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ABSTRACT Nitric oxide, NO, which is generated by var-
ious components of the immune system, has been presumed to
be cytotoxic. However, NO has been proposed to be protective
against cellular damage resulting during ischemia reperfusion.
Along with NO there is often concomitant formation of super-
oxide/hydrogen peroxide, and hence a synergistic relationship
between the cytotoxic effects of nitric oxide and these active
oxygen species is frequently assumed. To study more carefully
the potential synergy between NO and active oxygen species in
mammalian cell cytotoxicity, we utilized either hypoxan-
thine/xanthine oxidase (a system that generates superox-
ide/hydrogen peroxide) or hydrogen peroxide itself. NO gen-
eration was accomplished by the use of a class of compounds
known as "NONOates," which release NO at ambient tem-
peratures without the requirement of enzyme activation or
biotransformation. When Chinese hamster lung fibroblasts
(V79 cells) were exposed to hypoxanthine/xanthine oxidase for
various times or increasing amounts of hydrogen peroxide,
there was a dose-dependent decrease in survival of V79 cells as
measured by clonogenic assays. However, in the presence of
NO released from (C2Hs)2N[N(O)NO]FNa+ (DEA/NO), the
cytotoxicity resulting from superoxide or hydrogen peroxide
was markedly abrogated. Similarly, primary cultures of rat
mesencephalic dopaminergic cells exposed either to hydrogen
peroxide or to hypoxanthine/xanthine oxidase resulted in the
degradation of the dopamine uptake and release mechanism.
As was observed in the case of the V79 cells, the presence ofNO
essentially abrogated this peroxide-mediated cytotoxic effect on
mesencephalic cells.

Nitric oxide, NO, is one of the proposed cytotoxic species
produced by the immune surveillance system (1, 2). Many
reports also suggest that during the ischemia reperfusion
event, NO mediates tissue injury (3-12). However, it has
been suggested that NO can function as a protective agent on
the basis of two lines of evidence: (i) NO synthase (NOS)
inhibitors increase tissue damage during in vivo ischemia
reperfusion within the cerebral cortex, and (ii) in more direct
evidence, NO has been shown to prevent damage during
ischemia reperfusion events in both brain and heart (13-18).
Additional studies provide evidence that NO, though pres-
ent, plays a minimal role in the pathological effects associated
with ischemia reperfusion injury (19, 20) or tumor necrosing
factor-mediated cytotoxicity (21). Unfortunately, the exact
role(s) NO plays in cytotoxicity in vivo is not clear because
there are a number of different physiological functions NO or
the NOS inhibitors could affect simultaneously. It has been
proposed that NO or reactive nitrogen oxide species can
directly cause cell death. However, primary neuronal cell
cultures exposed to concentrations of NO as high as 1 mM

show no adverse effects (22, 23). Many of the biological
events in which NO has been proposed as a toxin occur
concurrently with the production of reactive oxygen spe-
cies-e.g., immune response and ischemia reperfusion in-
jury.
To clarify the relationship between the cytotoxic proper-

ties of the reactive oxygen species and NO, it is necessary to
simplify the system. We now show that NO released from a
series ofcompounds known as the "NONOates" (24), which
are R1R2N[N(O)NO]-, is capable of abrogating the hydrogen
peroxide-mediated cytotoxic effects in Chinese hamster lung
fibroblasts and mesencephalic dopaminergic neurons.

MATERIALS AND METHODS
Chemicals. Hypoxanthine (HX) and xanthine oxidase (XO)

were purchased from Boehringer Mannheim. Sodium nitrite,
diethylamine, sulfinamide, diethylenetriaminepentaacetic
acid, and N-(1-naphthyl)ethylenediamine dihydrochloride
were purchased from Aldrich. Cytosine /3-D-arabinofurano-
side and ferricytochrome c were purchased from Sigma.
(C2H5)2N[N(O)NO]-Na+ (DEA/NO; Chemical Abstracts
Service Registry Number 86831-65-4) and (H2N)(CH2)3N-
[N(O)NO]-(CH2)4NH2+(CH2)3NH2 (SPER/NO; Chemical
Abstract Service Registry Number 136587-13-8) were syn-
thesized and assayed for NO production via chemilumines-
cence technique as described (24).
Enzyme Analysis/Controls. The activity of XO was mon-

