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In contrast to other metal-dithiocarbamate [DEDTC] complexes, the copper-DEDTC complex is
highly cytotoxic, inducing oxidative stress, preferentially in tumor cells. Because nitric oxide (NO) forms
adducts with Cu[DEDTC]2, we investigated whether NO donors like S-nitroso-N-acetyl penicillamine
(SNAP) or sodiumnitroprusside (SNP), and nitrite, aNOdecomposition product,modulate Cu[DEDTC]2
cytotoxicity against human tumor cells. We show that apoptosis-associated PARP cleavage and
inducible nitric oxide synthase (iNOS) down-regulation induced by nanomolar Cu[DEDTC]2, are
counteracted by 50 μM SNAP, SNP, or CoCl2, an inducer of hypoxia and NO signaling. Nitrite was
stochiometrically effective in antagonizing Cu[DEDTC]2 cytotoxicity and inducing shifts in the absor-
ption spectrum of the binary complex in the 280 and 450 nm regions. Subtoxic concentrations of
Cu[DEDTC]2 became lethal when tumor cells were pretreated with c-PTIO, a membrane-impermeable
scavenger for extracellular NO. Our results suggest that: (a) reactive oxygen species induced by
Cu[DEDTC]2 are scavenged by nitrite released from NO, (b) the extent of lethality of Cu[DEDTC]2
is dependent on the reciprocal formation of an inactive ternary Cu[DEDTC]2NO copper-nitrosyl
complex.

Introduction

Redox regulation is aberrant in tumor cells likemelanoma,1

and redox-modulating agents like synthetic copper(II) com-
plexes can induce cell apoptosis in melanomas2,3 and breast
cancer cells.4-6 In recent studies, 0.17 μM disulfiram that
originates diethyl dithiocarbamate (DEDTC) at the same
concentration showed highly selective and significant toxicity
against A375 and c81-46a melanoma cells but not normal
melanocytes, dependent on addition of 1 μM CuCl2.

2 More-
over, the reaction of disulfiram and CuCl2 in unbuffered
aqueous solution directly affords the Cu[DEDTC]2

a complex
in high yield, suggesting that the antimelanoma active species
is in fact attributable to theCu[DEDTC]2 complex.2,3 In other
experiments, MDA-MB-231 cells treated with 20 μmol/L of
copper, disulfiram, or both demonstrate apoptosis-associated
PARP cleavage and inhibition of proteasome activity when
disulfiram and copper were used together.3 Diethyl dithio-
carbamate (DEDTC) also forms complexes with zinc, and
8-hydroxyquinoline (8-OHQ) also complexes with copper.5

However, in a comparison of the cytotoxic activity of Cu[DE-
DTC]2, Zn[DEDTC]2, and Cu[8-OHQ]2, we demonstrated
that at nanomolar levels, only the copper-[DEDTC]2complex

was highly cytotoxic against human wt p53 C8161 melanoma
and mutant p53 SKBR3 breast carcinoma without signifi-
cantly decreasing the viability of normal diploid human WI-
38 fibroblasts.5,6 Lethality induced by nanomolar Cu[DE-
DTC]2 seems related tooxidative stress because glutathioneor
catalase counteract such toxicity.5 Besides the specificity for
Cu[DEDTC]2, these results are interesting because tumor
cells like SKBR3 frequently show drug resistance due to their
mutant p53 status.5,6 To further learn about themechanismof
Cu[DEDTC]2 toxicity, we investigated its modulation by
nitric oxide synthesized by the inducible nitric oxide synthase
(iNOS). Constitutive expression of iNOS in many patients’
tumor cells, as well as its strong association with poor patient
survival, have led to the consideration of iNOS as amolecular
marker of poor prognosis as well as a possible target for
therapy.7 The activity of iNOS and the production of nitric
oxide end products like nitrite can be inhibited by dithiocar-
bamates.8,9 Gaseous nitric oxide also forms stable adducts
with copper-dithiocarbamates.10 Hence, in particular we
explored: (a) the cellular effects of Cu[DEDTC]2 on NO
production and iNOS expression in human tumor cells, and
(b) whether the stochiometric reactivity between nitrite and
Cu[DEDTC]2 can modulate the cytotoxic response of the
latter.Moreover, because cobalt chloride is important in both
hypoxia and iNOS signaling11 and because there is a link
between nitric oxide synthesis and hypoxia-inducible factor-
1R,12,13 we also compared the effects of nitrite and cobalt
chloride on the toxicity of Cu[DEDTC]2. Our results showed
that iNOS expression and NO are decreased by treatment of
melanoma cells with Cu[DEDTC]2 and that these changes
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were preferentially antagonized by nitric oxide donors or
nitrite. Because nitrite diminishes the cytotoxicity of Cu-
[DEDTC]2 and also chemically interacts with the binary
complex, our data suggests that one mechanism of protection
byNOdonorsmaybe throughnitrite release and formation of
a ternary adduct.

