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Abstract Sodium diethyldithiocarbamate (DETC) is the
main metabolite of disulfiram. Recently, we reported that
mechanism of disulfiram cytotoxicity in V79 cells might be
partially connected with thiol redox-state imbalance. Here,
we examined the effect of DETC on the level of intracel-
lular glutathione (GSH), protein oxidation (measured as
PC—protein carbonyl content), lipid peroxidation (mea-
sured as TBARS—thiobarbituric acid reactive substances),
antioxidant enzymatic defense, as well as on apoptosis. We
used V79 Chinese hamster fibroblasts cells with and
without modulated glutathione (GSH) level by N-acetyl-L-
cysteine (NAC). We showed that treatment with DETC at
concentrations that cause a moderate increase in thiol-state
imbalance but not cell death stimulates oxidative stress
measured as increased level of PC and TBARS, adaptive
response of GSH-related enzymes and apoptosis. Our
results show that cellular effects of DETC are partially
attributable to the initial redox cellular state, since the
increase of GSH level by NAC pre-treatment prevented the
observed changes.
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Introduction

N,N,-Diethyldithiocarbamate (DETC) is a main metabolite
of disulfiram (DSF) (Johansson 1992). DETC and its ana-
logs are compounds with diverse applications, both as an
important class of agricultural pesticides (dithiocarba-
mates) and as pharmacological agents. They are used
against persistent Mycobacterium tuberculosis and as
cancer chemo-preventive agent, potential adjunct to tradi-
tional oncological chemotherapy, along with protection
against tissue toxicity of cisplatin treatment, and in
experimental therapy of acquired immunodeficiency syn-
drome (AIDS) (Byrne et al. 2007; Pande and Ramos 2003;
Pang et al. 2007). Although dithiocarbamates are known to
display low acute and chronic toxicities in human and in
experimental animals, the extreme reactivity mainly related
to their metal-chelating ability (e.g. copper, iron, zinc) and
high affinity for SH group-containing proteins underlies the
wide range of their adverse effects (Orrenius et al. 1996;
Somers et al. 2000). This chelating property of DETC is the
basis for the therapy for metal intoxication in industrial
conditions. DETC acts in cells as an inhibitor of superoxide
dismutase (SOD) by chelating with intracellular Cu™?
(Lushchak et al. 2005). However, some biological actions
of DETC may result from S-nitrosothiols elimination rather
than SOD inactivation (Arnelle et al. 1997). DETC and its
metabolite, carbon disulfide, are expected to provoke sev-
eral side effects besides those related to the aversive
reaction.

The free-radical chemistry of the dithiocarbamates
appears to be more complex than that of other thiol com-
pounds. Upon interaction with either superoxide (O,"),
peroxyl (RO,), or hydroxyl (OH) radicals, DETC is oxi-
dized to a thiyl radical, (Et),NC(S)S, which can dimerize to
form disulfiram (Kishore and Moorthy 1991; Mankhetkorn
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et al. 1994; Zanocco et al. 1989). Disulfiram regenerates
DETC by oxidation of glutathione (GSH) to glutathione
disulfide (GSSG) (Hosni et al. 1992). DETC was shown to
possess a peroxidase-like activity, which utilizes exclu-
sively glutathione as a substrate for the reduction of H,O,
and a limited number of organic hydroperoxides (Fitsana-
kis et al. 2002; Hosni et al. 1992). It is also the electron
donor in the reaction catalyzed by glutathione peroxidase
(GPx) (Fitsanakis et al. 2002) and is regenerated by glu-
tathione reductase (GR) (Arthur 2000).

Since a mechanism of DETC action within a cell might
be due to thiol redox-state imbalance, the main goal of the
present study was to assess the effect of DETC on the level
of intracellular glutathione, protein carbonyls, and lipid
peroxidation levels, antioxidant enzymatic defense, as well
as on apoptosis. We used the V79 cell line of Chinese
hamster fibroblasts, well characterized and a common
model system for cytotoxicity and mutagenicity studies
(Bradley et al. 1981). Studies were performed in control
V79 cells and in cells with modulated intracellular GSH
level prior to drug exposure. Intracellular GSH was
increased by N-acetyl-L-cysteine (NAC), the precursor of
L-cysteine and reduced glutathione as well as a source of
sulfhydryl groups in cells. We have shown that treatment
with DETC at concentrations that cause a moderate
increase in thiol-state imbalance but not cell death stimu-
lated oxidative stress measured as increased level of pro-
tein carbonyls, lipid peroxidation, adaptive response of
GSH-related enzymes and apoptosis. The increase of cel-
lular GSH level by NAC prevented the observed changes.
The results show that cellular effects of DETC are similar
to that of disulfiram (Grosicka-Maciag et al. 2010) and
similar mechanisms may explain the effects since the
response to both compounds is at least partially attributable
to the initial redox cellular state.

