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Abstract

Disulfiram is frequently used in the treatment of alcoholism. In this study, we found that CuCl, (1-10 wM), but not other metal ions
(Fe?™, zn?*, Pb?"), markedly potentiated disulfiram-induced cytotoxicity by 440-fold in primary astrocytes. Thus, the molecular
mechanisms of the cytotoxic effects induced by the disulfiram—Cu?* complex were explored. The changes in morphology (nuclear
condensation and apoptotic body formation) and hypodiploidy of DNA suggested that the disulfiram—Cu?* complex induced an apoptotic
process. Our studies of the death-signaling pathway reveal that decreased mitochondrial membrane potential, increased free radical
production, and depletion of non-protein-thiols (glutathione) were involved. The disulfiram—Cu?" complex activated c-Jun-amino-termi-
na kinase (INK) and caspase-3 followed by poly (ADP-ribose) polymerase degradation in a time-dependent manner. Moreover, the
cellular Cu content was markedly increased and the copper chelator bathocuproine disulfonate abolished all of these cellular events,
suggesting that Cu?* is essential for death signaling. The antioxidants N-acetylcysteine and vitamin C aso inhibited the cytotoxic effect.
Thus, we conclude that the disulfiram—Cu?* complex induces apoptosis and perhaps necrosis at a late stage mediated by oxidative stress
followed by sequential activation of INK, caspase-3 and poly (ADP-ribose) polymerase degradation. These findings imply that the axonal
degeneration and neurotoxicity observed after the chronic administration of disulfiram are perhaps, at least in part, due to the cytotoxic
effect of the disulfiram—Cu?" complex formed endogenously. © 2001 Published by Elsevier Science B.V.
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1. Introduction

Disulfiram is an inhibitor of aldehyde dehydrogenase
and clinically used in the treatment of alcoholism (under
the trade name Antabus or Aversan) (Johansson, 1992).
The nauseating effect of acetaldehyde deters the continued
consumption of ethanol (Goedde and Agarwal, 1992). It
has been reported that chronic administration of disulfiram
causes axonal degeneration (Ansbacher et al., 1982). Other
in vivo reports point out that disulfiram causes oxidative
stress (Delmaestro and Trombetta, 1995), sister chromatid
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exchanges (Madrigal-Bujaidar et al., 1999), mitochondrial
aterations (Simonian et al., 1992) and dopaminergic mal-
functions (Vaccari et al., 1996). However, the molecular
mechanisms of the toxic effects of disulfiram still remain
to be elucidated. In this study, we used cultured rat cortical
astrocytes as a model system for elucidating the possible
molecular mechanisms of the cytotoxic effects of disulfi-
ram.

Astrocytes, the mgjor cell types in the brain (Kuffler et
al., 1984), are important in protecting neurons from vari-
ous external insults (Langeveld et a., 1995; Brown, 1999).
They can secrete various neurotrophic factors (interleukin-
6, glial-derived neurotrophic factor) to promote the growth
of neurons. Moreover, they are a sink for excessive neuro-
toxic glutamate and modulate the extracellular K* concen-
trations, enabling neurons to function optimally. Thus, we
performed this study with primary cultures of rat cortical
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astrocytes in order to understand the action mechanism of
disulfiram.

During this study, we tested the effects of severd
essential metal ions (Cu?*, Zn?*, Fe?") on the cytotoxic
effects of disulfiram. We found that only Cu®* exerted a
unique potentiating effect on disulfiram-induced cytotoxic-
ity. Cu?" is a metal ion essential for the activation of
many enzymes such as Cu/Zn superoxide dismutase and
dopamine B-hydroxylase (Kennedy et a., 1998; Talbot,
1986). The copper-carried protein-chaperon is abundant in
astrocytes (Rothstein et al., 1999). In addition, copper
compounds are also widely used in agricultural pesticides
(Bezuglyi et al., 1982) and in industrial processes (Kostova,
1995). Thus, it is important to understand the mechanisms
of the toxic effects of disulfiram—Cu?* complex in cul-
tured astrocytes. Our findings showed that low concentra-
tions (< 1 wM) of disulfiram plus a low concentration (10
wM) of CuCl, markedly decreased mitochondria mem-
brane potential, increased free radical production and de-
pleted the content of non-protein-thiols (glutathione). Sub-
sequently, the disulfiram—Cu?* complex activated c-Jun-
terminal kinase (UINK), caspase-3 and poly (ADP-ribose)
polymerase degradation, which was presumably responsi-
ble for inducing the apoptotic process in the cultured rat
cortical astrocytes. These findings suggest the possibility
that the neurotoxic effects of disulfiram can be, at least in
part, due to a detrimental effect on astrocytes.

