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forms of tissue injury (1-5), the biochemical mecha-
Peroxynitrite (ONOO0) is a physiological product nisms by which peroxynitrite elicits its cytotoxicity are

generated by the interaction of superoxide (O•0
2 ) and attracting considerable attention and investigations.

nitric oxide (•NO). We have previously shown that per- As a strong oxidant, peroxynitrite can oxidize protein
oxynitrite induces apoptosis in HL-60 cells. In the pres- and non-protein sulfhydryls (6), initiate lipid peroxida-ent study, we demonstrated that peroxynitrite gener- tion (7), inactivate enzymes involved in the mitochon-ates reactive oxygen species (ROS) in HL-60 cells. Brief

drial electron transport chain (8), and cause DNAexposure of HL-60 cells to ONOO0 induced elevation
breakage (9). Recently, we demonstrated that ONOO0

of lucigenin chemiluminescence, indicating genera-
induces apoptosis in human leukemia HL-60 cells in ation of superoxide anion. Exogenous superoxide dis-
concentration- and time-dependent manner (10). Whilemutase (SOD), a scavenger of O•0

2 , fully abolished the
free radical intermediates have been proposed and de-chemiluminescence response, further supporting this
tected in peroxynitrite-mediated oxidation of sub-notion. Following O•0

2 generation, the accumulation of
strates in vitro (11), the response of the intact cell tohydrogen peroxide (H2O2) was observed. The addition
peroxynitrite is more com-plicated and the intracellu-of SOD exacerbated but that of catalase attenuated
lar sites and action of peroxynitrite have not been iden-peroxynitrite-induced DNA fragmentation, suggesting

that this H2O2 production contributes to the apoptotic tified. The precise mechanism involved in peroxyni-
process. In addition, pre-treatment of HL-60 cells with trite-induced apoptosis is still unclear. In this report,
N-acetyl-L-cysteine (15 mM), a ROS scavenger, fully we demonstrated that a brief exposure of HL-60 cells
scavenged peroxynitrite-elicited ROS generation and to peroxynitrite, triggered superoxide anion generation
effectively inhibited ONOO0-induced apoptosis, fur- and consequently caused the accumulation of H2O2.
ther enforcing this hypothesis. In summary, our re- This H2O2 formation may amplify the peroxynitrite-
sults suggest that ONOO0-stimulated ROS formation induced oxidative damage through secondary antioxi-
may serve as a mechanism for the propagation of per- dant-depletion oxidative stress and contribute to the
oxynitrite-mediated apoptotic cell death in an intact peroxynitrite-induced apoptosis in HL-60 cells.
cell system. q 1997 Academic Press

MATERIALS AND METHODS

Cell culture. The human promyelocytic leukemia HL-60 cell lineWith the recognition that peroxynitrite (ONOO0), a
was purchased from ATCC and grown in RPMI medium supple-reaction product of nitric oxide (•NO) and superoxide
mented with 10% fetal bovine serum, 2 mM L-glutamine, and antibi-anion (O•0

2 ), is an endogenous mediator of various otic/antimycotics (10). All cells were maintained at a density of 0.2-
1 1 106 cells/ml in a culture incubator at 377C, under a 5% CO2

humidified atmosphere. Experiments were conducted during the ex-1 To whom all correspondence should be addressed. Fax: (609) 566- ponential phase of growth. Cell counts were performed on a routine6195. basis to maintain low population density, and viability was examinedAbbreviations used: •NO, nitric oxide; ONOO, peroxynitrite; by trypan blue exclusion.O•0
2 , superoxide anion; H2O2, hydrogen peroxide; •OH, hydroxyl radi-

cal; D-PBS, Dulbecco’s phosphate-buffered saline; LDH, lactate dehy- LDH release. Cell viability was also determined by measuring
lactate dehydrogenase (LDH) activity in the cell media as describeddrogenase; GSH, reduced glutathione; TCA, trichloroacetic acid;

