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A short term exposure to peroxynitrite promotes a 
time- and concentration-dependent lethal response in 
U937 cells. The mode of cell death was necrosis and 
rapid (within minutes) cell lysis was found to occur 
via a mechanism involving mitochondrial permeabil- 
ity transition. Apoptosis was not detected in cells 
exposed to low levels of peroxynitrite, or in cells 
which survived a treatment with toxic amounts of per- 
oxynitrite, neither after the 60 rain exposure nor fol- 
lowing increasing time intervals of growth in fresh 
culture medium. Rather, cells treated with peroxyni- 
trite concentrations which were not immediately 
lethal, as well as the survivors of treatments with toxic 
levels of peroxynitrite, proliferated with kinetics 
superimposable on those observed in untreated cells. 

Keywords: Peroxynitrite, U937 cells, cell death, necrosis, 
mitochondrial permeability transition 

I N T R O D U C T I O N  

Nitric oxide (NO) is a free radical that is endog- 
enously produced by the enzyme NO synthase 
which catalyzes the oxidation of L-arginine, 
yielding NO and L-citrulline [1'2]. NO regulates 

various cell functions via cyclic GMP-dependent  
and independent  mechanisms [3'4] and these 
effects are critical in the physiological regulation 
of nervous, immune  and vascular systems. It is 
important  to note, however,  that excessive or 
inappropriate formation of NO might  cause del- 
eterious effects relevant in various h u m a n  
pathologies, such as acute endotoxemia,  neuro- 
logical disorders, atherosclerosis and 
ischemia/reperfus ion [3'5]. Al though NO can be 
directly detrimental to target cells, most  of its 
toxic effects appear to be media ted  by peroxyni- 
trite, the coupling product  of NO and superox- 
ides [5-7]. At the molecular level, peroxynitrite 
causes an array of effects, including lipid peroxi- 
dation [8], protein nitration and nitrosylation [91, 
DNA damage [1°1 and oxidation of thiols [11], 
which most likely represent upst ream events 
leading to inhibition of mitochondrial  respira- 
tion [5'12'13], mitochondrial  permeabili ty transi- 
tion [14] a n d / o r  other dysfunct ions promot ing 
cell death. 

* Corresponding author: Tel: +39-0722-2671. Fax: +39-0722-327670. E-mail: cantoni@uniurb.it 
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514 PIERO SESTIL1 et al. 

Apoptosis is the most frequently reported 
mode of peroxynitrite-induced cell death 
[i[0,15,16-23t; other studies, however, have shown 
that peroxynitrite leads to necrosis [24]or to both 
modes of cell death [25'26]. These discrepancies 
are a possible consequence of differences in the 
peroxynitrite concentrations utilized and/or  
mode of peroxynitrite administration (e.g. as a 
precursor or as a bolus). Additional factors 
which might affect the lethal response evoked by 
peroxynitrite are the composition and the pH of 
the solutions in which the cells are treated. 
Indeed, while specific components of the extra- 
cellular milieu can interact with peroxynitrite, 
changes in the pH from physiological to alkaline 
values can increase the half life of the oxidant, 
thus prolonging its activity toward target 
cells [27'28]. Several studies have utilized treat- 
ment conditions at pH values ranging between 
8.6 and 9 [15'20'231. Finally, an important factor to 
take into consideration is the cell type. Astro- 
cytes were reported to be more resistant than 
neurons to the toxic effects mediated by perox- 
ynitrite[5'12]and it is generally believed that ceils 
that produce large amounts of NO after stimula- 
tion may have some resistance mechanism 
against their own peroxynitrite. Thus, it appears 
that the toxic response and mode of cell death 
mediated by peroxynitrite varies in different cell 
types and using different treatment conditions. 

The human promonocytic U937 cell line is 
remarkably more resistant than other cell lines to 
the toxic effects mediated by various sources of 
reactive oxygen species [29-31]. This cell line was 
employed to perform a carefully controlled 
study of the mode of cell death caused by 
authentic peroxynitrite. We herein report experi- 
mental evidence consistent with the notion that 
increasing concentrations of peroxynitrite fail to 
induce apoptosis in U937 cells. A proportion of 
these cells, however, was found to die by necro- 
sis via a mitochondrial permeability transi- 
tion-dependent mechanism. This response, and 
the ensuing cell lysis, was extremely rapid and 

the cells which survived this treatment did not 
undergo delayed apoptosis (or necrosis) but 
rather proliferated with kinetics superimposable 
on those observed in untreated cells. Thus, an all 
or nothing mechanism appears to regulate the 
fate of U937 cells challenged with peroxynitrite: 
some cells undergo an extremely fast necrotic 
response, whereas the remaining cells are fully 
viable and capable of performing energy 
demanding functions such as proliferation. 