2. Materials and methods

2.1. Materials

Dulbecco’'s modified Eagle’'s medium (DMEM), fetal
caf serum, and other cell culture supplements were ob-
tained from FALCON. (3—4, 5-dimethyl thiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT), CuCl,, vitamin C,
catalase, superoxide dismutase, glutathione, and N-acetyl-
cysteine are water soluble and were purchased from Sigma
(St. Louis, MO, USA). Disulfiram and bathocuproine
disulfonate from Sigma, benzyloxycarbonyl-Asp-Glu-Val-
Asp(Ome)-fluoromethyl ketone (Z-DEVD-FMK)
(Cabiochem, La Jolla, California, USA), Hoechst 33258,
3,3-dihexyloxacarbocyanine iodide (DiOC6(3)) and 2,
7'-dichlorofluorescein diacetate (DCFHDA) from molecu-
lar Probe (Eugene, OR, USA) are water insoluble and were
dissolved in dimethyl sulfoxide (DMSO). [y*P] ATP was
obtained from Amersham Life Science. Antibodies to
INK-1, extracellular signal regulated kinase 1 (ERK-1),
p38, Bcl-2, and poly (ADP-ribose) polymerase were pur-
chased from Santa Cruz (Santa Cruz, California, USA).
Thefinal concentration of DM SO in the incubation medium
was less than 0.5% to prevent a toxic effect of DMSO.
Water and the respective concentration of DMSO were
used as a control vehicle.

2.2. Cell cultures

Astrocytes were prepared from 1-day-old Wistar rat
pups (Tedeschi et al., 1986). In brief, cortices were iso-
lated and cleaned of white matter and meninges, minced,
and digested with trypsin (0.3 mg/ml) for 25 min. After
that, we applied DNase (23.5 U /ml) to digest extracellular
oligonucleotide, and trypsin inhibitor (0.3 mg,/ml) to ter-
minate the digestion of trypsin. The dissociated tissue was
diluted with DMEM supplemented with 10% fetal bovine
serum and seeded into cultured dishes or coverslips. The
astrocytes on the cultured dishes were cultured to conflu-
ence (14 days) in a 5% CO, incubator at 37 + 0.5°C. The
culture medium was changed every 3—4 days. When the
medium was changed, the culture dishes were gently shaken
to remove the loosely adherent oligodendrocytes and mi-
croglia from the astrocyte monolayer, which were then
decanted with the medium. Astrocyte cultures were charac-
terized for purity as previously described (Amruthesh et
al., 1993) and found to be 95% pure as assessed by the
presence of glial fibrillary acidic protein (GFAP).

2.3. Cell viability assay

The cytotoxic effects of applied reagents were estimated
after incubation with rat cortical astrocytes for various
intervals using the MTT test (Denizot and Lang, 1986).
The viability of rat cortical astrocytes was estimated by the
ability to reduce the dye (3-4,5-dimethyl thiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) to blue purple
formazan crystal. The products were dissolved in glycine
buffer containing DMSO for quantification by measuring
the optica density at 570 nm using an ELISA reader
(Dynatech MR-7000).

2.4. Morphological features of astrocytes

After incubation with the applied reagents for various
intervals, the rat cortical astrocytes were fixed with 4%
paraformaldehyde. Photomicrographs were obtained with
40 X objective lens on a Zeiss Axiovert 135-TV micro-
scope.

2.5. Hoechst staining

Astrocytes were grown on coversips. Cells were stimu-
lated according to experimental protocols and then fixed
with 4% paraformaldehyde for 30 min at room tempera
ture. Samples were washed with phosphate-buffered saline
(PBS) twice. The samples were incubated in 0.5% Triton
X-100 for 10 min, stained with 3 pwg/ml Hoechts dye
33258 for 40 min, and washed with PBS. The nuclei were
examined using an OLYMPUS IMT-2 fluorescence micro-
scope (UV excitation and 475 nm emission) for apoptotic
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bodies which were stained and emitted a green fluores-
cence.

2.6. Hypodiploid cell assay

Cells were collected, washed with ice-cold PBS, and
then fixed in 70% ethanol at—20°C for at least 1 h. After
fixation, the cells washed twice, incubated in 0.5 ml of
0.5% Triton X-100/PBS at 37 + 0.5°C for 30 min with 1
mg,/ml of RNase A, and stained with 0.5 ml of 50 wg,/ml
propidium iodide for 10 min. The fluorescence emitted
from the propidium iodide—DNA complex was quantitated
after laser excitation of the fluorescent dye by a FACScan
flow cytometry (Becton Dickinson).

2.7. Determination of total intracellular Cu content

After treatment according to the experimental protocols,
the astrocytes (6 x 10%) were trysinized and centrifuged.
The pellets were washed three times with 15 mM HEPES
in 0.9% NaCl. (W /V), pH 7.3, and contamination with the
external copper was minimized as described previously
(Zhang et al., 1993). The different cellular fractions (mem-
brane, cytosol and nuclei) were obtained by differential
centrifugation and then extracted with different lysis buffers
as described by Chen et a. (1995). An aliquot was re-
moved for protein determination with a biocinchoninic
acid (BCA) kit. The remainder was resuspended in 1.0 N
nitric acid for analysis. The Cu standard was a commer-
cially available solution of 1000 ppm (1000 mg/l) for
atomic absorption spectrophotometry. This solution was
diluted to various concentrations (10—200 ppb) with 0.1 N
nitric acid. The Cu content of samples was analyzed by
using a model Z-8200 atomic absorption spectrophotom-
eter (Hitachi, Tokyo) with a graphite furnace (flameless
mode).