NAC, N-acetyl-L-cysteine; SOD, superoxide dismutase; ROS, reac- by Vassault (12). Briefly, cells were harvested, and centrifuged at
indicated time. The pellet was lysed with 1% (v/v) NP-40 in 50 mMtive oxygen species; DDC, diethyldithiocarbamate; DCFH-DA, 2*,7*-

dichlorofluorescin diacetate; DCF, 2*,7*-dichlorofluorescein; luci- Tris-HCl buffer (pH 7.5). The percentage of LDH activity was calcu-
lated from the ratio of LDH activity in the supernatant to the total.genin, bis-N-methylacridinium nitrite.
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Preparation of peroxynitrite. Peroxynitrite was prepared from H2O2 mented chromatin. Both pellet and supernatant were precipitated
with 12.5% trichloroacetic acid (TCA). The DNA precipitate wasand 2-methoxyethyl nitrite as described in our previous report (10).
heated to 907C for 10 min in 400 ml of 5% TCA, and quantitativePeroxynitrite treatment. Cell suspensions were treated with vari- analysis was carried out by reaction with diphenylamine (19). Theous concentrations of peroxynitrite as previously described (10,13). percentage of fragmentation was calculated from the ratio of DNABriefly, HL-60 cells were suspended in 5 ml of Dulbecco’s phosphate- in the supernatant to the total DNA.buffered saline (D-PBS; pH 7.4 without Ca2/ and Mg2/, Life Technol-

ogies, Inc.) (1 1 106 cells/ml). Various stock solutions of peroxynitrite Statistical analysis. Experimental results are reported as means
{ SEM. Significance of difference between means was analyzed bywere freshly prepared in 0.1 N NaOH to achieve the indicated concen-

tration. Five ml of each stock was added to separate cell suspensions unpaired two-tailed Student’s t-test for two-sample comparisons
(Sigma Stat program, Jandel Scientific).and incubated for 10 min at 377C. Control and vehicle incubations

were carried out by exposing cell suspensions to 5 ml of D-PBS and
0.1 N NaOH, respectively. To ascertain that the observed effect was

RESULTS AND DISCUSSIONactually due to peroxynitrite but not secondary to trace residual
synthetic reagents or its decomposition products, the cells were re-
suspended in the buffer in which indicated concentration of peroxyni- Treatment of HL-60 cells with peroxynitrite, resulted
trite was added 2 min (i.e. to ensure the complete decomposition of in dose-dependent increase of ROS as measured by the
ONOO0) prior to the treatment. The exogenous SOD (100 U/ml),

fluorescent DCF (Fig 1A). The DCF fluorescence didcatalase (200 U/ml) or both were added into the cell suspensions
not increase, instead, it slightly decreased when cellsimmediately after the peroxynitrite treatment and were also present

in the subsequent culture condition. For NAC pre-treatment, HL-60 were treated with H2O2 under the same experimental
cells were pretreated with 15 mM of NAC for 3 h, and then washed conditions. Interestingly, when HL-60 cells were pre-
twice with D-PBS priot to the peroxynitrite treatment. NAC-con- treated with diethyldithiocarbamate (DDC), a specifictaining medium was titrated to pH 7.2 with 0.5 N NaOH priot to

inhibitor of SOD (20), the ONOO0 elicited elevation ofthe pretreatment.
DCF fluorescence was completely abolished (Fig. 1B).

Measurement of reactive oxygen species (ROS). Generation of re-
This effect was not due to DDC itself competing withactive oxygen species was measured by using an oxidation-sensitive
DCFH for ROS (data not shown). These results raisefluorescent probe, 2*,7*-dichlorofluorescin diacetate (DCFH-DA),

which oxidized form (2*,7*-dichloro-fluorescein, DCF) is highly fluo- the possibility that peroxynitrite-mediated ROS forma-
rescent (14). After washed with D-PBS twice, HL-60 cells were resus- tion initially comes from the generation of superoxide.
pended in 5 ml of D-PBS (11106/ml) and treated with indicated con- Since, the ROS detected by oxidation of DCFH was
centrations of ONOO0 or H2O2 for 5 min at 377C. Then, the cells

mostly H2O2 and hydroxyl radical (•OH) but not O•0
2were centrifuged and resuspended in Krebs buffer (pH 7.4; NaCl,

