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Peroxynitrite-induced thymocyte apoptosis: the role of caspases and
poly (ADP-ribose) synthetase (PARS) activation

L. VIRAG, G. S. SCOTT, S. CUZZOCREA, D. MARMER, A. L. SALZMAN & C. SZABO Division of Critical Care,
Children's Hospital Medical Center, Cincinnati, OH, USA

SUMMARY

The mechanisms by which immature thymocyte apoptosis is induced during negative selection are
poorly defined. Reports demonstrated that cross-linking of T-cell receptor leads to stromal cell
activation, expression of inducible nitric oxide synthase (iNOS) and, subsequently, to thymocyte
apoptosis. Therefore we examined, whether NO directly or indirectly, through peroxynitrite
formation, causes thymocyte apoptosis. Immuno-histochemical detection of nitrotyrosine revealed
in vivo peroxynitrite formation in the thymi of naive mice. Nitrotyrosine, the footprint of
peroxynitrite, was predominantly found in the corticomedullary junction and the medulla of naive
mice. In the thymi of mice deficient in the inducible isoform of nitric oxide synthase, considerably
less nitrotyrosine was found. Exposure of thymocytes in vitro to low concentrations (10 gM) of
peroxynitrite led to apoptosis, whereas higher concentrations (50 gM) resulted in intense cell death
with the characteristics of necrosis. We also investigated the effect of poly (ADP-ribose) synthetase
(PARS) inhibition on thymocyte apoptosis. Using the PARS inhibitor 3-aminobenzamide (3-AB),
or thymocytes from PARS-deficient animals, we established that PARS determines the fate of
thymocyte death. Suppression of cellular ATP levels, and the cellular necrosis in response to
peroxynitrite were prevented by PARS inhibition. Therefore, in the absence of PARS, cells are

diverted towards the pathway of apoptotic cell death. Similar results were obtained with H202
treatment, while apoptosis induced by non-oxidative stimuli such as dexamethasone or anti-FAS
antibody was unaffected by PARS inhibition. In conclusion, we propose that peroxynitrite-induced
apoptosis may play a role in the process of thymocyte negative selection. Furthermore, we propose
that the physiological role of PARS cleavage by apopain during apoptosis may serve as an energy-
conserving step, enabling the cell to complete the process of apoptosis.

INTRODUCTION

Elimination of self-reactive premature T cells occurs during
negative selection in the thymus via signals transduced from
the T-cell receptor (TCR) following high affinity binding of
major histocompatibility complex (MHC)-bound self-peptides
presented by bone marrow-derived stromal cells.' However,
signalling through the TCR alone does not necessarily lead to
apoptosis.A-4 For instance, co-signalling via the cell surface
FAS molecule, a member of the tumour necrosis factor (TNF)
receptor family, may also contribute to apoptosis induct-
ion, as indicated by the high density of FAS on CD4' CD8+
double-positive thymocytes and the high sensitivity of these
cells to FAS-ligand-mediated apoptosis.' Moreover co-
stimulatory signals are transduced via CD28 and T-helper 1
(Thy-1) surface receptors.46
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The interaction of thymocytes and stromal cells is far from
being unidirectional. Cross-linking of TCR on CD4' CD8+
thymocytes was reported to induce stromal cell activation,
characterized by the upregulation of numerous transcripts
including cytokine mRNA-s. This cross-talk between TCR-
stimulated thymocytes and stromal cells was found to contrib-
ute to thymocyte apoptosis.7

Of the numerous cell types that together form the thymic
stroma, dendritic cells and macrophages are known to play a
crucial role in the negative selection. Both cell types are able
to produce reactive oxygen and nitrogen intermediates which
mediates many of their cytotoxic effects.8 Reactive oxygen
intermediates and nitric oxide (NO) have been shown to
induce apoptosis in thymocytes in vitro.9 Recently, it has been
demonstrated that inducible NOS (iNOS) is upregulated in
the thymus in response to in vivo TCR stimulation, with a
subsequent decrease in the number of CD4+ CD8+ thymo-
cytes.'0 Based on this study, a role for NO has been proposed
in the process of negative selection. However, it is unknown
whether this effect is mediated by NO directly or through the
formation of more reactive oxidative species such as
peroxynitrite.