In other experiments, the metal content of whole cells
was measured by using an ICP-MS instrument (Friel et al.,
1990). An diquot of astrocytes was removed for protein
assay and then the residue was resuspended in 0.1% Triton
X-100/0.2% nitric acid for analysis. The commercial stan-
dard for trace metals (National Research Council Canada)
was used and digested twice in Teflon cup in a high-pres-
sure microwave acid-digestion bomb (Parr Instrument, Mo-
ling, IL, USA), before being analyzed by ICP-MS. The
trace metal content was measured with the ICP-MS instru-
ments (model Elan Model 250, Scuex, Thornhill, Ontario,
Canada). The data were analyzed with Lotus 123 software
(Lotus, Cambridge, MA, USA).

2.8. Measurement of mitocondrial membrane potential

Mitocondrial membrane potential was determined as the
retention of the dye 3,3-dihexyloxacarbocyanine,
DiOC4(3) (Pastorino et a., 1998). After treatment, the
cells were trypsinized and washed with PBS. Then the

cells (1 x 108 cells in 500 ! PBS) were loaded with 50
nM DiOC(3) and incubated at 37 4+ 0.5°C for 15 min. The
fluorescence intensity of DiOC4(3) was determined by
FACScan flow cytometry (Becton Dickinson).

2.9. Measurements of non-protein thiols

The intercellular content of non-protein thiol groups
(essentially contained in reduced glutathione) was deter-
mined by the method described by Griffith (1980). Briefly,
the cells were trypsinized and washed with ice-cold PBS
and then lysed with modified radioimmunoprecipitation
assay (RIPA) buffer. An aliquot was removed to detect
protein concentration, and the residue was treated with 5%
trichloroacetic acid to precipitate the proteins. The proteins
were discarded after centrifugation at 12,000 X g for 10
min and the supernatant (50 1) was reacted with 20 wl of
5,5-dithiobis-2-nitrobenzoic acid (DTNB, 1.2 mM) in 0.15
M imidazole buffer solution (pH 7.4). The non-protein
thiol content was determined by a colorimetric assay at
412 nm with the respective glutathione standard.

2.10. Determination of free radical production

Free radical production was monitored with the fluores-
cent dye 2',7'-dichlorofluorescin diacetate (DCFHDA) us-
ing a flow cytometric analyzer. Briefly, cells (1 x 10°)
were co-incubated with 30 wM DCFHDA in the presence
of disulfiram—Cu®" complex for various times at 37 +
0.5°C. After incubation, the cells were carefully collected
and fluorescence intensity was determined by flow cyto-
metric analysis (Rosenkranz et al., 1992).

2.11. Caspase activity

Cdlls were trypsinized and washed with PBS. Then the
cells were lysed with RIPA solution containing 25 mM
HEPES (pH 7.5) buffer, 5 mM MgCl,, 5 mM ethylenedi-
aminetetra acetic acid (EDTA), 5 mM dithiothreitol, 2 mM
phenylmethylsulfonyl fluoride, 10 w.g/ml pepstatin A and
10 pg/ml leupeptin, clarified by centrifugation at 12,000
X g for 5 min and then resuspended in RIPA solution. The
Promega CaspACE kit (Fluorometric Assay System Madi-
son, Wisconsin, USA) was used to measure caspase activ-
ity. The clear lysates containing 50 g of protein were
incubated with either 50 uM Ac-DEVD-AMC (the sub-
strate of caspase-3) or 50 uM Ac-YVAD-AMC (the sub-
strate of caspase-1) at 30°C for 1 h. The levels of released
AMC were monitored to measure caspase activity using a
spectrofluorometer (Hitachi F-4500) with excitation at 360
nm and emission at 460 nm.

2.12. Immunoprecipitation and mitogen-activated protein
(MAP) kinase activity assay

The cell extracts were centrifuged to remove cellular
debris, and the protein content of supernatant was mea
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sured in the BCA protein assay. JNK-1, ERK-1, and p38
were immunoprecipitated and kinase activity was mea
sured by using an immunokinase complex assay with the
respective substrate, GST-c-Jun, GST-MBP, and GST-
ATF2 as described (Kyriakis et al., 1994). Briefly, the cell
lysates (200 g of protein) were incubated with protein
A-Sepharose and anti-JNK-1, anti-ERK-1, or anti-p38 (10
g polyclonal antibody) overnight at 4°C. The immune
complexes were pelleted and washed three times with cold
PBS containing 1% Nonidet P-40 and 2 mM sodium
orthovanadate, once with cold 100 mM Tris—HCI (pH 7.5)
buffer containing 0.5 M LiCl, and once with cold kinase
reaction buffer (12.5 mM morpholinepropanesulfonic acid
[MOPS] [pH 7.5], 12.5 mM B-glycerophosphate, 7.5 mM
MgCl,, 0.5 mM EGTA, 0.5 mM NaF, 0.5 mM sodium
orthovanadate). The kinase reaction was performed in the
presence of 1 wCi of [y-2P] ATP, 20 uM of ATP, 3.3
uwM of dithiothreitol, and 3 g of substrates (GST-c-Jun-
(1-35), GST-MBP, or GST-ATF2) in kinase reaction
buffer at 30°C for 30 min. The samples were heated at
95°C for 5 min and resolved on 12% sodium dodecyl
sulfate (SDS) gels. Phosphorylated substrates (GST-c-Jun,
GST-MBP, or GST-ATF2) were visulaized by autoradiog-
raphy. The kinase activity was expressed as fold of con-
trol.