Materials and Methods

Preparation and Characterization of Cu[DEDTC]2 and Cu-

[DEDTC]2NO Complexes. Sodium dithiocarbamate (DEDTC)
was used with copper chloride in a 2:1 [DEDTC-copper] mM
ratio, and sodium nitrite was included when the Cu-
[DEDTC]2NO was prepared, using the reactants at the 2:1:1
mM ratio of [DEDTC-copper chloride-sodium nitrite]. This
copper-dithiocarbamate-NO stoichiometry was compatible
with others who previously described formation of a similar
complex.10 The resulting water-insoluble complexes were iso-
lated by filtration, washed, and subsequently redissolved in
DMSO. UV-visible spectra of the different compounds were
obtained with a UV-vis Milton Roy 2000 spectrophotometer
with a diode diffraction array.5 In some experiments described
below, we also compared whether the UV-visible spectrum of
Cu[DEDTC]2 was modified by the addition of CoCl2 at the
concentrations indicated in the corresponding experiments.
Because DEDTC, copper or nitrite at μM levels were soluble
in H2O, we also used mixtures of DEDTC and copper (2:1) or
DEDTC, copper and nitrite (2.1:1) in H2O, whenever indicated.
These were compared with the preformed DMSO complexes
used at the samemicromolar concentration. All reagents used in
this study were of the highest purity (g95%) and were obtained
from Sigma Chemical Co., St. Louis, MO) .

Cell Cultures and Treatment. C8161 human melanoma cells
were cultured in DME:F12 medium supplemented with 10%
fetal bovine serum.6 Whenever indicated, melanoma cell survi-
val was assessed after exposure to (0.6 μMDEDTC:0.3 μMCu)
unless otherwise specified. Whenever indicated, subconfluent
cultures seeded the previous day were treated with nanomolar
equivalents of CuCl2 and 2� nanomolar equivalents of diethyl
dithiocarbamate [DEDTC]2 to produce Cu[DEDTC]2.

NO Donors. Diethylenetriamine NONOate (DETA NON-
Oate, cat. no. 430-014-M005) was obtained from Alexis Bio-
chemicals, San Diego, CA, S-nitroso-N-acetyl penicillamine
(SNAP, cat. no.N-7892)was obtained from Invitrogen, Eugene,
OR. Sodium nitroprusside (SNP, cat. no. 431451), was obtained
from Sigma Chemical, St. Louis, MO.

Assesment of Cytotoxicity. Relative cell viability/cytotoxicity
was estimated with Alamar Blue (resazurin), which measures
intracellular redox activity by quantifying the cell-catalyzed
conversion of nonfluorescent resazurin to fluorescent resorufin.14

When added to a 10% final concentration after the appropriate
treatment, this nontoxic dye allows fluorescent quantification
and permits reuse for further investigation such as morphologi-
cal, biochemical, and clonogenic analyses.14 As such, this assay is
valuable as an end point of cytotoxicity rather than as a kinetic
measure for monitoring cell growth.14 For these experiments,
cells (10000) were allowed to adhere overnight in 96-well TC
microtiter dishes. Following the corresponding treatments,
Alamar Blue (BioSource, Camarillo, CA) was added and fluore-
scence was measured 4 h later in a Fluoroskan Ascent microplate
reader with an excitation of 544 nm and an emission of 590 nm.

