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Prevention of Oxidant-Induced Cell Death in Caco-2

Colon Carcinoma Cells after Inhibition of Poly(ADP-
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of a Common Mechanism
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ABSTRACT. The human colon carcinoma cell line Caco-2 was exposed to the oxidative stress-inducing agents
menadione (MEN), 2,3-dimethoxy-1,4-naphthoquinone, and hydrogen peroxide. All three agents caused DNA
damage which was assessed by alkaline unwinding. Further, all three agents induced intensive NAD™ depletion,
followed by a decrease in intracellular ATP and viability. Inhibition of poly(ADP-ribose) polymerase (PARP, EC
2.4.2.30) by 3-aminobenzamide prevented the depletion of NAD™. These cells had a higher viability and ATP
content. The most pronounced effect was observed with 25 pM of MEN, while at higher levels a partial
preservation of NAD™ was observed with no effect on ATP or viability. The chelation of intracellular calcium
by bis-(o-aminophenoxy)-ethane-N,N,N' N -tetraacidic acid/tetraacetoxymethyl) ester also prevented the
dramatic loss of NAD™, demonstrating that Ca’" is an activating factor in PARP-mediated cell killing.
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Activated oxygen species are well-documented mediators of
cell injury under a variety of pathological and physiological
conditions [1]. Oxygen radicals are involved in some types
of gastrointestinal injury as in Crohn’s disease [2], ulcer-
ative colitis [3], and ischemia reperfusion [4, 5]. Oxidative
injury was reported to develop according to a fairly general
pattern occurring in different cells and involved basically:
free-thiol oxidation and appearance of protein disulfides,
depletion of the ATP pool, elevation of free cytosolic
calcium, disassembly of cytoskeleton, increased plasma
membrane peroxidation and permeability, release of cyto-
solic components, and induction of DNA strand breaks.
MENT, a well-studied source of radicals in hepatocytes, has
a wide range of effects on cells. Exposure of hepatocytes to
MEN perturbs the cytoskeleton of the cell, which can be
recognized as membrane blebbing [6]. The bleb formation is
associated with altered thiol and Ca?" homeostasis [6—11].
The semiquinone of MEN and the reactive oxygen species
generated by MEN were found to interact with DNA of
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hepatocytes [12—14] Chinese hamster ovary cells [15], and
leukemic K562 cells [16].

DNA-damaging agents, including alkylating agents, ion-
izing radiation [17], and reactive oxygen species such as
H,O, [18-20], activate PARP. Poly(ADP-ribosylation) is a
post translational modification of nuclear protein and
enzymes, induced by DNA damage. ADP-ribosylation of
histones causes a release of DNA from the nucleosomal
structure. This process is known as histone shuttling and
facilitates the access of repair enzymes to the damaged
DNA [21]. The rapid depletion of NAD™ following exces-
sive DNA damage may disturb cellular ATP production
and eventuate in necrotic cell death [22]. This suicide
response to irreparable intracellular stress assures that un-
wanted mutations do not arise, but excessive activation of
the same mechanism may also be responsible for aggrava-
tion of inflammatory diseases. Due to partial collapse of the
antioxidant system and the subsequent cytokine-mediated
hyperreactivity of mononuclear and polymorphonuclear
leukocytes, patients suffering from inflammatory and auto-
immune rheumatic diseases produce up to 30-fold levels of
reactive oxygen species [23]. Recently, inhibition of PARP
activity was found to partly suppress potassium peroxochro-
mate-induced arthritis in mice and inhibited the phago-
cytic generation of reactive oxygen species [24].

We used a spontaneously differentiating colon carcinoma
cell line Caco-2 as a model for studying the role of PARP
in oxidative stress in the gastrointestinal epithelium. This
cell line retains many of the morphological features and
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enzyme level characteristics of normal human enterocytes
[25]. The present study describes the effect of induced
oxidative stress on the DNA of Caco-2 cells and the
subsequent depletion of NAD™ and ATP. We show the
involvement of PARP in the cytotoxicity of quinones and
H,0O, in this cell type. Further, the role of calcium was
studied with respect to depletion of the cellular NAD™
pool.

MATERIALS AND METHODS
Chemicals

MEN was purchased from Aldrich. DIM was prepared
according to Gant et al. [26]. The identity was checked with
mass spectrometry. Monobromobimane was from Calbio-
chem. Other chemicals and enzymes were obtained from
Sigma. All chemicals were of analytical grade. All cell
culture materials were purchased from ICN, except for
flasks and tissue culture plates that were from Greiner and
gentamicine.

