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Abstract—Peroxynitrite, a cytotoxic oxidant formed in the reaction of superoxide and nitric oxide is known to cause
programmed cell death. However, the mechanisms of peroxynitrite-induced apoptosis are poorly defined. The present
study was designed to characterize the molecular mechanisms by which peroxynitrite induces apoptosis in HL-60 cells,
with special emphasis on the role of caspases. Peroxynitrite induced the activation of apopain/caspase-3, but not
ICE/caspase-1 as measured by the cleavage of fluorogenic peptides. Considering the short half-life of peroxynitrite and
the kinetics of caspase-3 activation (starting 3—4 h after peroxynitrite treatment), the enzyme is not likely to become
activated directly by the oxidant. Caspase-3 activation proved to be essential for DNA fragmentation, because
pretreatment of the cells with the specific tetrapeptide inhibitor DEVD-fmk completely blocked peroxynitrite-induced
DNA fragmentation. Peroxynitrite-induced cytotoxicity was also significantly altered by the inhibition of caspase-3,
whereas phosphatidylserine exposure was unaffected by DEVD-fmk treatment. Because many of the effects of
peroxynitrite are mediated by poly(ADP-ribose) synthetase (PARS) activation, we have also investigated the effect of
PARS-inhibition on peroxynitrite-induced apoptosis. We have found that PARS-inhibition modulates peroxynitrite-
induced apoptotic DNA fragmentation in the HL-60 cells. The effect of the PARS inhibitors, 3-aminobenzamide and
5-iodo-6-amino-1,2-benzopyrone were dependent on the concentration of peroxynitrite used. While PARS-inhibition
resulted in increased DNA-fragmentation at low doses (15 uM) of peroxynitrite, a decreased DNA-fragmentation was
found at high doses (60 uM) of peroxynitrite. PARS inhibition negatively affected viability as determined by flow
cytometry. These data demonstrate the crucial role of caspase-3 in mediating apoptotic DNA fragmentation in HL-60
cells exposed to peroxynitrite. © 1998 Elsevier Science Inc.
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INTRODUCTION teins. This futile process depletes intracellular ATP and
triggers cell death. .

The cytotoxic action of peroxynitrite like other oxi-
dants such as hydrogen peroxide depends on their con-
centration. Small doses of peroxynitrite have been shown
to cause programmed cell death [12-14], whereas treat-
ment with large doses results in necrosis [14,15]. Little
information is available, however, on the specific mech-
anisms of peroxynitrite-induced apoptotic cell death. The
available information about the mechanisms of peroxyni-
trite-induced apoptosis is confined to the observation that

Peroxynitrite is a potent oxidant formed in the reaction of
superoxide anion and nitric oxide [1]. Peroxynitrite plays
an important role in the pathogenesis of tissue injury in
shock, ischemia-reperfusion and various forms of in-
flammation [2-7]. Many of the effects of peroxynitrite
are mediated, at least in part, by the activation of poly-
(ADP-ribose) synthetase (PARS), a nuclear DNA nick
sensor enzyme [8—11]. Peroxynitrite causes DNA strand
breaks leading to the activation of PARS which in turn

cleaves NAD into nicotinamide and ADP-ribose and

catalyses the addition of ADP-ribose polymers to pro-
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apoptosis is accompanied by the production of other
oxidative species in the peroxynitrite treated cells [16]
and that Bcl-2 confers protection against peroxynitrite-
induced apoptosis [17]. It is not known, however,
whether it is an active process requiring protein and
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RNA synthesis or it is a passive consequence of DNA
strand breakage. In addition, the cellular mediators in-
volved in the regulation of peroxynitrite-induced pro-
grammed cell death are also unknown. Of special interest
are members of a novel family of proteases called
caspases (cysteinyl aspartate-specific proteases) which
are all related to the Cenorhabditis elegans death enzyme
(ced-3) [18-21]. The essential role of these enzymes in
the course of programmed cell death has been shown in
various apoptosis models [22-26]. Because peroxynitrite
exposure of various cells leads to inhibition of mitochon-
drial respiration, and suppressed mitochondrial respira-
tion can lead to caspase activation [27], we investigated
whether caspase-1 (also known as ICE or interleukin-1
converting enzyme) and caspase-3/apopain become acti-
vated in response to peroxynitrite and whether their
activation plays a role in the peroxynitrite-induced apo-
ptosis of HL-60 cells. The results of the current study
demonstrate the crucial role of caspase-3 activation in
peroxynitrite-induced apoptotic DNA fragmentation.