© 1998 Blackwell Science Ltd 345



L. Viracg et al.

Peroxynitrite, a potent oxidant formed in the near diffusion
limited reaction ofNO and superoxide" is a feasible candidate
as a mediator of the negative selection. Peroxynitrite is a

major mediator of tissue injury in inflammation, ischaemia-
reperfusion and shock.'2 Recent studies have demonstrated
the induction of apoptosis in the HL-60 cells, U936 cells,13
and human umbilical vein endothelial cells'4 in response to

peroxynitrite. Peroxynitrite has also been shown to induce
DNA fragmentation in thymocytes.'5

The cellular response to peroxynitrite exposure can be
influenced by the activation of the poly ADP-ribosyl-
synthetase (PARS) (also called PARP), a nuclear DNA nick
sensor enzyme.16 Our group has recently reported that treat-

ment of various cell types with peroxynitrite results in the
formation of DNA single-strand breaks and consequently to
PARS activation."16`8 Once activated, PARS cleaves NAD+
to nicotinamide and ADP-ribose and catalyses the addition of
poly (ADP-ribose) adducts to nuclear proteins. This process

can lead to the depletion of cellular energy pools and to rapid
cell death.'9 Considering the fact that apoptosis is an active
process that requires energy, activation of PARS may interfere
with the execution of the apoptotic program. Thus, the cleav-
age of PARS by interleukin-1 converting enzyme -like pro-

teases, an event recognized as a hallmark of apoptosis,20-27
can be interpreted as a preventive measure aimed at the
conservation of the cellular energetics to secure the undisturbed
execution of the cell death program. Another possible hypoth-
esis for the role of PARS cleavage comes from discovery that
one of the substrates of PARS is an endonuclease and poly-
ADP-ribosylation is inhibitory to its activity.28 Therefore, in
addition to energy conservation, inactivation of PARS may

be necessary for DNA fragmentation. Yet other investigations
concluded that PARS cleavage is an epiphenomenon during
apoptosis.29'30

In the present study we examined the potential role of
peroxynitrite in the negative selection of thymocytes by
determining: 1. whether peroxynitrite is produced in vivo in
the thymus, 2. defining the sources of peroxynitrite with regard
to the multiple NOS isoforms that are active in the thymus.
In addition, we investigated: 3. whether peroxynitrite activates
PARS in thymocytes, and 4. whether this latter process plays
a role in the regulation of peroxynitrite-induced thymocyte
cell death. Furthermore, 5. the role of caspase activation in
the course of peroxynitrite induced apoptosis as well as 6. the
dependence of the peroxynitrite-induced apoptotic process on

protein and RNA synthesis has also been investigated.

MATERIALS AND METHODS

Materials
Tetrapeptide caspase substrates (DEVD-AFC and YVAD-
AFC), inhibitors (DEVD-fmk and YVAD-fmk) and free
AFC (7-amino-4-methylcoumarin) were purchased from
Enzyme Systems (Dublin, CA). annexin V-FITC (fluorescein
isothyocyanate) was obtained from Pharmingen (San Diego,
CA), propidium iodide (PI) from Molecular Probes (Eugene,
OR) and proteinase K from Gibco (Grand Island, NY).
Rabbit polyclonal antinitrotyrosine antibody was purchased
from Upstate Biotechnology (Lake Placid, NY). All other
reagents were from Sigma (St Louis, MO). Authentic peroxy-
nitrite was kindly provided by Dr Harry Ischiropoulos

(University of Pennsylvania, Philadelphia, PA). The concen-

tration of peroxynitrite was determined spectrophotometrically
by measuring absorbance at 302 nm using an extinction
coefficient of 1670 M'-'cm'.