2.13. Immunoblotting against JNK-1, ERK-1, p38, poly
(ADP-ribose) polymerase, and Bcl-2

Equal amounts of lysate protein (50 wg/lane) were
subjected to SDS-PAGE with 10% polyacrylamide gels
and then electrophoretically transferred to nitrocellulose
membrane. Nitrocellulose blots were first blocked with 3%
bovine serum abumin in PBST buffer (PBS plus 0.01%
Tween 20, pH 7.4) and then incubated overnight at 4°C
with the primary antibody against JNK-1, ERK-1, p38,
poly (ADP-ribose) polymerase, or Bcl-2 in PBST contain-
ing 1% bovine serum abumin. Immunoreactivity was de-
tected by sequential incubation with horseradish peroxi-
dase-conjugated secondary antibody, and detected by the
enhanced chemiluminescence technique.

2.14. Satigtic analysis of the data

Data are expressed as mean values + standard error
(SEE.M.). The statistical analysis was carried out with a
one-way analysis of variance (ANOVA) followed by Dun-
nett’s tests to assess the statistical significance (P < 0.05)
between treated and untreated groups in all experiments.

3. Results

3.1. Effects of disulfiram—Cu?* complex on the viability
of rat cortical astrocytes

The cytotoxicity of disulfiram and Cu?* either alone or
in the complex form was examined in the MTT reduction

assay. Our data showed that only high concentrations of
either disulfiram or CuCl, could induce the desth of rat
cortical astrocytes; ICg, was 22 + 1.6 wM and 180 + 12.5
uwM, respectively (Fig. 1A). Serum-free medium had no
effect on disulfiram-induced cytotoxicity. Cu?>" aone at
low concentrations of 0.1-10 wM was nontoxic. Cu?* (10
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Fig. 1. Concentration- and time-dependent cytotoxicity induced by disul-
firam—Cu?* complex and its prevention by antioxidants and bath
ocuproine disulfonate in rat cortical astrocytes. The viability of rat
cortical astrocytes was determined by MIT assay after incubation with
disulfiram plus various compounds at 37+ 0.5°C for 24 h (A) or for
various time intervals (B). Data are presented as means+S.E. (n=6).
(A). Concentration-dependentcytoxicity of disulfiram without (O—O)
or with CuCl, a 1 pM (O0-0), 3 pM (a—-2) and 10 pM (v=v)
respectively. Cu?*™ aone (O—-<) also appeared to be cytotoxic.

P < 0.05 as compared with that treated with disulfiram alone. (B). Time
course of cytotoxicity induced by 300 wM CuCl, aone (O—O), 100
M disulfiram alone (O —0), 0.1 M disulfiram+10 wM CuCl, (a -
a) or 1 uM disulfiram+10 uM CuCl, (v-v). “: P<005 as
compared with the vehicle control (&—<). (C). Prevention by 300 M
bathocuproine disulfonate (O0—-0), 3 mM vitamin C (v—v), or 3 nM
NAC (a —2) of cytotoxicity induced by disulfiram+ 10 .M CuCl, (O
—0O). ": P < 0.05 as compared to the control treated with disulfiram+ 10
pM CuCl,.
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wM), but not FeSO,, FeCl,, Pb actate, and Pb nitrite,
became very toxic in the presence of disulfiram (0.03-10
wM). ZnCl, had only aweak potentiating effect at concen-
trations of 10-100 wM. Fig. 1 shows that the disulfiram—
Cu?* complex had a cytotoxic effect in a concentration-
and time-dependent manner. The ICg, of disulfiram was
decreased by 10 wM CuCl,, from 22 to 0.05 wM: the
potentiation factor was 440-fold. Moreover, the disulfi-
ram—Cu?* complex induced cytotoxicity at a much faster
rate than that induced by either 100 wM disulfiram or 300
wM CuCl, aone (Fig. 1B).

The antioxidant N-acetyl-cysteine (0.3—3 mM), but not
GSH, could partially inhibit the cytotoxic effect of the
complex (0.1-0.3 wM disulfiram—Cu?*), but almost com-
pletely prevented that of 100 wM disulfiram alone. Vita
min C (0.3—3 mM), but not vitamin E (1-20 n.M), could
aso partialy reduce disulfiram—Cu?* complex-induced
toxicity (Fig. 1C). Bathocuproine disulfonate (100—300
wM) completely abolished the cytotoxicity induced by the
complex but not that induced by 100 uM disulfiram. A
higher concentration (20-25%) of fetal calf serum as well
as bovine serum albumin (0.3—-3%) significantly attenuated
the cytotoxicity from 79 + 3.8% to 54 + 4.9% and 48 +
5.3%, respectively (Fig. 10).

3.2. Disulfiram—Cu?* complex caused DNA hypodiploidy

As shown in Fig. 2A and B, the disulfiram (0.3 uM)—
Cu?* (10 wM) complex caused DNA hypodiploidy in a
time- and concentration-dependent manner. The amount of
hypodiploid DNA was determined after staining with pro-
pidium iodide and then analyzed by flow cytometry. By
contrast, neither 1 wM disulfiram nor 10 wM Cu?* alone
could induce hypodiploidy even after a 48-h incubation
(Fig. 2B). This hypodiploid effect was apparently corre-
lated with the cytotoxicity detected with the MTT assay.
Bathocuproine disulfonate (Fig. 2B) and bovine serum
albumin (1% and 3%) could abolish this hypodiploid
characteristic by the disulfiram—Cu?* complex.

