol oxidation but does not react with

GSH to generate O2
��. In this study, we used 100 mM

selenite and 2 mM GSH because these concentrations

generated the most amount of superoxide. The swelling

(A)

(B)

Fig. 5. Induction of MPT pore opening in isolated mitochondria

by selenium compounds. (A) Rat liver mitochondria (1 mg/mL)

were suspended in a solution containing 0.25 M sucrose and 10 mM

Tris–HCl (pH 7.4), and were preincubated for 5 min at room temperature

with 5 mM succinate. They were then incubated in the absence (trace a) or

presence of selenite (trace b), selenate (trace c), selenocystine (trace d),

selenocystamine (trace e), selenodioxide (trace f), or selenomethionine

(trace g), each at a concentration of 100 mM, the addition of which

is indicated by the arrow. (B) Mitochondria were suspended and

preincubated as in (A), after which selenite at concentrations of 0, 10,

50, 100, 200, 500, or 1000 mM (traces a–g, respectively) was added as

indicated by the arrow. In both (A) and (B), large-amplitude mitochon-

drial swelling was monitored by measurement of the decrease in optical

density at 540 nm (OD540). 0
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Fig. 6. Generation of the superoxide by the reaction of selenium

compounds with GSH. Mitochondria (1 mg/mL) were suspended in a

solution containing 200 mM NBT, 5 mM succinate, 0.25 M sucrose, and

10 mM Tris–HCl (pH 7.4). They were preincubated for 5 min with 2 mM

GSH before the addition of the indicated selenium compounds (1 mM) and

incubation for 1 hr at room temperature. Control was not added by

selenium compounds. The rate of NBT reduction was measured spectro-

photometrically at 595 nm. Data are expressed as the increase in A595 per

minute and are means � SE of values from three independent experiments.

T.-S. Kim et al. / Biochemical Pharmacology 66 (2003) 2301–2311 2307



induced by the addition of selenite or diamide, each at a

concentration of 100 mM, to energized mitochondria was

completely inhibited by 2 mM GSH (Fig. 7A). This inhi-

bitory effect of GSH is likely attributable to prevention of

the diamide- or selenite-induced oxidation of thiol groups

present on a component of the MPT pore. However, the

addition of 5 mM succinate to mitochondria that had been

preincubated with GSH and selenite for 1 hr resulted in

large-amplitude mitochondrial swelling (Fig. 7B); such

swelling was not observed when diamide replaced selenite

in this protocol. These data indicated that O2
�� generated

by the reaction of selenite with GSH induced the MPT. To

confirm that O2
�� is able to induce the MPT, we showed

that another O2
�� generation system, xanthine and

xanthine oxidase, triggered opening of the MPT pore in

isolated mitochondria and that this effect was inhibited by

Mn-TBAP [42], an O2
�� scavenger (Fig. 7C). Mn-TBAP

also completely inhibited the swelling induced by the

reaction of selenite with GSH before succinate treatment.

The energy state of the respiratory chain is an important

determinant of MPT pore opening [43,44]. We therefore

investigated the effect of mitochondrial energy state on

induction of the MPT by selenite and GSH with the use of

TTFA, an inhibitor of complex II. TTFA inhibited the MPT

induced by preincubation of mitochondria with selenite

and GSH before exposure to succinate (Fig. 7D).

4. Discussion

We have examined the toxicities of the inorganic sele-

nium compounds selenite, selenate, and selenodioxide and

the organic selenium compounds selenocystine, selenocys-

tamine, and selenomethionine. By reaction with GSH,

selenite and selenodioxide form selenodiglutathione, which

is reduced to the selenopersulfide anion; the latter in turn

produces O2
�� through redox cycling [24,42]. Selenocys-

tine is metabolized by reduced GSH and/or GSH reductase

to hydrogen selenide via selenocysteine-glutathione sele-

nenyl sulfide, which also produced O2
�� by redox cycling

[45]. Selenocystamine, which is a symmetrical diselenide
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Fig. 7. Induction of the MPT by O2
�� generated as a result of the reaction

