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3-Nitropropionic acid (3-NP) inhibits electron transport in mitochondria, leading to a metabolic
failure. In order to elucidate the mechanism underlying this toxicity, we examined a few biochemical
changes possibly involved in the process, such as metabolic inhibition, generation of reactive oxygen
species (ROS), DNA strand breakage, and activation of Poly(ADP-ribose) polymerase (PARP). Exposure
of SK-N-BE(2)C neuroblastoma cells to 3-NP for 48 h caused actual cell death, while inhibition of
mitochondrial function was readily observed when exposed for 24 h to low concentrations (0.2~2 mM)
of 3-NP. The earliest biochemical change detected with low concentration of 3-NP was an accumulation
of ROS (4 h after 3-NP exposure) followed by degradation of DNA. PARP activation by damaged DNA
was also detectable, but at a later time. The accumulation of ROS and DNA strand breakage were
suppressed by the addition of glutathione or N-acetyl-L-cysteine (NAC), which also partially restored
mitochondrial function and cell viability. In addition, inhibition of PARP also reduced the 3-NP-induced
DNA strand breakage and cytotoxicity. These results suggest that oxidative stress and activation of
PARP are the major factors in 3-NP-induced cytotoxicity, and that the inhibition of these factors may
be useful in protecting neuroblastoma cells from 3-NP-induced toxicity.
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INTRODUCTION

3-Nitropropionic acid (3-NP), a plant and fungal toxin,
irreversibly inhibits succinate dehydrogenase of the mito-
chondrial electron transport chain, resulting in a failure of
oxidative phosphorylation (Alston et al, 1977) and probably
leading to increased neuronal vulnerability to external
stimulations. Systemic administration of 3-NP induced
acute encephalopathy in the basal ganglia or selective
lesion in the striatum (Ludolph et al, 1991; Beal et al, 1993;
Borlongan et al, 1997; Sugino et al, 1997), similar to
symptoms observed in Huntington's disease. In addition,
recent studies showed that 3-NP induced apoptosis in
cultured striatal and cortical neurons (Behrens et al, 1995;
Ohgoh et al, 2000). Although the underlying mechanisms
of the brain damages caused by 3-NP are not well
understood, inhibition of mitochondrial energy production
(Alston et al, 1977), oxidative stress (Binienda & Kim,
1997), and Ca®* mobilization (Deshpande et al, 1997) have
been implicated.

Poly(ADP-ribose) polymerase (PARP), a nuclear enzyme,

is activated by free DNA ends generated by a variety of
environmental stimuli, such as oxygen free radicals (Szabo
et al, 1996a; Szabo et al, 1996b). When activated, the
enzyme catalyzes a serial addition of ADP-ribose to cellular
proteins and DNA using NAD" as a substrate, preventing
further deterioration of cellular components. This poly
(ADP-ribosyl) ation is suggested to be one of the mecha-
nisms involved in a variety of physiological events such as
chromatin condensation, DNA replication, gene expression,
malignant transformation, cellular differentiation, and
apoptosis (Herceg & Wang, 2001; Tentori et al, 2002). In
an over-activated state, however, the enzyme consumes a
large amount of NAD™, resulting in a depletion of ATP and
frequently -changing the fate of the cells subjected to it
(Schraufstatter et al, 1986a; Szabo et al, 1996b). Recently,
an enhancement of immunoreactivity to poly (ADP-ribosyl)
ation was reported within 3-NP-administered striatum,
suggesting an involvement of poly (ADP-ribosylyation in
3-NP-induced neuronal damage (Sugino et al, 1997). Nev-
ertheless, the eventual outcome of PARP activation in
3-NP-induced striatal damage has not been thoroughly
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explored.

In the present study, we (i) found that 3-NP-induced
mitochondrial metabolic inhibition and further neuronal
cell death were mediated by an accumulation of free
radicals which were attenuated by glutathione (GSH) and
N-acetyl-L-cysteine (NAC), (ii) confirmed the involvement
of PARP, and (iii) presented possibilities of PARP inhibitors
as a useful reagent for rescuing cells from cytotoxicity
induced by 3-NP.