3.3. Disulfiram-Cu?* complex-induced morphological
changes, and cell nuclei condensation

As shown in Fig. 3A (left panel), the normal control
astrocytes (14DI1V) were not only tightly attached to the
culture plate but also to each other and formed a confluent
layer of flat cells. By contrast, after treatment with the
disulfiram—Cu?" complex, the morphology of astrocytes
changed dramatically, but not after treatment with
bathocuproine disulfonate 300 M, disulfiram 0.3 wM, or
Cu?* 10 wM alone. Astrocytes began to dissociate gradu-
aly within 1 h and then progressively became detached.
Cell shrinkage, nuclear condensation and apoptic bodies

A
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S
1

0 12 24 36 48
Incubation time (h)
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(98]
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Disulfiram (uM)

Fig. 2. Time course of hypodiploidy of DNA induced by disulfiram—Cu?*
complex and its prevention by bathocuproine disulfonate, N-acetyl-cy-
steine, and bovine serum abumin in rat cortical astrocytes. Astrocytes
were treated with disulfiram—Cu?* complex for various time intervals
without (A) or with bathocuproine disulfonate, N-acetyl-cysteine, and
vitamin C (B) for 24 h. DNA strands were analyzed after staining with
propidium iodide coupled with flow cytometry. (A). Control, O—O;
disulfiram 0.3 uM, O-0O; CuCl, 10 uM, A —a; disulfiram 0.3 pM +
CuCl, 10 pM, v —v or disulfiram 0.3 nM + bathocuproine disulfonate
300 pM, &—<. (B). Disulfiram+ CuCl, 10 pM aone, O—O; or with
bathocuproine disulfonate 300 wM, O-0O; N-acetyl-cysteine 3 mM,
A—a; vitamin C, 3 mM, v—v. Data are presented as means+ S.E.
(n=23). ": P <0.05 compared with respective control.

became prominent after treatment for 6 h. After prolonged
incubation for 12 h (data not shown), necrotic cells ap-
peared and eventually extensive cell loss was found after
24 h (Fig. 3B and C). All of these morphological changes
caused by the disulfiram—Cu?* complex but not those
caused by disulfiram 30-100 wM were completely pre-
vented by the non-permesble specific Cu®* chelator
bathocuproine disulfonate (Fig. 3D), which suggests that
the mechanisms of the toxic effects of disulfiram—Cu®*
complex and disulfiram may be different.

Staining the cell nuclei with the DNA-binding fluo-
rochrome Hoechst 33258, we showed that the disulfiram—
Cu?* complex, but not disulfiram 0.3 wM or Cu?* 10
M, induced nuclei condensation associated with apop-
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Fig. 3. Morphological changes induced by disulfiram—Cu?* complex in cultured rat cortical astrocytes. Cells were treated without (A) or with the complex
of disulfiram (0.3 wM) plus Cu?* (10 M) for either 6 h (B) or 24 h (C). Bathocuproine disulfonate 300 .M (D) prevented the morphological changes
induced by disulfiram—Cu?* complex in cells examined by phase-contrast microscopy (A). The apoptotic bodies were examined by flourescence-mi-
croscopy after fixation with 4% formaldehyde for 30 min at room temperature, and then stained with Hoechst dye 33258 (B). Arrows indicate apoptotic
nuclei. Scale bar = 10 wM.

totic bodies (Fig. 3F and G, right panel). The nuclei of treatment with disulfiram (0.3 wM)—Cu?* (10 wM) com-
astrocytes became condensed and fragmented after a 3-h plex, and these effects appeared more severely at 6 h (Fig.
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3F). Preincubation of astrocytes for 1 h with bathocuproine
disulfonate (300 M) abolished these detrimental effects
of the disulfiram—Cu?* complex (Fig. 3H).

3.4. Effects of disulfiram—Cu?* complex on intracellular
copper content

Neither alow (0.3 wM) nor a high (100 M) concentra:
tion of disulfiram, nor Cu?* (10 wM) aone significantly
altered the total intracellular copper content (Fig. 4A). A

A [ Vehicle control- 3 h
18 1 * V7722 DSF 0.3 uM alone
16 Y Cu’* 10 pM alone

DSF 30 pM alone
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Fig. 4. Changes in cell trace metal content of rat cortical astrocytes after
treatment with disulfiram—Cu?* complex. Astrocytes were treated with
disulfiram and Cu?* either alone or complex 37+ 0.5°C for 3 h, and then
the cell trace metal content was assayed by inductively coupled plasma
mass spectrometry (ICP-mass) (A). The Cu contents of the subcellar
fractions were also assayed by atomic absorbance spectrophotometry (B)
as described in Materials and methods. Data are expressed as fold of
control, means+ S.E.M. The mean contents of Cu, Fe, Zn, and Pb of
control cells were 14.36+ 0.7, 251.32+ 44.21, 126.05+ 27.1, and 13.6 +
1.9 ng/mg protein, respectively. The control Cu content of membrane
fraction, cytosol, and nuclear fractions was 2.17+0.35, 9.8+ 1.8, and
1.2540.25 ng/mg protein, respectively.
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Fig. 5. Disulfiram—Cu?* complex decreased the mitochondrial mem-
brane potential and increased free radical production in rat cortical
astrocytes. Cells were treated with disulfiram—Cu?* complex for various
times and then an aiquot of the cells was labeled with the fluorescent dye
DiOCg (3) (A) or DCFHDA (B) for analyzing the fluorescence intensity
with flow cytometry as described in Materials and methods. The astro-
cytes were incubated for different times and then the reduced glutathione
(GSH) content of cell extracts was determined with a colorimetric method
and compared with GSH standard (C). Data are presented as means+ S.E.
(N=13). ": P<0.05 as compared with respective control.