Thymocyte preparation andperoxynitrite treatment
Thymi from sex-matched PARS-deficient and wild-type mice
(3-5 weeks) were aseptically removed and placed into ice cold
RPMI- 1640 (10% fetal calf serum, 0 mm glutamine, 0 mM
HEPES, 100 U/ml penicillin, 100 ,tg/ml streptomycin) media.
Single-cell suspensions were prepared by sieving the organs

through a stainless wire mesh. Cells isolated this way were

routinely 98% viable, as assessed by Trypan blue exclusion
assay. Thymocytes were seeded in 24-well plates (0 5 ml/well)
for cytofluorimetry and agarose gel electrophoresis, 96-well
plates (01 ml/well) for cytotoxic assay and deoxyribonucleic
acid (DNA) fragmentation enzyme-linked immunosorbent
assay (ELISA) or in Eppendorf tubes (1 ml) for adenosine
triphosphate (ATP) and PARS-assays. PARS inhibitors were

applied as a pretreatment (15 min prior to peroxynitrite).
Authentic peroxynitrite was diluted in phosphate-buffered
saline (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 peroxynitrite
(kept in PBS pH 7 2 at 370 for 30 min) has also been tested in
all of the assays and was found to have no effect on any

parameters measured. Cells were incubated with peroxynitrite
for various time intervals until assayed for DNA fragmentation
(6 hr), ATP content (1 hr), viability (MTT) (1 hr), and
apoptosis by flow cytometric analysis (4 hr).

Immunohistochemistry
Cryostat sections (10 ptm) were treated with 0 3% hydrogen
peroxide for 15 min to block endogenous peroxidase activity
and then rinsed briefly in PBS. Non-specific binding was

blocked by incubating the slides for 1 hr in PBS containing
2% goat serum. To detect nitrotyrosine, an indicator of the
presence of peroxynitrite,, " rabbit polyclonal antinitrotyro-
sine antibody was applied in a dilution of 1: 500 at 4° overnight.
(Control sections were incubated in PBS with the primary
antibody in the presence of 10 mm nitrotyrosine.) Following
extensive washing (5 x 5 min) with PBS, immunoreactivity was

detected with a biotinylated goat anti-rabbit secondary anti-
body and the avidin-biotin-peroxidase complex (ABC)
both supplied in the Vector Elite kit (Vector Laboratories,
Burlingame, CA). Colour was developed using Ni-DAB sub-
strate (95 mg diaminobenzidine, 1 6 g NaCl, 2 g nickel sulfate
in 200 ml 0 1 M acetate buffer). Sections were then coun-

terstained with nuclear fast red, dehydrated and mounted in
Permount. Photomicrographs were taken with an Olympus
BX-40 microscope.

Flow cytometry
Flow cytometric determination of apoptosis was carried out
as previously described.3' 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.32 Following treatment of 106 thymocytes with per-
oxynitrite, hydrogen peroxide, anti-FAS antibody or dexame-
thasone, cells were harvested, washed once in ice-cold PBS
and resuspended in 1 ml annexin-binding buffer (10 mm Hepes

1998 Blackwell Science Ltd, Immunology, 94, 345-355

346



The role of PARS in peroxynite-induced thymocyte apoptosis

pH 7 4, 140 mm NaCl, 2 5 mm CaCl2). Cell suspensions
(100 p1) were transferred into new tubes and 5 Il annexin
V-FITC and 10 gl propidium iodide stock solution (50 jig/ml)
were added to the cells. After 20 min, 400 p1 binding buffer
was added to each tube and samples were analysed within 1 hr
on a FACSCalibur flow cytometer (Becton-Dickinson, San
Jose, CA) using the standard optics for detecting FLI (FITC)
and FL2 (propidium iodide). Data were analysed with
CellQuest software (Becton-Dickinson).

Detection ofinternucleosomal DNA fragmentation with agarose
electrophoresis
Internucleosomal DNA fragmentation was measured as
described.33 106 cells were loaded in 15 jl sample buffer (5%
glycerol, 10 mm Tris, pH 8 0, 0 05% bromophenol blue,
5 mg/ml RNase) into the wells of a 2% horizontal agarose gel
the top portion of which (above to comb) was replaced after
solidification with 1% agarose containing 2% sodium dodecyl
sulfate (SDS) and 64 gg/ml proteinase K. Electrophoresis was
carried out at 60 V for 12 hr and the gel was subsequently
stained with 2 jg/ml ethidium bromide for 1 hr. Excess ethid-
ium bromide was removed by intensive washing with dis-
tilled water.

