Peroxynitrite-Mediated DNA Strand Breakage Activates
Poly-Adenosine Diphosphate Ribosyl Synthetase and
Causes Cellular Energy Depletion in Macrophages
Stimulated with Bacterial Lipopolysaccharide
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The inducible isoform of nitric oxide (NO) synthase produces large quantities of NO, a cytotoxic free radical. Recent studies
show that treatment with exogenous NO produces DNA strand breaks, activating the nuclear repair enzyme poly(ADP)ribo-
syltransferase (PARS), which results in ADP ribosylation, NAD* consumption, and exhaustion of intracellular energy stores.
Here we have characterized the cytotoxic effect of endogenous NO and peroxynitrite, a reactive oxidant formed from NO and
superoxide. Immunostimulation of }774.2 macrophages with endotoxin resulted in the generation of superoxide (within 1 h) and
NO (after 8 h). NO production paralleled an increase in peroxynitrite formation and DNA strand breakage, and a decrease in
intracellular NAD™ content and mitochondrial respiration. Inhibition of NO synthase by N©-methyl-i-arginine or S-methyl-
isothiourea or inhibition of PARS activity by 3-aminobenzamide or nicotinamide prevented the decrease in mitochondrial
respiration and the depletion of NAD™. A similar pattern of free radical formation and cytotoxicity was observed in peritoneal
macrophages from endotoxemic rats (formation of NO, superoxide, peroxynitrite, and DNA strand breaks). In vivo treatment
with 3-aminobenzamide preserved mitochondrial respiration, NAD*, and ATP. Our data suggest that inflammatory cell injury
involved DNA strand breakage and PARS, triggering an energy-consuming, futile repair cycle leading to cellular energy deple-
tion. The active species responsible for the development of DNA strand breaks is peroxynitrite, rather than NO, since exogenous
peroxynitrite, but not NO, induces DNA strand breaks. Inhibition of PARS may improve cellular energy homeostasis in patho-

physiologic conditions associated with peroxynitrite generation.

induce the expression of a distinct inducible isoform of

nitric oxide (NO)> synthase (iNOS) in various cell types
(1, 2). The production of large amounts of NO by iNOS is cyto-
toxic, resulting in suppression of mitochondrial respiration, apo-
ptosis, and cell lysis (1-3). These mechanisms have been impli-
cated in the pathogenesis of cell injury associated with
inflammation, transplant rejection, and circulatory shock (1-7).

It is generally assumed that NO mediates cell injury by a co-
valent modification of critical iron-sulfur centers in the catalytic
domains of enzymes participating in mitochondrial electron
transport, such as NADH:ubiquinone oxidoreductase and NADH:
succinate oxidoreductase, and in the Krebs cycle, such as cis-
aconitase (1-3). An indirect mechanism of nitrogen free radical
injury has also been proposed, in which NO-mediated genomic
damage triggers a futile, energy-consuming repair cycle by acti-
vating the nuclear enzyme poly(ADP)ribosyltransferase (PARS, or
poly-ADP ribose polymerase; EC 2.42.30) (8-11). Activation of

P ro-inflammatory cytokines and endotoxin (bacterial LPS)
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PARS, a protein-modifying and nucleotide-polymerizing enzyme,
cleaves NAD" into ADP ribose and nicotinamide. PARS co-
valently attaches ADP ribose to various proteins, including an au-
tomodification domain of PARS itself, and then extends the initial
ADP ribose group into a nucleic acid-like polymer, poly(ADP)ri-
bose. Activation of PARS can rapidly deplete the intracellular con-
centration of its substrate, NAD ", slowing the rate of glycolysis,
electron transport, and, therefore, ATP formation, resulting in cell
dysfunction and cell death (12-21). This mechanism, known as the
PARS suicide hypothesis, has been previously characterized in re-
lation to oxidant and radiation injury (12-21). Evidence in support
of the PARS pathway as a mediator of the NO-mediated cytotox-
icity was recently obtained in pancreatic islet cells (7-10) and
neurons (11) exposed in vitro to high concentrations of NO-releas-
ing compounds.

Although it is assumed that NO per se mediates cytotoxicity in
cells expressing iNOS, there is evidence that pro-inflammatory cy-
tokines and LPS induce the production of both oxygen and nitro-
gen free radicals in macrophages, pancreatic islet cells, and neu-
rons (22-25). NO is known to react with superoxide anion to form
a potentially even more toxic species, peroxynitrite (26—28), a
potent suppressor of mitochondrial respiration and a potent anti-
microbial species (29-33). We have recently demonstrated in cul-
tured J774.2 macrophages that peroxynitrite is a far more potent
inducer of DNA strand breaks and activator of PARS than NO
(34), and we have proposed that the PARS-mediated cytotoxic effects
previously attributed to NO are, in fact, due to peroxynitrite.