Cell Culture and Incubation

Caco-2 cells were maintained at 37° in DMEM, containing
10% (v/v) fetal bovine serum, 10 mM HEPES, 1% nones-
sential amino acids, 5 mM L-glutamine, and 5 pg/mL of
gentamicine in an atmosphere containing 5% CO,. Cells
(1 X 10°) were seeded in 24-well culture plates and became
confluent after 4 days. Cell cultures were supplied with
medium every second day and used on day 7 of culture.

Incubations with MEN were performed in 24-well tissue
plates in an atmosphere as described above. Cells were
washed with Krebs—Henseleit buffer (KH, formulation in
mM: 1.2 MgSO,.7TH,O, 2.5 CaCl,, 2H,0, 4.7 KCI, 94
NaCl, 11.6 p-glucose, 25 NaHCO;, 1.2 KH,PO, and 5
L-glutamine, pH 7.4) and supplied with 0.5 mL of KH.
MEN and DIM were dissolved in dimethylsulfoxide and
control cells were treated with equal volumes of the solvent
(0.3% of final volume).

Neutral Red Uptake Assay

Viability was determined according to Borenfreund and
Puerner [27]. Briefly, after incubation the monolayer was
washed with KH. Fresh complete DMEM with 50 pg/mL of
neutral red was added to the wells. After 30 min of
incubation at 37°, cells were washed rapidly with 40%
formaldehyde-10% CaCl,, to remove extraneously adher-
ing, unincorporated dye. Neutral red was extracted with
500 wL of 1% acetic acid-50% ethanol and 150 pL were
transferred to a 96-well titerplate. The plate was measured
on a Thermomax microplate reader (Molecular Devices)
equipped with a 550 nm filter. The readings were expressed
as percentages of the nonexposed cells.
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Cellular ATP and NAD™ Content

Cells were treated with 300 wL 5% of (v/v) perchloric acid
and neutralized with 700 pL of 0.8 M potassium phosphate
buffer. Insoluble material was removed by centrifugation (5
min, 13,000 g) and stored at —80° until use. ATP and
NAD™ were separated using a Spectra-Physics HPLC
system consisting of an SP8800 ternary pump, an SP8875
autosampler, an SP4600 integrator, and a Merck 100 RP-18
column (LichroCART 125-4 Lichrospher). Twenty pL of
supernatant was injected on the column at 40° and sepa-
rated with a flow of 1 mL/min. The elution buffer was a 0.1
M potassium phosphate buffer, pH 6.0 that was filtered
through a 0.45 mm filter before use. ATP and NAD™ were
detected by a Kratos Spectroflow 773 UV detector at 260
nm. ATP and NAD™ contents were expressed as percent-
ages of the control cells.

Cellular GSH Content

Reduced glutathione was determined by HPLC after deri-
vatization with monobromobimane as described by Cot-
greave and Moldeus [28]. After incubation, cells were
washed with KH and 100 pL of aqua pure was added to the
well. GSH was derivatized by adding 100 wL of 2 mono-
bromobimane dissolved in 50 mM of N-ethylmorpholine
and incubating this mixture for 5 min in the dark. Protein
was denatured by inclusion of 25 L of 40% trichloric acid
and removed by centrifugation (5 min, 13,000 g). Twenty
L of GSH derivatives was separated by HPLC using a
Merck 100 RP-18 column at 40° and a flow rate of 1
mL/min. Buffer A was 128 mL of methanol and 2.5 mL of
acetic acid diluted to 1 L with aqua pure, adjusted to pH 3.9
with 5 N of NaOH. Buffer B was 900 mL of methanol and
2.5 mL of acetic acid, diluted to 1 L with aqua pure. A
linear gradient from 0% B at O min, 50% B at 8 min to 0%
B at 17 min was used to elute the GSH derivatives that
were detected using a Shimadzu RF-530 fluorescence de-
tector at A, = 385 nm and A, = 480 nm. Glutathione
content was expressed as percentage of the control cells.