Colony Formation Assay. Exponentially growing cells were
seeded at 5000 cells perwell in 96-well plates andwere allowed to
attach for 18 h. After 48 h of the respective treatments, cells were
washed in isotonic phosphate-buffered saline, detached, and
transferred to 3.5 cm plates with drug-free complete medium
added. Cultures were observed daily for 10-15 days and then
were fixed and stained with modified Wright-Giemsa stain
(Sigma Chemical, St. Louis, MO). Colonies of multiple cells
were scored as survivors.6

Immune Blotting and Measurement of Apoptosis. Cell lysates
for measurement of cytochrome C release from mitochondria
into cytosol were prepared as previously indicated.6 For all
other studies, total cell lysates were used6 and SDS-PAGE and
bidirectional immune blots were done as previously described
using 70 μg of proteins per lane,6 including prestained MW
markers (Life Technologies, Gaithersburg, MD) during SDS-
PAGE electrophoresis to help identify specific changes in
protein expression.After blocking nitrocellulose membranes
with 5% skimmed milk in Tris-buffered saline pH 7.5 for 2 h
at room temperature, membranes were reacted overnight with
specific antibodies in the same blocking solution. Antibodies
used for immune blotting included PARP (SC-7150), cyto-
chrome C (SC-13156), iNOS (NOS2) SC-651, all from Santa
Cruz Biotechnology (Santa Cruz, CA). Following extensive
washing with Tris-buffered saline containing 0.05% Tween 20,
membranes were reacted with either anti mouse IgG-peroxidase
or protein A-peroxidase, depending on whether primary anti-
bodies were from mouse or rabbit origin. Final detection was
achieved by Super Signal-mediated chemiluminescence.6 For
reprobing immune blots, these were incubated in stripping buffer
(2%SDS, 62.5 mM Tris-HCl pH 6.8, 0.1 M β-mercapto-
ethanol) for 30 min at 60 �C, followed by washing the mem-
brane, reblocking, and reacting it with a new set of antibodies.
Whenever indicated, Western blots were normalized to total
protein loadings, in SDS-PAGE gels stained with Coomassie
Blue 0.05% after immune blotting. In other experiments, after
stripping of the initial signals as indicated above, reprobing of
the immune blots with monoclonal antibody to actin (JLA-20;
CPO1) from Oncogene Science (San Diego, CA) was used to
normalize protein loadings.

Extracellular and Intracellular NO Determination. Because
NO can auto-oxidize in aqueous solution to produce nitrite,
extracellular NO was determined fluorometrically upon the
reaction of nitrite in cell-free conditioned medium with 2,3-
diaminonaphthalene to form the fluorescent product,1-(H)-naph-
thotriazole.15 For intracellular NO determination, we used the
fluorescent dye for NO, 4-amino-5-methylamino-20,70-difluoro-
fluorescein diacetate (DAF-FM/DA) (Invitrogen, Eugene,
OR), which emits increased fluorescence after reaction with an
active intermediate of NO, formed during the spontaneous
oxidation of NO to NO2

-.16 Cells were loaded with 5 μmol/L
of DAF-FM/DA for 20 min and then rinsed three times. DAF-
FMwas excited with 490 nm light, and the emitted fluorescence
intensities were measured simultaneously at 510 nm. Control
experiments were also performed in the presence of the NOS
inhibitor, L-NAME (100 μmol/L, Sigma Chemical, St. Louis,
MO) to help validate these fluorometric results (not shown).

Statistical Studies. Standard deviations (SD) were computed
for all Alamar Blue viability assays, which were carried out in
triplicate and repeated four times. In every assay shown, SD
results were within (5% with a 95% statistical significance
(n=4, **p>0.0001 by student t-test).

Densitometry. Image capture to define differential protein
expression was achieved with a Fluor-S Imager (Bio-Rad)
followed by quantification of bands with the Gel-Pro software
(Media Cybernetics, Silver Spring, MD).