(14), we employed a highly specific chemiluminescence118 mM; KCl, 4.7 mM; CaCl2, 1.5 mM; NaHCO3, 25 mM; MgSO4,
1.1 mM; KH2PO4, 1.2 mM). DCFH-DA (final concentration: 1 mg/ml) probe, lucigenin (15-17), to test whether superoxide
was added into each well following cells (11106/ml/well) were plated anion is formed by the peroxynitrite treatment. As
in a 24-well plate (Falcon). Plates were kept at dark and read on shown in Figure 2, the generation of superoxide aniona Cytofluor 2350 plate reader (PerSeptive Biosystems, Inc. MA) at

in HL-60 cells detected by the lucigenin chemi-lumines-indicated time points, with an excitation wavelength of 485 nm and
cence, dose-dependently increased after cells were ex-an emission wavelength of 530. Usually, 30 min interval was needed

from peroxynitrite treatment to DCFH-DA addition. posed to peroxynitrite. Peroxynitrite-elicited superox-
ide anion generation was completely abolished by exog-Measurement of superoxide anion. Generation of O•0

2 was mea-
sured by chemiluminescence probe, bis-N-methyl-acridinium nitrite enous SOD, a scavenger of O•0

2 , which was added into
(lucigenin, Sigma) (15,16). The chemiluminescence of lucigenin ap- the cell suspension immediately after peroxynitrite
pears to be associated with the O•0

2 -mediated generation of excited treatment. In contrast, the increase of O•0
2 was not ob-N-methylacridone, via a stepwise univalent reduction of lucigenin to

served after 100 mM of H2O2 treatment under the samethe corresponding cation radical which then reacts with O•0
2 to yield

experimental conditions, indicating that the effect isa dioxetane intermediate. The dioxetane intermediate consequently
disintegrates yielding one ground and one excited state of N-methyl- specific for peroxynitrite. This notion was further sup-
acridone which will lead to light emission (15). The chemilumines- ported by the failure of inducing O•0

2 generation after
cence elicited by superoxide in the presence of lucigenin was mea- treatment of cells with decomposed peroxynitrite (100sured using a Mark 5303 scintillation counter (TM Analytic, Elk

mM). Taken together, these results clearly indicatedGrove Village, IL) (17). HL-60 cells were resuspended in 5 ml of D-
that exposure of HL-60 cells to peroxynitrite evokedPBS (11106/ml) and treated with indicated concentrations of ONOO0

or H2O2 for 2 min at 377C. The cells were centrifuged, resuspended the O•0
2 generation.

in Krebs buffer and, then, transferred to plastic scintillation vials. The increase of superoxide anion in biological sys-
After the addition of lucigenin (final concentration: 0.25 mM), the tems can elicit the following responses. 1) O•0

2 can di-vials were counted at indicated time and continuously for an addi-
rectly exert detrimental effects, such as inactivation oftional 90 min. Usually, 25 min interval was needed from peroxyni-

trite treatment to lucigenin addition. The zero time is the time of catalase and peroxidase (21); 2) O•0
2 can rapidly inter-

lucigenin addition. In case of exogenous SOD treatment, SOD was act with •NO to form ONOO0 in conditions when large
added immediately after ONOO0 addition, and was also present in amounts of •NO are produced (1-5, 22-24); 3) O•0

2 can
the Krebs buffer.

be dismutated by SOD to form H2O2 (21). The release
DNA fragmentation and quantitative assay. The extent of DNA of H2O2 may not only serve as a second messenger (25)

fragmentation was determined by a method adapted from that of due to its stable and freely diffusible properties butSellins and Cohen (18). The cell pellets were lysed with 0.3 ml hypo-
also participate with O•0