higher concentration of 300 wM of Cu?* aone and disul-
firam (0.3 wM)-Cu®* (10 wM) complex markedly in-
creased the intracellular copper content after a 3-h incuba-
tion (Fig. 4A). The kinetics of the increase in copper
content were similar in the subcellular fractions of the
plasma membrane, cytosol, and nuclei (Fig. 4B). The
copper content of the DNA fraction increased by 10-fold
within 0.5 h and remained at a high level over a 0.5- to
48-h incubation (data not shown). The profile of the
increase in copper content was closely correlated with the
toxic effects revealed by the MTT reduction test, DNA
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hypodiploidy, and the morphological changes. The non- the copper content of the cytosolic and nuclear fractions.
permeable specific copper chelator bathocuproine disul- Since both H,0O, production and GSH reduction occurred
fonate 300 wM prevented all these effects of the disulfiram before the morphological changes and cytotoxicity, we
(0.1-10 pwM)—Cu?* (3-10 wM) complex (Figs. 1C, 2B, propose that the cytotoxic effect of the disulfiram—Cu?*
and 3D,H). These findings indicate that the disulfiram— complex is probably mediated by free radical production
Cu?* complex entered the cells and dramatically increased and non-protein thiol depletion.
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Fig. 6. Bathocuprione disulfonate abolished the time-dependent activation of mitogenactivated protein kinase induced by disulfiram—Cu?* complex in rat
cortical astrocytes. Astrocytes were treated with disulfiram—Cu?* complex for various intervals. The cell lysates were prepared and immunoprecipitated
with 10 pg of polyclonal anti-JNKI antibody (A), anti-ERK-1 antibody (B) or anti-p38 antibody (C), followed by 20 .| of Sepharose A-conjugated protein
A. The kinase reaction was performed as described in Materials and methods. The top figure represents the autoradiogram of [v*?P] ATP incorporation
into exogenous GST-c-Jun (1-135) (A), GST-MBP (B) or GST-ATF-2 (C). The amount of cell lysates used was 200 p.g of protein in each lane. The
bottom figure shows Western blots performed with antibody specific to anti-INK-1 antibody (A), anti-ERK-1 antibody (B), or anti-p38 antibody (C). The
fold induction in this figure is presented as the ratio of JNK activity to INK-1 protein, ERK activity to ERK-1 protein, p38 activity to p38 protein against
time. The values in this figure are presented as means of three determinations.
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3.5. Disulfiram—Cu?* complex decreased mitochondrial
membrane potential, increased free radical production and
reduced non-protein thiols content

We monitored the effects of the disulfiram—Cu?* com-
plex on the mitochondrial transmembrane potential (A ;)
by using fluorescent probe DiOC4(3) coupled with flow
cytometric analysis. Treatment of astrocytes with disulfi-
ram—Cu?* complex produced a significant, steady decline
in DiOC4(3) accumulation, indicating the loss of the mito-
chondrial membrane potential (Fig. 5). The onset of the
decrease in mitochondrial membrane potential was depen-
dent on the disulfiram concentration (0.03-0.3 wM, Fig.
5A). Bathocuproine disulfonate also abolished this effect
of the disulfiram—Cu?* complex. By means of fluo-
rochrome DCFHDA coupled with a flow cytometric tech-
nique, we showed that the disulfiram Cu?* complex in-
creased free radical production in a concentration- and
time-dependant manner (Fig. 5B). This effect was already
visible after 1 h and reached a peak at 3 h. We also found
that disulfiram (0.3 wM)2* (10 wM) complex rapidly
decreased the GSH content to 68 4+ 5.7% of control within
lhandto22+ 1.9% at 24 h (Fig. 5C).

