S-nitroso-N-acetylpenicillamine and nitroprusside
induce apoptosis in a neuronal cell line by the
production of different reactive molecules.
Citation for published version (APA):
Terwel, D., Nieland, L. J. W., Schutte, B., Reutelingsperger, C. P. M., Ramaekers, F. C. S., & Steinbusch,
H. W. M. (2000). S-nitroso-N-acetylpenicillamine and nitroprusside induce apoptosis in a neuronal cell line
by the production of different reactive molecules. European Journal of Pharmacology, 400, 400-400.
https://doi.org/10.1016/S0014-2999(00)00379-4

Document status and date:
Published: 01/01/2000
DOI:
10.1016/S0014-2999(00)00379-4
Document Version:
Publisher's PDF, also known as Version of record

Please check the document version of this publication:
• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.
If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license
Take down policy
If you believe that this document breaches copyright please contact us at:
repository@maastrichtuniversity.nl
providing details and we will investigate your claim.

Download date: 09 Jan. 2023

European Journal of Pharmacology 400 Ž2000. 19–33
www.elsevier.nlrlocaterejphar

S-nitroso-N-acetylpenicillamine and nitroprusside induce apoptosis in a
neuronal cell line by the production of different reactive molecules
Dick Terwel a,) , Luc J.M. Nieland b, Bert Schutte b, Chris P.M. Reutelingsperger c ,
Frans C.S. Ramaekers b, Harry W.M. Steinbusch a
a

Department of Psychiatry and Neuropsychology, European Graduate School of Neuroscience (EURON), Maastricht UniÕersity, P.O. Box 616,
6200 MD Maastricht, Netherlands
b
Department of Molecular Cell Biology and Genetics, Maastricht UniÕersity, Maastricht, Netherlands
c
Department of Biochemistry, Maastricht UniÕersity, Maastricht, Netherlands
Received 28 January 2000; received in revised form 2 May 2000; accepted 19 May 2000

Abstract
CHP212 neuroblastoma cells were exposed to two different nitric oxide ŽNO. donors, S-nitroso-N-acetylpenicillamine and sodium
nitroprusside. Apoptosis and necrosis were determined with flow cytometric analysis of annexin V binding and propodium iodide uptake.
Both S-nitroso-N-acetylpenicillamine and sodium nitroprusside induced apoptosis, but with a different time dependency. Oxyhemoglobin
ŽNO scavenger. attenuated the toxicity of S-nitroso-N-acetylpenicillamine, but had no effect on the toxicity of sodium nitroprusside. By
contrast, deferoxamine Žiron chelator. attenuated the toxicity of sodium nitroprusside, but had no effect on the toxicity of S-nitroso-Nacetylpenicillamine. Urate ŽONOOy scavenger. did not influence the toxicity of either S-nitroso-N-acetylpenicillamine or sodium
nitroprusside, but protected from SIN-1 Ž3-morpholinosydnonimine, ONOOy donor.. It was shown that both dithiothreitol and ascorbic
acid affected the toxicity of S-nitroso-N-acetylpenicillamine and sodium nitroprusside in opposite ways. In the presence of dithiothreitol,
superoxide dismutase and catalase decreased the toxicity of sodium nitroprusside. In the presence of cells, but not in their absence,
S-nitroso-N-acetylpenicillamine decomposed with a half-life of about 4 h as assessed by the production of nitrite and absorbance
reduction at 335 nm. Sodium nitroprusside decomposed very slowly in the presence of cells as assessed by the production of ferrocyanide.
It can be concluded that Ž1. slow and sustained release of NO from S-nitroso-N-acetylpenicillamine at the cell surface causes apoptosis in
CHP212 cells, probably without the involvement of ONOOy, Ž2. sodium nitroprusside causes apoptosis by the production of H 2 O 2
andror iron, rather than NO, and probably has to be taken up by the cell for decomposition. q 2000 Elsevier Science B.V. All rights
reserved.
Keywords: Nitric oxide ŽNO.; Hydrogen peroxide; Apoptosis; Neuroblastoma; PC12; NO donor; Annexin V

1. Introduction
Nitric oxide ŽNO. is produced in the body by different
isoforms of nitric oxide synthase ŽNOS. ŽWang and Marsden, 1995.. NO is involved in many disparate body functions, such as vasorelaxation, tumoricide and bacteriocide,
and long term potentiation in the brain Žfor reviews see
Moncada and Higgs, 1991; Dawson and Dawson, 1995..
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The major target of NO is soluble guanylate cyclase
ŽKatsuki et al., 1977., but many more molecules are
modified by NO or reactive oxygen species derived from
NO. Among these molecules are glyceraldehyde-3-phosphate dehydrogenase, aconitase and complexes of the
mitochondrial electron transport chain containing an iron
sulphur cluster ŽDrapier and Hibbs, 1988; Stadler et al.,
1991; Castro et al., 1994; Mohr et al., 1994; Radi et al.,
1994; Bolanos
˜ et al., 1995., as well as DNA ŽWiseman and
Halliwell, 1996.. The ability of NO to disrupt the function
or integrity of mitochondria and DNA has been held
responsible for its bacteriocidal and tumoricidal action. NO

0014-2999r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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has been shown to be involved in neuronal cell death
following brain ischemia. However, results have not been
unequivocal. This may be related to the different actions of
NO in the brain and the experimental design ŽIadecola,
1997.. NO has also been shown to be toxic to primary
cultures of brain cortex cells ŽDawson et al., 1991; Lipton
et al., 1993.. However, Wink et al. Ž1993. obtained evidence for a protective role of NO in primary cultures of
mesencephalic brain cells.
Several studies have addressed the question whether
cell death induced by NO is of an apoptotic or necrotic
nature. Chondrocytes, thymocytes, pancreatic beta-cells
and macrophages have been shown to become apoptotic
upon exposure to NO ŽBlanco et al., 1995; Fehsel et al.,
1995; Kaneto et al., 1995; Messmer et al., 1995.. On the
other hand, oligodendrocytes have been shown to become
necrotic when exposed to NO ŽMitrovic et al., 1995..
Recently it has been reported that S-nitrocysteine causes
injury with apoptotic features in primary cultured neurons
ŽBonfoco et al., 1995.. However, only nuclear condensation, but not fragmentation, and some internucleosomal
degradation of DNA were evident.
It is not clear whether NO itself or ONOOy, the
reaction product of NO and O Py
2 , is the toxic agent that
causes cell death upon exposure to NO. It has been shown
that both exposure of NO and ONOOy induces cell death
in a number of cell types Že.g. Messmer et al., 1995;
Lipton et al., 1993.. Cu, Zn superoxide dismutase-deficient
PC12 cells have been shown to be more sensitive to NO
and toxicity in these cells was blocked by NOS inhibitors
ŽTroy et al., 1996., which was taken as evidence for the
involvement of ONOOy. Several studies seem to indicate
that the NOq donor sodium nitroprusside induces higher
percentages of apoptotic cells than NO P donors, at least in
some cell types Že.g. Messmer et al., 1995; Khan et al.,
1997..
The aim of the present study was to gain more insight
into cell death induced in a neuronal cell line ŽCHP212. by
two of the most frequently used NO donors Ž S-nitroso-Nacetylpenicillamine and sodium nitroprusside., with respect to type of cell death, time course of cell death, site of
decomposition of the NO donors and free radicals involved
in cell death. Apoptosis or necrosis in CHP212 cells was
assessed by flow cytometric and microscopic analysis of
annexin V-fluorescein isothiocyanate ŽFITC. binding and
propidium iodide uptake ŽVan Engeland et al., 1996..
Dose–response and time course studies indicate profound
differences in the action of S-nitroso-N-acetylpenicillamine
and sodium nitroprusside on the induction of apoptosis.
The effects of S-nitroso-N-acetylpenicillamine and sodium
nitroprusside on cell death were modified in different ways
by hemoglobin, reductants, superoxide dismutase, catalase
and deferoxamine. The effects of the NO donors on cell
death were compared to those of olomoucine, a general
inducer of apoptosis ŽVan Engeland et al., 1996; Schutte et
al., 1997..