itored in the absence and presence of 1 mM DEA/NO by two
different assays. (i) Superoxide-induced reduction of ferri-
cytochrome c to ferrocytochrome c was monitored spectro-
photometrically at 550 nm (25). The reaction was carried out
in a 1-ml volume in aerated 50 mM phosphate buffer (pH 7.8)
containing 50 ,AM diethylenetriaminepentaacetic acid. HX
was maintained at 2.5 mM and ferricytochrome c at 20 ,uM.
The reactions were initiated with the addition of XO (final
concentration 0.2 units/ml). (ii) The activity of XO in the
absence and presence of 1 mM DEA/NO was directly
monitored by measuring the production of uric acid spectro-
photometrically at 305 nm for 10 min. All conditions were
identical to that used above except for the deletion of
ferricytochrome c. All enzymatic assays and chemical reac-
tions were performed at 37°C.

Saturated NO solutions were made as described (26).
Anaerobic solutions of 1 mM hydrogen peroxide in 10 mM
phosphate buffer (pH 7.4) were mixed with 1 mM NO. No
rapid formation of nitrate/nitrite (<1000 s) was observed as
monitored at 210 nm by previously described stopped-flow
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techniques (26). In addition, the nitrosation of sulfinamide in
an aerobic solution (100 mM phosphate buffer, pH 7.4) by
intermediates of the NO/02 reaction followed by subsequent
diazotization with N-(1-naphthyl)ethylenediamine dihydro-
chloride to form the azo dye was not inhibited in the presence
of 1 mM hydrogen peroxide; thus, the consumption ofNO by
hydrogen peroxide was not significant under these condi-
tions. The rate of decomposition ofDEA/NO was unaffected
by the presence of 1 mM hydrogen peroxide; likewise,
hydrogen peroxide was not consumed by DEA/NO or inter-
mediates of the DEA/NO decomposition reaction as mea-
sured by the production of I- as follows (27). A 1 mM
DEA/NO solution was allowed to decompose in the presence
of 1 mM hydrogen peroxide in 50 mM phosphate buffer (pH
7.4) containing 0.1 mM diethylenetriaminepentaacetic acid at
37°C. There was no difference in the H202 levels in the
presence and absence of DEA/NO as measured by spectro-
photometrically monitoring the formation of I3 from 1- as
described (27).

Cell Culture. Chinese hamster V79 cells. Chinese hamster
V79 lung fibroblasts were cultured in F-12 medium supple-
mented with 10% (vol/vol) fetal calf serum and antibiotics.
Cell survival was assessed by clonogenic assay, with the
plating efficiency ranging between 85% and 95%. Stock
cultures of exponentially growing cells were trypsinized,
rinsed, and plated (7 x 105 cells per dish) into a number of
100-cm2 Petri dishes and incubated 16 hr at 37°C prior to
experimental protocols. Cells were exposed to HX/XO (final
concentration, 0.5 mM/0.08 unit/ml, respectively) as a func-
tion of time or to various concentrations of hydrogen perox-
ide for 1 hr. DEA/NO, SPER/NO, nitrite, or diethylamine
(final concentration, 0.1 or 1 mM) were added to parallel
cultures immediately prior to addition of HX/XO or hydro-
gen peroxide. Additionally, for some experiments 1 mM
DEA/NO was added to medium (without cells) and incubated
at 37°C for either 60 min or 16 hr. These solutions were then
added just prior to the addition of hydrogen peroxide to
evaluate the effects of DEA/NO, which had released NO.
After treatment the cells were washed twice with phosphate-
buffered saline, trypsinized, counted, and plated in triplicate
for macroscopic colony formation. Each dose determination
was plated in triplicate, and experiments were repeated a
minimum of two times. Plates were incubated 7 days, after
which colonies were fixed with methanol/acetic acid, 3:1
(vol/vol), stained with crystal violet, and counted. Colonies
containing >50 cells were scored. Error bars represent the
SD of the mean and are shown when larger than the symbol.
Primary cultures of mesencephalic neurons. The ventral