Measurement ofDNA fragmentation with ELISA
DNA fragmentation was measured with a commercially avail-
able ELISA kit (Boehringer Mannheim, Indianapolis, IN)
following the manufacturer's instructions as previously
described.14 The assay is based on the detection of histone-
associated DNA fragments from the cytoplasmic fraction of
cell lysates. 2 x 105 thymocytes were seeded into round-bottom
96-well plates in 200 p1 culture medium and treated with
different concentration of peroxynitrite. After a 5 hr incubation
(370, 5% C02) plates were centrifuged (240 g, 10 min), media
was aspirated and the cells resuspended in 200 gl incubation
buffer (supplied with the kit) and incubated at 4° for 60 min.
Cell lysates were then transferred to Eppendorf tubes and
centrifuged ( 10 000 g, 10 min). Supernatants were diluted x 10
and measured in an ELISA (antihistone capturing antibody,
peroxidase-conjugated anti-DNA secondary antibody, ABTS
substrate). Absorbance was then measured (405 nm-490 nm)
versus substrate solution as a blank using a Spectramax 250
microplate reader (Molecular Devices, Sunnyvale, CA).
Apoptosis index was calculated by comparing the optical
density (OD) values of quadruplicate samples to the values of
untreated controls.

Measurement ofPARS activity
To 107 cells (in 1 ml culture medium), 20 p1 peroxynitrite was
added to give final concentrations of 10 gM and 50 gM. After
20 min cells were spun, medium was aspirated and cells were
resuspended in 0-5 ml assay buffer [56 mm Hepes pH 7.5,
28 mm KC1, 28 mm NaCl, 2 mm MgCl2, 0-01% digitonin and
0-125 JM3H-NAD (0-5 gCi/ml)]. PARS activity was then meas-
ured as previously described.17 Briefly, following incubation
(20 min at 370), 200 p1 ice-cold 50% TCA was added and
samples incubated for 4 hr at 4°. Samples were then spun
(10 000 g, 10 min) and pellets washed x 2 in ice-cold 5% TCA
and solubilized overnight in 250 p1l 2% SDS/O 1 N NaOH at
37°. Contents of the tubes were added to 7 ml ScintiSafe Plus

scintillation liquid (Fisher Scientific, Pittsburgh, PA) and
radioactivity was determined in a Wallac liquid scintillation
counter (Gaithersburg, MD).

Measurement ofATP
Following treatment with peroxynitrite 2 x 107 cells were
washed x 1 in PBS and resuspended in ice-cold 0-4 ml 06N
perchloric acid. Lysates were then sonicated using a Virtis
membrane disruptor (Virtis, Gardiner, NY; maximal power,
10 seconds) and left on ice for 1 hr. After adding 180 p1 cold
K2HPO4 (1 0 M, pH 12) samples were vortexed and centrifuged
(10000g, 10min, 4°). Supernatants were filtered through
0-2-jim syringe filters and analysed for ATP on high-
performance liquid chromatography (HPLC) (Pharmacia,
Piscataway, NJ) in parallel to ATP standards. Results are
expressed as nmol ATP/mg protein.

Determination ofperoxynitrite-induced cytotoxicity
Cytotoxic effect of peroxynitrite was measured with the MTT
(3-[4,5-dimethylthiazol-2-yl ]2,5-diphenyltetrazolium bromide)
assay as described.'7 Cells were treated the same way as for
the assay for DNA fragmentation. One hour after peroxynitrite
treatment, MTT was added to the cells (0 5 mg/ml) and
incubated for an additional hour. Plates were then centrifuged
(240 g, 10 min), media was aspirated and the formazan crystals
were dissolved by the addition of 100 jI dimethyl sulphoxide
(DMSO). Optical density was determined in the Spectramax
plate reader (Spectramax Molecular Devices, Sunnyvale, CA)
at 550-nm test wavelength and 690 nm as reference wavelength.

