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Abstract

The reaction of nitric oxide (NO) with superoxide yields the cytotoxic oxidant peroxynitrite, produced during inflammation and shock.
A novel pathway of peroxynitrite cytotoxicity involves activation of the nuclear enzyme poly(ADP) ribosyltransferase, and concomitant
ADP-ribosylation, NAD™ consumption and exhaustion of intracellular energy stores. In the present report we provide evidence that
pre-exposure of J774 macrophages to heat shock reduces peroxynitrite-induced activation of poly(ADP) ribosyltransferase and protects
against the peroxynitrite-induced suppression of mitochondrial respiration. The protection was significant at 8 h after heat shock, but was
absent at 24 h after heat shock. Thus, the protection showed a temporal correlation with the expression of heat shock protein 70, the
expression of which was maximal at 8 h. Exposure to heat shock did not alter the expression of poly(ADP) ribosyltransferase over 24 h.
In summary, the heat shock phenotype or heat shock proteins may protect against peroxynitrite induced cytotoxicity.
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1. Introduction

During inflammation and shock, endotoxin induces the
release of pro-inflammatory cytokines, which trigger the
expression of a multitude of cellular responses, including
expression of the inducible isoform of nitric oxide (NO)
synthase and production of oxygen derived free radicals
(Schiller et al., 1993; Leeson and Morrison, 1994; Szabd,
1995). The simultaneous production of NO and superoxide
in shock and inflammation produces peroxynitrite, a toxic
oxidant species (Miller et al., 1995; Kaur and Halliwell,
1994; Wizemann et al., 1994; Szabd et al., 1995a.b).

We recently proposed an indirect mechanism for perox-
ynitrite cytotoxicity in which peroxynitrite induces DNA
single-strand breakage (Inoue and Kawanishi, 1995; Salgo
et al., 1995; Szabé et al., 1996a), which then triggers a
futile, energy-consuming repair cycle by activating the
nuclear enzyme poly(ADP) ribosyltransferase (Szab6 et
al., 1996a; Zingarelli et al., 1996a).
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Activation of poly(ADP) ribosyltransferase, a protein-
modifying and nucleotide polymerizing enzyme, cleaves
NAD™ into ADP-ribose and nicotinamide. Poly(ADP) ri-
bosyltransferase covalently attaches ADP-ribose to various
proteins and in turn, rapidly depletes the intracellular
concentration of its substrate, NAD ™, slowing the rate of
glycolysis, electron transport, and therefore ATP forma-
tion, resulting in cell dysfunction and cell death (Szabé et
al., 1996a; Zingarelli et al., 1996a).

The heat shock phenotype is a highly conserved stress
response characterized by the rapid expression of a spe-
cific group of proteins (heat shock proteins) that provides
cellular adaptation to a variety of thermal and nonthermal
cytotoxic stimuli (Minowada and Welch, 1995). Pre-ex-
posure to heat shock has been demonstrated to provide
cytoprotection against various forms of oxidant injury
including NO (Kapoor and Lewis, 1987; Jaattela and Wiss-
ing, 1993; Bellmann et al., 1995). Studies involving stably
transfected cells indicate that heat-shock protein 70, in
particular, is a critical component of heat-shock-mediated
cytoprotection (Li et al., 1992).

In the present study, in cultured J774 macrophages, we
have investigated (i) whether the heat-shock phenotype is
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protective against the peroxynitrite-induced suppression of
mitochondrial respiration; (ii) studied the potential tempo-
ral correlation between expression of heat-shock protein 70
and the extent of protection over a 24 h period after heat
shock; and (iii) investigated whether the protection by
heat-shock pre-exposure against the effects of peroxynitrite
is associated with changes in the expression of poly(ADP)
ribosyltransferase, or with changes in the degree of direct
activation of poly(ADP) ribosyltransferase by peroxyni-
trite.

2. Materials and methods
2.1. Cell culture

The mouse macrophage cell line J774.2 was cultured in
Dulbecco’s modified Eagle’s medium with 4 X 107° M
L-glutamine and 10% fetal calf serum as described (Szabé
et al., 1994). Cells were cultured in 96-well plates with
200 pl culture medium until they reached 60—-80% conflu-
ence.