of selenite with GSH. (A) Rat liver mitochondria (1 mg/mL) were

suspended in a solution containing 0.25 M sucrose and 10 mM Tris–HCl

(pH 7.4), preincubated for 5 min at room temperature with 5 mM succinate,

and then exposed (arrow) to 100 mM selenite (traces a and b) or 100 mM

diamide (traces c and d) in the absence (traces a and c) or presence (traces b

and d) of 2 mM GSH. (B) Mitochondria were suspended as in (A),

preincubated for 1 hr with 100 mM selenite (traces a and b) or 100 mM

diamide (traces c and d) in the absence (traces a and c) or presence (traces b

and d) of 2 mM GSH, and then exposed (arrow) to 5 mM succinate. (C)

Mitochondria were suspended as in (A) and preincubated for 1 hr at room

temperature either with 100 mM selenite and 2 mM GSH, in the absence

(trace b) or presence (trace c) of 0.5 mM Mn-TBAP, or with 0.2 mM

xanthine and xanthine oxidase (20 mU/mL), in the absence (trace d) or

presence (trace e) of 0.5 mM Mn-TBAP. The mitochondria were then

exposed (arrow) to 5 mM succinate. Trace a: no addition. (D) Mitochondria

were suspended as in (A), preincubated (closed arrow) for 5 min at room

temperature in the absence (trace e) or presence of 5 mM succinate (trace b)

or 5 mM succinate plus 5 mM TTFA (trace d), and then exposed (closed

arrow) to 100 mM selenite. Alternatively, mitochondria were preincubated

(open arrow) with 100 mM selenite for 5 min at room temperature and then

exposed (open arrow) to 5 mM succinate (trace c). Trace a: no addition.

Large-amplitude mitochondrial swelling was monitored by measurement of

the decrease in optical density at 540 nm (OD540).
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(RSeSeR), is reduced by thiol agents such as GSH to yield

two selenoate anions (RSe�) [46]; the latter also produce

O2
�� by redox cycling. Selenate and selenomethionine

(RSeCH3) do not produce O2
�� by redox cycling or thiol

oxidation [47]. We have now shown that selenite, seleno-

cystine, and selenodioxide induced apoptosis in HepG2

cells, as revealed by flow cytometric analysis of DNA

content and electrophoretic detection of internucleosomal

DNA fragmentation.

In addition to being the principal site of ROS generation

in cells, mitochondria are also the primary target of these

molecules. Mitochondria thus play a key role in apoptosis

induced by the accumulation of ROS and consequent

changes in the cellular redox state. The MPT is a critical

event in mitochondria-dependent apoptosis. The opening

of the MPT pore, a large, high-conductance, and nonspe-

cific channel that spans both mitochondrial inner and outer

membranes, results in a loss of DCm, mitochondrial swel-

ling, and the release of cytochrome c, the latter of which

activates the caspase mediators of apoptotic cell death

[3,5,34,39]. We have now shown that the pro-apoptotic

selenium compounds induced a decrease in DCm and the

release of cytochrome c both in HepG2 cells and in isolated

rat liver mitochondria. Our observation that selenocysta-

mine induced these effects in isolated mitochondria but not

in HepG2 cells suggested that this compound did not

trigger apoptosis because it was not able to penetrate

the cell membrane.

The opening of the MPT pore is induced by thiol

oxidation [11,15,16,38,40]. We showed that the pro-apop-

totic selenium compounds selenite, selenocystine, and

selenodioxide were able to oxidize thiol groups in isolated

mitochondria, in HepG2 cells, and in HepG2 cell lysates.

Again, selenocystamine oxidized protein thiols in isolated

mitochondria and HepG2 cell lysates but not in intact

HepG2 cells, consistent with the conclusion that this

compound is not able to cross the cell membrane.