METHODS

Chemicals

3-NP, N-acetyl-L-cysteine (NAC), GSH ethyl ester, trolox,
a-phenyl-N-tert-butylnitrone (PBN) and 3-aminobenzamide
(3-AB) were purchased from Sigma Chemical Company,
tissue culture plates and materials were from GIBCO
Laboratories, [PH]-NAD™ was from DuPont NEN, and 2/,
7'-dichlorofluorescin diacetate (DCFH-DA) and 2',7'-dichlo-
rofluorescein (DCF) were from Eastman Kodak. All drugs
were dissolved in phosphate buffered saline (PBS; pH 7.4
at 25°C).

Cell culture

Human neuroblastoma SK-N-BE(2)C cells were grown in
Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum, 100
U/ml penicillin, and 100 xg/ml streptomycin in a humidified
chamber of 5% CO; at 37°C. A day before each treatment,
growth medium was replaced by a serum free medium
supplemented with 5 zg/ml each of insulin and transferrin.

Determination of metabolic inhibition

Metabolic inhibition or mitochondrial dysfunction was
determined by measuring the ability of cells to reduce 3-(4,
5-dimethylthiazol-2-y1)-2, 5-diphenyltetrazolium (MTT) bro-
mide. Thus, approximately 5 x 10% cells per well in a 96 well
culture plate were treated for the period of time indicated
in each experiment. After treatments, the drug-containing
medium was replaced with 100 x1 of fresh medium contain-
ing MTT (0.5 mg/ml) and incubated at 37°C for 2 h. After
incubation, 100 ¢l of DMSO were added to each well, and
color was developed at room temperature by gentle shaking
for 15 min and absorbancies at 570 nm were measured by
ELISA reader.

Determination of cytotoxicity

To quantify cell death, the amount of lactate dehydro-
genase (LDH) released into the bathing medium was
measured (Bergmeyer & Bernt, 1974). Approximately 1X
10° cells per well in a 24 well culture plate were treated
for the period of time indicated in each experiment. A
culture sample was centrifuged at 800 g for 5 min, and an
aliquot of the supernatant (100 1) was mixed with 100 y«]
of LDH assay solution containing 100 mM potassium
phosphate (pH 7.5), 0.4 mg/ml sodium pyruvate, and 0.2
mg/ml NAD™. Samples were incubated at room tempera-
ture for 20 min and then analyzed spectrophotometrically
at 340 nm. Cells were treated with 0.1% Triton X-100 to
determine cellular LDH content. and relative amounts of

LDH released were calculated as (sample LDH—blank)/
(total LDH —blank) % 100(%).

Generation of ROS

Generation of intracellular ROS was measured according
to the method developed by Diez-Fernandez et al. (1999)
using 2',7-dichlorofluorescin diacetate (DCFH-DA). After
treatment, cells on the culture dishes were washed with
Mg*" -free Locke's solution (154 mM NaCl, 5.6 mM KCl, 3.6
mM NaHCO3;, 2.3 mM CaCls, 5.6 mM glucose, 5 mM Hepes,
pH 7.4), and incubated in 2 ml of same buffer containing
DCFH-DA (5 uM) at 37°C for 30 min with agitation to load
DCFH-DA into the cells. After loading, cells were washed
with same buffer without DCFH-DA to remove residual
DCFH-DA and detached immediately with trypsin/EDTA.
Fluorescence retained within cells was measured using
fluorospectrometer (SFM 25, Kontron, Switzerland) at
excitation of 488 nm and emission of 525 nm.

Determination of single strand DNA breaks

To estimate the amount of undamaged, double-stranded
DNA, samples were divided into 3 tubes. DNA samples
were isolated from variously treated cells, and minimum
fluorescence value (Fmis) was obtained from DNA sonicated
for 60 sec before incubation at pH 12.4, and maximum value
(Frnax) was obtained from samples kept at pH 11.0, which
is below the pH needed for unwinding without sonication.
Subsequently, these pH-adjusted samples were incubated
at 0°C for 30 min followed by incubation at 15°C for 15 min.
The reaction was terminated by lowering pH down to 11.0
and ethidium bromide (6.7 £g/ml) was added. Fluorescence
of each tube was measured by Perkin-Elmer fluorescence
spectrophotometer with an excitation wavelength of 520 nm
and an emission wavelength of 590 nm. Results are
expressed as % double-stranded DNA = (F— Fuin)/(Fimax —
Frin) X 100 (Birnboim & Jevcak, 1981).