MATERIALS A N D  METHODS 

Cell culture 

U937 cells were cultured in suspension in RPMI 
1640 medium (GIBCO, Grand Island, NY, USA) 
supplemented with 10% fetal bovine serum, pen- 
icillin (50 units/ml) and streptomycin (50 
~tg/ml) (Sera-Lab Ltd., Crawley Down, Eng- 
land), at 37°C in T-75 tissue culture flasks (Corn- 
ing, Coming, NY, USA) gassed with an 
atmosphere of 95% air-5% CO 2. 

Chemicals 

L-methionine, Trolox, 0-phenanthroline, N, 
N'-diphenyl-l,4-phenylene-diamine (DPPD), as 
well as most of reagent grade chemicals, were 
obtained from Sigma-Aldrich (Milan, Italy). 
Rhodamine 123 was from Molecular Probes 
Europe (Leiden, The Netherlands). 
Methyl-[14C]-thymidine was from NEN/Dupon t  
(Boston, MA, USA). Cyclosporin A (CsA) was 
obtained from Sandoz A.G. (Bern, Switzerland). 
Bongkrekic acid (BA) was from Calbiochem (San 
Diego, CA, USA). 

Synthesis of peroxynitrite and treatment 
conditions 

Peroxynitrite was synthesized by the reaction of 
nitrite with acidified H20 2 as described by Radi 
et al. [8] and MnO 2 (1 mg/ml)  was added to the 
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mixture for 30 min at 4 °C to eliminate the excess 
of H20 2. MnO 2 was removed by centrifugation 
and filtration through 0.45 gm pore microfilters. 
The solution was frozen at -80°C for 24 h. The 
concentration of peroxynitrite, which forms a 
yellow top layer due to freeze fractionation, was 
determined spectrophotometrically by measur- 
ing the absorbance at 302 nm in 1.5 M NaOH 
(~302 = 1670 M -1 - c m  1). 

Treatments were performed in 2 ml of pre- 
warmed saline A (8.182 g/1 NaC1, 0.372 g/1 KC1, 
0.336 g/1 NaHCO 3 and 0.9 g/1 glucose) contain- 
ing 5 x 105 cells. The cell suspension was inocu- 
lated into 15ml tubes before addition of 
peroxynitrite. Peroxynitrite was rapidly added 
on the wall of plastic tubes and mixed for few 
seconds to equilibrate the peroxynitrite concen- 
tration on the ceil suspension; to avoid changes 
in pH due to the high alkalinity of the peroxyni- 
trite stock solution, an appropriate amount of 1 
N HC1 was also added. In some experiments, at 
the end of peroxynitrite challenge, cells were 
centrifuged, washed, resuspended in fresh cul- 
ture medium and grown for up to 48 h. 

Cytotoxicity assay 

Cells were exposed to peroxynitrite for the indi- 
cated times and analyzed immediately for cyto- 
toxicity using the trypan blue exclusion assay. 
Briefly, an aliquot of the cell suspension was 
diluted 1:1 with  0.4~ trypan blue and the cells 
were counted with a hemocytometer. 

Lactate dehydrogenase release 

Lactate dehydrogenase activity was measured 
spectrophotometrically as previously 
described I321 in the treatment medium as well as 
in the cell lysates (i.e. that released from the cells 
into the culture medium and that associated 
with the cells, respectively) 

DNA fragmentation analysis 
by the filter-binding assay 

Secondary DNA fragmentation was quantified 
using the filter binding assay developed by Ber- 
trand et al. [33] with minor modifications [3°1. 
DNA fragmentation was determined as the per- 
cent ratio of the [14C]-labelled DNA eluted out of 
the filter vs the total DNA radioactivity in the 
sample. 

DNA fragmentation analysis 
by programmable, autonomously controlled 
electrodes (PACE) electrophoresis 

Cells were embedded into agarose plugs as pre- 
viously described by Sestili et al. [34]. PACE elec- 
trophoresis was carried out using a Bio Rad 
DRIII variable angle system (Bio Rad, Richmond, 
CA, USA). Briefly, the gels were cast using 1.0% 
w / v  chromosomal grade agarose in 0.5x TBE 
buffer (composition of the 0.5x concentrated 
buffer: 44.5 mM Tris HC1, 44.5 mM boric acid, 1 
mM Na2EDTA [pH 8.3]) and run for 24 h at 
160 V with a switch time linearly ramped from 
10 to 150 sec, 120 ° reorientation angle, at a con- 
stant buffer temperature of 14°C. Gels were 
stained with ethidium bromide, viewed with an 
UV transilluminator and photographed. 