The release of cytochrome c and other pro-apoptotic

proteins such as Smac (DIABLO) from mitochondria

induced by O2
�� is thought to play an important role in

apoptosis under a variety of pathological conditions,

including ischemia-reperfusion injury, drug toxicity, and

inflammation [1,48–51]. Large amounts of O2
�� are pro-

duced as a result of xanthine oxidase-mediated catabolism

of purine nucleotides, an increased activity of the electron

transport chain, and, especially in neutrophils, by activa-

tion of NADPH oxidase. Furthermore, an increased pro-

duction of O2
�� has been described as an early event in

several apoptotic paradigms [3,7,12]. In cells, O2
�� is

converted to ROS (H2O2, OONO�), which in turn have

been shown to trigger the MPT and the associated loss of

DCm, mitochondrial swelling, and cytochrome c release in

isolated mitochondria [12,47,52].

We have now shown that mitochondrial swelling

induced by selenite or diamide after preincubation of

isolated mitochondria with succinate was prevented by

the presence of GSH, consistent with the notion that these

effects of selenite and diamide were mediated by thiol

oxidation. In contrast, GSH potentiated rather than inhib-

ited swelling when mitochondria were preincubated with

this agent and selenite before exposure to succinate. Mito-

chondria preincubated with GSH and diamide before

exposure to succinate did not exhibit swelling. These

results thus suggest that the preincubation of mitochondria

with selenite and GSH before exposure to succinate results

in the generation of O2
�� and that this anion might then

affect the redox state of the pyridine nucleotide pool.

Several studies have suggested that oxidation of the pyridine

nucleotide pool, which is regulated by respiratory substrates

such as succinate and glutamate–malate, results in induction

of the MPT [35,53,54]. The MPT induced by selenite and

GSH was prevented by the O2
�� scavenger, Mn-TBAP. Our

data thus suggest that O2
�� plays an important role in the

opening of the MPT pore induced by selenium compounds.

From these data, we suggest the possibility that O2
��,

generated by reaction with selenite and GSH, plays

an important role in the opening of the MPT, which may

be mediated by thiol oxidation in isolated mitochondria.

In conclusion, we have shown that both organic and

inorganic selenium compounds are able to induce apoptosis

by triggering the MPT, which results in a loss of DCm and

the release of cytochrome c into the cytosol. Furthermore,

the induction of the MPT by selenium compounds appears

to be mediated both by cross-linking of protein thiol groups

and by the generation of O2
�� through reaction with GSH.

Acknowledgments

This work was supported by grant KOSEF 2000-2-

20900-008-5 from the Korea Science and Engineering

Foundation to I.Y.K.

References

[1] Green DR, Reed JC. Mitochondria and apoptosis. Science 1998;281:

1309–12.

[2] Hengartner MO. The biochemistry of apoptosis. Nature 2000;407:

770–6.

[3] Raha S, Robinson BH. Mitochondria, oxygen free radicals, disease

and ageing. Trends Biochem Sci 2000;25:502–8.

[4] Susin SA, Zamzami N, Kroemer G. Mitochondria as regulators of

apoptosis: doubt no more. Biochim Biophys Acta 1998;1366:151–65.

[5] Mignotte B, Vayssiere JL. Mitochondria and apoptosis. Eur J Biochem

1998;252:1–15.

[6] Zago EB, Castilho RF, Vercesi AE. The redox state of endogenous

pyridine nucleotides can determine both the degree of mitochondrial

oxidative stress and the solute selectivity of the permeability transition

pore. FEBS Lett 2000;478:29–33.

[7] Madesh M, Hajnoczky G. VDAC-dependent permeabilization of the

outer mitochondrial membrane by superoxide induces rapid and

massive cytochrome c release. J Cell Biol 2001;155:1003–15.

[8] Kowaltowski AJ, Castilho RF, Vercesi AE. Mitochondrial permeabil-

ity transition and oxidative stress. FEBS Lett 2001;495:12–5.