PARP activity

Harvested cells were permeabilized for 10 min in 56 mM
Hepes (pH 7.5) containing 28 mM KCl, 28 mM NaCl, 2 mM
MgCl,, 0.01% digitonin, 125 nmol of NAD", and 0.25 xCi
of PHINAD" (1 Ci~3.7 GBq). Permeabilized cells were
incubated for 5 min at 37°C for ribosylation to occur using
PH]NAD™", and proteins were precipitated with 2001 of
50% (w/v) trichlorolacetic acid (T'CA). After two washes
with TCA, protein pellets were solubilized in 2% (w/v) SDS
in 0.1 M NaOH at 37°C overnight and radioactivity was
measured by scintillation counter (Schraufstatter et al,
1986b).

Statistical analysis

Four to five independent experiments were carried out
for each condition. All data were analyzed by one-way
analysis of variance (ANOVA) with Scheffe's multiple
comparison tests to compare means between groups.
Significance was taken when P<0.05.
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RESULTS
Mitechondrial dysfunction and cytotoxicity by 3-NP

Metabolic suppression of mitochondria and cytotoxicity of
human neuroblastoma cells, SK-N-BE(2)C, after exposure
to low (0.2~2 mM) and high concentrations (10 mM) of
3-NP were examined by MTT and LDH assay, respectively.
Exposure of the cells to 0.2 mM to 2 mM of 3-NP for 24
h resulted in dose-dependent metabolic suppression (Fig.
1A). Since 3-NP is a mitochondrial metabolic inhibitor, this
result may not necessarily reflect the degree of cytotoxicity.
Therefore, In order to determine the actual cytotoxicity of
3-NP, LDH release to the culture medium following 3-NP
exposure was determined. The amount of LDH released
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Fig. 1. Mitochondrial activity and cytotoxicity of 3-NP to human
neuroblastoma cells. Cells grown in 96-well plates were exposed
to 0.2~2 mM of 3-NP for 24 h, and mitochondrial activities were
measured using MTT reduction assay as described in the text (A).
Cytotoxicities of 0.8 mM and 10 mM 3-NP to neuroblastoma cells
were determined by measuring the amount of LDH released in 48
h (B). Values at each concentration are expressed as percentage
of control value. Results are mean+SE from five separate experi-
ments of triplicates. *indicates p<0.05 and **indicates p<0.01
compared with the control.

was not readily noticeable upon 24 h exposure (data not
shown). However, LDH release became significantly obvi-
ous at 48 h exposure, and were 17.7£3.7% and 52.8+9.6%
of the control value upon exposure to 0.8 mM and 10 mM
of 3-NP, respectively (Fig. 1B). These results suggest that
the mitochondrial metabolic suppression occurs with a low
dosage of 3-NP, however, the actual cell death occurs at
a later time point.

Involvement of ROS in 3-NP-induced cytotoxicity
Due to its functional nature as succinate dehydrogenase

inhibitor and mitochondrial electron transport chain
blocker, 3-NP-induced metabolic suppression was expected
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Fig. 2. Effect of 3-NP on ROS generation and inhibition by NAC.
After 0.8 mM 3-NP exposure in the presence and absence of 0.5
mM NAC, cells were loaded with DCFH-DA at 37°C for 30 min.
After loading, cells were washed to remove residual DCFH-DA and
then detached from culture dishes. Intensities of fluorescence gen-
erated by oxidation of DCFH were measured at different time
points after 3-NP exposure (A) and 4 h later in the presence or
absence of antioxidant NAC (B). Results are mean+ SE from five
separate experiments. *indicates p < 0.05 compared with the control
value and **indicates p<0.05 compared with the values obtained
from exposure of 3-NP alone.
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to result in an accumulation of ROS. To test this hypo-
thesis, cell permeable dye DCFH-DA, which becomes fluo-
rescent upon oxidation, was loaded into the cells after 3-NP
insult and the change of fluorescence was measured by
fluorometer at specified times. As shown in Fig. 2A, eleva-
tion of fluorescence became obvious as early as 4 h after
the exposure to 3-NP, and was approximately 8-fold higher
at 8 h after stimulation. The 3-NP-induced DCF fluores-
cence, however, was significantly reduced by treatment of
NAC when measured 4 h after 3-NP exposure (Fig. 2B).