Determination of DNA SSB

The formation of SSB in DNA was measured by alkaline
unwinding and determination of ethidium bromide fluores-
cence on an LS50 spectrofluorometer (Perkin Elmer) with
excitation at 520 nm and emission at 590 nm according to
the method of Birnboim and Jevcak [29]. After incubation
with DNA-damaging agents, cells were washed once with
KH. Cells were detached from the culture plates with 200
pL of trypsin/EDTA for 12 min at 37° after which 200 L
of culture medium was added to inactivate the trypsin. Cells
were separated from the solution and resuspended in 100
pL of 250 mM meso-inositol containing 10 mM of
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FIG. 1. Effect of 3-ABA on MEN-treated Caco-2 cells. Caco-2 cells were untreated (O) or exposed to 10 mM of 3-ABA (@), MEN
(), or to a combination of MEN and 3-ABA (m). The concentration of MEN was 25 uM in graphs A, D and G; 50 uM in graphs
B, E and H; and 100 pM in C, F and 1. Viability (1-A, B, C), NAD™" (1-D, E, F), and ATP (1-G, H, 1) were measured as described
in Materials and Methods. The [ATP] and [NAD™] in control cells were 38.7 = 8.1 and 7.8 * 1.0 nmol/mg protein, respectively.
Shown are the means = SD of three independent experiments (*: P < 0.05, **: P =< 0.01 compared to MEN-exposed cells).

Na;PO,.12H,0 and 1 mM of MgCl,.6H,0, pH7.2, and
100 pL of 9 M urea containing 10 mM of NaOH, 2.5 mM
of EDTA.2H,0, 0.1% SDS was added. Cell were lysed
during an incubation period of 30 min on ice. The alkaline
lysates were incubated for 10 min on ice followed by 10 min
at 15°. DNA unwinding was stopped by adding 200 pL of
14 mM B-mercaptoethanol/l M glucose. The lysates were
sonicated briefly and 750 pL of ethidium bromide 13.4
pg/mL 13.3 mM NaOH was added. DNA unwinding was
calculated using the formula: (F Foin) /(F o
F..in)¥100, where F is the fluorescence of the sample and
F..in is the background fluorescence of a sample that was
damaged by being passed 3 times through a 12 X 0.4 mm
injection needle. F_, is the fluorescence of samples kept at
pH 11.0, which is below the pH needed to induce unwind-
ing of single-stranded DNA. DNA SSB were expressed as
percentages of the control values in order to normalize the
variation in DNA unwinding of the control cells at the
start of the experiment.

min)

Statistics

Results are expressed as means = SD of three to six
independent experiments. Statistical significance between
two groups was determined by means of an unpaired
Student’s t-test. Statistical differences between groups were
determined by means of a one-way analysis of variance
(ANOVA), followed by Dunnett’s multiple-comparison
test. A probability of P = 0.05 was considered significant.

RESULTS

As expected, MEN induced concentration-dependent tox-
icity and depletion of ATP in the human colon carcinoma
cell line Caco-2 (Fig. 1). The depletion of NAD™, how-
ever, occurred at the same rate with all concentrations of
MEN (ANOVA, P = 0.01), indicating a process that was
already maximally activated with an exposure of 25 pM of
MEN. MEN was able to induce DNA damage as depicted in
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FIG. 2. Effect of MEN, DIM, and H,O, on DNA of Caco-2
cells. Caco-2 cells were untreated (O) or exposed to 25 pM of
MEN (@), 300 pM of DIM (m), or 10 mM of H,O, (A). DNA
strand breaks were measured as described in Materials and
Methods. Shown are the means = SD of four independent
experiments (**: P =< 0.01 compared to untreated cells).

Fig. 2. H,O, was used as a control since this agent is capable
of inducing DNA damage in several cell lines. DIM, in
contrast to MEN, is not able to arylate and is therefore a
pure redoxcycler. DIM was used to assess whether oxygen
species solely derived from redoxcycling can induce DNA
damage in this cell line. Both H,O, and DIM caused
considerable amounts of single-strand breaks and MEN also
generated SSB.

DNA damage is a trigger for the activation of PARP in
all types of mammalian cells. To estimate the contribution
of PARP in the toxicity of MEN in intestinal cells, the
effect of the relatively specific inhibitor 3-ABA was stud-
ied. Caco-2 cells were exposed to 25, 50, and 100 uM of
MEN in combination with 3-ABA and the effect on
viability, cellular NAD™, and ATP was assessed (Fig. 1).
Incubation of the cells with 3-ABA alone resulted in a
slight increase in NAD™, but the inhibitor had no effect on
viability or ATP content. 3-ABA clearly prevented the
drop in NAD™ in cells that were treated with 25 uM of
MEN and the protecting effect was also present with a
higher concentration of MEN. The ATP depletion ob-
served with 25 wM was partly reversed by 3-ABA, although
at higher concentrations of MEN the inhibitor was not able
to prevent the depletion of ATP.