tegmental mesencephalon was dissected from 14-day-old
embryos (precisely timed pregnant Sprague-Dawley rats;
Zivic-Miller) under sterile conditions and mechanically dis-
sociated in complete culture medium. The culture medium
consisted of 1:1 mixture of modified minimal essential me-
dium and nutrient mixture F-12 supplemented with 6 mg of
D-glucose per ml, 2 mM glutamine, 0.5 unit ofpenicillin G per
ml, 0.5 mg of streptomycin per ml (all from GIBCO), and 15%
(vol/vol) equine serum (HyClone Sterile Systems). Cells
were plated at a density of 40,000 cells per cm2 into multiwell
plates (Costar) that had been coated with poly(D-lysine) (15
,g/ml) and laminin (10 ,ug/ml). The cells were maintained
5-7 days at 37°C in an atmosphere of 95% air and 5% CO2
saturated with H20. To inhibit glial cell growth, 1 uM
cytosine f3D-arabinofuranoside was added on day S in cul-
ture.

[3H]Dopamine Uptake. The cells in each well were washed
three times with 1 ml of phosphate-buffered saline containing
6 mg of D-glucose per ml and thereafter Dulbecco's modified
Eagle's medium (Quality Biological, Framingham, MA) con-
taining D-glucose at 6 mg/ml and 50 ,tM ascorbic acid.
[3H]Dopamine (New England Nuclear; specific activity, 45

Ci/mmol) was added to 50 nM, and the mixture was incu-
bated for 15 min at 37°C. [3H]Dopamine uptake was stopped
by aspirating the incubation solution and washing the cells
three times with ice-cold phosphate-buffered saline contain-
ing D-glucose at 6 mg/ml. The cells were removed by washing
the wells with equal volumes of 0.2 M NaOH and 0.2 M HCI
containing 0.02% Triton X-100. The residual intracellular
radioactivity was determined by scintillation spectroscopy.

RESULTS
To test the cellular effects ofNO released by the NONOates
in the presence of reactive oxygen species, Chinese hamster
V79 cells were exposed to the HX/XO reaction (which
generates superoxide and hydrogen peroxide) or hydrogen
peroxide alone in the absence or presence of DEA/NO.
Treatment with 1 mM DEA/NO alone was not cytotoxic. In
the absence of DEA/NO, exposure of V79 cells for various
time intervals to HX/XO resulted in cell killing (Fig. 1
Upper). However, in the presence of 1 mM DEA/NO, the
cytotoxic effects resulting from exposure to HX/XO were
markedly inhibited. A lower DEA/NO concentration (0.1
mM) provided only marginal protection (Fig. 1 Upper). The
decomposition products of 1 mM DEA/NO-namely, 1 mM
diethylamine or 1 mM nitrite-did not afford the protection
observed for DEA/NO (Fig. l-Lower). SPER/NO (1 mM)
which releases NO at a rate 0.06 times that ofDEA/NO also
provided protection in V79 cells against HX/XO-induced
cytotoxicity.

It was independently verified that neither 1 mM DEA/NO
nor its decomposition products, 1 mM diethylamine or 1 mM
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FIG. 1. (Upper) Survival of Chinese hamster cells exposed to
HX/XO as a function of time in the absence (o) or presence of 1 mM
DEA/NO (o), 0.1 mM DEA/NO (A), or 1 mM SPER/NO (m).
(Lower) Survival of Chinese hamster cells exposed to HX/XO as a
function of time in the absence (o) or presence of 1 mM diethylamine
(m) or 1 mM nitrite (o). *, P < 0.05; or t, P < 0.005 (both when
compared with respective controls by Student's t test).
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nitrite, preincubated with the enzyme inhibited the activity of
XO as measured by the production of superoxide (ferricy-
tochrome c reduction). Furthermore, the uric acid production
was not inhibited by the presence of DEA/NO as monitored
by UV absorption changes at 305 nm (data not shown). These
data indicate that substrate turnover is not reversibly or
irreversibly inhibited. However, the presence of DEA/NO
did inhibit the superoxide dismutase-sensitive ferricy-
tochrome c reduction, suggesting that either reduction of
oxygen to form superoxide was inhibited or that NO scav-
enged the HX/XO-generated superoxide to form peroxyni-
trite anion, OONO-, which was then rapidly converted to
nitrate.