Protection of 3-NP-induced metabolic inhibition and
cytotoxicity by antioxidants

In order to elucidate a role of ROS thus generated,
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Fig. 3. Effects of antioxidants on 3-NP-induced mitochondrial acti-
vity and cytotoxicity. Cells pretreated with GSH ethyl ester or NAC
for 1 h were exposed to 3-NP (0.8 mM) for 24 h, and mitochondrial
activities were determined by MTT assay (A). Viabilities of
similarly treated cells exposed to 3-NP for 48 h were measured by
LDH assay, and values are expressed as percentage of those of
untreated cells (B). Results are mean+SE from five separate
experiments of triplicates. In both panels, *indicates p <0.05 com-
pared with the control value and **indicates p < 0.05 compared with
the values obtained from exposure of 3-NP alone.

antioxidants, such as GSH and NAC were tested for their
ability to reverse mitochondrial metabolic suppression and
to rescue cells from the toxicity. Thus, cells treated with
antioxidants 1 h prior to low concentration of 3-NP
exposure exhibited significant recoveries, showing meta-
bolic activities of 80.5+11.7% and 72.21+1.6% with NAC
and GSH, respectively, while 3-NP without antioxidant
resulted in an MTT reduction of 45.2+0.4% (Fig. 3A).
Pre-treatment of the cells with antioxidants also reversed
the cytotoxicity induced by subsequent exposure to a high
concentration of 3-NP (10 mM), as determined by the
amount of LDH released (Fig. 3B). These results suggest

) -]

100

% Double Stranded DNA

0.0 8.0 16.0 24.0
Time (h)

(s 1)

120 -

100

80

60 -

40 |

20

% Double Stranded DNA

0 A

3-NP (mM) - 0.8 0.8 0.8
NAC (mM) - - 0.5 .-
3-AB (mM) - - - 4.0

Fig. 4. Effects of 3-NP on DNA strand breakage, and inhibition
by NAC and PARP inhibitor 3-AB. Cellular DNA was isolated from
variously treated SK-N-BE(2)C cells and single-strand DNA breaks
were determined by the fluorescence analysis of alkaline-induced
unwinding of DNA, as described in the text. Amount of double-
stranded undamaged DNA in cells exposed to 0.8 mM 3-NP
decreased time-dependently (A). DNA strand breakage induced by
exposure to 3-NP for 8 h was efficiently inhibited by pretreatment
of NAC or 3-AB (B). Data are mean+SE from five independent
experiments of duplicates. *indicates p<0.05 compared with the
value of 0 h time point and control in panels A and B, respectively
and **in panel B indicates p <0.05 compared with the value ob-
tained from exposure of 3-NP alone.
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that the metabolic inhibition and cell death induced by
3-NP were mediated partially by the ROS generated.

Effect of 3-NP on DNA strand breakage

Since majority of macromolecules within cells can be
targets of inappropriately produced ROS, we assumed that
cellular DNA might have also been cleaved upon exposure
to 3-NP. Therefore, levels of single-strand DNA breaks in
3-NP treated cells were determined by fluorescence analy-
sis of alkaline-mediated DNA. As shown in Fig. 4A, cells
exposed to 0.8 mM 3-NP for 8 h showed 60.3+£3.4% of
double-stranded DNA, while most of the DNA in the control
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Fig. 5. PARP activation by 3-NP and inhibition by 3-AB. SK-N-
BE(@2)C cells permeabilized with 0.01% digitonin were incubated in
the presence of ["HINAD™ for ribosylation to occur. After wash and
precipitation of protein, amount of radioactivity incorporated into
cellular protein by activated PARP was measured, as described in
the text. Amount of radioactivity incorporated into cellular protein
at different time points were measured as an index of PARP activity
in SK-N-BE (2)C cells exposed toc 0.8 mM 3-NP (A). Digitonin
permeabilized cells were exposed to 3-NP alone or 3-NP with 4 mM
3-AB, and the radioactivity incorporated into cellular proteins was
measured 24 h later (B). Data are mean+SE from four different
experiments of duplicates. *indicates p <0.05 compared with the
value of O hr time point in panel A and control in panel B
respectively, and **in panel B indicates p < 0.05 compared with the
value obtained from exposure of 3-NP alone.

cells were undamaged (<18%). Amount of undamaged
DNA was slightly but gradually reduced during 16 h after
3-NP exposure, suggesting that an accumulation of ROS
responsible for DNA strand breakage occurred rather
earlier. However, treatment with either NAC or GSH from
1 h prior to 3-NP exposure significantly reduced the
amount of single-strand DNA breaks and increased the
quantity of undamaged DNA in 3-NP-exposed cells (Fig.
4B), suggesting that ROS generated by 3-NP was respon-
sible for DNA damage. Furthermore, to our surprise, pre-
treatment of the cells with PARP. inhibitor 3-AB also
suppressed the amount of single-strand DNA breaks down
to a basal level.