3.6. Activation of the JNK, ERK, and p38 kinase activity

We examined the effects of disulfiram 100 wM alone or
disulfiram—Cu®" complex on JNK activity by detecting
the phosphorylation of its substrate c-Jun and JNK protein
expression. As shown in Fig. 6A, disulfiram—Cu?* com-
plex markedly increased JNK activity by sixfold after a
3-h incubation, reaching a plateau at 12 h (an increase of
about 19-fold), an effect which was sustained until 24 h.
Disulfiram 0.3 pwM, Cu?*" 10 wM, and bathocuproine
disulfonate 300 wM aone did not increase JNK activity,
but a higher concentration of 100 wM disulfiram signifi-
cantly increased JNK activity (Fig. 6A) but to a lesser
extent, by about sevenfold at 6 h. However, INK-1 protein
remained unaltered after treatment with disulfiram—Cu?*
complex. The activation of INK could be prevented by the
specific Cu?* chelator-bathocuproine disulfonate at both 6
h (Fig. 6A) and the other times tested (data not shown). By
contrast, disulfiram 100 wM and disulfiram—Cu®* com-
plex only transiently induced ERK activation, as detected
by phosphorylation of its substrate myelin basic protein
(MBP), as early as 1 h about fourfold, and ERK activity
gradually decreased to a basal level at 24 h (Fig. 6B).
Bathocuproine disulfonate also blocked this activation.
ERK-1 protein expression did not significantly change. It
appeared that p38 kinase was not activated early at 1to 3 h
and that the p38 protein was not degraded. However, 6 h
after the addition of disulfiram 100 uM and 24 h after
incubation with the disulfiram—Cu?* complex (Fig. 6C),
the activation of p38 accompanied by degradation of p38
protein was found. For the control studies, we found that

bathocuproine disulfonate 300 .M, disulfiram 0.3 wM and
Cu?* 10nM done did not activate the ERK and p38
kinases (data not shown) nor INK (Fig. 6A).

3.7. Disulfiram—Cu?* complex stimulated caspase-3 ac-
tivity and poly (ADP-ribose) polymerase degradation in a
time-dependent manner

We used a fluorogenic peptide substrate (Ac-DEVD-
AMC) as a specific substrate for caspase-3. Caspase activ-
ity was monitored following treatment of astrocytes with
disulfiram—Cu?* complex for various times. As shown in
Fig. 7A, disulfiram—Cu?* complex caused an increase in
caspase-3 activity in astrocytes with an onset at 6 h and a
maximum at 12 h. This level of activity persisted until 36
h after treatment. Bathocuproine disulfonate also abolished
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Fig. 7. BCPS blocked the caspase activation and cleavage of PARP from
116 kDato 85 kDa induced by the disulfiran—Cu?* complex in time-de-
pendent manner in rat cortical astrocytes (A). Cells were treated with
disulfiram 0.3 uM and Cu?* 10 wM complex for various intervals as
indicated, and then caspase activity was measured as described in Materi-
as and methods. (B) The Western blots were performed with antibody
specific to anti-poly (ADP-ribose) polymerase antibody. The amount of
cell lysates used was 50 .g of protein in each lane. This panel is a plot of
the ratio of 85 to 116 kDa protein against time. The values in this figure
are presented as means and standard errors of three determinations. *:
P < 0.05 compared with respective control.
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this activation of caspase-3 by disulfiram—Cu?* complex
(Fig. 7A).

We further examined whether the endogenous poly
(ADP-ribosyl) polymerase 116-kDa protein (one of cas-
pase substrate) was cleaved to generate a 85-kDa fragment.
As shown in Fig. 7B, disulfiram—Cu?" complex caused
the degradation of 116-kDa poly (ADP-ribosyl) poly-
merase into an 85-kDa fragment in a time-dependent
manner. We aso found that bathocuproine disulfonate
effectively inhibited the cleavage of poly (ADP-ribosyl)
polymerase induced by disulfiram—Cu?* complex (Fig.
7B). For a negative control experiment, the Bcl-2 protein
was detected by Bcl-2 antibody and was found to have
non-significantly changed after treatment with disulfiram—
Cu?* complex (data not shown).

4, Discussion

In this study, we attempted to elucidate the mechanisms
of the cytotoxic effects induced by either disulfiram, Cu®*
aone or by disulfiram—Cu?* complex in primary cultures
of rat astrocytes. The results obtained suggested that disul-
firam—Cu?* complex initially caused an increase in intra-
cellular Cu content followed by a reduction of mitochon-
drial membrane potential, free radical generation and GSH
depletion. The subsequent activation of INK, caspase-3
and poly (ADP-ribosyl) polymerase degradation is be-
lieved to be responsible for triggering the apoptotic pro-
cess induced by the disulfiram—Cu?" complex in the
cultured astrocytes.

In our preliminary test, we examined the cytotoxic
effect of the combination of disulfiram and various metal
salts. The results obtained showed that Cu?*, but not other
metal ions (3-10 wM of Pb?", Zn?*, Fe*'), could
markedly potentiate the toxicity of disulfiram. It was there-
fore considered that disulfiram is a more selective chelator
of Cu?* than of other metal ions under our experimental
conditions in rat cortical astrocytes. This finding is differ-
ent from that found in the brain, where disulfiram potenti-
ates the effect of lead in inducing neurona depression
(Oskarsson et al., 1986). Luthman et al. (1991) have also
shown that disulfiram alters the expression of glial fibril-
lary acidic protein in astrocytes.