Comet assay 

DNA fragmentation in individual cells was 
detected using the comet assay [351. After the 

treatments, U937 cells were resuspended at 2.0 x 
104cells/100 gl in 1.0% low-melting agarose in 
phosphate-buffered saline (8 g/1 NaC1, 1.15 g/1 

Na2HPO 4, 0.2 g/1 KH2PO 4, 0.2 g/1 KC1) contain- 
ing 5 mM ethylenediaminetetraacetic acid 
(EDTA) and immediately pipetted onto agar- 
ose-coated slides. The slides were immersed in 
ice-cold lysing solution (2.5 M NaC1, 100 mM 
EDTA, 10 mM Tris, 1% sarkosyl, 5% dimethyl 
sulfoxide and 1% Triton X100 [pH 10.0]) for 60 
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min. The slides were then placed on an electro- 
phoresis tray with an alkaline buffer (300 mM 
NaOH and 1 mM EDTA) and left for 20 min to 
allow the DNA to unwind; electrophoresis was 
then performed at 300 mA for 20 min in the same 
alkaline buffer maintained at 14°C. The slides 
were then washed and stained with ethidium 
bromide. The DNA was visualized using a Bio 
Rad DVC 250 confocal laser microscope and the 
resulting images were taken and processed with 
a Hamamatsu chilled CCD 5985 (Hamamatsu 
Italy S.p.a., Milan, Italy) coupled with the NIH 
Image 1.61 software. Under the conditions uti- 
lized, apoptotic cells can be recognized on the 
basis of comet shape [36] 

Mitochondrial membrane potential 

U937 cells (2x105/ml) were exposed for 5 min to 
0 or 0.5 ~tM CsA and then treated with 1.2 mM 
peroxynitrite for 15 min in glucose- containing 
Saline A at 37°C. Cells were centrifuged, washed 
and rhodamine 123 (10 ~tg/ml) was added to the 
cells for 10 min. The cells were then washed 
twice with phoshate buffer saline and resus- 
pended in 100 ~tl of the same buffer; 20 ~tl (8.0 x 
104 cells) of this cell suspension was stratified on 
a slide and excited with an argon laser. Laser 
exposure was limited to brief image acquisition 
intervals (_< 3 s) to minimize photo-bleaching of 
rhodamine 123. The analysis was performed 
with a Bio Rad DVC 250 confocal microscope 
and the resulting images were taken with a 
Haxnamatsu 5985 CCD camera and digitally 
recorded on a Macintosh computer. Mitochon- 
drial retention of rhodamine 123 was taken as an 
index of mitochondrial polarization [37]. 

Statistical analysis 

All data in table and figures are expressed as 
means + S.E.M. For comparison between two 
groups the Student's unpaired t test was used. 

RESULTS 

Peroxynitrite induces rapid U937 cell lysis 

Treatment for 60 min with increasing concentra- 
tions of peroxynitrite results in a significant 
decrease in the number of viable cells, as meas- 
ured by the trypan blue exclusion assay 
(Figure 1A). Since this response was associated 
with the appearance of very few trypan blue 
positive cells (Figure 1B), cell lysis occurring 
during the 60 rain incubation seems to account 
for the loss of viable cells mediated by peroxyni- 
trite (Figure 1C). This conclusion is supported by 
experiments showing release of lactate dehydro- 
genase, a parameter indicative of cell lysis (not 
shown). It is also important to note that rapid 
cell lysis was not caused by the high local perox- 
ynitrite concentrations at the inoculation site; to 
avoid this problem, the peroxynitrite alkaline 
solution was added in the wall of the test tube, 
along with an appropriate amount of HC1 to 
maintain a physiological pH, and then the cell 
suspension was vigorously mixed to rapidly 
equilibrate the peroxynitrite concentration in the 
extracellular milieu. Control experiments were 
also performed in which peroxynitrite and HC1 
were first added to saline A and then this solu- 
tion was poured on tubes containing the U937 
cell pellet; using these experimental conditions, 
results identical to the ones reported in Figure 1 
were obtained (not shown). 

The time-dependence of the effects of perox- 
ynitrite (1.2 raM) is illustrated in Figure 2A-C. It 
is apparent that the kinetics underlying the 
decrease of the number of viable cells (A) and 
increase of missing cells (C) were first order with 
respect to time, whereas the number of trypan 
blue positive cells was always extremely low (B). 