2. Materials and methods
2.1. Chemicals
Annexin V-FITC ŽAPOPTEST-FITC. was obtained
from NeXins Research ŽRotterdam, The Netherlands.. Olomoucine was a kind gift by Dr. L. Meyer ŽStation Biologique, CNRS, Roscoff, France.. Sodium nitroprusside
and H 2 O 2 were purchased from Merck ŽDarmstadt, FRG..
S-nitroso-N-acetylpenicillamine and 1-methyl-4-phenylpyridinium ion ŽMPPq. were obtained from RBI ŽNatick,
US., lactate dehydrogenase and nitrate reductase from
Boehringer ŽMannheim, FRG., catalase, superoxide dismutase, methemoglobin and 3-morpholinosydnonimine
ŽSIN-1. from Sigma ŽSt. Louis, US., deferoxamine from
Ciba-Geigy ŽBasel, Switzerland., 3-Ž4,5-dimethylthiazol2-yl.-2,5-diphenyltetrazolium bromide ŽMTT. from ICN
ŽAurora, US.. Other substances were from different suppliers and were all of p.a. grade. Oxyhemoglobin was prepared from methemoglobin as described by Murphy and
Noack Ž1994..
2.2. Cell culture
CHP212 cells were grown in Costar 75-ml flasks in 5
ml Dulbecco’s modified Eagles medium ŽDMEM, Gibco,
Paisly, UK. supplemented with 10% newborn calfserum
ŽGibco., 1 mM L-glutamine and 0.1% gentamycine. The
medium was refreshed every 2 days and the cells were
passaged when confluent. Twenty-four to fourty-eight
hours before experimentation cells were transferred to
12-well-plates ŽCostar, Badhoevedorp, The Netherlands..
PC12 cells were grown in Costar 75-ml flasks in 5 ml
DMEMrF12 ŽGibco. medium supplemented with 10%
horse serum ŽGibco., 10% fetal calf serum ŽGibco., 1 mM
L-glutamine and 0.1% gentamycine. Twenty-four hours
before experimentation cells were transferred to 12-wellplates that were coated with poly-L-lysine.
2.3. Determination of apoptosis and necrosis
Apoptosis was detected by making use of the property
that apoptotic cells expose phosphatidylserine at their outer
membrane leaflet, while remaining inaccessible to propidium iodide. Surface exposure of phosphatidylserine was
visualized using annexin V-FITC ŽVan Engeland et al.,
1996..
2.3.1. Microscopic analysis of annexin V-FITC binding
and propidium iodide uptake
Cells were exposed to FITC-conjugated annexin V Ž0.25
mgrml. and propidium iodide Ž3 mgrml.rRNAse Ž30
mgrml. for 10 min. The cells were examined using a
Zeiss inverted microscope equipped with a phase contrast
filter, appropriate bandpass filters and a mercury lamp.
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2.3.2. Flow cytometric analysis of annexin V-FITC binding
and propidium iodide uptake
Cells were prepared and flow cytometric analysis was
carried out as previously described by Van Engeland et al.
Ž1996.. Using this procedure four populations of cells can
be distinguished in a bivariate annexin V-FITC bindingr
propidium iodide uptake analysis, i.e., viable ŽR2., damaged during the harvesting procedure ŽR3., apoptotic ŽR4.
and primary necrotic or secondary necrotic ŽR5., a feature
of late apoptosis. For simplicity the term necrosis is used
here to indicate both primary necrosis and secondary
necrosis unless otherwise indicated. The percentage of
apoptotic or necrotic cells is corrected for spontaneous
apoptosis and necrosis to give the true percentage apoptotic or necrotic cells due to treatment.
2.3.3. Determination of cell Õiability
In one experiment cell viability was determined as the
ability to reduce MTT. Cells were incubated with 0.5
mgrml MTT for 2 h. Subsequently, medium was aspirated
and the precipitated formazan was dissolved in dimethylsulfoxide. Absorbance was read at 554 nm.
2.4. Decomposition of S-nitroso-N-acetylpenicillamine and
sodium nitroprusside
2.4.1. Spectrophotometric determination
Decomposition of S-nitroso-N-acetylpenicillamine in the
incubation medium was measured spectrophotometrically
at 335 nm. Decomposition of sodium nitroprusside in the
incubation medium was measured indirectly as the release
of Fe 2q that can be complexed to 1,10-phenanthroline.
This complex has a red color with a maximal absorbance
at 511 nm. FeSO4 freshly dissolved in bidistilled water
was used as a standard.
2.4.2. Production of NO2y and NOxy
Production of NOy
2 , a decomposition product of NO, in
cell culture medium in the presence of cells was measured
using the Griess reagent ŽGrisham et al., 1996.. For the
y
y
determination of NOy
x , NO 3 was converted to NO 2 using
nitrate reductase with NADPH as a cofactor. Unreacted
NADPH was converted to NADPq in the lactate dehydrogenase-catalyzed reaction ŽGrisham et al., 1996..
2.4.3. Production of ferrocyanide from sodium nitroprusside
The production of ferrocyanide from sodium nitroprusside was determined as described by Hartly et al. Ž1985..
Briefly, to 100-ml samples of culture medium 0.9 ml of
1% H 2 SO4r1% FeSO4 was added. Absorbance was read
immediately at 750 nm. Decomposition of sodium nitroprusside was calculated from the production of ferrocyanide according to the stochiometry for the decomposition of sodium nitroprusside. Release of three molecules
NO from sodium nitroprusside is accompanied by the
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production of two molecules of ferrocyanide Že.g. Bates et
al., 1991; Rao et al., 1991..
2.5. Statistics
Data were subjected to a one-way Analysis of Variance
with treatment as the independent variable. Treatment
effects between the experimental groups were evaluated in
more detail by using the Student–Newman–Keuls test.