T.-S. Kim et al. / Biochemical Pharmacology 66 (2003) 2301–2311 2309



[9] Crompton M. The mitochondrial permeability transition pore and its

role in cell death. Biochem J 1999;341(Pt 2):233–49.

[10] Ichas F, Jouaville LS, Mazat JP. Mitochondria are excitable organelles

capable of generating and conveying electrical and calcium signals.

Cell 1997;89:1145–53.

[11] Morin D, Barthelemy S, Zini R, Labidalle S, Tillement JP. Curcumin

induces the mitochondrial permeability transition pore mediated by

membrane protein thiol oxidation. FEBS Lett 2001;495:131–6.

[12] Cai J, Jones DP. Superoxide in apoptosis. Mitochondrial generation

triggered by cytochrome c loss. J Biol Chem 1998;273:11401–4.

[13] Kluck RM, Bossy-Wetzel E, Green DR, Newmeyer DD. The release of

cytochrome c from mitochondria: a primary site for Bcl-2 regulation

of apoptosis. Science 1997;275:1132–6.

[14] Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, Cai J, Peng TI, Jones

DP, Wang X. Prevention of apoptosis by Bcl-2: release of cytochrome

c from mitochondria blocked. Science 1997;275:1129–32.

[15] Fagian MM, Pereira-da-Silva L, Martins IS, Vercesi AE. Membrane

protein thiol cross-linking associated with the permeabilization of the

inner mitochondrial membrane by Ca2þ plus prooxidants. J Biol Chem

1990;265:19955–60.

[16] Esposito LA, Melov S, Panov A, Cottrell BA, Wallace DC. Mitochon-

drial disease in mouse results in increased oxidative stress. Proc Natl

Acad Sci USA 1999;96:4820–5.

[17] Tatton WG, Olanow CW. Apoptosis in neurodegenerative diseases: the

role of mitochondria. Biochim Biophys Acta 1999;1410:195–213.

[18] Ockner RK. Apoptosis and liver diseases: recent concepts of mechan-

ism and significance. J Gastroenterol Hepatol 2001;16:248–60.

[19] Jacobson MD. Reactive oxygen species and programmed cell death.

Trends Biochem Sci 1996;21:83–6.

[20] Boczkowski J, Lisdero CL, Lanone S, Samb A, Carreras MC, Boveris

A, Aubier M, Poderoso JJ. Endogenous peroxynitrite mediates mi-

tochondrial dysfunction in rat diaphragm during endotoxemia. FASEB

J 1999;13:1637–46.

[21] Jung U, Zheng X, Yoon S, Chung A. Se-methylselenocysteine induces

apoptosis mediated by reactive oxygen species in HL-60 cells. Free

Radic Biol Med 2001;31:479–89.

[22] Wei Y, Cao X, Ou Y, Lu J, Xing C, Zheng R. SeO2 induces apoptosis

with down-regulation of Bcl-2 and up-regulation of p53 expression in

both immortal human hepatic cell line and hepatoma cell line. Mutat

Res 2001;490:113–21.

[23] Shen HM, Yang CF, Ding WX, Liu J, Ong CN. Superoxide radical-

initiated apoptotic signalling pathway in selenite-treated HepG2 cells:

mitochondria serve as the main target. Free Radic Biol Med 2001;

30:9–21.

[24] Spallholz JE. On the nature of selenium toxicity and carcinostatic

activity. Free Radic Biol Med 1994;17:45–64.

[25] Yan L, Spallholz JE. Generation of reactive oxygen species from the

reaction of selenium compounds with thiols and mammary tumor

cells. Biochem Pharmacol 1993;45:429–37.

[26] Kowaltowski AJ, Netto LE, Vercesi AE. The thiol-specific antioxidant

enzyme prevents mitochondrial permeability transition. Evidence for

the participation of reactive oxygen species in this mechanism. J Biol

Chem 1998;273:12766–9.