Two lines of evidence support the notion that 
the observed effects are entirely mediated by 
peroxynitrite: i) decomposed peroxynitrite- or 
vehicle-treated cells remained viable; ii) the per- 
oxynitrite scavengers Trolox (1 mM) or 
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FIGURE 1 Concentration dependence for peroxynitrite-induced U937 cell death. The cells were exposed to increasing concen- 
trations of peroxynitrite for 60 min and immediately analyzed for cytotoxicity by the trypan blue exclusion assay. Results are 
expressed as: A) number  of viable (unstained) cells; B) number  of dead (stained) cells and C) number  of missing cells. The latter 
parameter was calculated by subtracting the number  of trypan blue positive and negative cells measured in the peroxyni- 
trite-treated cultures from the total cell number  estimated in the untreated cultures. Data are expressed as mean + S.E.M. from 
at least 10 separate experiments, p<0.001 and p<0.0001 as compared to control cells (unpaired t test) 
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FIGURE 2 Time dependence for peroxynitrite-induced U937 celI death. U937 cells were exposed to 0 (open circles) or 1.2 mM 
peroxynitrite (closed circles) in Saline A for increasing time intervals and immediately analyzed for cytotoxicity by the trypan 
blue exclusion assay. Results shown in pane!s A, B and C are expressed as in Figure 1. Data represent the mean _+ S.E.M. from at 
least 10 separate experiments, p<0.001 and p<0.0001 as compared to control cells (unpaired t test) 
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FIGURE 3 Effect of varying the time of L-methionine addit ion on the cytotoxic response elicited by peroxynitr i te  in U937 cells. 
Cells were  treated for 60 rain with 1.2 m M  peroxynitr i te  in the absence or presence of 20 m M  L-methionine. The abscissa axis 
indicates the time elapsed be tween  the addit ion of peroxynitr i te  and that of L-methionine.  Cytotoxicity was de termined  imme-  
fl, iately after t reatments  by the t rypan blue exclusion assay. Data are expressed as means  + S.E,M. from 5 separate  experiments .  

p<0.0001 as compared  to cells exposed to peroxynitri te alone; ( ) p<0.001 and (**) p<0.0001 as compared  to cells s imultaneously 
treated with peroxynitr i te  and L-methionine (unpaired t test) 

L-methionine (20 raM) prevented the lethal 
response evoked by 1.2 mM peroxynitrite 
(Table I). In the latter experiments Trolox or 
L-methionine were added to the cultures 5 rain 
prior to the oxidant addition. In Figure 3 it can 
be seen that L-methionine was also effective 
when added together with peroxynitrite, 
although cytoprotection was found to disappear 
when the peroxynitrite scavenger was given to 
the cultures 1 min after peroxynitrite. Experi- 
ments identical to the ones illustrated in Figure 3 
were performed using 0.2 and 0.6 mM peroxyni- 
trite, with similar outcomes (not shown). 

Thus, the above results demonstrate that 
increasing concentrations of peroxynitrite cause 
rapid U937 cell lysis. 

TABLE I The effects of Trolox and L-methionine on the lethal 
response evoked by peroxynitr i te  

Treatment f~ Trypan blue negative 
ceils (%)~ 

- 99.1 +_ 0.93 

Peroxynitrite 50.3 +_ 1.63 

Peroxynitri te + 1 m M  Trolox 98.7 _+ 0.91" 

Peroxynitri te + 20 m M  L-methionine 99.3 _+ 1.04" 

Decomposed  peroxynitr i te  97.1 +_ 1.01" 

Vehicle c 97.3 _+ 0.88* 

a. The ce~Is were  treated for 60 rain in saline A as detailed 
in the Methods  section. Drugs  were  added  to the cultures 5 
rain prior to addi t ion of peroxynitr i te  (1.2 raM). Cytotoxicity 
was measured  using the t rypan blue exclusion assay. 
b. Results represent  the mean  _+ S.E.M. calculated from 3-5 
separate experiments,  p< 0.0001 vs, t rea tment  wi th  perox- 
ynitrite alone (unpaired t test). 
c. Cells were  treated with an amount  of NaOH identical to 
that contained in peroxynitr i te  stock solutions, and immedi-  
ately buffered with 1N HC1 to pH 7.4. 
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Mechanism of peroxynitrite-dependent U937 
cell death 