Exposure of Caco-2 cells caused a rapid depletion of
GSH with all concentrations of MEN. The addition of the
PARP inhibitor during the damaging treatment did not
protect the cellular GSH pool (Fig. 3).

An increase in free intracellular calcium is considered to
be a major factor in the cytotoxicity of quinones [30]. We
used the intracellular calcium chelator BAPTA-AM to
assess the role of free cytosolic calcium in PARP-mediated
cell killing. Figure 4 shows that BAPTA-AM partly pre-
vented the decrease in viability and completely prevented
the depletion of NAD™. Although BAPTA-AM slightly
decreased the cellular ATP content of control cells, the use
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of this chelator resulted in substantially higher levels of
ATP in MEN-exposed cells.

In order to exclude the possibility that the action of
PARP is restricted to MEN-induced toxicity, cells were
exposed for 4 hr to 300 uM DIM or 10 mM of H,O,. Both
agents were also capable of damaging cellular DNA (Fig. 2).
The concentrations of DIM and H,0O, were chosen to
induce a similar degree of toxicity as 25 pM MEN. Table 1
shows that both DIM and H,O, decreased the viability to
60%, which is comparable to the observation made with
the experiment using 25 wM MEN. The depletion of
NAD™ by both agents was also similar to the observed
levels in the MEN-treated cells. H,O, was more effective
than DIM in disturbing the levels of ATP. Again, 3-ABA
rescued the DIM-exposed cells from an intensive NAD™
depletion, while the inhibitor only partly preserved the
NAD™ content of the H,O,-treated cells. A similar pattern
was observed for the ATP levels. With respect to the
viability, 3-ABA offered a similar protection against DIM
or H,0,. BAPTA-AM also partly prevented the decrease of
viability in H,O,-treated cells, but the chelator did not
show this effect on DIM-treated cells. Chelation of calcium
also prevented the loss of NAD™ with both mediators of
oxidative stress, but the effect was more pronounced in
DIM-treated cells. The ATP levels of BAPTA-AM- and
DIM-treated cells was much lower than in DIM-exposed
cells. Addition of BAPTA-AM to H,0O,-treated cells
caused a slight but significant increase in ATP compared to
treatment with H,O, alone.

DISCUSSION

Several toxic properties of quinones have been attributed to
their ability to damage DNA via generation of free radicals
and activated oxygen species. Several investigations have
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FIG. 3. Effect of 3-ABA on the GSH content of MEN-treated
Caco-2 cells. Caco-2 cells were untreated (O) or exposed to 25
M (), 50 pM (A), and 100 pM MEN (<>). The solid symbols
represent the combination of MEN and 10 mM of 3-ABA. GSH
was extracted and measured as described in Materials and
Methods. The GSH content of the control cells was 41.7 = 3.1
nmol/mg protein. Shown are the means *+ SD of three indepen-
dent experiments.
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FIG. 4. Effect of 100 pM of BAPTA-AM on toxicity of 25 pM of MEN. The effect of the intracellular calcium chelator BAPTA-AM
on MEN-induced toxicity was analyzed with the neutral red assay (A), intracellular NAD™ (B), and ATP content (C). Caco-2 cells
were untreated (O) or exposed to 25 pM of MEN (0J). BAPTA-AM was added alone (@) or simultaneously with MEN (m). Shown
are the means * SD of four independent experiments (*: P < 0.05, **: P < 0.01 compared to untreated cells; #: P < 0.05, ##: P <

0.01: compared to MEN-exposed cells).

indicated that oxygen species such as H,O, or the hydroxyl
radical (generated from H,O, via Fenton-type reactions)
may be the most damaging.