Materials and methods
Materials

Ham’s F-10 medium (without hypoxanthine and thymi-
dine), newborn calf serum (NCS), penicillin/streptomycin,
trypsin—-EDTA solution, and phosphate-buffered saline
(PBS) were obtained from Gibco BRL. All cell culture
plastics were from Becton—Dickinson (San Diego, CA,
USA). Diethyldithiocarbamic acid sodium salt trihydrate
(DETC) (CAS Register number 20624-25-3) was pur-
chased from MP Biomedicals (Germany) (purity crystalline
99 %). N-acetyl-L-cysteine (NAC), dimethyl sulfoxide
(DMSO), phenylmethylsulfonyl fluoride (PMSF), 5,5 -
Dithio-bis(2-nitrobenzoic acid) (DTNB), thiobarbituric
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acid (TBA), 1,1,3,3-tetramethoxypropan (TMP), guanidine
HCI, glutathione, sodium dodecyl sulfate (SDS), dinitro-
phenyl-hydrazine (DNPH), Trypan blue (TB), Thiazolyl
Blue Tatrazolium Bromide (MTT), and all other general
laboratory chemicals were obtained from Sigma (St Louis,
MO, USA).

Experimental procedures
Cell culture conditions and treatments

Chinese hamster V79 lung fibroblasts (clone M8) were
purchased from Prof. M.Z. Zdzienicka (Collegium Medi-
cum im. Ludwika Rydygiera, Bydgoszcz, Polska). Cells
were grown until 80-90 % confluence under standard
conditions in Ham’s F-10 medium (without hypoxanthine
and thymidine) in a 95 % air, 5 % CO, humidified
incubator at 37 °C. Medium contained 15 % heat-inacti-
vated NCS, penicillin/streptomycin (100 U/ml, 100 pg/ml).
Cells were harvested by treatment with 0.25 % trypsin—
0.02 % EDTA in PBS and were seeded (2 x 10° cells)
in 10 ml complete medium in a 10-cm plate or (3 x 10%)
in 25 ml complete medium in a 15-cm plate. The cells
were then allowed to grow at 37 °C and 5 % CO, for
1-2 days up to 60-70 % confluence prior to treatment.
Cells were treated for 1 h with various concentrations of
DETC (50, 100, 200, 300 uM) diluted from the stock
solution (final concentration of DMSO set to 0.1 %).
When pre-treatment of cells was required, 5 mM
N-acetyl-L-cysteine was applied to V79 cells for 24 h
before cells were exposed to DETC. Dosing schedule
was analogous to our previous toxicological data from
disulfiram (Grosicka-Maciag et al. 2010). The control
group was exposed to an equivalent concentration of
solvent. Under these conditions, NAC did not affect cell
proliferation or viability. DMSO at this concentration
had no effect on cell growth and was used as solvent
control for all tested parameters. Specific set of reaction
conditions (e.g., control, DETC or NAC, NAC — DETC)
was evaluated together on the same day over multiple
occasions.

Trypan blue exclusion assay

Cytotoxicity was determined by trypan blue (TB) exclusion
assay. Cells were treated for 1 h with DETC or pre-incu-
bated with 5 mM NAC by 24 h followed by 1 h treatment
with DETC (50, 100, 200, 300 pM). Untreated or NAC-
treated cultured cells were used as the 100 % viability
value, respectively. The number of all colonies has been
determined in three Petri dishes per concentration. Exper-
iments were repeated three times.
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Cell growth assay

The growth inhibition effect of DETC on cells was deter-
mined by measuring MTT day absorbance by living cells
as previously described (Grosicka-Maciag et al. 2010).

Colorimetric determination of reduced (GSH) and oxidized
(GSSG) glutathione

The levels of cellular GSH and GSSG were determined
using a standard BIOXYTECH® GSH/GSSG-412™ kit
from OxisResearch™ according to manufacturer’s proto-
col, as described previously (Grosicka-Maciag et al. 2010).
Results are expressed as total (reduced and oxidized or
GSH,) and oxidized glutathione (GSSG) as pg/mg protein.
Protein concentration was determined by Bradford (1976)
protein assay.