Fig. 2 Upper shows survival curves for V79 cells exposed
to various concentrations of hydrogen peroxide for 1 hr.
DEA/NO (1 mM) provided essentially complete protection
against hydrogen peroxide cytotoxicity. Diethylamine (1
mM) had no effect on hydrogen peroxide cytotoxicity, while
nitrite (1 mM) slightly potentiated hydrogen peroxide cyto-
toxicity by hydrogen peroxide concentrations > 0.5 mM (Fig.
2 Lower). In a separate experiment, V79 cells were exposed
to a solution of 1 mM DEA/NO for 1 hr prior to addition of
hydrogen peroxide. This resulted in only modest protection
of the cells from the cytotoxic effects of added hydrogen
peroxide (Fig. 2 Upper) and was certainly not protective to
the extent found when DEA/NO was added just prior to
hydrogen peroxide addition. However, DEA/NO incubated
for 16 hr in medium prior to addition of hydrogen peroxide
enhanced the cytotoxicity of hydrogen peroxide (Fig. 2
Upper) similar to that seen for nitrite (Fig. 2 Lower). In
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FIG. 2. (Upper) Survival of Chinese hamster cells exposed to
various concentrations of hydrogen peroxide for 1 hr in the absence
(o) and presence of 1 mM DEA/NO (e) or 1 mM DEA/NO allowed
to release NO 60 min (o) or 16 hr (A) prior to hydrogen peroxide
addition. (Lower) Survival of Chinese hamster cells exposed to
various concentrations of hydrogen peroxide for 1 hr in the absence
(o) and presence of 1 mM diethylamine (m) or 1 mM nitrite (e). *, P
< 0.05; or t, P < 0.005 (both when compared with respective controls
by Student's t test).

addition, cells first treated for 1 hr with hydrogen peroxide
followed by a 1-hr treatment with 1 mM DEA/NO did not
afford any protection (data not shown). Chemical controls
demonstrated that the rate of formation of NO due to the
decomposition of DEA/NO was not altered by the presence
of hydrogen peroxide. Conversely, hydrogen peroxide was
not consumed in the presence ofDEA/NO (data not shown).
These results show that the NO-generating compounds must
be present during hydrogen peroxide exposure to be protec-
tive.

It has also been noted that inhibitors of XO reduce the
toxicity induced by kainate in cerebellum neurons, suggest-
ing the intermediacy of reactive oxygen species (28, 29).
Since NO protects against superoxide and hydrogen perox-
ide-mediated cytotoxic effects in V79 cells, it may be plau-
sible that during an ischemia reperfusion event, where reac-
tive oxygen species are generated, cells capable ofgenerating
NO are protected. To test this hypothesis, we assayed the
effects of hydrogen peroxide and HX/XO on 3[H]dopamine
uptake of rat mesencephalic embryonic cells. Exposure of
these cells to 50 ,uM hydrogen peroxide for 1 hr or to 0.04 unit
of HX/XO per ml for 5 or 10 min resulted in the loss of the
cell's ability to take up 3[H]dopamine as shown in Table 1. In
contrast, when 50 AM DEA/NO was added together with
hydrogen peroxide or HX/XO, complete protection oc-
curred. Since radiolabeled dopamine uptake can be used as
a measure for neurite viability, it can be inferred that NO
protects neurons from damage induced by reactive oxygen
species. A 1-hr exposure of cells to hydrogen peroxide
resulted within the next 18 hr to the formation of large
swellings in neurites and swelling of the soma (Fig. 3B).
Exposure of cells to 100 ,uM DEA/NO for 60 min failed to
cause morphological changes (Fig. 3D). The appearance of
neurites and soma was similar as in nontested cells (Fig. 3A).
Exposure to HX/XO for as short as 5 min elicited similar
morphological changes in mesencephalic neurons (Fig. 3C).
In the presence of 100 ,uM DEA/NO, there was marked
protection of cells from the damage induced by exposure to
hydrogen peroxide (Fig. 3E) orHX/XO (Fig. 3F) because the
abnormalities in the neurites and cell bodies were prevented.