3. Results
3.1. Microscopic analysis
In order to investigate the mode of cell death induced
by NO, CHP212 cells were exposed to S-nitroso-Nacetylpenicillamine and sodium nitroprusside for 4 h and
16 h. For comparison cells were also treated with olomoucine for 4 h and 16 h, and H 2 O 2 for 16 h. Annexin
V-FITC binding and propidium iodide uptake by the cells
were studied microscopically. The cells were also observed
with phase contrast. Characteristic examples of our observations are shown in Fig. 1. Part of the cells exposed to
0.25 mM S-nitroso-N-acetylpenicillamine or 0.2 mM olomoucine for 4 h showed affinity for annexin V-FITC, but
excluded propidium iodide ŽFig. 1A,B.. At higher concentrations of S-nitroso-N-acetylpenicillamine Ž2 or 4 mM. for
4 h, the cells became primary necrotic as indicated by a
diffuse nuclear morphology, nonadherence, swollen appearance and the absence of budding. A large fraction of
the cells exposed to 0.25 mM S-nitroso-N-acetylpenicillamine or 0.1 mM olomoucine had taken up propidium
iodide after 16 h. The chromatin of this fraction of cells
was condensed and fragmented in a fashion typical of late
stage apoptosis. During transition from apoptosis to secondary necrosis, cells and apoptotic bodies started to swell
Žcompare Figs. 1A,G and H.. Cells exposed to 1 or 2 mM
sodium nitroprusside for 4 h showed no signs of necrosis
or apoptosis. Many cells exposed to sodium nitroprusside
for 16 h were apoptotic or secondary necrotic, the former
fraction only bound annexin V-FITC and the latter fraction
was permeable to propidium iodide as well ŽFig. 1C,D..
Similar results were obtained with cells incubated with
0.25 or 0.5 mM H 2 O 2 . However, cells exposed to 1 mM
H 2 O 2 became primary necrotic ŽFig. 1E,F.. Although secondary necrotic cells were swollen and rounded they still
could be distinguished from primary necrotic cells by their
fragmented nuclei and smaller size Žcompare Fig. 1A, F, G
and H..
3.2. Flow cytometric analysis
In order to study the mode of cell death by the agents
used in more detail, dose–response and time dependency
studies were performed using flow cytometry.
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Fig. 1. Microscopic detection of apoptosis using annexin V-FITC and propidium iodide. Fluorescence photomicrographs of annexin V-FITC- and
propidium iodide-labeled CHP212 cells exposed to 0.2 mM olomoucine for 4 h ŽA., 1 mM sodium nitroprusside for 16 h ŽC., 1 mM H 2 O 2 for 16 h ŽE.,
0.1 mM olomoucine for 16 h ŽG. or 0.25 mM S-nitroso-N-acetylpenicillamine for 16 h ŽH.. ŽB, D, F. Phase contrast photomicrographs matching with
fluorescence photomicrographs ŽA, C, E.. Arrow heads indicate early apoptotic cells. Arrows indicate secondary necrotic cells. Bar s 12 mm.
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3.2.1. Dose–response relation of the effect of S-nitroso-Nacetylpenicillamine, sodium nitroprusside, H2 O2 and olomoucine on the fraction of apoptotic and necrotic cells
Fig. 2 shows fractions of apoptotic and necrotic CHP212
cells caused by exposure to different concentrations of
S-nitroso-N-acetylpenicillamine, sodium nitroprusside,
H 2 O 2 and olomoucine for 4, 16, 16 and 4 h, respectively.
Similar to the effect of olomoucine ŽFig. 2D., the fraction
of apoptotic cells increased with increasing concentrations
of sodium nitroprusside ŽFig. 2B.. Even at high concentrations of sodium nitroprusside the fraction of apoptotic cells
was larger than the fraction of necrotic cells Žsee also
Section 3.1 and below.. In contrast, an increasing fraction
of necrotic cells was observed with increasing concentrations of S-nitroso-N-acetylpenicillamine, whereas the distribution of the apoptotic fraction was biphasic ŽFig. 2A,
see also Section 3.1.. This fraction was maximal at 0.25
mM S-nitroso-N-acetylpenicillamine and decreased at
higher concentrations of S-nitroso-N-acetylpenicillamine
Ž2–4 mM.. This decrease in the fraction of apoptotic cells
was paralleled by an increase in the fraction of necrotic
cells. Similar effects were observed for H 2 O 2 ŽFig. 2C..
High concentrations of H 2 O 2 resulted primarily in large
fractions of necrotic cells Žsee also Section 3.1 and below..
It should be noted that the flow cytometric analysis
does not discriminate between different forms of necrosis,
that is necrosis as a primary event or necrosis as a late
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stage of apoptosis. However, as observed by microscopic
observation Žsee Section 3.1. necrosis occurred mainly as
late stage apoptosis with low concentrations of S-nitrosoN-acetylpenicillamine Ž0.125–1 mM., or H 2 O 2 Ž0.25–0.5
mM. and with all concentrations of sodium nitroprusside
or olomoucine tested. These observations were of a qualitative nature. To obtain quantitative information on the
annexin V-FITCrpropidium iodide labeled fraction with
regard to the type of cell death, cells were scored for
nuclear morphology for some pertinent conditions. A minimum of 400 cells were scored per condition on two to
three photomicrographs taken randomly at 400 = magnification. At 2 mM sodium nitroprusside, 0.25 mM S-nitrosoN-acetylpenicillamine, 0.25 mM H 2 O 2 or 0.2 mM olomoucine for 16 h, no primary necrotic cells were observed.
At 0.5 mM H 2 O 2 , 26.4 " 0.7% Žmean " S.E.M., n s 3. of
the dead cells was primary necrotic, whereas the remainder
was secondary necrotic. At 1 mM H 2 O 2 , 88.3 " 1.0%
Žmean " S.E.M., n s 3. of the dead cells was primary
necrotic.

3.2.2. Time course of apoptosis induced by S-nitroso-Nacetylpenicillamine, sodium nitroprusside, H2 O2 and olomoucine
In order to measure the kinetics of cell death by NO,
CHP212 cells were incubated for various periods of time

Fig. 2. Dose dependent effect of S-nitroso-N-acetylpenicillamine, sodium nitroprusside, H 2 O 2 and olomoucine on apoptosis and necrosis in CHP212 cells.
Cells were exposed to S-nitroso-N-acetylpenicillamine and olomoucine for 4 h and to sodium nitroprusside and H 2 O 2 for 16 h. Data represent
means " S.E.M. of triplicate determinations. a Indicates a significant difference from control Ž P - 0.05..
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Fig. 3. Time dependent effect of 0.5 mM S-nitroso-N-acetylpenicillamine, 2 mM sodium nitroprusside, 0.5 mM H 2 O 2 and 0.2 mM olomoucine on
apoptosis and necrosis in CHP212 cells. Data represent means" S.E.M. of triplicate determinations. a Indicates a significant difference from control
Ž P - 0.05..