[27] Ip C, Hayes C, Budnick RM, Ganther HE. Chemical form of selenium,

critical metabolites, and cancer prevention. Cancer Res 1991;51:

595–600.

[28] Kim TS, Jeong DW, Yun BY, Kim IY. Dysfunction of rat liver

mitochondria by selenite: induction of mitochondrial permeability

transition through thiol-oxidation. Biochem Biophys Res Commun

2002;294:1130–7.

[29] Asada M, Yamada T, Ichijo H, Delia D, Miyazono K, Fukumuro K,

Mizutani S. Apoptosis inhibitory activity of cytoplasmic p21(Cip1/WAF1)

in monocytic differentiation. Embo J 1999;18:1223–34.

[30] Preston GA, Barrett JC, Biermann JA, Murphy E. Effects of alterations

in calcium homeostasis on apoptosis during neoplastic progression.

Cancer Res 1997;57:537–42.

[31] Sakurai K, Stoyanovsky DA, Fujimoto Y, Cederbaum AI. Mitochon-

drial permeability transition induced by 1-hydroxyethyl radical. Free

Radic Biol Med 2000;28:273–80.

[32] Li L, Lorenzo PS, Bogi K, Blumberg PM, Yuspa SH. Protein kinase Cd
targets mitochondria, alters mitochondrial membrane potential,

and induces apoptosis in normal and neoplastic keratinocytes

when overexpressed by an adenoviral vector. Mol Cell Biol 1999;

19:8547–58.

[33] Spector DL, Goldman RD, Leinwand L. In: Cells: a laboratory

manual. New York: Cold Spring Harbor Laboratory Press; 1998.

[34] Kowaltowski AJ, Vercesi AE, Castilho RF. Mitochondrial membrane

protein thiol reactivity with N-ethylmaleimide or mersalyl is modified

by Ca2þ: correlation with mitochondrial permeability transition.

Biochim Biophys Acta 1997;1318:395–402.

[35] Bindoli A, Callegaro MT, Barzon E, Benetti M, Rigobello MP.

Influence of the redox state of pyridine nucleotides on mitochondrial

sulfhydryl groups and permeability transition. Arch Biochem Biophys

1997;342:22–8.

[36] Cormier A, Morin C, Zini R, Tillement JP, Lagrue G. In vitro effects of

nicotine on mitochondrial respiration and superoxide anion genera-

tion. Brain Res 2001;900:72–9.

[37] McCord JM, Fridovich I. Superoxide dismutase. An enzymic function

for erythrocuprein (hemocuprein). J Biol Chem 1969;244:6049–55.

[38] Coulter CV, Kelso GF, Lin TK, Smith RA, Murphy MP. Mitochond-

rially targeted antioxidants and thiol reagents. Free Radic Biol Med

2000;28:1547–54.

[39] Brookes PS, Salinas EP, Darley-Usmar K, Eiserich JP, Freeman BA,

Darley-Usmar VM, Anderson PG. Concentration-dependent effects of

nitric oxide on mitochondrial permeability transition and cytochrome

c release. J Biol Chem 2000;275:20474–9.

[40] Petronilli V, Costantini P, Scorrano L, Colonna R, Passamonti S,

Bernardi P. The voltage sensor of the mitochondrial permeability

transition pore is tuned by the oxidation–reduction state of vicinal

thiols. Increase of the gating potential by oxidants and its reversal by

reducing agents. J Biol Chem 1994;269:16638–42.

[41] Yang JC, Cortopassi GA. Induction of the mitochondrial permeability

transition causes release of the apoptogenic factor cytochrome c. Free

Radic Biol Med 1998;24:624–31.

[42] Faulkner KM, Liochev SI, Fridovich I. Stable Mn(III) porphyrins

mimic superoxide dismutase in vitro and substitute for it in vivo. J Biol

Chem 1994;269:23471–6.