Although PARS activation and energy depletion have been
demonstrated in various cells exposed to hydrogen peroxide (12—
17), in pancreatic islet cells and neurons exposed to NO (8-11),
and in macrophages exposed to peroxynitrite (34), it has not been
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established whether activation of PARS by NO or peroxynitrite is
relevant when oxidants or free radicals are produced endogenously
in immunostimulated cells. The first aim of the present study was
to investigate the potential activation of PARS by endogenous me-
diators in cultured macrophages and to elucidate the relevance of
PARS activation for the development of energy deficit in these
cells. The second aim of the investigations was to clarify whether
induction of iNOS (and subsequent production of NO or peroxyni-
trite) is involved in the activation of PARS in immunostimulated
macrophages. Our in vitro and ex vivo results demonstrate the
occurrence of DNA strand breakage and activation of PARS in
immunostimulated macrophages, implicate a role for PARS in the
development of cellular energy depletion in these cells, and
strongly support the view that activation of PARS is due to per-
oxynitrite, produced by the reaction of superoxide with NO, de-
rived by iNOS.

Materials and Methods

Animals

Male Wistar rats were purchased from Charles River Laboratories (Wilm-
ington, MA) and were housed under conventional conditions.

Materials

Three-aminobenzamide, bacterial LPS (Escherichia coli, serotype number
0127:B8), cytochrome c, digitonin, ethidium bromide, L-glutamine, MTT,
NADPH, nicotinamide, nitrate reductase (from Aspergillus), phenazine
methosulfate, and superoxide dismutase (from bovine erythrocytes) were
obtained from Sigma Chemical Co. (St. Louis, MO). DMEM, RPMI, and
FCS were obtained from Life Technologies (Grand Island, NY). Perchloric
acid and S-methyl-isothiourea sulfate (SMT) were obtained from Aldrich
Chemical Co. (St. Louis, MO). [PHINAD" was obtained from DuPont-
New England Nuclear (Boston, MA). N®-Methyl-L-arginine (L-NMA) was
purchased from Calbiochem (La Jolla, CA). Alcohol dehydrogenase and
NAD™ were obtained from Boehringer Mannheim (Indianapolis, IN). The
ATP detection kit was obtained from Analytical Luminescence Laboratory
(San Diego, CA). Dihydrorhodamine 123 was obtained from Molecular
Probes, Inc. (Eugene, OR).

Cell culture

The mouse macrophage cell line J774 (obtained from American Type Cul-
ture Collection, Rockville, MD) was cultured in DMEM supplemented
with L-glutamine (3.5 mM) and 10% FCS, as previously described (35).
Cells were cultured in 96-well plates (200 pl medium/well; ~60,000 cells/
well) or in 12-well plates (3 ml medium/well; ~1 million cells/well) until
80% confluence was reached.

Immediately before the experiments, medium was replaced with fresh
DMEM containing L-glutamine (3.5 mM) and 10% heat-inactivated FCS.
Cells were then treated with E. coli LPS (10 pg/ml) in the absence or the
presence of various concentrations (1 uM to 1 mM) of pharmacologic
inhibitors of NOS or PARS. Pilot experiments have determined that under
the present conditions, LPS at 1 and 10 wg/ml caused significant inhibition
of mitochondrial respiration at 24 h, and therefore, 10 pwg/ml LPS was used
for stimulation throughout the experiments. Various parameters (superox-
ide anion production, nitrite/nitrate concentration in the supernatant, per-
oxynitrite formation, DNA strand breakage, PARS activity, intracellular
NAD™" content, and mitochondrial respiration) were measured at various
time points (up to 24 h) after LPS treatment. Nitrite/nitrate and superoxide
production and mitochondrial respiration were measured in 96-well plates;
the other parameters were determined in 12-well plates. In an additional set
of investigations, the effects of a series of oxidative scavengers (catalase,
1000 U/ml; superoxide dismutase and catalase, both 1000 U/ml; and des-
feroxamine, 100 uM) was tested on the LPS-induced decrease in mito-
chondrial respiration. In these experiments, the scavengers were given to-
gether with LPS, and mitochondrial respiration was determined at 24 h.

Peritoneal macrophages from rats were harvested, as previously de-
scribed (36), by peritoneal lavage with RPMI medium containing L-glu-
tamine (3.5 mM), penicillin (50 U/ml), streptomycin (50 pg/ml), and hep-
arin sodium (10 U/ml). The cells were collected 1, 2, 3, and 5 h after the
1.p. injection of E. coli endotoxin (15 mg/kg), with or without a 10-min
pretreatment with 3-aminobenzamide (10 mg/kg, i.p.). The cells were
plated on 12-well plastic plates at 1 million cells/ml and incubated for 2 h
at 37°C in a humidified 5% CO, incubator. After incubation, supernatant
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was collected for the measurement of nitrite and nitrate. Nonadherent cells
were removed by rinsing the plates three times with 5% dextrose. After
removing nonadherent cells, adherent macrophages were scraped for the
measurement of DNA strand breaks and cellular ATP and NAD™ content.
Mitochondrial respiration, superoxide production, and peroxynitrite forma-
tion were measured in the adherent cells in the subsequent 1-h period. For
the measurement of nitrite and nitrate, cells were cultured in DMEM in-
stead of RPMI, since RPMI contains calcium nitrate.