Results

Toxicity Induced by DEDTC-Cu and iNOS Down-Regula-

tion Were Counteracted by Nitric Oxide Donors. Because
nitrosative and oxidative stress may counterbalance each
other and because Cu[DEDTC]2 can react with nitrite
formed by NO* auto-oxidation in aqueous solution,10 we
investigated whether different NO donors were able to
counteract the significant cytotoxicty of Cu[DEDTC]2 in
human tumor cells.5,6 Cell viability studies revealed that the
cytotoxic effects of aqueous 0.3 μM CuCl2 and 0.6 μM
DEDTC in human C8161 melanoma were counteracted by
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6 h pretreatments with 50 μM of either SNAP, SNP, or
DETA-NONOate. No difference from control cells was seen
with addition of these NO donors at 50 μM in the absence
of CuCl2 and DEDTC (Figure 1A). Also, the cytotoxicity of
0.1 μM CuCl2 and 0.2 μM DEDTC against SKBR3 breast
carcinoma was counteracted by pretreatment with 50 μM
SNAP (Figure 1B, left). These cytotoxicity results were
paralleled by the demonstration of apoptosis-associated
PARP cleavage17 in SKBR3 cells treated with CuCl2 and
DEDTC and its reversal by 50 μMSNAP (Figure 1B, right).
On the basis of the protective effect of NO donors (Figure 1A),
the involvement of iNOS in the mechanism for the cytotoxi-
city of Cu[DEDTC]2 was also investigated.7-9 Whereas
control cultures and those treated with NO donors showed
iNOS expression and lack of PARP cleavage, those under-
going PARP fragmentation by the toxic effect of CuCl2 and
DEDTC, exhibited loss of iNOS, which was counteracted by
cotreatment with SNAP or SNP (Figure 1C).

NOReleased from SNPCounteracted PARPCleavage and

Mitochondrial Damage Induced by DEDTC-Copper. SNP is
an extremely potent vasodilator used during clinical anesthe-
sia, which behaves as a donor of nitric oxide, cyanide, and
iron18,19 or acts mostly through the release of iron in a Fenton-
type reaction after light inactivation at 2 mM levels.18 We

investigated whether 50 μMSNP acted as a NO donor when
protecting C8161 melanoma cells from CuCl2 and DEDTC
toxicity.5,6 First, we determined that SNP needed to be
present for more than 6 h prior to protect from CuCl2 and
DEDTC because adding it for periods of 1 h or less did not
prevent its toxicity. We also demonstrated that at 50 μM
SNP, the release of iron was not playing a major role in the
toxicity of CuCl2 and DEDTC because the iron chelator
deferoxamine mesylate (DFO) was not protective (Figure 2A).
These results were confirmed with measurements of apop-
tosis-associated PARP cleavage and the % of cytochrome C
released from mitochondria to cytosol,20 which demon-
strated that a brief 30 min pretreatment with SNP did not
prevent these changes. However, overnight pretreatment
with SNP was quite effective (Figure 2B). The reason for
these results were apparent in fluorometric measurements of
NO release.15 These indicated that SNP required at least 6 h
to achieve its NO donor potential (Figure 2C) .

Nitric Oxide Scavenger PTIO Potentiated the Effects of

Subtoxic DEDTC-Copper. We found that 0.3 μM CuCl2
and 0.6 μM DEDTC were required to induce C8161 mela-
noma cell death6 (Figure 1) because use of half these con-
centrations was ineffective (Figure 3A).However, use of sub-
toxic concentration [0.15 μM CuCl2 and 0.3 μM DEDTC]

Figure 1. Toxicity induced by [DEDTC]2-Cu and iNOS down-regulation are counteracted by nitric oxide donors. (A) Cell viability assay
demonstrates that toxicity induced by 0.6 μMDEDTC and 0.3 μMCuCl2 in C8161 melanoma is antagonized by 50 μMconcentrations of NO
donors like SNAP, SNP, or DETANONOate. (B) Cell viability assay demonstrates that toxicity (left) and PARP cleavage induced by 0.2 μM
DEDTC and 0.1 μMCuCl2 against SKBR3 carcinoma cells is antagonized by 50 μM SNAP. (C) PARP cleavage and iNOS down-regulation
induced by 0.6 μM DEDTC and 0.3 μM CuCl2 are counteracted by NO donors like SNAP or SNP.
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became cytotoxic onlywhen cells were pretreated with c-PTIO,
a membrane-impermeable scavenger for extracellular NO.21