Protein carbonyl groups (PC) assay

Protein carbonyl groups (PC) were measured using reaction
with dinitrophenyl-hydrazine (DNPH), leading to the for-
mation of stable hydrazone products (Reznick and Packer
1994), as described previously (Grosicka et al. 2005). The
results are expressed as nmol of carbonyl groups/mg
protein.

Lipid peroxidation assay

Lipid peroxides were detected as malondialdehyde (MDA)
reacting with thiobarbituric acid (TBA) to form a 1:2
adduct. The MDA-TBA colored complex (TBARS) was
measured by spectrofluorometric analysis (Miceli et al.
1994), as described previously (Grosicka et al. 2005). The
quantities of TBARS were expressed in terms of amount
(nmol) per 100 mg protein.

Antioxidative enzymes activity determination

Preparation of cell extracts for enzyme assays was obtained
as described previously (Grosicka-Maciag et al. 2010).
Cells (7 x 10") were incubated for 1 h with 200 pM
DETC without or with NAC pre-treatment.

Catalase activity

Catalase (CAT) was determined by the kinetic assay
according to method described by Go6th (1991).
0.05-0.1 ml sample was incubated with H,O, as a sub-
strate at 37 °C for 60 sec. The enzymatic reaction was
stopped with ammonium molybdate, and the yellow com-
plex of molybdate and hydrogen peroxide was measured at
405 nm. The measurement of catalase activity is based in

the quantification of the hydrogen peroxide breakdown;
thus, we define one unit of catalase as the amount of
enzyme required to decompose one pmole of H,O, per
minute at 37 °C. Specific activity of CAT was expressed as
U/mg protein.

Glutathione peroxidases (GPx) activity

Glutathione peroxidase (GPx) activity was determined
according to the method described by Wendel (1981). GPx
catalyzes the reduction of various organic hydroperoxides
and H,O, using reduced glutathione (GSH) as donor:
GPx assay was carried out by monitoring the oxidation
of nicotinamide adenine dinucleotide phosphate (NADPH)
in a recycling assay as described previously (Grosicka-
Maciag et al. 2010). Activity of total non-Se-dependent
GPx and Se-dependent GPx was determined using cumene
hydroperoxide (CHP) and H,0, as a substrate, respec-
tively. A 50-pl sample was used to measure the GPx
activity. Specific activity of GPx was expressed as U/mg
protein. One unit of GPx activity was defined as the amount
of enzyme that oxidized one umole NADPH per minute.

Glutathione reductase

Glutathione reductase (GR) activity was assayed using
oxidized glutathione (GSSG) as substrate (Goldberg and
Spooner 1992) as described previously (Grosicka-Maciag
et al. 2010). Specific activity of GR was expressed as U/mg
protein. One unit is defined as the amount of enzyme that
oxidized one pmole NADPH per minute at 37 °C.

Annexin V staining for cell death detection

Apoptosis was determined by TUNEL, a terminal deoxy-
nucleotidyl transferase (TdT)-based end-labeling assay for
DNA strand breaks (Li and Darzynkiewicz 1995) and
staining cells with dual Annexin V-fluorescein isothiocy-
anate (FITC) and propidium iodide (PI) binding assays.
Cells (0.5 x 10°% in 35-mm culture dish were incubated
with the indicated amounts of DETC with or without NAC
pre-treatment for 1 to 4 h.

TUNEL assay

The TUNEL assay was performed using the APO-
DIRECT™  test (Becton—Dickinson, San Diego, CA,
USA). Briefly, fixed cells were incubated with bromode-
oxyuridine triphosphate (Br-dUTP) and TdT, which binds
the Br-dUTP to the 3’-hydroxyl end of the RNA fragment.
The Br-dUTP was detected using FITC-labeled anti-Br-
dUTP monoclonal antibody and the DNA was counter-
stained with 4,6-diamidino-2-phenylindole dihydrochloride
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(DAPI) for image analysis. Parallel negative controls with
distilled water instead of TdT were run for each sample. To
analyze apoptosis-specific DNA fragmentation, cells were
treated with 100 or 200 uM DETC (4 h). DETC-mediated
nuclear DNA fragmentation was analyzed using Nikon
Eclipse E800 fluorescent microscope equipped with Nikon
Coolpix 995 digital camera (both from Nikon, Japan).
Manufacturer (Becton—Dickinson, San Diego, CA, USA)
provided positive controls. Apoptosis induction efficacy
was calculated as percentage of fluorescein-positive to
DAPI-stained nuclei.