The up take  of r h o d a m i n e  123 was  inves t igated 
wi th  the a im of assessing the effects of peroxyni -  
trite on mi tochondr ia l  t r a n s m e m b r a n e  potential .  
A 10 min  exposure  to 1.2 m M  peroxyni t r i te  
induced  a m a r k e d  loss of mi tochondr ia l  rhod-  
amine  up take  in some  cells, whereas  other  cells 
were  found  to f luoresce as un t rea ted  cells. Typi-  
cal images  of peroxyni t r i te - t rea ted  cells are 
s h o w n  in Figure 4B (control in A). Interest ingly,  
the effects of peroxyni t r i te  were  sensit ive to CsA 
(0.5 pM C), an inhibi tor  of mi tochondr ia l  pe r me-  
ability t ransi t ion [38]. Similar results  (not shown)  

were  ob ta ined  w h e n  CsA was  replaced wi th  BA 
(50 ~tM), a l igand of the adenine  nucleot ide  
t ranslocator  of the inner mi tochondr ia l  m e m -  
brane  [391. Finally, the loss of mi tochondr ia l  rhod-  

amine  up take  induced  by  peroxyni t r i te  was  also 
p reven ted  by  the ant ioxidant  DPPD (10 pM) and 
by  the m e m b r a n e - p e r m e a n t  iron chelator  
0-phenanthrol ine  (25 ~M) (not shown).  

The above  findings,  in conjunction wi th  the 
observa t ion  that  the toxicity induced  by  1.2 m M  
peroxyni t r i te  was  also b lun ted  by  CsA, BA, 
DPPD or o-phenanthrol ine  (Figure 5), s t rongly 

suggest  that  peroxida t ion  of m e m b r a n e  l ipids 
and mi tochondr ia l  permeabi l i ty  t ransi t ion p lay  a 
p ivota l  role in peroxyni t r i te - induced  U937 cell 
death. Exper iments  in which  peroxyni t r i te  was  

used  at 0.2 or 0.6 m M  p rov ided  similar  quali ta-  
t ive results  (not shown).  

FIGURE 4 CsA prevents the peroxynitrite-induced mitochon- 
drial depolarization. Representative micrographs of U937 cells 
incubated for 5 min in the absence (B) or presence of 0.5 ~M 
CsA (C) and then treated for a further 15 min with 1.2 mM per- 
oxynitrite. After the treatments, the cells were centrifuged, 
washed, and incubated for 10 min in fresh culture medium 
containing rhodamine 123 (10 ~g/ml). After accurate washing, 
the cells were observed with a confocal microscope equipped 
with a CCD camera and images were digitally recorded with a 
Macintosh computer. Rhodamine 123 is taken up by the mito- 
chondria and retained as a function of the electrochemical and 
proton gradient. As the potential dissipates the marker is pro- 
gressively excluded. Also shown (A) is a representative micro- 
graph of untreated cells 

The mode of U937 cell death induced 
by peroxynitrite is necrosis 

The fact that  cell lysis occurs soon after perox-  
ynitr i te  exposure  s t rongly  suggests  that  the 
m o d e  of cell dea th  is necrosis. Consistently,  vis- 
ual inspect ion of the cells chal lenged wi th  perox-  
ynitri te revealed  that  the morpholog ica l  
al terations were  ma in ly  represen ted  by  swell ing 
of the cells fo l lowed by  loss of m e m b r a n e  integ- 

ri ty (not shown).  In some circumstances,  it was  
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[ ]  + Bongkrekic Acid 

FIGURE 5 Effect of DPPD, o-phenanthroline, CsA or BA on the lethal response evoked by peroxynitrite in U937 cells. The cells 
were exposed for 5 rain to saline A, 10 ~tM DPPD, 25 LtM o-phenanthroline, 0.5 ~tM CsA or 50 ~M BA and then treated for a fur- 
ther 60 rain with 1.2 mM peroxynitrite. Cytotoxicity was determined immediately after treatments by the trypan blue exclusion 
assay. Data are expressed as means -- S.E.M. calculated from 3-5 separate experiments. ** p<0.0001 and *p<0.01 as compared to 
untreated cells; (**) p<0.0001 as compared to cells treated with peroxynitrite alone (unpaired t test) 

possible to observe that this sequence of events 
was completed within 3-5 min. Experimental 
support for the notion that the mode of cell 
death is necrosis also derives from experiments 
in which U937 cells were treated with 1.2 mM 
peroxynitrite for 30 min (Figure 6B, B1 and B2) 
and then analysed for DNA fragmentation using 
three different techniques. The PACE technology 
did not provide evidence that peroxynitrite pro- 
motes formation of discrete 50 kb paired DNA 
fragments (B1) that are generated during the 
apoptotic DNA degradation[34]; rather, the 
smeared fragments that were obtained (B1) are 
typically observed in necrotic cells D4'4°]. As 
expected, under the same conditions, secondary 
DNA fragmentation was not detected using the 
filter binding assay (B2). These results should be 
compared with those provided by the same anal- 
yses performed in U937 cells exposed to an 

apoptotic regimen (20 ~tM etoposide for 30 min 
followed by growth in flesh medium for 6h). As 
illustrated in Figure 6, this treatment caused a 
large band of <_ 50 kB DNA fragments (El) as 
well as extensive secondary DNA fragmentation 
(E2). 