Viability assays were compatible with morphological and
clonogenic studies (Figure 3A,B) and were confirmed by
results showing that 0.15 μMCuCl2 and 0.3 μMDEDTCdid
not promote apoptosis-associated PARP cleavage17 unless
cells were also treated with c-PTIO, which scavenges extra-
cellular nitric oxide21 (Figure 3C). We observed a similar
potentiation of the effects of 0.15 μM CuCl2 and 0.3 μM
DEDTC in subconfluent melanoma cultures when these
were added for 16 h after a 2 h pretreatment with 200 μM
of the NOS inhibitor, L-NAME (not shown). Taken to-
gether, these results suggest an antiapoptotic role for endo-
genous nitric oxide irrespective of whether it is intracellular
or extracellular in human melanoma cells.8,22

Modification of the Cu[DEDTC]2 Complex by NO2 Was

Linked to Diminished Cytotoxic Efficacy. Interactions of
copper(II) dithiocarbamate with nitric oxide occur in aque-
ous solution, and decomposition of the latter originates
nitrite.7 Hence, we next investigated the biological and
structural consequences of adding sodium nitrite to a solu-
tion containing copper(II) and sodium dithiocarbamate,
which react to create Cu [DEDTC]2 NO.10 In cell viability
studies, aqueous dithiocarbamate 0.6 μM-copper(II) 0.3 μM

(or an equivalent concentration of the preformed Cu[DE-
DTC]2 complex redissolved in DMSO), had significant
cytotoxic effects in C8161 melanoma. However, addition
of nitrite 0.3 μM to the aqueous or DMSO-soluble forms of
the complex essentially abrogated cytotoxicity, as evident in
the binary complex (Figure 4A,B). Nitrite also provided
similar protection from cytotoxicity in SKBR3 cells via
[dithiocarbamate 0.2 μM-copper(II) 0.1 μM] (not shown).
Analysis of the UV-visible spectrum of the ternary Cu-
[DEDTC]2NO complex revealed that it differed from the
binary Cu[DEDTC]2 spectrum. This confirmed that nitrite
originating from nitric oxide decomposition reacted with Cu
[DEDTC]2,

7 although no prior study has demonstrated that
such interaction alleviates the death-inducing ability of the
binary copper complex.

Increases in Nitric Oxide by Cobalt Chloride Were Asso-

ciated with Protection from DEDTC-Cu Toxicity. Because
S-nitroso-N-acetylpenicillamine (SNAP) stabilizes transactive
hypoxia-inducible factor-1R,12 and this agent also protected
from copper(II) dithiocarbamate toxicity (Figure 1), we
further investigated whether cobalt chloride, a hypoxia-
mimetic agent,11-13 also protected against Cu[DEDTC]2
toxicity andwhether this involved preserving nitrosative status.
The cytotoxic effect of Cu [DEDTC]2 was counteracted by

Figure 2. SNP counteracts PARP cleavage and mitochondrial damage induced by DEDTC-copper by releasing NO. (A) Cell viability assay
shows that toxicity induced by 0.6 μM DEDTC and 0.3 μM CuCl2 is preferentially antagonized by prolonged SNP overnight (o/n)
pretreatment. No comparable protection is afforded by a 30 min pretreatment with SNP, a 1 h treatment with DEDTC þ Cu prior to SNP
addition, or a 1 h pretreatment with 50 μM deferoxamine (DFO). (B) Overnight (o/n) SNP pretreatment counteracts apoptosis-associated
PARP cleavage and mitochondrial damage estimated by cytosolic release of cytochrome C induced by 0.6 μM DEDTC and 0.3 μM CuCl2.
(C) Extracellular NO is released from SNP after 6 h of treatment, irrespective of 0.6 μM DEDTC and 0.3 μM CuCl2.
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Figure 3. Nitric oxide scavenger PTIO potentiates effects of subtoxic DEDTC-copper. (A) Cell viability assay and (B) clonogenicity assay
reveal that the NO scavenger PTIO promotes toxicity of subtoxic 0.3 μM DEDTC and 0.15 μM CuCl2. (C) PTIO enhances apoptosis-
associated PARP cleavage induced by subtoxic 0.3 μM DEDTC and 0.15 μM CuCl2.