Annexin V-binding apoptosis/necrosis discrimination assay

Fluorochrome-labeled Annexin V was used to detect
apoptosis. To discriminate between necrotic and apoptotic
cells, propidium iodide (PI) was added simultaneously to
the cell suspension. The assay was performed according to
manufacturer’s  protocol (APOPTEST-OregonGreen™
assay, NexinsResearch, Kattendijke, Netherlands) as descri-
bed previously (Grosicka-Maciag et al. 2010). Cells after
200 uM DETC treatment (1 h) were washed twice with ice-
cold PBS and incubated with Oregon Green'-labeled
Annexin V and PI for 30 min. The number of Annexin V- and/
or Pl-positive cells, corresponding to apoptotic or necrotic
events, respectively, was analyzed using Nikon Eclipse ES00
fluorescent microscope with Nikon digital camera (Nikon,
Japan).

Statistical analysis

Statistical analysis was performed with a statistical pack-
age—Statistica 5.1 software (Statsoft, Warsaw, Poland)
using Kolmogarof—Smirnov test to assess data distribution,
the Kruskal-Wallis test to compare selected pairs of data.
Data are shown as mean £ SD of five to six assays. Sta-
tistical significance was considered at P < 0.05.

Results

Effect of DETC on cell viability using trypan blue (TB)
and MTT tests

To determine the cytotoxicity of DETC to V79 cells, cell
viability was evaluated based on DETC effect on mem-
brane integrity and on enzymatic activity of mitochondrial
dehydrogenases using two tests: trypan blue (TB) exclusion
assay and MTT test (Fig. 1). The number of viable cells
(TB exclusion assay) decreased in a concentration-depen-
dent manner by 30 % after exposure to 200 uM concen-
tration and was kept at the same level at 300 uM
concentration. Decreased amount of purple formazon
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Fig. 1 Effect of DETC on cell viability using TB exclusion assay and
MTT test. Values are expressed as percentage of viable cells with
respect to controls. All data represent the mean + SD of three
experiments, each of them performed in triplicate

observed in cells treated with DETC indicates changes in
mitochondrial metabolic activity induced by the com-
pound. The decrease by 25 % was seen in MTT test already
at 50 uM concentration of DETC, and the decrease was not
significantly changed up to 300 uM concentration. Cells
pre-incubated with NAC followed by DETC treatment did
not show any decrease in the cells viability (TB exclusion
assay), as well as any toxicity measured by MTT test,
comparing to control V79 cells.

Effect of DETC on protein oxidation (PC) and on lipid
peroxidation level (TBARS)

The increase of protein oxidation, measured as protein
carbonyl groups (PC) level, and the increase of lipid per-
oxidation, measured as TBARS production, were observed
only in cells exposed to 200 pM concentration, comparing
to control V79 cells (Table 1) (P < 0.05 vs. control). At
lower, 100 uM concentration, both parameters were not
significantly changed comparing to control cells. Since the
prooxidative effect of DETC was observed only at 200 uM
concentration, we analyzed the effect of increased GSH
level after NAC pre-treatment only at this concentration.
Pre-incubation of cells with NAC followed by 200 pM
DETC exposure prevented DETC-generated protein and
lipids oxidative damage.

Effect of DETC on intracellular reduced (GSH,)
and oxidized (GSSG) glutathione levels

As seen in Fig. 2a, b, DETC causes significant, dose-
dependent increase in both GSH total (GSH,) and GSSG
levels after 1 h incubation. The level of GSH; at 100 and
200 M concentrations was increased 2.3- and 3.7-fold,
respectively, compared to the control value. Similarly,
the level of GSSG was increased 2.6- and 6.8-fold,
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Table 1 Effect of DETC on protein oxidation (PC) and lipid peroxidation (TBARS) without or with NAC pre-treatment

PC (nmol/mg protein)

TBARS (nmol/100 mg protein)

Control 100 pM 200 uM Control 100 pM 200 pM
Without NAC pre-treatment

2431 £ 0.612 2.316 £ 0.698 3.404 £ 0.689%* 57+9 67 £ 25 100 £ 4*
With NAC pre-treatment