Exposure to MEN, DIM, and H,0O, induced single-strand
breaks in the DNA of Caco-2 cells. In most mammalian cell
types, strand breaks are recognized by poly(ADP-ribose)
polymerase [17, 31]. The involvement of PARP in our
experiments was supported by two observations. First, MEN
caused a concentration-independent depletion of the cel-
lular NAD™ content of Caco-2 cells. This indicates that
the degradation of NAD™ was at its maximum rate with a
dose of 25 pM of MEN. Exposure to DIM and H,O,
resulted in similar levels of NAD™. Obviously, the deple-
tion of NAD" was independent of the source of oxidative
stress or the concentration of MEN in this study. Further,
3-ABA, a potent inhibitor of PARP, was able to prevent
this depletion. The preserving effect was more pronounced
at the lower levels of MEN exposure. These cells also
contained more ATP and had a higher viability. The
preservation of the viability by ABA is attributable to
inhibition of necrosis rather than apoptosis. In apoptosis,
PARRP is inactivated by proteases of the ICE family [32] and
this should reflect in a partial or temporal preservation of
the NAD™ pool [33]. However, we observed an unchanged
rate of NAD™ depletion, which indicates that apoptosis

may play only a modest role in our experiments. Eguchi et
al. [34] showed that cellular ATP levels determine whether
cells undergo apoptosis or necrosis. In these experiments,
treatment of Jurkat cells with calcium ionophore A23187
induced apoptosis under ATP-supplying conditions but
induced necrotic cell death under ATP-depleting condi-
tions. It is possible that MEN decreased the ATP content of
Caco-2 cells to such a degree that necrotic cell death
prevailed over apoptosis. Thus, the decrease in neutral
uptake during exposure to menadione is probably related to
necrotic cell death. With higher concentrations of MEN,
the depletion of NAD was still affected by 3-ABA, but the
decrease in ATP and viability was not prevented. It is likely
that MEN caused extensive damage to cell components
other than DNA. The active site of several enzymes
contains one or more thiols which are directly related to
enzymatic activity. MEN has been shown to directly inhibit
glutathione reductase [35] and glyceraldhyde 3-phosphate
dehydrogenase [36]. It is conceivable that inactivation of
these and other enzymes may induce cell killing at a much
faster rate than overactivation of PARP alone. In spite of
treatment with 3-ABA, some depletion of NAD™ occurred
with the treatment with 50 and 100 uM MEN. This loss of
NAD™ may result from leakage due to an increasing loss of
membrane integrity rather than PARP activity. The use of

TABLE 1. Effect of 3-ABA and BAPTA-AM on the oxidative stress-induced toxicity

Experiment % viability % NAD* % ATP
Control 100.0 = 3.41 100.0 * 6.09 100.0 = 0.98
3-ABA 96.3 = 3.62 100.4 + 3.69 101.9 = 1.98
BAPTA-AM 78.0 &£ 5.27%* 98.4 = 4.89 56.1 £ 6.21%*
DIM 60.6 = 2.39%* 23.8 £ 5.25%* 51.4 = 3.87
DIM + 3-ABA 83.3 = 5.30## 107.1 + 4.16%# 70.8 + 2.04##
DIM + BAPTA-AM 60.6 = 3.77 83.2 = 8.81## 259 = 2.92##
H,O, 59.6 * 2.69%* 16.9 = 7.49%* 23.1 &= 4.75%*
H,O, + 3-ABA 83.3 = 3.62## 69.2 = 5.18## 51.9 + 2.06##
H,O, + BAPTA-AM 83.0 & 2.35## 57.9 £ 7.01## 309 + 4.17##

Caco-2 cells were incubated with DIM (300 M) or H,O, (10 mM) for 4 hr. 3-ABA (10 mM) and BAPTA-AM (100 uM) were added simultaneously with DIM or H,O,. Shown

are % viability, % NAD, and % ATP as means * SD of six independent experiments.

## P = 0.01 compared to untreated cells.
##: P = 0.01 compared to DIM- or H,O,-treated cells.
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higher concentrations of quinones may also explain why
3-ABA did not protect isolated hepatocytes from 50-200
wM MEN [37] or 400 wM DIM-treated hepatoma cells [30].
With higher concentrations of MEN, the role of PARP in
cytotoxicity may become questionable, since this enzyme is
inhibited by MEN (ics5o = 420 uM; [38]).