The last experimental approach utilized to 
detect apoptotic cells involved the use of a sin- 
gle-cell microgel electrophoresis technique, the 
comet assay. As previously reported, a comet 
shape characterized by a very small "head" and 
a large, pear-shaped, "tail" can be observed only 
in apoptotic cells [36]. These comets (a typical 
image is shown in Figure 6E) were frequently 
observed in preparations obtained from etopo- 
side-treated cells. In the same preparations non 
apoptotic cells were also detected and these cells 
produced images similar to the ones obtained 
with untreated cells (Figure 6A). The typical 
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FIGURE 6 The mode of cell death induced by peroxynitrite is necrosis. The cells were exposed to 1.2 mM peroxynitrite for 30 
rain (B) and either analyzed immediately, or treated for 60 rain and then grown in fresh culture medium for 6 (C) or 24 h (D). 
Also shown are the results obtained with untreated cells (A) or with ceils exposed for 30 min to 20 pM etoposide and then 
grown for a further 6 h in drug-free culture medium (E). Analyses were performed using the comet assay (A-E), PACE electro- 
phoresis (A1-E1) or the filter binding assay (A2-E2). The photographs shown in A-E and A1-E1 provide typical images observed 
in at least 3 separate experiments. Results shown in A2-E2 represent the mean + S.E.M. calculated from 3 experiments, each per- 
formed in duplicate 

i m a g e  of  a n  a p o p t o t i c  cell  is r e m a r k a b l y  d i f fe r -  

en t  f r o m  t h o s e  o b s e r v e d  in  p r e p a r a t i o n s  of  cel ls  

e x p o s e d  to p e r o x y n i t r i t e  for  30 m i n  (F igu re  6B) 

w h i c h  p r e s e n t  a l a r g e  " t a i l "  of  D N A  f r a g m e n t s  

m o b i l i z e d  f r o m  the  " h e a d " .  These  f i nd ings ,  

a l o n g  w i t h  t he  o b s e r v a t i o n  tha t  v i r t u a l l y  al l  the  

cells t r e a t e d  w i t h  p e r o x y n i t r i t e  a p p e a r e d  as  

" t a i l e d  cel ls" ,  a re  i n d i c a t i v e  of  d i r ec t  D N A  s ing le  

s t r a n d  b r e a k a g e  a n d  i n d e e d  the  n o t i o n  t ha t  p e r -  

o x y n i t r i t e  c ause s  e a r l y  D N A  s t r a n d  sc i s s ion  is 

v e r y  we l l  d o c u m e n t e d  [10]. I t  is  i m p o r t a n t  to n o t e  

that ,  a l t h o u g h  F i g u r e 6  p r e s e n t s  the  r e s u l t s  

o b t a i n e d  w i t h  1.2 m M  p e r o x y n i t r i t e ,  l o w e r  con-  

c e n t r a t i o n s  of  t he  o x i d a n t  (0.01, 0.03, 0.1, 0.2 a n d  
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0.6 raM) also failed to produce biochemical evi- 
dence of apoptosis (not shown). Thus, the results 
reported in this section lead to the conclusion 
that peroxynitrite does not cause apoptosis in 
U937 cells but, rather, necrosis. 

U937 cells surviving treatment with 
peroxynitrite proliferate with kinetics 
superimposable on those of untreated cells 

Having established that the mode of cell death 
caused by a 60 min exposure of U937 ceils to per- 
oxynitrite is necrosis, we investigated whether 
this response was followed by delayed apopto- 
sis.  In these experiments the cells were treated 
for 60 min in saline A with 0.01, 0.03, 0.1, 0.2, 0.4, 
0.6 and 1.2 mM peroxynitrite and analyzed for 
apoptosis using the above criteria after increas- 
ing time intervals of growth in fresh culture 
medium. Under all these conditions, apoptosis 
was never detected. Figure6 shows typical 
results that were obtained in cells treated with 
1.2 mM peroxyntrite and indicate the absence of 
DNA fragmentation after 6 (C, C1 and C2) or 24 
(D, D1 and D2) h of post-challenge growth, as 
measured by the comet assay (C and D), PACE 
technology (C1 and D1) and by the filter elution 
assay (C2 and D2). Microscopic analysis 
revealed that, at these times, virtually all the 
cells that had been previously treated with per- 
oxynitrite display normal morphology (not 
shown). 