2 and subsequently engendertonic lysing buffer (10 mM Tris, pH 8.0, 1 mM EDTA, 0.5% triton
X-100) and the lysates were centrifuged to separate intact and frag- the highly toxic species, •OH, by iron-catalyzed Haber-
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FIG. 1. Peroxynitrite stimulates the generation of reactive oxygen species in HL-60 cells. (A) Exponentially growing HL-60 cells were
exposed to various concentrations of peroxynitrite or hydrogen peroxide as described in ‘‘Materials and Methods’’. The relative rate of increase
of DCF fluorescence was obtained by subtracting the DCF fluorescence elicited by vehicle from that elicited by indicated concentrations of
peroxynitrite (100 mM,l; 50 mM,s) or hydrogen peroxide (10 mM, h; 100 mM, j) at each indicated time point, respectively. (B) HL-60 cells
were pretreated with 50 mM (L) or 100 mM (l) of DDC for 1 h prior to 100 mM of peroxynitrite treatment as described in A. Points are
mean { SEM (nÅ4).

Weiss reaction (21). To demonstrate the contribution did not block, instead, slightly exacerbated the peroxy-
nitrite-induced apoptosis. These results indicated thatof ROS elicited by ONOO0 to the ONOO0-induced apo-

ptotic cell death, exogenous SOD (100 u/ml), catalase H2O2 formation produced from the dismutation of
ONOO0-elicited superoxide anion contributes to(200 u/ml) or both SOD and catalase (SOD/catalase)

were added into the cell suspensions immediately after apoptosis in HL-60 cells. To further test this hypothe-
sis, HL-60 cells were pretreated with cell permeablethe addition of 100 mM ONOO0. The same amount of

SOD, catalase or SOD/catalase were also resupple- ROS scavenger, N-acetyl-cysteine (15 mM, 3 h). NAC
completely abolished the ONOO0-mediated DCF fluo-mented into the culture medium after the washout of

post-treated ONOO0. As shown in Figure 3, ONOO0 rescence (Fig. 4A). Associated with the effect of scav-
enging ROS, NAC attenuated the apoptotic responsecaused significant DNA fragmentation, an indication

of the apoptotic cell death, but decomposed peroxyni- of peroxynitrite in HL-60 cells as determined by DNA
fragmentation assay (Fig. 4B) and LDH release assaytrite had no apoptotic effect in HL-60 cells at 4 h after

treatment. The addition of catalase or SOD/catalase
significantly attenuated the peroxynitrite-induced apo-
ptotic effect. In contrast, the addition of exogenous SOD

FIG. 3. Effects of exogenous SOD or catalase on peroxynitrite-
induced apoptosis in HL-60 cells. Exogenous SOD, catalase or combi-
nation of both were added into cell suspension immediately after
exposure of HL-60 cells to 100 mM of peroxynitrite, and subsequentlyFIG. 2. Peroxynitrite induces superoxide anion generation in

HL-60 cells. After exposure of HL-60 cells to vehicle (j), decomposed supplemented in the post-treatment culture media for an additional
time. Cells were harvested 4 h after ONOO0 addition, DNA fragmen-peroxynitrite (100 mM, h), 100 mM H2O2 (l), peroxynitrite (100 mM,

l; 50 mM, s) or 100 mM of peroxynitrite in the presence of SOD tation was quantified by diphenylamine assay as described in ‘‘Mate-
rials and Methods’’. D-100 mM: decomposed 100 mM of peroxynitrite.(100 U/ml) (*) for 2 min at 377, chemiluminescence of lucigenin was

recorded at indicated time. Figure shown is a representative of five (* põ 0.05; ** põ 0.001 vs. treatment of HL-60 cells with 100 mM
peroxynitrite alone).separate reproducible results.
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cells. This ROS formation may amplify the peroxyni-
trite induced oxidative damage through secondary an-
tioxidant-depletion oxidative stress.