1.947 £+ 0.573 NT 2.264 £ 0.225 53+6 NT 56 +£5

V79 cells were pre-incubated with 5 mM NAC for 24 h and subsequently treated with 100 or 200 pM DETC for 1 h. One group of cells was
treated only with: 100, 200 uM DETC for 1 h or with 5 mM NAC for 24 h. Data represent the mean £ SD of six independent samples for each

experiment
NT not tested

* P < 0.05 versus control

respectively, compared to the control cells. The ratio GSH/
GSSG (R) was decreased compared to the control value
(R = 112). R value at 100 and 200 uM DETC was 86 and
54, respectively.

Cells incubated only with NAC for 24 h showed statisti-
cally significant increase of GSH, and slight increase of
GSSG comparing to control cells (Fig. 2a, b); however,
R value was not significantly changed comparing to the
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Fig. 2 Effect of DETC on GSH and GSSG level without or with
NAC pre-treatment. V79 cells were treated only with: (i) 100 uM or
200 uM DETC for 1 h; (i) with 5 mM NAC for 24 h; (iii) with
5 mM NAC for 24 h followed by 100 uM or 200 uM DETC for 1 h.
Data represent the mean £ SD of six independent samples for each
experiment. *P < 0.05 versus control cells; **P < 0.05 versus NAC
pre-treated cells

control value (R = 99 and R = 112, respectively). When the
cells were pre-treated with NAC followed by 100 or 200 pM
DETC exposure, the protective effect of NAC was observed.
GSH, and GSSG levels were decreased and restored to the
control values. However, R value at 200 uM DETC con-
centration was still decreased and kept at the same level
(R = 57) as after DETC exposure alone (R = 54).

Effects of DETC on antioxidant enzyme activity

In order to understand the mechanism underlying the
observed cellular effects of DETC, the activities of CAT
and the GSH-related enzymes, such as GPx and GR, were
determined in control and in NAC pre-treated cells. The
results are presented in Fig. 3. Enzymes activity was
measured at 200 pM DETC since the increase in protein
oxidation and lipids peroxidation, as well as decrease in
GSH/GSSG ratio was most pronounced at that concentra-
tion. As shown in Fig. 3, V79 cells exposed to either DETC
or DETC after NAC pre-treatment showed significant
decreases of the specific activities of both peroxidases:
Se-dependent GPx (22 %) (P < 0.05) and non-Se-dependent
GPx (37 %) (P < 0.05). The specific activities measured in
cells treated either with DETC or DETC after NAC pre-
treatment were compared with the activities measured in
control or in NAC treated cells, respectively.

Contrary, the activity of GR and CAT was elevated by
DETC exposure and the increase was statistically significant.
GR activity in control cells increased by 26 % (P < 0.05),
comparing to 59 % (P < 0.05) increase in cells after NAC
pre-treatment, as compared to control or NAC treated cells,
respectively. CAT activity was increased by 45 % (P < 0.05)
by DETC only in cells without NAC pre-treatment.

DNA fragmentation and Annexin V-binding activation

To determine whether oxidative changes induced by
DETC are concomitant with apoptosis in V79 cells, we
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investigated DNA fragmentation, which is one of bio-
chemical hallmarks of apoptosis. Analysis of DNA frag-
mentation, as assessed by the TUNEL assay with DAPI
(Fig. 4IA) or BrdU/FITC (Fig. 41B), revealed that exposure to
DETC resulted in the same level of fluorescein-stained nuclei
(corresponding to extensive DNA fragmentation) as com-
pared to untreated control.

The analysis of phosphatidylserine (PS) externalization,
using a dual staining of cells with Annexin V-Oregon
Green (Fig. 41IB) and propidium iodine (PI) (Fig. 411C),
revealed 90 % of apoptotic cells with green fluorescence
after exposure to DETC and only a few cells (10 from 300)
with red fluorescence characteristic for late apoptosis/
necrosis. NAC pre-treatment protected cells against pro-
apoptotic activity of DETC. A number of observed apop-
totic and necrotic cells were at the level of control
untreated cells.