in the presence of 2 mM sodium nitroprusside or 0.25 mM
S-nitroso-N-acetylpenicillamine. Results were compared
with apoptosis induced by olomoucine and H 2 O 2 at concentrations of 0.2 and 0.5 mM, respectively. Apoptosis
was induced most rapidly in cells exposed to olomoucine,
reaching maximal levels of 45% within 4 h ŽFig. 3D..
Thereafter the apoptotic fraction declined in favor of an
increase in the fraction of necrotic cells, due to loss of
membrane integrity as was observed microscopically. A
somewhat slower time course of apoptosis was followed
by cells exposed to S-nitroso-N-acetylpenicillamine ŽFig.
3A.. The maximum number of apoptotic cells was found
after 8 h of incubation. Thereafter, the number of necrotic
cells increased, again at the expense of the number of
apoptotic cells. Sodium nitroprusside induced apoptosis
with the slowest time course ŽFig. 3B.. Apoptotic cells
were present from 8 h onwards, necrotic cells were only
present from 12 h onwards. In contrast, H 2 O 2 gave rise to
an increase in numbers of apoptotic and necrotic cells at
early stages and the numbers of the latter kept increasing
until 16 h of incubation ŽFig. 3C..
3.3. Effect of reductants on cell death induced by sodium
nitroprusside or S-nitroso-N-acetylpenicillamine
Sodium nitroprusside requires reduction to release NO.
Lipton et al. Ž1993. used ascorbate as reducing agent to
enhance the decomposition of sodium nitroprusside. It is

unlikely that S-nitrosothiols release NO through spontaneous homolytic cleavage, rather, release may be driven by
endogenous reductants such as ascorbate Že.g. Arnelle and
Stamler, 1995.. For these reasons the effect of reductants
on cell death induced by sodium nitroprusside and Snitroso-N-acetylpenicillamine-induced were studied. The
presence of ascorbate Ž0.5 mM. in the incubation medium

Fig. 4. Effect of reductants on cell death mediated by sodium nitroprusside or S-nitroso-N-acetylpenillamine. CHP212 cells were exposed to the
above substances for a period of 16 h. Cell death is the sum of apoptosis
and necrosis. Data represent means"S.E.M. of triplicate determinations.
a
Indicates a significant difference from the condition without reductant
Ž P - 0.05..
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Fig. 5. Effect of oxyhemoglobin ŽHb. and urate on cell death mediated by
sodium nitroprusside ŽSNP. or S-nitroso-N-acetylpenicillamine ŽSNAP..
Cells were preincubated with urate for 6 h and exposed to S-nitroso-Nacetylpenicillamine or sodium nitroprusside ŽSNP. for 16 h. a Indicates a
significant difference from the condition without oxyhemoglobin or urate
Ž P - 0.05.. See legend of Fig. 4 for further details.

strongly increased the effect of sodium nitroprusside Ž0.25
mM. on the number of dead cells ŽFig. 4.. A similar result
was obtained when dithiothreitol Ž0.5 mM. was added to
the incubation medium ŽFig. 4.. By contrast, ascorbate and
dithiothreitol strongly protected against the effect of Snitroso-N-acetylpenicillamine Ž0.25 mM. on the number of
dead cells. The number of dead cells in the presence of
ascorbate and dithiothreitol, did not exceed that in control
cultures Ždata not shown..
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3.4.2. Effect of superoxide dismutase and catalase on cell
death induced by S-nitroso-N-acetylpenicillamine, sodium
nitroprusside or SIN-1
The differential effect of reductants on apoptosis mediated by sodium nitroprusside or mediated by S-nitroso-Nacetylpenicillamine points to the involvement of different
and
reactive oxygen species, such as NO, ONOOy, O Py
2
H 2 O 2 . To scavenge O Py
and
H
O
,
superoxide
dismutase
2
2 2
and catalase were used. Superoxide dismutase and catalase
did not affect the level of cell death induced by S-nitrosoN-acetylpenicillamine ŽFig. 6.. Superoxide dismutase increased the level of cell death induced by sodium nitroprusside alone ŽFig. 6.. This was reduced again to the level
induced by sodium nitroprusside alone when catalase was
also present ŽFig. 6.. By contrast, superoxide dismutase
somewhat reduced the effect of sodium nitroprusside in the
presence of dithiothreitol, whereas catalase prevented the
effect of sodium nitroprusside on the number of dead cells
in the presence of dithiothreitol ŽFig. 6..
To compare the toxicity of ONOOy and NO, CHP212
cells were exposed to SIN-1 in the presence and absence
of superoxide dismutase and catalase. SIN-1rsuperoxide
dismutasercatalase was more toxic than SIN-1 indicating
that NO was more toxic than ONOOy to CHP212 cells
ŽFig. 6.. The presence of only superoxide dismutase increased the toxicity of SIN-1, probably due to the increased production of H 2 O 2 ŽFig. 6..
3.4.3. Effect of MPP q on cell death induced by S-nitrosoN-acetylpenicillamine
A possible involvement of ONOOy in cell death induced by S-nitroso-N-acetylpenicillamine was further in-

3.4. Effect of manipulation of reactiÕe oxygen species on
cell death induced by S-nitroso-N-acetylpenicillamine,
sodium nitroprusside or SIN-1
3.4.1. Effect of NO y and ONOO y scaÕenger on cell
death induced by S-nitroso-N-acetylpenicillamine or
sodium nitroprusside
Oxyhemoglobin, an extracellular NO scavenger, almost
completely abrogated the cell death induced by S-nitrosoN-acetylpenicillamine, but was ineffective with respect to
cell death induced by sodium nitroprusside ŽFig. 5.. Urate,
a cell permeable ONOOy scavenger did not affect cell
death either induced by S-nitroso-N-acetylpenicillamine or
sodium nitroprusside. It should be noted that ascorbate and
dithiothreitol, which are also ONOOy scavengers, did
prevent cell death induced by S-nitroso-N-acetylpenicillamine. The number of dead cells in the presence of
oxyhemoglobin and urate did not exceed that in control
cultures Ždata not shown.. To assess the efficacy of urate
as a ONOOy scavenger, the ability of urate to protect
CHP212 cells against the NOrO Py
donor SIN-1 was
2
tested. Urate was able to protect CHP212 cells against
SIN-1 ŽFig. 5..

Fig. 6. The effect of superoxide dismutase ŽSOD. and catalase on cell
death mediated by S-nitroso-N-acetylpenicillamine ŽSNAP., sodium nitroprusside ŽSNP., sodium nitroprussiderDTT Ždithiothreitol. or SIN-1.
Concentrations superoxide dismutase, catalase and dithiothreitol were 750
Urml, 6000 Urml and 0.5 mM, respectively. a Indicates a significant
difference from the condition without superoxide dismutase andror catalase Ž P - 0.05.. b Indicates a significant difference from the condition
with SIN-1rcatalase Ž P - 0.05.. See legend of Fig. 4 for further details.
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vestigated by increasing the intracellular production of
q
O Py
2 . To this end cells were exposed to MPP , which has
Py
been shown to increase O 2 production Že.g. Packer et al.,
1996; Sawada et al., 1996.. Cells were preincubated with
MPPq for 24 h before the addition of S-nitroso-N-acetylpenicillamine. MPPq itself was not toxic to the cells, but
reduced respiratory efficiency as evidenced by a slight
acidification of the cell culture medium. In spite of this,
MPPq did not influence the toxicity of S-nitroso-Nacetylpenicillamine. After exposure to 0.25 mM S-nitrosoN-acetylpenicillamine Žfor 16 h., 1 mM MPPq Ž30 h. and
0.25 mM S-nitroso-N-acetylpenicillamine Žfor 16 h.r1
mM MPPq Ž30 h., percentage cell death was 43.0 " 3.2%,
1.5 " 1.2% and 35.5 " 3.7% Žmean " S.E.M., n s 3., respectively.
3.5. Effect of deferoxamine, a cell permeable iron chelator,
on cell death induced by S-nitroso-N-acetylpenicillamine
or sodium nitroprusside
In a preliminary experiment, it had been found that
deferoxamine was toxic to CHP212 cells. Therefore, the
effect of deferoxamine on cell death induced by S-nitrosoN-acetylpenicillamine was studied in PC12 cells as well.
Viability was assessed by the ability of the cells to convert
MTT, since the annexin V-FITC bindingrpropidium iodide uptake assay was not tested in PC12 cells. Deferoxamine was able to block the effect of sodium nitroprusside
on viability in PC12 cells almost completely, whereas it
did not attenuate the effect of S-nitroso-N-acetylpenicillamine ŽFig. 7.. Deferoxamine was quite toxic to CHP212
cells ŽFig. 7.. Surprisingly, the combination of sodium
nitroprusside and deferoxamine was less toxic than each of
the substances were separately, indicating that these substances had the ability to protect from each other ŽFig. 7..
When deferoxamine and Fe 2q were added in equimolar
concentrations the former was not toxic anymore nor did it
protect from sodium nitroprusside Ždata not shown., indicating that it was the iron chelating property of deferoxamine that was protective.