Cu?* is an essential metal ion in animals. Serum nor-
mally contains 0.3—0.6 ppm of copper in mice (Massie et
al., 1993) and 1 ppm (16 wM) in humans (Graham et al.,
1991). Therefore, in the present work, we studied the
potentiating effect of Cu®" at a low concentration (10
M) on disulfiram-induced cytotoxicity in astrocytes. The
results obtained may provide crucial information for under-
standing the molecular mechanism of the cytotoxic effects
of disulfiram in a low Cu?" environment. Disulfiram
(0.1-10 wM) combined with a fixed concentration (10
wM, 0.6 ppm) of Cu?" induced apoptosis in astrocytes in
a concentration- and time-dependent manner. Actinomycin

D could not block the cytotoxicity induced by disulfiram
alone or that induced by the disulfiram—Cu?" complex. It
is thus suggested that RNA synthesis may not be involved
in this toxic mechanism. The appearance of hypodiploid
DNA, nuclear condensation and apoptotic bodies suggests
that the cell death induced by the disulfiram—Cu®" com-
plex may be mediated by apoptosis. The toxicity of disulfi-
ram alone and that of the disulfiram—Cu?* complex in
calcium free- or 20 mM Ca®*-DMEM was not signifi-
cantly different from the toxicity seen in normal DMEM
containing 2 mM Ca*. This finding is in agreement with
that found in hepatocytes (Dogterom and Mulder, 1993),
namely, that external Ca?* is not essential for the cyto-
toxic effect of the disulfiram—Cu?* complex.

Mitochondrial dysfunction has been proposed to play a
critica role in inducing apoptosis (Nieminen et al., 1995;
Vavssiare et al., 1994). Mitochondrial membrane depolar-
ization as a result of opening of the permeability transition
pores is an early irreversible event during apoptosis
(Zamzami et a., 1995). Moreover, the generation of free
radicals in mitochondria may result in mitochondria lipid
peroxidation (Bruce-Keller et al., 1998). In our studies,
disulfiram—Cu®" complex significantly decreased the
mitochondrial membrane potential (Ay,,), followed by an
increase in reactive oxygen species generation and in
glutathione depletion (Fig. 5). Since the Cu?*-chelator
bathocuproine disulfonate, and the antioxidants N-acetyl-
cysteine and vitamin C could inhibit the cytotoxic effects
of the disulfiram—Cu®* complex, it is proposed that the
disulfiram—Cu?* complex induced apoptosis mediated by
an increase in the Cu content and in oxidative stress. The
method we used to determine the total Cu content did not
distinguish between protein bound and unbound Cu.
Whether the intracellular Cu?* and/or bound Cu is re-
sponsible for this death signaling is not clear and needs
further investigation.

The MAP kinase family, which includes JNK, extracel-
lular signal regulated kinase (ERK), and p38 kinase, can
be rapidly activated by various stressors (Robinson and
Cobb, 1997). Recent evidence suggests that the stress-
activated protein kinase (SAPK)/JNK pathway may play
an important role in triggering apoptosis in response to
seramide (Verheij et al., 1996), inflammatory cytokines
(Chen et a. 1996; Zhang et al., 1996), free radicals
generated by UV-C, gamma radiation (Hibi et al., 1993;
Alder et al., 1995), direct application of hydrogen peroxide
(Yu et a., 1996), DNA-damaging agents (Kharbanda et
al., 1995; Potapova et al., 1997) and alkylating agents
(Derijard et a., 1994). The downstream signaling pathway
of activated INK could be cascape-3 (Takahashi et d.,
1999; Harada and Sugimoto, 1999). A number of cascape-3
protease targets have been identified, including the nuclear
enzyme poly (ADP-ribose) polymerase, which can be acti-
vated by staurosporine, leading to apoptosis in astrocytes
(Keane et al., 1997). Our findings obtained also suggested
that disulfiram and disulfiram—Cu®* complex induced the
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apoptatic process through the signaling pathway of oxida-
tive stress-JNK-cascape 3-poly (ADP-ribose) polymerase
degradation. A different activation of INK, ERK, and p38
by disulfiram—Cu?* complex was found. The sustained
activation of JNK for more than 24 h (Fig. 6) contrasted
with the transient activation of ERK and p38. The subse-
guent activation of cascape-3 and then the degradation of
poly (ADP-ribose) polymerase are believed to be involved
in the process of apoptosis (Fig. 7). All of these cellular
events induced by the disulfiram—Cu?* complex were
Cu?* dependent, since the intracellular Cu content was
markedly increased and the chelation of extracellular Cu?*
with bathocuproine disulfonate prevented not only the
activation of these cellular events but aso cell death,
confirming the early mediating role of Cu** during disul-
firam—Cu®* complex-induced cell death. Since the glu-
tathione precursor N-acetyl-cysteine could block both the
cytotoxic effect and MAP kinase activation induced by the
disulfiram—Cu?" complex, it is reasonable to infer that the
radical signal is primary and essentia to the initiation of
the JNK signaling cascade, as suggested by Xia et al.
(1995).

In conclusion, our results indicate that a low concentra-
tion of (0.03-10 wM) disulfiram combined with a low
concentration (10 wM) of Cu?* potently induces apoptosis
in cultured rat cortical astrocytes. The underlying molecu-
lar mechanisms were explored. We found that an increased
intracellular Cu content was essential for the cellular events
induced by disulfiram—Cu?" complex, including a de-
crease in the mitochondrial membrane potential, an in-
crease in free radical production and depletion of the GSH
content. The downstream signaling pathway was shown to
involve the activation of INK and caspase-3 followed by
poly (ADP-ribose) polymerase degradation. The implica-
tion of this study is that the chronic toxicity of disulfiram,
such as axonal degeneration and neurotoxicity, in patients
may be, at least in part, due to the formation of the
pro-oxidant complex of disulfiram and Cu?* in vivo.
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