MATERIALS AND METHODS

Materials

Tetrapeptide caspase substrates (DEVD-AFC and
YVAD-AFC), inhibitors (DEVD-fmk and YVAD-fmk)
and free AFC were purchased from Enzyme Systems (Dub-
lin, CA, USA) Annexin V-FITC was obtained from Pharm-
ingen (San Diego, CA, USA), propidium iodide from Mo-
lecular Probes (Bugene, OR, USA) and proteinase K from
Gibco (Grand Island, NY, USA). All other reagents were
from Sigma (St. Louis, MO, USA). The PARS-inhibitor
5-iodo-6-amino-1,2-benzopyrone (INH2BP) was a kind gift
of Prof. Ernest Kun (State University of San Francisco,
Tiburon, CA, USA) and authentic peroxynitrite was a gift
of Dr. Harry Ischiropoulos (University of Pennsylvania,
Philadelphia, PA, USA). The concentration of peroxynitrite
was determined spectrophotometrically by measuring ab-
sorbance at 302 nm using an extinction coefficient of 1670
Mt eml.

Cell culture and peroxynitrite treatment

HL-60 cells were cultured in RPMI 1640 media sup-
plemented with 10% fetal calf serum, 10 mM glutamine,
10 mM HEPES, 100 U/mL penicillin, and 100 pg/mL
streptomycin. Authentic peroxynitrite was diluted in PBS
pH 8.3 and was added to the cells in 1/10 of the volume
of the cell suspension. Control samples were treated with
PBS pH 8.3 only. The effect of decomposed peroxyni-
trite (kept in PBS pH 7.2 at 37°C for 30 min) has also

been tested in all of the assays and was found to have no
effect on any parameters measured.

Measurement of apopain and ICE-activity

Caspase activity was measured by the cleavage of the
fluorogenic tetrapeptide-amino-4-methylcoumarine con-
jugate (DEVD-AFC for apopain assay or YVAD-AFC
for ICE) as described [28]. HL-60 cells (3 X 10%) were
treated with 30 uM peroxynitrite. In parallel some sam-
ples were pretreated with 100 uM of the specific cell
permeable tetrapeptide inhibitors (DEVD-fmk and
YVAD-fmk) 1 h before the peroxynitrite treatment. Cells
were harvested 0, 2, 4, and 6 h after peroxynitrite treat-
ment, washed 1X in PBS and then lysed in a lysis buffer
(10 mM HEPES, 0.1% CHAPS, 5 mM dithiothreitol, 2
mM EDTA, 10 ug/mlL aprotinin, 20 ug/mL leupeptin,
10 ug/mL pepstatin A and 1 mM PMSF, pH 7.25) by
sonication. Cell lysates and substrates (50 uM) were
combined in triplicates in the caspase reaction buffer
(100 mM HEPES, 10% sucrose, 5 mM dithiothreitol,
0.1% CHAPS, pH 7.25). AFC liberation was monitored
over time with a Perkin-Elmer fluorimeter using 400 nm
excitation and 505 nm emission wavelength. Fluores-
cence units were converted to pmoles of AFC using a
calibration curve generated with free AFC. Data are
given as DEVD-fmk inhibitable AFC generation
(mean * SD).

Flow cytometric analysis of phosphatidylserine
exposure

Flow cytometric determination of apoptosis was car-
ried out as previously described [29]. The method relies
on the binding of annexin V to phosphatidylserine that is
translocated from the inner membrane leaflet to the outer
layer in cells undergoing apoptosis [30]. Peroxynitrite-
treated cells (10°) were harvested 6 h after the treatment,
washed once in ice cold PBS and stained with annexin
V-FITC and propidium iodide (5 pg/mL) in 100 uL
annexin binding buffer (10 mM Hepes pH 7.4, 140 mM
NaCl, 2.5 mM CaCl,) for 20 min and then analyzed
within 1h on a FACSCalibur flow cytometer using the
standard optics for detecting FL1 (FITC) and FL2 (PI).
Data were analyzed with CeliQuest software.