3.6. Decomposition of S-nitroso-N-acetylpenicillamine and
sodium nitroprusside
From the above it is clear that there are important
differences in the toxic molecules generated from Snitroso-N-acetylpenicillamine and sodium nitroprusside that
are responsible for the cell death observed. In addition to
the above results, clues can be obtained from the literature
as to what these reactive molecules might be. It was
deemed important, however, to study some aspects of the
decomposition of S-nitroso-N-acetylpenicillamine and
sodium nitroprusside for our cell culture conditions. Decomposition of S-nitroso-N-acetylpenicillamine was followed spectrophotometrically. In the incubation medium,
S-nitroso-N-acetylpenicillamine did not decompose spontaneously ŽFig. 8A.. Dithiothreitol and ascorbate caused
decomposition of S-nitroso-N-acetylpenicillamine ŽFig.
8A.. S-nitroso-N-acetylpenicillamine Ž0.25 mM. did not
show any decomposition for 4 h in the presence of 1.5 mM
uric acid or 25 mM oxyhemoglobin Ždata not shown..
Decomposition of sodium nitroprusside was assessed by
the formation of a red complex between 1,10-phenanthroline and Fe 2q in the incubation medium Žserum was left
out because Fe 2q binds to protein otherwise.. Sodium
nitroprusside did not decompose spontaneously. Sodium
nitroprusside formed a red product with dithiothreitol.
Both the red product and the complex have almost the
same spectral characteristics. The red product decomposed
with a half-life of approximately 2 min at 378C ŽFig. 8B.,
whereas the complex is stable. Subtraction of the absorbance of the red product from the total absorbance
yields the absorbance by the complex and allows to assess
how much Fe 2q is released from sodium nitroprusside. As
judged from the release of Fe 2q, 8.9 " 0.4% Žmean "
S.E.M., n s 3. of sodium nitroprusside was decomposed,
half of which occurred in about 2 min ŽFig. 2B.. Even less
Fe 2q was released from 0.5 mM sodium nitroprusside in
the presence of 0.5 mM ascorbic acid, that is 3.39 " 0.11%
Žmean " S.E.M., n s 3., half of which occurred in about
100 min. Therefore, ) 90% of sodium nitroprusside re-

Fig. 7. Effect of deferoxamine ŽDFO. on cell death induced by sodium nitroprusside ŽSNP. or S-nitroso-N-acetylpenicillamine ŽSNAP. in PC12 and
CHP212 cells. Cell death is defined here as the decrease in MTT reduction. Cells were preincubated with deferoxamine for 6 h and exposed to sodium
nitroprusside or S-nitroso-N-acetylpenicillamine for 24 h. Data represent means" S.E.M. of triplicate determinations. a Indicates a significant difference
from the condition with sodium nitroprusside or S-nitroso-N-acetylpenicillamine alone Ž P - 0.05.. Exposure to deferoxamine did not induce a significant
fraction of dead PC12 cells, but did induce a significant fraction of dead CHP212 cells.
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reductant, or in the presence of 1.5 mM uric acid or 25
mM oxyhemoglobin Ždata not shown..
S-nitroso-N-acetylpenicillamine decomposed in the
presence of cells as determined by the accumulation of
ŽFig. 9.. In the presence of S-nitroso-N-acetylpeniNOy
2
cillaminerdithiothreitol the accumulation of NOy
was
2
accelerated as compared to the presence of S-nitroso-Nacetylpenicillamine alone ŽFig. 9, see also above.. Decomposition of sodium nitroprusside in the presence of cells
yielded substantially lower concentrations of NOy
2 than
decomposition of S-nitroso-N-acetylpenicillamine ŽFig. 9..
In the presence of sodium nitroprussiderdithiothreitol a
short burst in the production of NOy
2 was observed before
t s 0.5 h ŽFig. 9.. Remarkably, production of NOy
2 in the
presence of sodium nitroprussiderdithiothreitol continued
for a much longer period than would be expected on the
basis of Fe 2q release from sodium nitroprusside in the
presence of dithiothreitol ŽFig. 8A.. This could be due to
transnitrosylation reactions andror continued decomposition of sodium nitroprusside by the cells. NOy
2 accounted
for 60.9% of S-nitroso-N-acetylpenicillamine. NOy
x could
be determined only in the samples in which decomposition
of S-nitroso-N-acetylpenicillamine was complete, because
the NADPH needed for reduction of NOy
3 also reduced
S-nitroso-N-acetylpenicillamine. Decomposition of Snitroso-N-acetylpenicillamine resulted in the formation of
ŽNOy
some NOy
concentration was 152.2 " 2.4 mM,
3
2
y
NO x concentration was 198.4 " 7.7 mM Žmean " S.E.M.,
n s 3. at 48 h.. Total accumulation of NOy
x accounted for
79.4% of S-nitroso-N-acetylpenicillamine. Concentrations
of NOy
x released from sodium nitroprusside could not be
determined, since assay conditions led to further decomposition of sodium nitroprusside.
Fig. 8. Decomposition of S-nitroso-N-acetylpenicillamine ŽSNAP. in the
presence of dithiothreitol ŽDTT. or ascorbate, and sodium nitroprusside
ŽSNP. in the presence of dithiothreitol. ŽA. Disappearance of S-nitrosoN-acetylpenicillamine in the presence of dithiothreitol as measured spectrophotometrically at 335 nm. The concentrations of S-nitroso-N-acetylpenicillamine, dithiothreitol and ascorbate were 0.25, 0.5 and 0.5 mM,
respectively. ŽB. Change in the absorbance at 511 nm due to the
formation of a red reaction product between sodium nitroprusside and
dithiothreitol Žclosed triangles., formation of this red product and release
of Fe 2q from sodium nitroprusside complexed to 1,10-phenanthroline
Žclosed circles.. Change in absorbance due to complex formation is
indicated by open squares. The concentrations of sodium nitroprusside
and 1,10-phenanthroline were 0.5 and 4 mM, respectively. Molar extinction of the 1,10-phenanthroline-iron complex was 11 My1 cmy1 .

mained intact in the presence of each of the reductants.
Because the red product was not present after 5 min
anymore, it can be concluded that ) 90% of the dithiothreitol disappeared by redox cycling with the concomitant
production of O Py
from O 2 . Sodium nitroprusside Ž0.5
2
.
mM did not release any Fe 2q for 4 h in the absence of a

Ž
.
Fig. 9. NOy
2 production from sodium nitroprusside SNP or S-nitrosoN-acetylpenicillamine ŽSNAP. in cell culture conditions in the presence
and absence of dithiothreitol ŽDTT.. NOy
was determined with the
2
Griess reagent.
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Table 1
ŽmM. from sodium nitroprusside and S-nitroso-N-acetylpenicillamine, and decomposition of sodium nitroprusside and S-nitroso-NProduction of NOy
2
acetylpenillamine as determined by the production of ferrocyanide ŽmM. and absorbance at 335 nm, respectively
Time Žh.