DISCUSSION
The role that nitric oxide plays in cytotoxic events is unclear.
Some reports have portrayed NO as a toxic agent and
suggested a role for this agent in mediating neurotoxicity in
ischemia reperfusion injury (3-12). Yet, other reports suggest
that NO may have a protective effect during ischemia reper-

Table 1. [3H]Dopamine uptake in primary cultures of
mesencephalic neurons exposed to H202 or to HX/XO in the
presence or absence of 100 Am DEA/NO

Addition to Time of [3H]Dopamine uptake,
Incubation Medium exposure, pmol per well per 15 min

Agent Conc. min Control 100 AM DEA/NO
None - 2.9 ± 0.20 2.7 ± 0.11
H202 50 ,tM 60 0.63 ± 0.15* 2.8 ± 0.11

100 ,uM 60 0.15 ± 0.014* 2.6 ± 0.22
HX/XO 0.04 unit/ml 5 1.1 ± 0.21* 2.6 ± 0.15

0.04 unit/ml 10 0.36 ± 0.21* 2.3 ± 0.10

Cells were cultured for 7 days and then exposed to H202 or
HX/XO for the length of time indicated. The cells were washed with
phosphate-buffered saline containing 6 mg of D-glucose per ml;
culture medium was added to each well, and the incubation was
continued for 18 hr. [3H]Dopamine uptake was determined in six
wells per group (450,000 cells per well). Values are means ± SD for
six replicate experiments. Conc., concentration.
*P < 0.01 when compared with the nontreated group by Student's t
test.
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FIG. 3. Primary cultures of mesencephalic neurons exposed to hydrogen peroxide or to HX/XO. Photos were taken 18 hr after initial
treatments. (A) Control; (B) 100 ,uM hydrogen peroxide alone (1-hr exposure); (C) HX/XO (10-min exposure); (D) 100 ,M DEA/NO alone (1-hr
exposure); (E) 100 uM hydrogen peroxide plus 100 juM DEA/NO (1-hr exposure); (F) HX/XO plus 100 ,uM DEA/NO (10-min exposure).

fusion injury (13-18, 30). Primary cell cultures of various
types such as the two presented here and others reported
elsewhere clearly demonstrate that cells exposed to high
concentrations of NO are not adversely affected (22, 23).
These observations demonstrate that NO or the intermedi-
ates derived from the NO/02 reaction are not appreciably
cytotoxic under the conditions employed. Under biological
conditions where NO has been speculated to be a toxic
substance (i.e., cytolytic action of the immune system and
ischemia reperfusion), other potent toxic agents such as
hydrogen peroxide and superoxide also are present. This
underscores the importance of investigating the interplay
between NO and reactive oxygen species in the mediation of
cytotoxicity.
Exposure ofV79 cells to hydrogen peroxide orHX/XO has

been shown to be a good model for the study of the biological
effects of reactive oxygen species (31, 32). It has been shown
that hydrogen peroxide exposure to V79 cells results in
dose-dependent cytotoxicity (31). Furthermore, cytotoxicity
of HX/XO was not abated in the presence of superoxide
dismutase. In contrast, the protection resulting from the
presence of catalase clearly demonstrated that hydrogen
peroxide was the predominant toxin (31). The major difficulty
in accurately assessing the properties of NO in the presence
of reactive oxygen species has been the lack of a continuous
source of NO as would be expected for NOS in vivo. For
example, when a bolus of aqueous NO is administered to a
solution, the NO concentration decreases rapidly because of
the oxidation by 02 (26). A series of compounds containing
a [N(O)NO]- functional group, known as the NONOates, can
serve as NOS mimics releasing NO over a period of time in
a controlled and predictable fashion (24). When V79 cells
were treated with HX/XO or hydrogen peroxide in the
presence of DEA/NO, the cytotoxicity was substantially
reduced. These results clearly show that hydrogen peroxide-
mediated cytotoxicity can be prevented by the presence of a
NO-generating compound. When the experiments were car-
ried out in the presence of the NONOate SPER/NO, which

releases NO at a rate 0.06 times that of DEA/NO, less
protection against HX/XO cytotoxicity was observed. Since
the amount of NO produced over any time interval by
SPER/NO is less than DEA/NO, this suggests that NO
released from these complexes is responsible for the protec-
tion.I Further, a series of control experiments using decom-
position products of DEA/NO showed that the latter were
ineffective in protecting cells from hydrogen peroxide- or
HX/XO-induced cytotoxicity. The decomposition of
DEA/NO did not consume hydrogen peroxide or affect XO
substrate turnover. The biological and chemical controls
clearly indicate thatNO is mediating the protection observed.
Another possible toxic agent in mammalian cells is peroxy-