These results therefore suggest that peroxyni- 
trite, under the experimental conditions utilized 
in this study, promotes a concentration-depend- 
ent necrotic response rapidly followed by cell 
lysis and that the cells surviving this treatment 
do not subsenquently undergo delayed apopto- 
sis (or necrosis). This effect was further explored 
by measuring the proliferation rate of cells 
treated with 0.1, 0.2, 0.6 and 1.2 mM peroxyni- 
trite, as in the above experiments. Under these 
conditions, untreated U937 cells exihibited a 
short lag period and then grew in an exponential 
fashion for at least 48 h (Figure 7). In agreement 

with the results shown in Figure 1A, levels of 
peroxynitrite _> than 0.2 mM caused an early con- 
centration-dependent decrease in the number of 
viable ceils. Interestingly, however, measure- 
ment of the number of viable cells at increasing 
time intervals after plating of these cells in com- 
plete culture medium revealed similar rates of 
proliferation in cells which survived the treat- 
ments with peroxynitrite. The notion that survi- 
vors proliferate as efficiently as untreated cells is 
well emphasized by the finding that superim- 
posable curves describing the time-dependent 
increase in cell number were obtained after seed- 
ing of equal numbers of untreated ceils or ceils 
surviving the 60 rain exposure to 1.2 mM perox- 
ynitrite (Figure 7, inset). Finally, the possibility 
that survivors represented a subclone resistant 
to peroxynitrite was ruled out by the observation 
that, under conditions identical to those utilized 
in Fig. 1, the lethal response induced by perox- 
ynitrite was remarkably similar in control cells 
and in cells which survived a previous treatment 
with peroxynitrite (not shown). The latter cell 
populations were obtained by using a protocol 
involving a 60 min exposure to 1.2 mM perox- 
ynitrite followed by growth in fresh medium for 
1, 6, 15, 24 or 48 h. 

Taken together these results suggest that per- 
oxynitrite rapidly kills U937 cells and that the 
survivors promptly recover their ability to pro- 
liferate. 

DISCUSSION 

This paper presents the results of a carefully con- 
trolled study on the mode of death induced by 
authentic peroxynitrite in cultured U937 cells. 
Particular care was taken in selecting appropri- 
ate treatment conditions to minimize events 
which would otherwise potentially affect the 
overall cellular responses. These conditions are 
described in detail in the Methods and Results 
sections and allowed exposure to peroxynitrite 
at a physiological pH. We could show that the 
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• 0.1 mM Peroxynitrite 

• 0.2 mM Peroxynitrite 

• 0.6 mM Peroxynitrite 

1.2 mM Peroxynitrite 

o 
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0 12 24 48 

! 1 I I 

12 24 36 48 

I 

36 

Time (h) 

FIGURE 7 Cell counts  of U937 cells at var ious  t ime intervals  after t rea tment  wi th  peroxynitri te.  Cells were  incubated  for 60 rain 
in the  absence (dotted line) or presence of increas ing concent ra t ions  of peroxynitr i te ,  washed ,  r e s u s p e n d e d  in fresh cul ture  
m e d i u m  and  g r o w n  for u p  to 48 h. Also s h o w n  (inset) is the  g r o w t h  of control (dot ted line) or peroxyni t r i te  treated cells (1.2 
mM,  closed circles) seeded in the  cul ture m e d i u m  at the same  densi ty.  The cell n u m b e r  was  de t e rmined  with a hemocy tomete r .  
Resul ts  are p resen ted  as m e a n s  + S.E.M. f rom 5 separa te  exper iments .  S.E.M. bars  are in some  cases covered by  symbo l s  

toxic effects observed were entirely mediated by 
peroxynitrite, since cell death was prevented by 
peroxynitrite scavengers, whereas addition of 
the vehicle, or decomposed peroxynitrite, did 
not cause toxicity (Table I). Furthermore, the 
effects of peroxynitrite were induced within the 
first min of treatment, since L-methionine was 
no more cytoprotective when given 1 min after 
peroxynitrite (Figure 3). This is consistent with 
the notion that peroxynitrite decomposes within 
seconds in a buffer at physiological pH. Other 
studies utilized toxicity paradigms in which per- 
oxynitrite exposure was performed at an alka- 

line pH[15'2°'23]and it is unclear whether the 
observed apoptotic response was a consen- 
quence of the increased stability of peroxynitrite 
in the extracellular milieu, or rather the result of 
interference with cellular homeostasis and /or  
responses to the damage inflicted by the oxidant. 
In the present study, no evidence of secondary 
DNA fragmentation typical of apoptosis was 
found in cells exposed to a wide range of perox- 
ynitrite concentrations (0.01 to 1.2 mM) and then 
post-incubated for increasing time intervals in 
fresh culture medium (Figure 6 C, C1, C2 and D, 
D1, D2). This was established by three different 
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biochemical criteria involving the use of the 
comet assay, PACE technology and the filter 
binding assay. 