4
16
48

Sodium nitroprusside

S-nitroso-N-acetylpenicillamine

NOy
2

Ferrocyanide

NOy
2

Absorbance Ž335 nm.

6.6 " 0.4
11.8 " 0.8
28.8 " 1.8

–
74.0 " 3.8 Ž5.6%. b
126.7 " 7.0 Ž9.5%.

74.7 " 6.3
152.2 " 2.4
140.9 " 9.1

0.119 " 0.003 Ž49.0%. a
0.000 " 0.000 Ž0.0%.
0.000 " 0.000 Ž0.0%.

The absorbance of 0.25 mM S-nitroso-N-acetylpenicillamine at 335 nm in cell culture medium was 0.239 " 0.0014.
Data represent means " S.E.M. of triplicate determinations.
a
Indicates percentage S-nitroso-N-acetylpenicillamine remaining.
b
Indicates percentage decomposition calculated from ferrocyanide production.

Table 1 gives the time dependent production of
wFeŽCN. 6 x 4y from sodium nitroprusside and the absorbance of remaining S-nitroso-N-acetylpenicillamine in
the presence of cells. As judged from the production of
wFeŽCN. 6 x 4y much more sodium nitroprusside was decomy
posed than NOy
2 could account for. Production of NO 2
paralleled the disappearance of S-nitroso-N-acetylpenicillamine.
3.7. Effect of decomposition products of sodium nitroprusside on cell death
As found in the present study and also reported by
others ŽBates et al., 1991; Rao et al., 1991. decomposition
products of sodium nitroprusside in addition to NO include
CNy, Fe 2q and wFeŽCN. 6 x 4y. Ascorbic acid and dithiothreitol were used to accelerate the decomposition of
sodium nitroprusside. Ascorbic acid, dithiothreitol, CNy,

Fe 2q, wFeŽCN. 6 x 4y and wFeŽCN6 .x 3y at concentrations indicated in Table 2 were not toxic to the cells. Combinations of concentrations of Fe 2q and CNy that can be
released by 0.5 mM dithiothreitol or 0.5 mM ascorbic acid
from 0.5 mM sodium nitroprusside Žsee Section 3.6., either
alone or in combination with the reductant, were not toxic
as well ŽTable 2.. However, the combination Fe 2qr
CNyrascorbic acid potentiated the effect of H 2 O 2 , whereas
the combination Fe 2qrCNyrdithiothreitol did not. The
extra toxicity of sodium nitroprussiderascorbic acid as
compared to sodium nitroprussiderdithiothreitol ŽTable 2.
probably can be explained by the pro-oxidant action of
Fe 2qrascorbic acid. It did not make any difference whether
sodium nitroprussiderdithiothreitol was removed after 0.5
h or whether sodium nitroprussiderdithiothreitol was present throughout the incubation period of 16 h ŽTable 2.,
indicating that further metabolism of sodium nitroprusside
after 0.5 h did not contribute to the toxic effect.

Table 2
Effect of sodium nitroprusside and reductants or substances produced in the presence of sodium nitroprusside and reductants on cell death
Condition

%Cell death

Control
Ascorbic acid Ž0.5 mM.
Dithiothreitol Ž0.5 mM.
Fe 2q Ž0.25 mM.
CNy Ž1.25 mM.
wFeŽCN. 6 x 4y Ž0.25 mM.
wFeŽCN. 6 x 3y Ž0.25 mM.
Fe 2q Ž20 mM.rCNy Ž60 mM.rascorbic acid Ž0.5 mM.
Fe 2q Ž50 mM.rCNy Ž150 mM.rdithiothreitol Ž0.5 mM.
H 2 O 2 Ž0.25 mM.
Fe 2q Ž20 mM.rCNy Ž60 mM.rascorbic acid Ž0.5 mM.rH 2 O 2 Ž0.25 mM.
Fe 2q Ž50 mM.rCNy Ž150 mM.rdithiothreitol Ž0.5 mM.rH 2 O 2 Ž0.25 mM.
sodium nitroprusside Ž0.5 mM.rascorbic acid Ž0.5 mM. Ž16 h.
sodium nitroprusside Ž0.5 mM.rdithiothreitol Ž0.5 mM. Ž16 h.
sodium nitroprusside Ž0.5 mM.rdithiothreitol Ž0.5 mM. Ž0.5 h.; yŽ15.5 h.

0.0 " 3.8
1.5 " 2.7
y1.9 " 0.0
5.7 " 3.0
2.8 " 0.3
5.8 " 6.9
2.8 " 0.5
0.2 " 1.2
0.0 " 3.3
36.0 " 7.7 a
62.9 " 2.5a
31.7 " 7.7 a
51.9 " 4.3 a
27.5 " 0.6 a,b
31.3 " 3.2 a