ROS are naturally produced in biological systems
and their concentrations are tightly controlled by en-
dogenous antioxidant systems including superoxide
dismutase, catalase, glutathione peroxidase and oth-
ers. When the cellular level of ROS exceeds the capacity
of natural antioxidative defense system, the condition
is known as ‘‘oxidative stress’’ (26). This oxidative
stress can be aggravated when the cell encounters a
secondary oxidative attack, that further depletes the
antioxidant protection and exacerbates cell damage.
We postulate that peroxynitrite-induced superoxide
generation in HL-60 cells can initiate a cyclic mecha-
nism for the propagation of apoptotic cell death. Since
peroxynitrite has already compromised the cell’s anti-
oxidant defense, therefore, the peroxynitrite-triggered
generation of superoxide anion can extend and amplify
oxidative stress and apoptotic cell death by either inter-
acting with nitric oxide to generate additional peroxy-
nitrite or dismutating to H2O2 through SOD. In our
experimental system, H2O2 appeares to be the predomi-
nant secondary oxidant in ONOO0-elicited apoptotic
cell death. This notion is supported by our observation
that SOD potentiated and SOD/catalase attenuated the
ONOO0-induced apoptotic cell death. However, in
pathophysiological conditions, such as in active sites
of inflammation sites or ischemic-reperfusion injury,
nitric oxide synthesis was greatly increased (22-24).
Therefore, the cyclic propagation of the strong oxidant
peroxynitrite due to superoxide generation may aggra-
vate the existing oxidative stress.

It should be noted that the cell generated superoxide
anion is the major chemical species of lucigenin chemi-
luminescence. There was no direct interaction between
peroxynitrite and lucigenin under the present experi-
mental condition. Furthermore, HL-60 cells exposed to
decomposed ONOO0 failed to induce chemilumines-
cence (Fig. 2). The fact that chemiluminescence of luci-
genin can be inhibited by SOD further proves that the

FIG. 4. Influence of NAC on peroxynitrite-induced apoptosis. (A) superoxide anion is a major intermediate for thisROS generation: HL-60 (l)or NAC-pretreated HL-60 (l) cells were
chemi-excitation. Superoxide anion can be produced inexposed to 100 mM of peroxynitrite for 5 min and DCF fluorescence

was read on a Cytofluor 2350 plate reader as described in figure 1. eukaryotic cells via several biological pathways. In
Values are means { SE, nÅ4. (B) DNA fragmentation: Cells were neutrophils and other leukocytes, a membrane bound
harvested 5 h after peroxynitrite exposure, and DNA fragmentation multicomponent enzyme complex, NADPH oxidase, is
was quantified as described in figure 3. Results of incubations carried

the major source of O•0
2 generation (27). In other eu-out with cells exposed to D-PBS or 0.5 N NaOH were labeled Con

karyotic cells, superoxide anion sometimes leaks outor Veh, respectively. (h) HL-60 without NAC pretreatment; (j) HL-
60 cells pretreated with 15 mM of NAC for 3 h. (C) After exposure from the damaged electron transfer reactions in mito-
of HL-60 cells pretreated with or without NAC to 100 mM of peroxyni- chondria and the endoplasmic reticulum (28). Because
trite, Cells were harvested at 24 h and LDH release was determined of its distinct chemistry, peroxynitrite may activateas described in the ‘‘Materials and Methods’’ (** põ 0.001 vs. expo-

these two enzymatic pathways and produce O•0
2 as wesure of HL-60 cells without NAC to 100 mM of peroxynitrite).

have observed. Additional mechanisms could also be
responsible for generating O•0

2 . These possible mecha-
nisms include: 1) interaction of peroxynitrite with cel-(24 hr, Fig 4C). Taken together, these results indicated

that the generation of ROS elicited by ONOO0 contri- lular bicarbonate to produce O•0
2 (29); 2) interaction of

peroxynitrite with GSH or thiol-containing compoundsbutes to the peroxynitrite-induced apoptosis in HL-60
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