Figure 4. Modification of the Cu[DEDTC]2 complex byNO2 is linked to diminished cytotoxicity. (A) Loss of cell viability induced by aqueous
0.6 μM DEDTC and 0.3 μM CuCl2 or by an equivalent concentration of the preformed Cu[DEDTC]2 complex dissolved in 0.1% DMSO is
counteracted by a 90 min pretreatment with 0.3 μM sodium nitrite. (B) Morphological damage and loss of clonogenicity induced by 0.6 μM
DEDTC and 0.3 μM CuCl2 or by the preformed Cu[DEDTC]2 complex are counteracted by 0.3 μM sodium nitrite. (C) Addition of nitrite
modifies the spectrum of Cu[DEDTC]2.
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100 μM cobalt chloride (Figure 5A), as revealed by viability
and clonogenicity studies. To learn about the involvement of
nitric oxide as a mechanism in this protection, we used the
NO intracellular indicator DAF-FM/DA.16 This revealed
significant NO reactivity in all cases, except when cells were
only treated with Cu [DEDTC]2 (Figure 5B).We confirmed
these DAF/FM results showing NO down-regulation by Cu
[DEDTC]2 in fluorometric analysis of extracellular NO
normalized to cell protein (Figure 5C) by the reaction of
nitrite with 2,3-diaminonaphthalene.15

Chemical Modification of the Cu[DEDTC]2 Complex by

Cobalt Was Linked to Diminished Cytotoxicity. Although
cobalt chloride protected from Cu [DEDTC]2 toxicity, it
seemed much less effective than nitrite. When we tested
different cobalt chloride concentrations, optimal protection
was reproducibly achieved between 50 and 100 μM cobalt
chloride, as shown by cell viability assays (Figure 6A) and in
measurements of apoptosis-associated PARP cleavage
(Figure 6B). High cobalt concentrations were required to
measurablymodify the spectrumofCu [DEDTC]2 (Figure 6C).
These results suggest that these protective effects of cobalt
chloride involve preserving nitrosative balance and also
cause a structural modification of the copper(II) dithio-
carbamate interaction (Figure 6C).

Cobalt Protection from Cu[DEDTC]2 Involved Restoration
of iNOS Expression. Finally, we investigated whether the
hypoxia-mimetic agent cobalt chloride11-13 was able to pro-
tect other cell types from cytotoxicity induced by the copper-
(II) dithiocarbamate interaction. Cell viability studies demon-
strated that the protection provided by cobalt chloride in

C8161 melanoma was also seen in SKBR3 andWM164 cells
(Figure 7A). This result was confirmed by clonogenic assays
in C8161melanoma (Figure 7B).Moreover, the iNOSdown-
regulation accompanying the apoptosis-associated PARP
cleavage induced by copper(II) dithiocarbamate was also
counteracted by 50 μM cobalt chloride (Figure 7C).

Discussion

In previous work, we demonstrated that cell survival in
response to aqueous copper(II) dithiocarbamate or its binary
complex involves oxidative stress because N-acetylcysteine
and hydrogen peroxide-degrading enzymes like exogenous
catalase were protective.5 Our present work demonstrates the
constitutive intracellular production of iNOS and NO in
viable human C8161 melanoma, as observed in other mela-
noma cells.7,22 Although both declined in cells undergoing
apoptosis in response to copper(II) dithiocarbamate, these
effectswere counteracted bynitric oxide donors andbynitrite,
the nitric oxide byproduct in aqueous conditions (Figures 1, 2,
and 4).These results suggest that dysregulation of the redox
balance, caused by a deficiency of antioxidants and/or the
overproduction of free radicals, may be the basis for the toxi-
city induced by Cu[DEDTC]2. However, such oxidative im-
balance seems to be counteracted by nitrosative balance,
provided by nitric oxide or nitrite.23 The relevance of nitric
oxidemetabolism in controllingmelanoma survival of copper(II)
dithiocarbamate toxicity7,22 was further highlighted when
subtoxic concentrations of these agents became lethal when
added to cells pretreated with c-PTIO, a scavenger of extra-
cellular nitric oxide (Figure 3).21 Our present results also