The concentrations Fe 2q and CNy in the combinations with ascorbic acid or dithiothreitol are based on the concentrations Fe 2q measured as released
from 0.5 mM sodium nitroprusside by 0.5 mM ascorbic acid or 0.5 mM dithiothreitol. CHP212 cells were exposed to the above substances for 16 h unless
otherwise indicated. Data represent means " S.E.M. of triplicate determinations.
a
Indicates a significant difference from control.
b
Indicates a significant difference from the effect of sodium nitroprussiderascorbic acid.
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4. Discussion
4.1. S-nitroso-N-acetylpenicillamine and sodium nitroprusside induce apoptosis in CHP212 cells
In the present study the annexin V-FITC bindingrpropidium iodide uptake assay was used to monitor apoptotic
and necrotic cell death. Apoptotic cells expose phosphatidylserine residues at their outer plasma membrane
leaflet, before membrane integrity is lost. The apoptotic
state of a cell can be visualized by binding of annexin
V-FITC to phosphatidylserine and exclusion of the DNAintercalating dye propidium iodide. By contrast, in primary
necrotic and secondary necrotic cells, phosphatidylserine
residues at the inner plasma membrane will become accessible to annexin V as soon as the cells lose their membrane
integrity. Therefore, a primary necrotic or secondary
necrotic cell will bind annexin V and stain with propidium
iodide. Microscopically, primary necrotic cells are characterized by a diffuse nuclear morphology, whereas apoptotic
cells and secondary necrotic cells are characterized by
their typical nuclear fragmentation.
It was shown in the present study that cell death in
cultures exposed to relative low concentrations S-nitrosoN-acetylpenicillamine, sodium nitroprusside or H 2 O 2 was
primarily of the apoptotic type. In the presence of 0.25
mM S-nitroso-N-acetylpenicillamine, first annexin V-FITC
binding cells appeared, which at a later stage showed
propidium iodide uptake. In the presence of 0.5 mM
sodium nitroprusside or 0.5 mM H 2 O 2 the shift from
apoptosis to secondary necrosis was less clear or not clear
at all, although microscopic analysis showed that cell death
for the most part was of the apoptotic type. At relatively
high concentrations of S-nitroso-N-acetylpenicillamine or
H 2 O 2 , CHP212 cells became primary necrotic. The phenomenon that cells can become apoptotic or primary
necrotic depending on the intensity of the insult has been
described by Whittemore et al. Ž1995. and Kaal et al.
Ž1998. for cortical neurons exposed to H 2 O 2 and motoneurons exposed to FeŽIII.rascorbate, respectively. Whittemore et al. Ž1995. showed that exposure to H 2 O 2 resulted
in loss of mitochondrial activity. It is quite conceivable
that extensive loss of mitochondrial activity caused by
high concentrations of H 2 O 2 or NO may impair the ability
of the cell to become apoptotic, since apoptosis requires
energy Že.g. Leist et al., 1997..
4.2. Decomposition of S-nitroso-N-acetylpenicillamine and
sodium nitroprusside
In our culture conditions NO was released faster from
S-nitroso-N-acetylpenicillamine than from sodium nitroprusside. This may explain the slower onset of the effect of
sodium nitroprusside on apoptosis in CHP212 cells. Both
S-nitroso-N-acetylpenicillamine and sodium nitroprusside
were shown not to decompose spontaneously in tissue
culture medium. However, these compounds decomposed
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in the presence of cells. This is in agreement with data
from Gordge et al. Ž1998., who reported that different cell
types enhanced the decomposition of S-nitrosoglutathione,
which was ascribed to the activity of a S-nitrosoglutathione lyase. The decomposition of S-nitroso-N-acetylpenicillamine appeared to be at an extracellular site, since the
formation of apoptotic cells could be blocked by cell
impermeable oxyhemoglobin. This suggests that the putative S-nitrosothiollyase is an extracellular enzyme. Findings from several laboratories indicate that NO is released
from sodium nitroprusside after cellular internalization Že.g.
Bates et al., 1991; Rao et al., 1991.. The finding that
oxyhemoglobin, catalase and superoxide dismutase, which
are all three cell impermeable, did not inhibit the toxicity
of sodium nitroprusside also favor this notion. Deferoxamine was able to protect cells from sodium nitroprusside, but
deferoxamine is a cell permeable compound. Most of the
NO released from S-nitroso-N-acetylpenicillamine in the
presence of cells was converted to NOy
2 , which is formed
by the reaction of NO and O 2Py. Accumulation of NOy
2
accounted for less than 15% of the decomposition of
sodium nitroprusside in the presence of cells. Most of the
NO released from sodium nitroprusside, therefore, did not
appear to be converted to NOy
2 , suggesting a different fate
y
of NO, possibly conversion to NOy
as
3 with ONOO
intermediate.
Although sodium nitroprusside is used as a NO donor it
has been reported by several laboratories that sodium
nitroprusside can be decomposed to a number of other
toxic compounds that may be toxic themselves Že.g. Bates
et al., 1991; Rao et al., 1991.. Moreover, sodium nitroprusside may participate in redox cycling with the production
Že.g. Bates et al., 1991; Rao et al., 1991.. Accordof O Py
2
ing to our findings, the production of O Py
and H 2 O 2 from
2
sodium nitroprusside in the presence of a reductant is more
important than the production of NO. During decomposition of sodium nitroprusside, wFeŽCN.5 NOx 3y can be
formed. NO can be formed from this intermediate according to:
Fe Ž CN . 5 NO

3y

™ FeŽ CN. NO
™ 2 FeŽ CN.

2y

3 Fe Ž CN . 4 NO

However, wFeŽCN.5 NO
ing to:
3y

q Fe 2qq 3NO P

Ž 1.
Ž 2.

can react with oxygen accord-

q O2

™ FeŽ CN. NO
5

™

q CNy

4y

6

x 3y

Fe Ž CN . 5 NO

2y

4

2y

Ž nitroprusside. q O Py
2

Ž 3.

From our results it can be concluded that reaction Ž3. is
much more prevalent than reaction Ž2..
4.3. ONOO y may not be inÕolÕed in apoptosis induced by
S-nitroso-N-acetylpenicillamine
To assess the involvement of ONOOy in the toxicity of
S-nitroso-N-acetylpenicillamine and sodium nitroprusside
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towards CHP212 cells, urate was used as a ONOOy
scavenger Že.g. Szabo and Salzman, 1995; Xie and Wolin,
1996.. Urate did not protect the cells against either Snitroso-N-acetylpenicillamine or sodium nitroprusside,
suggesting that ONOOy was not involved in the cell death
found, whereas some protection of urate against SIN-1 was
observed. It should be mentioned, however, that ascorbate
and dithiothreitol can react with ONOOy as well ŽRadi et
al., 1991; Shi et al., 1994., and were protective. Ascorbate
and dithiothreitol, but not urate, increased the rate of
decomposition of S-nitroso-N-acetylpenicillamine. Increased rate of decomposition of S-nitroso-N-acetylpenicillamine could reduce the toxicity of S-nitroso-N-acetylpenicillamine towards CHP212 cells. CHP212 cells may
be able to withstand short durations of exposure to high
concentrations of NO. During this time, apparently no
irreversible damage is done to the cell. Just recently,
Clementi et al. Ž1998. showed that the sustained presence
of NO, without the involvement of ONOOy, causes persistent inhibition of cell respiration by S-nitrosylation of
mitochondrial complex I. Apoptosis induced by NO in
CHP212 cells might also cause S-nitrosylation without
involvement of ONOOy, although the molecular targetŽs.
in this case are not known as yet.
In our cell culture conditions SIN-1 was more toxic in
the presence than in the absence of superoxide dismutase
and catalase. Superoxide dismutase and catalase reduce the
production of ONOOy in favor of the formation of NO.
From this is can be concluded that ONOOy is not more
toxic to CHP212 cells than NO. Surprisingly, S-nitroso-Nacetylpenicillamine was more toxic than SIN-1rsuperoxide dismutasercatalase. This may be related to the fact
that SIN-1 decomposes spontaneously Žwith a reported
half-life of about 2 h. ŽPfeiffer and Mayer, 1998. and to
the finding that S-nitroso-N-acetylpenicillamine requires
the presence of cells to decompose. Consequently, Snitroso-N-acetylpenicillamine may cause a higher flux of
NO in the vicinity of cells than SIN-1rsuperoxide dismutasercatalase.
Finally we increased the production of endogeneous
O Py
by exposure of the cells to MPPq. This did not
2
increase the toxicity of S-nitroso-N-acetylpenicillamine,
which would not be expected were the production of
ONOOy be involved. Indeed, it has been shown that
MPPq causes NO to become toxic to dopaminergic neurons ŽSawada et al., 1996., suggesting a role for ONOOy
in this case.
Several studies have addressed the issue whether it is
NO, be it produced endogenously or derived from a donor,
or the metabolite ONOOy that is the toxic species. The
finding that MnTBAP Ž Mn Ž III . tetrakis Ž 4-benzoic
acid.porphyrin chloride. protects cells from NO-induced in
some cases has been taken as evidence for a role of
ONOOy Že.g. Arstall et al., 1999., although a direct role
for O Py
cannot be excluded as well. In other cases, it
2
seems that NO does not require conversion to ONOOy to