Discussion

N,N-Diethyldithiocarbamate besides being a main metabo-
lite of disulfiram, the drug used over half century for alcohol
aversion therapy, has diverse applications, also as pharma-
cological agent. One molecule of disulfiram gives two
molecules of DETC by the reduction of intramolecular
disulfide bond. Recently, we have shown that oxidative
properties of disulfiram are at least partially attributable to its
cellular effect (since mechanisms induced by NAC pre-
treatment lower or even abolish the observed effect of DSF
on GSSG level, protein carbonyl content, and its pro-apop-
totic activity) (Grosicka-Maciag et al. 2010). In the present
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study, we took into account the role of oxidative stress in
mechanism of DETC cytotoxicity. The results of the present
work show that effects of DETC and disulfiram may be
explained by the same cellular mechanisms since they are at
least partially attributable to the initial redox cellular state.

We have shown that DETC cytotoxicity depends on the
initial conditions in term of intracellular glutathione level.
Cell viability was restored to the control values after NAC
pre-treatment followed by DETC exposure. Our study
showed decrease of GSH/GSSG ratio (R) in cells treated
with DETC comparing with the control cells. Decrease of
GSH/GSSG ratio was revealed despite an increase of GSH
level observed in cells treated with DETC. Fact of con-
comitant GSSG generation by DETC, potentially harmful
for cells, is consistent with mutual interconversion with
disulfiram (Burkitt et al. 1998). Deneke et al. (1997)
observed that increase in intracellular GSH after addition
of DETC to the culture media was associated with an
increase in the rate of cysteine uptake into the cells.
Observed GSH/GSSG depletion affected oxidative damage
of proteins and lipids in V79 cells. Other groups revealed
also an increase in PC level in proteins isolated from
DETC-exposed rats (Viquez et al. 2007) as well as mem-
brane lipid peroxidation (Lushchak et al. 2007; Tonkin
et al. 2004; Valentine et al. 2009; Viquez et al. 2008).
Contrary to prooxidative properties of DETC, there are
studies revealing antioxidative properties of the drug (Liu
et al. 1996). Koster and van Berkel (1983) and Schreck
et al. (1992) revealed that DETC inhibits lipid peroxidation
and hydroxyl radicals in rats. Miilsch et al. (1993) showed
inhibition of nitric oxide synthase induction in macrophage
by DETC.
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positive control control

Fig. 4 Effect of DETC on apoptosis induction in V79 cells. I Control
and DETC (100, 200 uM) treated cells were stained with DAPI
(LA) or BrdU-FITC (I.B); II Control, NAC, DETC (200 uM), and
DETC (200 uM) after NAC pre-treatment cells seen in phase—
contrast microscope (ILI.A), the same cells after staining with Annexin

Fact, that observed protein oxidation and lipid peroxi-
dation by DETC has been prevented by pre-incubation of
cells with NAC, suggests that reduced cell environment is
crucial for revealing DETC oxidative properties. The

BrdU-FITC

NAC + 200 uM

O
=
U
>
£
=<
®
c
c
<

V (ILB) or IP (IL.C). Representative areas were photographed under
Nikon Eclipse E800 fluorescent microscope equipped with Nikon
Coolpix 995 digital camera using x500 magnifications. Time treat-
ment with DETC was 4 h for TUNEL assay (I.A; I.B), and for 1 h for
Annexin V/PI assay (IL.B, II C)

protective effect of GSH may result from preventing cel-
lular reduced sulthydryls from undergoing mixed disulfide
reaction with DSF produced in mutual reaction with
DETC.
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Since maintaining of optimal GSH/GSSG ratio in the
cell is critical to survival, a tight regulation of the system is
essential. GSH content within a cell can be increased due to
adaptive mechanisms to oxidative stress through an
increase in GSH synthesis or enzymatic reduction of its
oxidized form. However, a severe oxidative stress may
suppress GSH level due to the loss of adaptive mechanisms
and the oxidation of GSH to GSSG (Townsend et al. 2003).
In the present studies, we investigated the antioxidant
enzyme activities. Analysis of GSH-related enzymes
showed a significant increase of glutathione reductase (GR)
activity and a decrease of both glutathione peroxidases
(GPx) activity. These enzymes are partially responsible for
determining the susceptibility of cells to oxidative stress
(Yang et al. 20006). It is believed that activity of GR may be
the major determinant that regulates GSH/GSSG ratio
(Argyrou and Blanchard 2004). Rogers et al. (2004)
observed that exposure to agents that lead to increased
oxidative stress also leads to an increase in GR mRNA
content. Observed increase of GR activity in cells exposed
to DETC could be a reason of GSH augmentation. It is
interesting that the highest increase of GR activity was
observed in cells after NAC pre-treatment as compared to
corresponding control. Simultaneously, we observed a
decrease of both total non-Se-dependent and Se-dependent
GPx after DETC exposure. NAC pre-treatment had no
effect on both forms GPx in DETC-exposed cells. Blum
and Fridovich (1985) described that GPx activity may be
inactivated in oxidative stress conditions, and toxic ligands,
such as MDA, can partially inhibit GPx activity (Arshad
et al. 1991). With the lowered GPx activities in DETC-
treated cells, the enzyme does probably not detoxify H,O,
or other hydroperoxides completely. Catalase is another
enzyme, besides GPx, that converts H,O, to H,O. The
increase of CAT activity observed in cells exposed to
DETC could be explained by adaptive response of the cell
to elevated level of H,O,. Lushchak et al. (2007), Prabhu
and Nandini (2007) have shown similar effects of DETC
exposure on ROS scavenging system. H,O, concentration
is then controlled within a cell by coordinated action of two
enzymes: Se-GPx and CAT.