Detection of internucleosomal DNA fragmentation

DNA fragmentation was detected as described [31].
Agarose (2%) was poured on a horizontal gel support.
After solidification of the gel, the top part (above the
comb) was replaced with 1% agarose containing 2%
SDS and 64ug/mL proteinase K. 2 X 10° cells were
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Fig. 1. Peroxynitrite activates apopain (A), but not caspase-1 (B).
HL-60 cells were treated with 30 uM peroxynitrite. DEVD-AFC-
cleaving activity of cell lysates prepared 0, 2, 4, and 6 h after peroxyni-
trite treatment has been measured fluorimetrically. Control samples
pretreated with 100 uM apopain inhibitor, DEVD-fmk were also in-
cluded. AFC liberation was calculated from a standard curve prepared
with free AFC. Results are given as DEVD-fmk inhibitable AFC
liberation in pmoles AFC/min. Data represent mean =+ SD of triplicate
samples.

loaded in 20 uL sample buffer (5% glycerol, 10 mM
Tris, pH 8.0, 0.05% bromophenol blue, 5 mg/mL
RNase). Electrophoresis was carried out at 60 V for 12 h,
and the gel was stained with 2 ug/mL ethidium bromide
for 1 h. Excess dye was removed by intensive washing in
distilled water.

Measurement of DNA fragmentation with ELISA

DNA fragmentation was measured with a commer-
cially available ELISA kit (Boehringer Mannheim, Indi-
anapolis, IN, USA) following manufacturers instructions
as previously described [4]. 2 X 10° cells were seeded
into round bottom 96 well plates in 200 uL culture

medium and treated with different concentration of per-
oxynitrite. After 4 h incubation (37°C, 5% CO,) plates
were centrifuged (240 g, 10 min), media was aspirated
and the cells resuspended in 200 yL incubation buffer
(supplied with the kit) and incubated at 4°C for 30 min.
Cell lysates were then transferred to Eppendorf tubes and
centrifuged (10.000 g, 10 min). Supernatants containing
the cytoplasmic fraction were diluted 10X and histone-
associated DNA fragments were measured in an ELISA
using anti-histone capturing antibody, peroxidase-conju-
gated anti-DNA secondary antibody, and ABTS sub-
strate. Absorbance was then measured (405-490 nm)
versus substrate solution as a blank using a Spectramax
250 microplate reader (Molecular Devices, Sunnyvale,
CA, USA). Apoptotic index was calculated by compar-
ing OD values of quadruplicate samples to the values of
untreated controls.

Statistical analysis

All values in the figures and text are expressed as
mean -+ standard deviation of at least triplicate samples.
Data sets were examined by analysis of variance and
individual group means were then compared with Bon-
ferroni’s post-hoc test. A p value less than .01 was
considered statistically significant. When the results are
presented as representative gels or representative flow
cytometry analyses, results identical to the ones shown
were obtained in at least three different experiments.

RESULTS

Peroxynitrite induces the activation of apopain in
HL-60 cells

Apopain/YAMA/CPP32, a protease known to cleave
PARS during programmed cell death has been found to
play a crucial role in many forms of apoptosis [21-26].
Its role in peroxynitrite-induced apoptosis, however, has
not yet been investigated. We have measured apopain
and ICE-activity at different time points after peroxyni-
trite treatment. At 4 h after peroxynitrite treatment, a
significant (p < .001) induction of apopain-activity oc-
curred with an additional increase at 6 h in the HL-60
cells. (Fig. 1) Pretreatment of cells with the 100 uM
DEVD-fmk, a cell-permeable caspase 3 inhibitor or 100
M YVAD-fmk, a cell-permeable inhibitor of caspase-1
and capase-3 prevented apopain activation. Addition of
the inhibitor to the cell lysates had the same effect (data
not shown). Activation of ICE/caspase-1, however, has
not been observed in response to peroxynitrite exposure
(Fig. 1).