become toxic. For instance, MnTBAP did not protect
primary cultured motoneurons from NO-induced apoptosis
ŽKaal et al., 1999.. Urate did not protect RAW 2647
macrophages against NO cytotoxicity, inspite of the finding that overexpression of Cu, Zn superoxide dismutase
was protective in this case ŽBrockhaus and Brune, 1999..
Our study suggests that both NO and ONOOy can be toxic
to CHP212 cells.
In principle several forms of NO could be responsible
for cell death induced by S-nitroso-N-acetylpenicillamine,
that is NO P, NOq or NOy. Several reasons favor a role for
NO P as the apoptosis inducing species, however. First,
oxyhemoglobin, which only scavenges NO P, inhibited
apoptosis induced by S-nitroso-N-acetylpenicillamine. Second, NOq is neither scavenged by oxyhemoglobin nor
methemoglobin ŽArnelle and Stamler, 1995.. Third, the
transnitrosylation of NO from S-nitroso-N-acetylpenicillamine to dithiothreitol can produce a NOy releasing
species ŽArnelle and Stamler, 1995., whereas dithiothreitol
reduced the toxicity of S-nitroso-N-acetylpenicillamine.
Admittedly, NOy is released fast from S-nitrosodithiothreitol, but so would it be from any S-nitrosodithiol that
might be formed.
4.4. H2 O2 and r or iron may mediate apoptosis induced by
sodium nitroprusside
Sodium nitroprusside not only is a NO donor but releases several other potentially toxic products, including
CNy and Fe 2q Že.g. Rao et al., 1991.. These products by
themselves, however, were not able to cause an appreciable number of apoptotic cells. In addition, sodium nitroprusside and decomposition products of sodium nitroprusside can participate in redox cycling reactions in the
presence of a reductant, which has been shown by Rao et
al. Ž1991.. It could be shown that superoxide dismutase
and catalase prevented the effect of sodium nitroprussider
dithiothreitol on the number of dead cells. This is evidence
for the involvement of the production of O Py
and H 2 O 2 in
2
cell death mediated by sodium nitroprussiderdithiothreitol
or in cell culture conditions. The observation that superoxide dismutase and catalase did not protect from sodium
nitroprusside without dithiothreitol Žactually superoxide
dismutase somewhat potentiated toxicity., might be explained by the fact that superoxide dismutase and catalase
cannot enter the cell. The small potentiating effect of
superoxide dismutase on apoptosis induced by sodium
nitroprusside remains difficult to explain.
Without the presence of an external reductant the reducing power for decomposition of sodium nitroprusside has
to be provided by the cell. It was argued above that sodium
nitroprusside probably has to be taken up by the cell to be
decomposed. In principle, sodium nitroprusside can genery
and Fe 2q inside the cell.
ate NO, O Py
2 , H 2 O 2 , CN
Evidence was obtained that Fe 2q is involved in the apop-
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tosis induced by sodium nitroprusside. Chelation of iron by
a cell permeable iron chelator, deferoxamine, abrogated
the toxic effect of sodium nitroprusside in both CHP212
and PC12 cells. It is known from the literature that H 2 O 2
requires the presence of iron to become toxic Že.g. Starke
and Farber, 1985.. Interestingly, both deferoxamine and
sodium nitroprusside were toxic to CHP212 cells, whereas
the combination of the two was less toxic than each of the
substances separately. Deferoxamine probably is toxic because iron is necessary for normal physiological functioning Že.g. Blatt and Stitely, 1987.. The protective effect of
sodium nitroprusside against deferoxamine suggests that
sodium nitroprusside delivers iron to the cell either in
concentrations that are not toxic, or at sites where it is not
toxic but where it can sustain physiological functioning.
Additional arguments can be given here to support the
notion that sodium nitroprusside has to be taken up by the
cell to become toxic. If Fe 2q were to be generated outside
the cell from sodium nitroprusside and to account for its
toxicity extracellular Fe 2q would be toxic, but it was not.
If Fe 2q required H 2 O 2 generated outside the cell from
sodium nitroprusside catalase would be protective, but it
was not.
4.5. Final remarks and conclusions
With respect to the toxicity of sodium nitroprusside
towards neuronal cells some additional remarks should be
made. Lipton et al. Ž1993. previously observed that the
toxicity of sodium nitroprusside is increased by ascorbic
acid or dithiothreitol. They explained this by the fact that
in the presence of reductants the release of NO from
sodium nitroprusside is increased. In the light of our
results this explanation does not seem to be valid anymore.
It has also been proposed that sodium nitroprusside is a
donor of NOq, whereas S-nitroso-N-acetylpenicillamine is
not ŽMessmer et al., 1995; Vallette et al., 1996; Khan et
al., 1997.. This could explain different actions of the two
donors. This notion also has to be considered with care in
view of the evidence that Fe 2q andror H 2 O 2 mediated the
toxicity of sodium nitroprusside in CHP212 cells. Moreover, NOq is immediately hydrolysed to NOy
under
2
physiological and cell culture conditions ŽButler et al.,
1995..
Our data are compatible with the schematic representation in Fig. 10. NO formed at a distance from the cell is
not toxic, probably because it is converted to NOy
2 or
NOy
3 before it is able to reach the cell. NO formed in close
vicinity to the cell may be able to induce apoptosis.
Sodium nitroprusside probably has to be taken up by the
cell for decomposition and intracellularly it can generate
H 2 O 2 . ONOOy does not appear to be directly involved in
apoptosis induced by sodium nitroprusside or S-nitroso-Nacetylpenicillamine in CHP212 cells.
In conclusion, our results show that S-nitroso-Nacetylpenicillamine and sodium nitroprusside can induce a
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Fig. 10. Schematic representation of production of reactive oxygen
species by sodium nitroprusside ŽSNP. and S-nitroso-N-acetylpenicillamine ŽSNAP. in the presence of cells, with and without dithiothreitol
ŽDTT., leading to apoptosis. Places where different agents influence the
decomposition or inhibit the action of sodium nitroprusside and S-nitrosoN-acetylpenicillamine are indicated. Dithiothreitol accelerates the decomposition of S-nitroso-N-acetylpenicillamine and sodium nitroprusside.
Hemoglobin ŽHb. blocks the action of S-nitroso-N-acetylpenicillamine.
Superoxide dismutase ŽSOD., catalase Žcat. and deferoxamine ŽDFO.
inhibit the action of sodium nitroprusside.

type of cell death in a neuroblastoma line that is indistinguishable from apoptosis. However, S-nitroso-N-acetylpenicillamine and sodium nitroprusside induced apoptosis
at different concentrations and with different time courses.
The evidence suggests that sustained low fluxes of the NO
appear to induce apoptosis in CHP212 cells. Moreover, it
could be shown that Fe 2q and H 2 O 2 , rather than NO, is
involved in apoptosis induced by sodium nitroprusside.
The model system developed for this study will be used in
future studies to elucidate the mechanism of NO-induced
apoptosis in neuronal cells.
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