We investigated the hallmarks of apoptosis in V79 cells,
since oxidative changes induced by many drugs may be
concomitant with the cell death. Analysis of DNA frag-
mentation in V79 cells revealed that DETC does not induce
DNA fragmentation in V79 cells; however, the analysis of
another hallmark of apoptosis, phosphatidylserine (PS)
externalization has shown an increased number of cells with
externalized PS. The number of apoptotic and necrotic cells
was significantly decreased in V79 cells after NAC pre-
treatment followed by DETC exposure. In our present
studies, the DETC effects on apoptosis are similar to our
earlier observation with disulfiram-induced cytotoxicity and

@ Springer

apoptosis (Grosicka-Maciag et al. 2010). The results show a
correlation of induced apoptosis with the above-mentioned
changes in both forms GSH and GSSG. Since pre-incuba-
tion with NAC significantly reversed the apoptotic effect of
DETC in V79 fibroblasts, we conclude that the level of
glutathione or/and another thiol redox buffer is likely to be
involved in the apoptosis/necrosis processes induced by
DETC. Among several studies on the regulation of apop-
tosis by DETC, it has been shown that the drug can reveal
pro- or antiapoptotic activities depending on type of cells
used. Our results are in agreement with other papers (Han
et al. 2008; Han and Park 2009; Kang et al. 2001). However,
Dumay et al. (2006) showed antiapoptotic activity of
DETC. On the other hand, Kimoto-Kinoshita et al. (2004)
observed that DETC induces two different types of death:
apoptosis and necrosis in human promyelocytic leukemia
(HL60) cells depending on the drug concentrations used.
Various effects of DETC on cell death are mediated by
intracellular redox regulation and/or the different MAP
kinase activation. Similarly, Kanno et al. (2003) have found
induction of different types of cytotoxicity and apoptosis by
DETC in various human and murine leukemia cell lines.
The authors suggest that the DETC-induced cytotoxicity
and DNA fragmentation were triggered by the depletion of
intracellular GSH and accompanied by the activation of
endonuclease. The changes in intracellular GSH level are
also the reason of apoptosis induction in HeLa cells after
DETC treatment (Han et al. 2008). Similarly, Han and Park
(2009) showed increased GSH depletion and apoptosis in
Calu-6 lung cells after exposure to DETC.

In conclusion, the initial GSH level is essential in the
modulation of cytotoxic effects observed in cells exposed to
DETC. Intensity of cellular effects observed in cells exposed
to DETC was comparable to those observed in cells exposed
to disulfiram and may be explained by similar mechanisms,
since the response to both compounds is at least partially
attributable to the initial redox cellular state. However,
DETC and DSF differ in the intensity of induced cellular
effects. It seems disulfiram as disulfide of DETC is a much
safer drug than DETC. However, it is very difficult to answer
the question whether a potential clinical use of DETC would
provide advantages or rather be disadvantageous.

Additionally, we would like to indicate that V79 cells
used as a model system for cytotoxicity studies are quite
distant from cells in the organism, because they are defi-
cient of cytochromes P450 that are also involved in the
generation of reactive oxygen species. Therefore, we rec-
ommend that the results obtained in the present study
should be verified in primary cells such as primary
hepatocytes.
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