nitrite anion (OONO-), which would be expected to form in
the presence of O2 that is generated from XO and NO (11,
33-35). The reaction rate constant forNO and °2 is reported
to be 5.6 x 107 M-1s-1, with the product being the potent
oxidant (OONO-) (36). This anion has been speculated to
play a critical role in potentiating the toxic effects of NO,
although OONO- is rapidly converted at physiological pH to
nitrate. The quenching of °2 reduction of ferricytochrome c
by DEA/NO can be explained by the scavenging of the O°2
by NO to form peroxynitrite anion. However, any peroxyni-
trite anion which might be formed under the above conditions
does not induce cytotoxicity as shown in Fig. 1.
The most dramatic protection of hydrogen peroxide-

mediated cell damage was seen with the mesencephalic
dopaminergic cells (Table 1 and Fig. 3). Exposure of these
cells to 10% of the hydrogen peroxide used for V79 cells or
HX/XO resulted in a marked decrease of the ability of these
neurons to take up the neurotransmitter dopamine (Table 1).
As was seen for V79 cells, the presence of the NO-releasing

$Since direct reaction of reactive oxygen intermediates with the
NONOates would be expected to occur at a similar rate, it appears
that direct scavenging of the oxidizing intermediates is not taking
place. The products of DEA/NO-i.e., diethylamine and nitrite-
react with -OH at near diffusion controlled rates, yet show no
cytoprotection against hydrogen peroxide.
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agent DEA/NO completely eliminated the neurotoxic ef-
fects. Even more dramatic was the attenuation of the "tor-
pedo structures" (swellings) on the neurites (Fig. 3 E and F).
The presence of either hydrogen peroxide or HX/XO re-
sulted in the formation of these structures (Fig. 3 B and C);
however, in the presence of DEA/NO, this compromise of
the structural integrity of the fibers was prevented. It should
be emphasized that nitrogen oxide intermediates derived
from the NO/02 reaction did not result in observable changes
in the fiber structure (Fig. 3D). These data indicate that
membrane damage mediated by hydrogen peroxide was
prevented by NO.
The results of our study suggest a positive role for NO in

preventing the damage associated with reactive oxygen spe-
cies. Two biological end points with two sources of reactive
oxygen species clearly showed that NO serves to eliminate
the adverse effects associated with the oxygen species.
Hydrogen peroxide toxicity results from the formation of
oxidants derived from the reaction with metals or metallo-
proteins (37). A plausible explanation of our findings is that
NO blocks the formation of the hydroxyl radical equivalents
that result from the metal-mediated reduction of hydrogen
peroxide. In vitro experiments show NO to be an antioxidant
in Fenton-type reactions, although the chemical mechanism
is unclear (38). Preliminary data in our laboratory suggest that
an additional possibility might be that NO terminates free-
radical chain reactions within the lipid membrane (unpub-
lished data).

It has been stated that neurons that express NOS survive
an ischemia reperfusion event, whereas surrounding neurons
not expressing NOS die (3). The mechanism of the neuronal
cell death has been attributed to the migration of NO to
neighboring cells; however, since NO is a readily diffusible
gas in tissue (39), the highest concentration of NO would be
expected at the source with exponential dilution as the NO
migrates away from the cell. Therefore, if NO is a potent
toxin, the greatest cytotoxic effect would be expected to be
at the cells containing the NOS. From our results, it is more
reasonable to propose that the higher concentrations of NO
protect the NOS-containing cells from hydrogen peroxide-
mediated cell death and that cells further away from the
source would be perfused by exponentially decreasing
amounts of NO, and therefore would be protected to a lesser
extent.

Conclusions. The above results clearly show that NO
protects against hydrogen peroxide-mediated cell damage
and death. Our study also allows the comparison of cytotoxic
effects of a number of proposed toxic reactive small mole-
cules, including hydrogen peroxide-derived oxidants °2,
NO, and NO/02-derived intermediates. Results from this
study and others (31, 40) clearly indicate that hydrogen
peroxide-derived oxidants are the most cytotoxic of the
above agents. The presence of NO and HX/XO have been
suggested to form OONO-. Though OONO- may be formed,
the contribution of this anion to HX/XO-induced cytotoxic-
ity was negligible in the present studies. Our observations
suggest that NO may play a critical role in vivo in protecting
mammalian cells from toxic oxygen reactive species.
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