MEN intensively depleted the cellular reduced GSH.
The protection offered by 3-ABA was not mediated by
preserving the cellular GSH content, since no effect on
GSH was observed with the use of 3-ABA. In some cell
types such as human peripheral lymphocytes, it was found
that 3-ABA was able to preserve the GSH pool during
treatment with H,O, by retaining the levels of NADP*
[39]. Glutathione reductase is responsible for the reduction
in oxidized glutathione and utilizes NADPH as a cofactor.
The reduction of NADP* to NADPH is mediated by the
hexose monophosphate shunt, which displays increased
activity during oxidative stress. The experiments of Baker
and Baker [40] describe a 600% rise in hexose monophos-
phate shunt activity in 50 mM of MEN-exposed Caco-2
cells. In quinone-exposed hepatocytes, a decrease in NAD™
was followed by an increase in NADP™ [37]. Thus, the
preservation of NAD™ may benefit the interconversion of
NAD™ to NADP* by NAD™ kinase. In our experiment,
we did not observe an effect of MEN or 3-ABA on the
NADP™ levels (data not shown). It is likely that NAD*
kinase is not present or of any significance in intestinal
tissue.

A close relationship has been found between the sus-
tained increase in cytosolic Ca’™ and the toxicity of MEN
and other agents that induce oxidative stress [41]. The level
of free calcium in the nucleus is connected to that of the
cytosol. Nicotera et al. [42] described an ATP-dependent
mechanism by which nuclear Ca*" levels respond to a rise
in cytosolic calcium. A consequence of the increased free
Ca’" in the nucleus is the activation of Ca’"-dependent
endonucleases [43]. More evidence for an MEN-stimulated
DNA fragmentation follows from experiments with isolated
hepatocytes and moderate concentrations of MEN (100
pwM). Chromatin condensation and progressive DNA frag-
mentation were observed, which correlated with the rise in
cytosolic calcium [44]. The results from our experiments
showed that chelation of Ca*" with BAPTA-AM pre-
served the cellular NAD"' pool and viability of MEN-
treated Caco-2 cells. Similar results were obtained with
H,0,- and DIM-treated cells, which means that oxidative
stress interferes with Ca’" homeostasis and leads to a
depletion of the NAD" pool. This depletion can still be
assigned to the activation of PARP. Poly(ADP-ribosyla-
tion) causes a release of DNA from the nucleosomal
structure. This process is known as histone shuttling and
facilitates the access of repair enzymes to the damaged
DNA [21]. Relaxation of DNA by PARP may also increase
the accessibility for endonucleases that are activated by the
rise in cytosolic calcium. Thus, the combination of PARP-
induced DNA relaxation followed by endonucleolytic ac-
tivity results in feedback activation of more PARP. Evi-
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dence for this mechanism follows from experiments with
isolated liver nuclei in which DNA fragmentation by Ca®*
dependent endonucleases was elicited by the presence of
NAD™, ATP, and a submicromolar concentration of Ca®™.
This DNA fragmentation was inhibited by 3-ABA [45].
Thus, the chelation of Ca’" prevents the activation of
endonucleases and indirectly, PARP, thereby preserving
the NAD™ pool. There are some reports that claim that the
ADP-ribosylation process inactivates Ca’*-dependent en-
donucleolytic activity [46]. However, there are implications
that other calcium-dependent mechanisms may damage
DNA. Dybukt et al. [30] showed that exposure of Ca®*-
dependent endonuclease free murine hepatoma cells to 400
uM DIM protected the cells from NAD™ depletion by
3-ABA and BAPTA-AM, although the loss of viability was
not prevented by 3-ABA.

The results presented in this paper clearly show the
involvement of PARP and Ca’* in oxidative stress-medi-
ated death in cells derived from the human gastrointestinal
tract. MEN, DIM, and H,0O, induced DNA damage and
caused an intensive NAD™ depletion, followed by a de-
crease in intracellular ATP and viability. Both inhibition of
PARP by 3-ABA and chelation of Ca’* prevented the
depletion of NAD™. These cells had a higher viability and
ATP content. The role of PARP in cell killing was more
evident in weakly exposed cells. This level of exposure is
probably a better model for the level of oxidative stress
present in gastrointestinal cells that are suffering from
inflammation. It would be interesting to know whether
PARP is active in Crohn’s disease, ulcerative colitis, and
ischemia reperfusion. Nicotinamide is a biogenic inhibitor
of PARP and may offer an interesting approach for con-
troling this type of necrotic cell death.

This work was supported by a grant from the Dutch Organization for
Scientific Research (NWO), The Hague, The Netherlands (Grant no.
902-22-112).
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