Measurement of nitrite/nitrate concentration in
the supernatant

Nitrite was measured as previously described (35) by adding 100 ul of
Griess reagent (1% sulfanilamide and 0.1% naphthylethylenediamide in
5% phosphoric acid) to 100-ul samples of medium. The optical density at
550 nm (ODs5,) was measured using a Spectramax 250 microplate reader
(Molecular Devices, Sunnyvale, CA). Nitrite concentrations were calcu-
lated by comparison with the ODss, of standard solutions of sodium nitrite
prepared in culture medium. In some experiments, total nitrite/nitrate con-
centrations in the culture medium were also determined. For these studies,
nitrate in the culture medium was reduced to nitrite by incubation with
nitrate reductase (670 mU/ml) and NADPH (160 M) at room temperature
for 2 h. After 2 h, nitrite concentration in the samples was measured by the
Griess reaction.

Measurement of superoxide formation

The assay for superoxide release into the supernatant was conducted by
measuring superoxide dismutase-inhibitable reduction of ferricytochrome
¢, as previously described (37). Cells were rinsed with PBS and then re-
placed by a reaction buffer (2 mM glucose, 1 mM CaCl,, 1.3 mM MgCl,,
4 mM KCl, 100 mM NaCl, and 10 mM phosphate buffer). Ferricytochrome
(70 uM final concentration), in the absence or the presence of superoxide
dismutase (350 U/ml), was then added. After a 30-min incubation at 37°C,
the reduction of ferricytochrome ¢ of the supernatant was determined in
180-ul aliquots by measuring the absorption at 550 nm (Spectramax 250
microplate reader). The rate of superoxide formation was calculated using
the extinction coefficient for the change in ferricytochrome ¢ to ferrocyto-
chrome ¢ (Bss pm = 21.0 mM ' cm ™).

Measurement of peroxynitrite formation

The formation of peroxynitrite was measured by the peroxynitrite-depen-
dent oxidation of dihydrorhodamine 123 to rhodamine 123, based on the
principles of the method described by Ischiropoulos and co-workers (38).
Briefly, cells were rinsed with PBS and then replaced with PBS containing
5 M dihydrorhodamine 123. After a 60-min incubation at 37°C, the flu-
orescence of rhodamine 123 was measured using a Perkin-Elmer fluorim-
eter (model LS50B, Perkin-Elmer, Norwalk, CT) at an excitation wave-
length of 500 nm and an emission wavelength of 536 nm (slit widths, 2.5
and 3.0 nm, respectively), and the rate of peroxynitrite formation was cal-
culated using standard curves obtained with authentic peroxynitrite, in-
jected into PBS containing 5 uM dihydrorhodamine 123 and NOS or
PARS inhibitors or vehicle, as appropriate.

As hydrogen peroxide can also be produced by activated macrophages
and can cause oxidation of dihydrorhodamine 123 to rhodamine 123 (38),
we have estimated the contribution of hydrogen peroxide formation to the
observed increase in rhodamine 123 fluorescence in response to immuno-
stimulation. In these studies we have studied the effect of authentic hydro-
gen peroxide (1 uM to 1 mM) on the oxidation of dihydrorhodamine in the
absence or the presence of unstimulated J774 macrophages, and we have
investigated the effect of catalase (1000 U/ml) on the endotoxin-induced
increase in rhodamine 123 fluorescence. In addition, we incubated control
and immunostimulated cells with PBS and without dihydrorhodamine 123
for 60 min, followed by a 60-min incubation at room temperature (to de-
compose peroxynitrite in the buffer), followed by an additional 60-min
incubation with 5 uM dihydrorhodamine 123. Finally, fluorescence was
measured (n = 3-6). Under these conditions, peroxynitrite decomposes
while hydrogen peroxide remains stable and, thus, available for detection.

Measurement of the reduction of MTT to formazan as an
indicator of mitochondrial respiration

The mitochondria-dependent reduction of MTT to formazan was used as an
indicator of mitochondrial respiration (35). Cells were incubated (37°C)
with MTT (0.2 mg/ml for 60 min) and then lysed in DMSO (100 wl/well).
The extent of reduction of MTT to formazan within cells was quantitated
by measurement of ODss, using a Spectramax 250 microplate reader
(Molecular Devices).