Measurement ofapopain and ICE-activity
Caspase activity was measured by the cleavage of the flu-
orogenic tetrapeptide-amino-4-methylcoumarine conjugate
(DEVD-AFC for apopain assay or YVAD-AFC for ICE) as
described.34 Thymocytes (3 x 106) were treated with 30 gM
peroxynitrite. In parallel, some samples were pretreated with
10 gM of the specific cell permeable tetrapeptide inhibitors
(DEVD-fmk and YVAD-fmk) 1 hr before the peroxynitrite
treatment. Cells were harvested 0, 2, 4 and 6 hr after peroxyn-
itrite treatment, washed x 1 in PBS and then lysed in a lysis
buffer (10 mm HEPES, 0 I% CHAPS, 5 mm dithiothreitol,
2 mm EDTA, 10 gg/ml aprotinin, 20 gg/ml leupeptin, 10 gg/ml
pepstatin A, and 1 mm PMSF, pH 7-25) by sonication. Cell
lysates and substrates (50 jM) 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
(Norwalk, CT)using 400-nm excitation and 505-nm emission
wavelength. Fluorescence units were converted to picomoles
of AFC using a calibration curve generated with free AFC.
Data are given as DEVD-fmk inhibitable AFC generation
(mean + SD).

Statistical analysis
All values in the figures and text are expressed as the
mean+standard error of the mean (SEM) of n observations;
n>4. Data sets were examined by analysis of variance and
individual group means were then compared with Bonferroni's
post hoc test. A P-value less than 0 05 was considered statisti-
cally significant. When the results are presented as representa-
tive gels, immunohistochemical pictures or representative flow
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cytometry analyses, results identical to the ones shown were

obtained in at least three different experiments.

RESULTS

Detection of peroxynitrite in the thymus

For the detection of peroxynitrite production in vivo we have
taken advantage of the fact that peroxynitrite, unlike NO,
reacts with tyrosine residues of proteins. Therefore the presence

of nitrated protein in tissues is regarded as a specific footprint
of peroxynitrite."1"2 We have detected cells containing nitrated
proteins in the thymi of untreated mice (Fig. 1), indicating
the in vivo, 'basal' production of peroxynitrite in this organ.

The nitrotyrosine positive cells were predominantly found in
the medulla (Fig. la,c). Nitrotyrosine positive cells have also
been found in the thymi of iNOS-deficient mice (Fig. lb,d),

although they were less abundant than in the wild-type mice
and displayed a predominantly perivascular distribution.

Effect of peroxynitrite on thymocyte apoptosis

Apoptotic cell death is characterized by numerous morphologi-
cal and biochemical changes. One of the features of apoptotic
cells is the loss of cell membrane asymmetry during the early
phases of programmed cell death. Phosphatidylserine (PS), a

phospholipid that can only be found in the inner layer of the
intact cell membrane, becomes exposed to the outer leaflet
where it can be detected by the selective binding of annexin V
to PS under defined salt and calcium concentrations. In the
early phase of apoptosis, cells bind annexin V but exclude
propidium iodide. On the other hand, double-positive cells
(stained by both annexin V-FITC and propidium iodide) may

Figure 1. Immunochistochemical detection of nitrotyrosine in the thymus. Cryostat sections of naive wild-type (a, c) and iNOS
knockout (b, d) mice were stained for nitrotyrosine. Immunoreactive cells were predominantly found in the medulla. A few
nitrotyrosine positive cells of predominantly perivascular localization could also be detected in the thymi of iNOS-deficient mice
(b,d). Control sections (e) were stained with the primary antibody in the presence of 10 mm nitrotyrosine. Histological sections
shown are representative of three experiments. (Panels a, b, e: x 80, 1 cm= 140 gm; panels c, d: x 320, 1 cm= 35 gm.)
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Figure 2. Cytofluorimetric analysis of thymocyte apoptosis induced by peroxynitrite or dexamethasone. Thymocytes were treated
for 4 hr with 10 jm and 50 jm peroxynitrite or 10 jm dexamethasone. Cells were then stained with annexin V-FITC and propidium
iodide (PI) and two-colour analysis was performed by flow cytometry. An increase in the number of apoptotic (annexin V-FITC
single positive) cells was observed in response to 10 jM peroxynitrite treatment, whereas necrotic (stained by both annexin V-FITC
and PI) cells dominate in response to 50 jM peroxynitrite. PARS-deficient cells were protected against the loss of membrane
integrity, as indicated by decreased PI uptake. No differences were found between the wild-type and PARS-deficient thymocytes
in response to dexamethasone. Data shown are representative of three to four experiments performed on different experimental days.