[43] Lee I, Bender E, Kadenbach B. Control of mitochondrial membrane

potential and ROS formation by reversible phosphorylation of cyto-

chrome c oxidase. Mol Cell Biochem 2002;234-235:63–70.

[44] Sakurai K, Katoh M, Fujimoto Y. Alloxan-induced mitochondrial

permeability transition triggered by calcium, thiol oxidation, and

matrix ATP. J Biol Chem 2001;276:26942–6.

[45] Hasegawa T, Okuno T, Nakamuro K, Sayato Y. Identification and

metabolism of selenocysteine-glutathione selenenyl sulfide (CySeSG)

in small intestine of mice orally exposed to selenocystine. Arch

Toxicol 1996;71:39–44.

[46] Chaudiere J, Courtin O, Leclaire J. Glutathione oxidase activity of

selenocystamine: a mechanistic study. Arch Biochem Biophys 1992;

296:328–36.

[47] Stewart MS, Spallholz JE, Neldner KH, Pence BC. Selenium com-

pounds have disparate abilities to impose oxidative stress and induce

apoptosis. Free Radic Biol Med 1999;26:42–8.

[48] Desagher S, Martinou JC. Mitochondria as the central control point of

apoptosis. Trends Cell Biol 2000;10:369–77.

[49] Harris MH, Thompson CB. The role of the Bcl-2 family in the

regulation of outer mitochondrial membrane permeability. Cell Death

Differ 2000;7:1182–91.

[50] Korsmeyer SJ, Wei MC, Saito M, Weiler S, Oh KJ, Schlesinger PH.

Pro-apoptotic cascade activates BID, which oligomerizes BAK or

BAX into pores that result in the release of cytochrome c. Cell Death

Differ 2000;7:1166–73.

2310 T.-S. Kim et al. / Biochemical Pharmacology 66 (2003) 2301–2311



[51] Kroemer G, Reed JC. Mitochondrial control of cell death. Nat Med

2000;6:513–9.

[52] Tan S, Sagara Y, Liu Y, Maher P, Schubert D. The regulation of

reactive oxygen species production during programmed cell death. J

Cell Biol 1998;141:1423–32.

[53] Costantini P, Chernyak BV, Petronilli V, Bernardi P. Modulation of the

mitochondrial permeability transition pore by pyridine nucleotides

and dithiol oxidation at two separate sites. J Biol Chem 1996;271:

6746–51.

[54] Gendron MC, Schrantz N, Metivier D, Kroemer G, Maciorowska Z,

Sureau F, Koester S, Petit PX. Oxidation of pyridine nucleotides

during Fas- and ceramide-induced apoptosis in Jurkat cells: correla-

tion with changes in mitochondria, glutathione depletion, intracellular

acidification and caspase 3 activation. Biochem J 2001;353:357–67.

T.-S. Kim et al. / Biochemical Pharmacology 66 (2003) 2301–2311 2311


	Induction of the mitochondrial permeability transition by selenium compounds mediated by oxidation of the protein thiol groups and generation of the superoxide
	Introduction
	Materials and methods
	Reagents
	Cell culture
	Flow cytometric analysis of cellular DNA content
	Assay of DNA fragmentation
	Isolation of mitochondria and monitoring of the MPT and DeltaPsim
	Western blot for cytochrome c
	Detection of free thiol groups in proteins
	Analysis of the formation of mitochondrial protein aggregates
	Measurement of superoxide generation

	Results
	Apoptosis of HepG2 cells induced by selenium compounds
	Cytochrome c release and loss of DeltaPsim induced by pro-apoptotic selenium compounds
	Thiol oxidation induced by pro-apoptotic selenium compounds
	Induction of mitochondrial swelling by selenium compounds
	Superoxide generation by reaction of selenium compounds with GSH
	Mitochondrial swelling in response to superoxide generation by selenite

	Discussion
	Acknowledgements
	References