A
120 -
2
S 100 -
E 2 s0{
= £
[
S8 60!
T
=)
2 40
) N
2 .
=
0 i
3-NP (mM) - 0.8 0.8 0.8
3-AB (mM) - - 2.0 4.0
80 -
*
60

20

LDH release (% of control} W

0 B
3-NP {mM) - 10.0 10.0
3-AB (mM) - - 4.0

Fig. 6. Effect of PARP inhibition on 3-NP-induced mitochondrial
activity and cytotoxicity. SK-N-BE(2)C cells were pre-exposed to 2
or 4 mM 3-AB 1 hr prior to exposure to 3-NP for 24 h. Mitochondrial
activities were determined using the MTT assay, and is expressed
as a percentage of untreated cells (A). Attenuation of cell death by
inhibition of PARP was determined by measuring the amount of LDH
released into the bathing medium after 3-NP treatment with or
without 4 mM 3-AB for 48 h (B). Data are mean+SE from four
different experiments of triplicates. In both panels *indicates p <0.05
compared with values obtained from untreated cells and **indicates
p<0.05 compared with values from exposure of 3-NP alone.
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Involvement of PARP in 3-NP induced cytotoxicity

Fragmentation of DNA by 3-NP exposure suggests that
PARP activation is a very likely candidate for the mediator
of 3-NP-induced toxicity. To test this hypothesis, we
determined time course of PARP activity by measuring poly
(ADP-ribosyDation of cellular proteins, that is, incorpor-
ation of *H from added ["H]NAD" into cellular proteins.
Elevation of radioactivity incorporation was noticeable as
early as 8 h and became significant at 16 h after 3-NP
exposure (Fig. 5A), but was suppressed by treatment of
PARP inhibitor 3-AB (Fig. 5B). Inhibition of PARP activity
by 3-AB partially restored cellular metabolism in a
dose-dependent manner as determined by the amount of
MTT reduced (Fig. 6A) as well as rescuing cells from death
(Fig. 6B).

DISCUSSION

Cell death caused by an exposure to 3-NP is due to the
suppression of electron transport within mitochondria
(Ohgoh et al, 2000), although biochemical changes involved
in the cytotoxicity have not yet been completely defined.
In this study, metabolic inhibition or mitochondrial dys-
function was determined by the amount of MTT reduced
which was proportional to the amount of 3-NP added. These
measurements, however, seem to overestimate the toxicity,
since the metabolic inhibition and/or mitochondrial dys-
function reached to as high as 100% with 1 mM 3-NP in
24 h, but the amount of LDH released was barely detected
in this experimental paradigm. These results suggest that
although metabolic inhibition with sub-lethal concen-
trations of 3-NP occurs quickly after administration, initi-
ation of the cell death program and disintegration of the
membrane occur at a much later time point. For investi-
gation of cellular responses to 3-NP in detail, mitochondrial
dysfunctions were examined using different concentrations
of 3-NP. At lower concentrations of 3-NP (0.2 ~2 mM), the
metabolic activities, as determined by degree of MTT reduc-
tion, were decreased in a dose dependent manner. A sudden
decrease of the amount of MTT reduction upon exposure
to 0.6 mM to 1 mM 3-NP suggests a buffering threshold
of the cells at these concentrations. In addition, the accu-
mulation of ROS was detected 4 h after 3-NP exposure.
Therefore, the cells must have enough endogenous antioxi-
dants to detoxify ROS accumulated within 4 h by up to 0.6
mM 3-NP. The buffering capacity of SK-N-BE(2)C cells was
further evidenced by the delayed onset of PARP activation.
The onset of PARP activation by 3-NP was slow compared
with other studies in which oxygen radicals, such as hydro-
xyl radicals, hydrogen peroxide or peroxinitrite were direc-
tly added to culture medium (Radons et al, 1994; Coppola
et al, 1995; S zabo et al, 1996a; Szabo et al, 1996b). In those
studies, DNA damage and PARP activation were obvious
within 1~2 h after oxyradical treatment. However, in our
experimental conditions, it took at least 8 h for DNA
cleavage to occur and 16 h for PARP activation. Assuming
that the ROS generated upon 3-NP exposure can initially
be removed by endogenous antioxidant systems, it would
be plausible to speculate that the activation of cell death
program must occur at a much later time point than
previously reported. Reduction of 3-NP-induced single
strand DNA breakage down to control levels by antioxidant
NAC implies that the DNA breakage was one of the fatal