2.2. Cell respiration

Mitochondrial respiration, an indicator of cell viability,
was assessed by the mitochondrial-dependent reduction of
MTT [3-(4,5-dimethylthiazol-2-y})-2,5-diphenyltetrazolium
bromide] to formazan (Szabd et al., 1994). Cells in 96-well
plates were incubated (37°C) with MTT (0.2 mg /ml for 60
min). Culture medium was removed by aspiration and the
cells solubilized in dimethylsulfoxide (100 w1). The extent
of reduction of MTT to formazan within cells was quanti-
tated by measurement of ODsy, using a Spectramax mi-
croplate reader (Molecular Devices, Sunnyvale, CA, USA)
(Szabé et al., 1994). Formazan production was expressed
as rate of production ( g/ 10° per min) or as a percentage
of the values obtained from untreated cells.

2.3. Measurement of poly(ADP) ribosyltransferase activity

After a 10 min exposure to peroxynitrite (1 mM), the
culture medium in 12-well plates was replaced with 0.5 ml
of 56 mM HEPES buffer, pH 7.5 containing 28 mM KCI,
28 mM NaCl, 2 mM MgCl,, 0.01% digitonin and 125
nmol NAD™* spiked with 0.25 u.Ci [*HINAD ™. Poly(ADP)
ribosyltransferase activity was then measured as described
(Szabé et al., 1996a). Digitonin was used to permeabilize
plasma membranes. The permeabilized cells were incu-
bated for 5 min at 37°C, and the protein that was ribosy-
lated with [*'HI[NAD™ was precipitated with 200 ul of
50% TCA. After two washes with TCA, the protein pellet
was solubilized in 2% SDS in 0.1 M NaOH, incubated at
37°C overnight, and the radioactivity was determined by a
Wallac 1450 Microbeta Plus scintillation counter (Wallac,
Gaithersburg, MD, USA).
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2.4. Heat-shock protocol

Cells were subjected to 43°C heat shock for 60 min,
followed by recovery at 37°C for various times (2, 8 and
24 h). At these time points, cells were treated with perox-
ynitrite (I mM) in the absence or presence of the poly(ADP)
ribosyltransferase inhibitor 3-aminobenzamide for 10 min
(for the measurement of poly(ADP) ribosyltransferase ac-
tivity) or for 1 h (for the measurement of mitochondrial
respiration). We have previously established that these
exposure times to peroxynitrite are optimal in this cell type
(Szabé et al., 1996a).

2.5. Western blotting for heat-shock protein 70 and for
poly(ADP) ribosyltransferase

Cells were lysed in ice-cold buffer containing 50 mM
Tris (pH 8.0), 110 mM NaCl, 5 mM EDTA, 1% Triton
X-100 and the protease inhibitor phenylmethylsulfonyl-
fluoride. Protein concentration was determined using the
Bradford assay (BioRad, Hercules, CA, USA). Whole cell
lysate was boiled in equal volumes of loading buffer (125
mM Tris-HC], pH 6.8, 4% SDS, 20% glycerol and 10%
2-mercaptoethanol) and 25 mg of protein then loaded per
lane on an 8-16% Tris-glycine gradient gel (Novex, San
Diego, CA, USA). Proteins were separated electrophoreti-
cally and then transferred to a nitrocellulose membrane
(Novex) using the Novex Xcell Mini-Gel system. For
immunoblotting the membrane was blocked with 10%
non-fat dried milk in Tris-buffered saline for 1 h. Primary
antibodies used were (1) a murine monoclonal IgG specific
towards the inducible isoform of the heat-shock protein 70
family (SPA-810, Stressgen, Victoria, British Columbia,
Canada) at a dilution of 1:2500 for 3 h and (2) a rabbit
polyclonal antibody against calf poly(ADP) ribosyltrans-
ferase (a kind gift of Prof. Ernest Kun, San Francisco State
University), used at a dilution of 1:1000 for 3 h. After
washing three times in TBS containing 0.1% Tween 20,
secondary antibody (peroxidase-conjugated goat anti-
mouse or anti-rabbit IgG, respectively, both from Sigma)
was applied at a 1:2500 dilution for 1 h. The blot was then
washed in 0.1% Tween 20 in Tris-buffered saline three
times over 30 min, incubated in commercial enhanced
chemiluminescence reagents (ECL, Amersham, Amer-
sham, UK) and exposed to photographic film.

2.6. Materials

All chemicals were from Sigma (St. Louis, MO, USA).
Peroxynitrite was a kind gift of Dr. H. Ischiropoulos
(University of Pennsylvania).

2.7. Statistical evaluation

All values in the figures and text are expressed as
mean + standard error of the mean of n observations,