Figure 5. Restoration of nitric oxide by cobalt chloride is associated with protection from DEDTC-Cu toxicity. (A) Aqueous 0.6 μM
DEDTC and 0.3 μMCuCl2 induces loss of viability counteracted by overnight pretreatment with 100 μMCoCl2. (B,C) CoCl2 restores loss of
intracellular NO and extracellular NO induced by 0.6 μM DEDTC and 0.3 μM CuCl2.
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suggest a possible link between iNOS and nitric oxide in resis-
tance to apoptosis induced by copper(II) dithiocarbamate.
The hypoxia-mimetic agent, cobalt chloride at 50 μM, re-
stored iNOSandnitric oxide fromcells treatedwith copper(II)
dithiocarbamate, in agreement with results indicating a link
between nitric oxide and hypoxia through HIF-1R.24 Taken

together, increased copper(II) uptake mediated by dithiocar-
bamate4-6,25 may cause oxidative stress by forming free
radicals (hydroxyl radicals) due to electron transfer when
copper shifts from divalent (Cu2þ) to monovalent (Cuþ).26

This could lead to greater toxicity when hydrogen peroxide
increases intracellularly by induction of endogenous Mn

Figure 6. Chemical modification of the Cu[DEDTC]2 complex by cobalt is linked to diminished cytotoxicity. (A) Loss of viability induced by
0.6 μMDEDTC and 0.3 μMCuCl2 is counteracted by pretreatment with 100 μMCoCl2. (B) 100 μMCoCl2 counteracts apoptosis-associated
PARP cleavage induced by 0.6 μM DEDTC and 0.3 μM CuCl2, (C) 50 and 100 μM CoCl2 modify the spectrum of Cu[DEDTC]2.

Figure 7. Cobalt protects from DEDTC-Cu toxicity and restores iNOS. (A) Loss of viability induced in C8161 melanoma and WM793
melanoma by 0.6 μM DEDTC and 0.3 μM CuCl2 and in SKBR3 carcinoma by half the concentrations of these agents is counteracted by
overnight pretreatment with 50 μMCoCl2. (B) Morphological change induced in C8161 melanoma by 0.6 μMDEDTC and 0.3 μMCuCl2 is
counteracted by overnight pretreatment with 50 μM CoCl2. (C) PARP cleavage and loss of iNOS induced by 0.6 μM DEDTC and 0.3 μM
CuCl2 in C8161 melanoma are counteracted by overnight pre treatment with 50 μM CoCl2.
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superoxide dismutase in response to copper(II) dithiocarba-
mate.5,6 In this study, we report for the first time that copper-
(II) dithiocarbamate treatment also causes nitrosative
imbalance,23 because this lowers production of nitric oxide
and down-regulates iNOS, both of which are constitutive in
proliferating melanoma7,22 and other cancer cells.24 In sum-
mary (Figure 8), we propose that melanoma cell survival may
require a oxidative-nitrosative equilibriumat basal hydrogen
peroxide andnitric oxide levels. Loss of constitutive iNOSand
nitric oxide in proliferating melanoma may help to generate
toxicity through free radicals.24-26 Conversely, iNOS and
moderate levels of nitric oxidemay be important formelanoma
survival8,21 and tumor chemoresistance.27 Our results with
nitric oxide donors, nitrite, and cobalt chloride suggest that
copper(II) dithiocarbamate induces apoptosis by decreasing
nitric oxide. Similarly, we demonstrate for the first time
that ternary complexes of copper(II) dithiocarbamate and
nitrite released from nitric oxide restore cell viability, because
tumor cells are confronted by less of the biologically active
Cu[DEDTC]2 when this becomes inactivated by a chemi-
cal modification via coordination of NO to Cu(DTC)2.

10

An interesting question for future studies is whether NO
donors, which now show antiapoptotic effects at low con-
centrations (50-100 μM), may behave as pro-apoptotic
agents at higher concentrations23,27 or in different intracellu-
lar milieu.
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