outcomes brought about by the accumulated ROS. This
speculation was further supported by reversal of MTT
reduction and suppression of LDH release by NAC and
GSH. The accumulation of ROS was suppressed by
exogenously added NAC possibly through sparing the
reduction of intracellular GSH level. It was also reported
that 3-NP exposure rapidly depleted cellular GSH in
cultured neurons (Olsen et al, 1999) and in rat hippo-
campus (Binienda et al, 1998). Thus, the endogenous GSH
level or GSH/GSSG status is likely the prime defensive
mechanism against 3-NP-induced toxicity. An intriguing
observation in this study, however, was that the antio-
xidants such as trolox and PBN were neither able to relieve
the cells from metabolic inhibition nor to rescue them from
3-NP-induced toxicity. It is not clear presently why these
antioxidants were not able to rescue the cells or inhibit
LDH release. A recent report by Olsen et al. (1999) showed
that 3-NP-induced toxicity was attenuated by pretreatment
with 10 mM PBN. But, we were not able to test any further,
since PBN concentration higher than 1 mM exhibited
cellular toxicity in our system (data not shown).
Suppression of DNA cleavage by PARP inhibitor 3-AB
was unexpected, since free DNA ends are shown to be
prerequisite for the activation of PARP (Nosseri et al,
1994). A possible explanation for this would be that 3-AB
can attenuate the GSH depletion as reported by Mizumoto
et al. (1993): that is, 3-AB restored cellular GSH levels and
prevented the cells from death in methyl methansulfonate-
treated hepatocytes. However, more direct evidence is
needed concerning the role of 3-AB in intracellular GSH
metabolism in 3-NP-exposed cells. In contrast, the ability
of 3-AB to rescue cells from death in ischemia-reperfusion
injuries where xanthine oxidase as the source of ROS, was
reported (Aalto et al, 1993). In the above study, adenine
nucleotide was depleted from umbilical vein endothelial
cells upon exposure to xanthine oxidase or hypoxanthine,
and the depletion was partially prevented by GSH or 3-AB,
but not by other hydroxyl radical scavengers. These results
are similar to ours in that no other antioxidants, but
NAC/GSH or 3-AB, were able to reverse the toxicity. This
consistency raises another possibility that 3-AB may be
able to act as a safeguard, monitoring an over-activation
of cellular metabolism. A large amount of ATP is required
for maintaining high levels of intracellular GSH. However,
fragmentation of DNA results in an over-activation of
PARP which will consume a large amount of ATP. There-
fore, the inhibition of PARP activity preserved the intracel-
lular GSH levels (Marini et al, 1993), most likely due to
a less consumption of cellular NAD and ATP. Partial rescue
from cell death by 3-AB treatment, as determined by the
amount of LDH released, further supports this hypothesis.
The results described herein may not be sufficient to
conclude that protective mechanism of 3-AB in 3-NP-
induced cytotoxicity is closely related to PARP inhibition.
Inhibition of PARP by 3-AB under a controlled condition
is generally accepted (Banasik et al, 1992), however, other
activity such as cytoprotection has been described in culture
when millimolar concentrations of 3-AB were used. For
example, some PARP inhibitors, including 3-AB have been
shown to affect cell viability, glucose metabolism and DNA
synthesis (Milam & Cleaver, 1984), and to inhibit protein
kinase C (Ricciarelli et al, 1998), macrophage activation
and inducible nitric oxide synthase (Le Page et al, 1997;
Le Page et al, 1998). Also, it was reported that 3-AB
inhibits the cytochrome P450-dependent metabolism of
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chemicals rather than inhibition of PARP (Eriksson et al,
1996). Further studies using more specific PARP inhibitors
are needed to clearly demonstrate the involvement of PARP
activation in 3-NP-induced cytotoxicity.

Taken together, we have shown that the oxidative stress,
DNA strand break, and PARP activation were involved in
sequence in sub-lethal doses of 3-NP-induced cytotoxicity.
Additionally, antioxidants GSH and NAC, and PARP
inhibitor 3-AB effectively protected human neuroblastoma
cells from 3-NP-induced toxicity.
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