We found that the mode of cell death medi- 
ated by authentic peroxynitrite in U937 cells is 
necrosis; this response was rather unique in that 
cell death occurred soon after peroxynitrite addi- 
tion and was rapidly followed by cell lysis. It is 
also important to note that careful control exper- 
iments illustrated in the Results section ruled out 
the possibility that rapid cell lysis was caused by 
the high local peroxynitrite concentrations at the 
inoculation site. The following lines of evidence 
are consistent with the notion that the mode of 
peroxynitrite-induced cell death is necrosis; a) 
cell lysis occurs soon after peroxynitrite expo- 
sure (Figures 1 and 2); b) the morphological 
alterations induced by peroxynitrite were 
mainly represented by swelling of the cells fol- 
lowed by loss of membrane integrity (not 
shown); c) analysis of the DNA of cells treated 
with peroxynitrite by the PACE technology 
showed the formation of smeared fragments 
(Figure6B1) that are typically observed in 
necrotic cells [34'4°]. 

It is important to note that, although these bio- 
chemical analyses were performed in cells 
treated with 1.2 mM peroxynitrite, similar quali- 
tative results were otained using lower concen- 
trations of peroxynitrite. 

We subsequently found that DPPD prevents 
the toxicity induced by peroxynitrite (Figure 5) 
in U937 cells. DPPD is a lipophilic antioxidant 
and the cytoprotection afforded by this treat- 
ment strongly suggests that peroxidation of 
membrane lipids is a key event in the above 
cytotoxicity paradigm. The iron chelator o-phen- 
anthroline mimicked the effects of DPPD, thus 
indicating that iron also plays a pivotal role in 
this lethal response. Finally, CsA, an agent 
which binds to cyclophillin thereby preventing 
pore opening in the inner mitochondrial mem- 
brane [38], was found to afford cytoprotection 
(Figure 5) in cells treated with peroxynitrite. 
Similar results were obtained using BA, an agent 

which prevents mitochondrial permeabilty tran- 
sition I39] via its binding to a protein located in 
the inner mitochondrial membrane, the adenine 
nucleotide translocator. Thus, these findings are 
consistent with the notion that peroxidation of 
membrane lipids and mitochondrial permeabil- 
ity transition are likely mechanisms of the rapid 
lethal response evoked by peroxynitrite in U937 
cells. 

An additional indication that mitochondria 
represent the main target of the peroxyni- 
trite-induced cytotoxicity is given by the results 
shown in Figure 4. Treatment with peroxynitrite 
caused a marked reduction of mitochondrial 
rhodamine 123 uptake which was prevented by 
CsA (Figure 4C), BA, DPPD or o-phenanthroline 
(not shown). Since it is well established that the 
uptake of rhodamine 123 into mitochondria is a 
direct function of the mitochondrial transmem- 
brahe potential I37], we conclude that peroxyni- 
trite causes mitochondrial depolarization via a 
CsA- or BA-sensitive mechanism. 

The last set of results presented in this study 
indicate that the cells which survived the treat- 
ment with peroxynitrite did not undergo delayed 
cell death but rather proliferated as untreated 
cells (Figure 7). This would indicate that, under 
the experimental conditions utilized in this study, 
peroxynitrite either induces immediate necrosis 
or inflict a reversible damage which does not 
result in delayed cell death, importantly, the cells 
surviving the treatment with peroxynitrite do not 
represent a sub-clone of peroxynitrite-resistant 
cells, since the level of cell death induced by the 
oxidant under standard conditions was identical 
to that observed using cells selected by a treat- 
ment with a toxic concentration of peroxynitrite 
(see the Results section). The striking differences 
observed between these subpopulations of U937 
cells therefore suggest the existence of a threshold 
mitochondrial damage which leads to irreversible 
mitochondrial permeability thansition and necro- 
sis; if this threshold is not reached then the cells 
survive and rapidly remove the lesions induced 
by peroxynitrite. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/2
2/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



526 PIERO SESTILI et al. 

In conclusion, the findings presented in this 
study demonstrate that a) the damage inflicted 
by peroxynitrite to U937 cells causes mitochon- 
drial permeability transition-dependent early 
necrosis and b) the survivors promptly repair 
the damage inflicted by the oxidant and profi- 
ciently exert energy demanding functions such 
as cell proliferation. 
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