Table 1. Cytofluorimetric analysis of thymocyte apoptosis induced by peroxynitrite, hydrogen peroxide, anti-FAS antibody or dexamethasone.
Thymocytes were treated for 4 hr with 10 jm, 25 im and 50 jm peroxynitrite, 50 jm and 300 jim H202, 10 jg/ml anti-FAS antibody or 10 jm

dexamethasone. Cells were then stained with annexin V-FITC and propidium iodide (PI) and two-colour analysis was performed by flow
cytometry. Values indicate percentage number of annexin V/PI double-negative (normal), annexin V single-positive (apoptotic) and annexin
V/PI double-positive (necrotic) cells. Data represent the mean of three experiments performed on different experimental days. Variations between

individual determinations did not exceed 10% of the mean

Wild type 3-AB PARS knock out

Normal APO NECR Normal APO NECR Normal APO NECR

CTL 84 10 4 88 8 3 88 7 3
10 jMONOO 59 24 14 62 28 8 75 18 5
25 jMONOO 30 21 47 46 43 9 55 35 7
50 jMONOO 13 17 64 48 43 7 49 42 7
50 jMH202 34 21 43 47 42 10 56 36 6
300 iMH202 9 11 74 41 47 10 39 50 8
10 jg/ml FAS Ab 57 29 13 60 28 9 54 35 9
10 jm DEX 26 59 13 29 58 11 31 57 10

represent a necrotic population, since necrotic cells lose mem-
brane integrity and can not exclude propidium iodide.
Cytofluorimetric analysis of cells stained with annexin V-FITC
and propidium iodide allows the identification of intact
(unstained), apoptotic (annexin V-FITC positive) and necrotic
(annexin V-FITC and propidium iodide double positive)
populations. 3135

Peroxynitrite treatment (10 jM) resulted in an increase of
the number of apoptotic cells (Fig. 2, Table 1). However,
higher concentrations (50 jM) caused a marked necrosis.
Decomposed peroxynitrite had no effect (data not shown). By
comparison, treatment with 3-aminobenzamide (3-AB), an

inhibitor of PARS, produced a dramatic decrease in the

1998 Blackwell Science Ltd, Immunology, 94, 345-355

number of double-positive cells, with an increase of apoptotic
(i.e. annexin V single positive) cells. PARS-deficient thymo-
cytes also displayed a typical apoptotic staining pattern in
response to peroxynitrite, with a dose-dependent increase in
the number of annexin V-binding, PI-excluding cells. The
patterns of the cellular responses were very similar in the
PARS-deficient cells and in the wild-type thymocytes pre-

treated with the PARS inhibitor (Fig. 2, Table 1). 3-AB had
no effect on the apoptosis of PARS-deficient thymocytes (data
not shown).

The effect of H202 on thymocytes was similar to that of
peroxynitrite (Table 1). Low concentration (50 jM) of H202
caused apoptosis whereas higher doses (300 jM) caused
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necrosis, which was prevented by 3-AB pretreatment. No
differences were found in the anti-FAS antibody or dexame-
thasone-induced apoptosis between the PARS+ + and
PARS-/- cells or the PARS+/+ cells in the presence of 3-AB
treatment (Table 1).

Peroxynitrite-induced DNA fragmentation

During apoptosis DNA is cleaved by endonucleases into
oligonucleosomal fragments, the detection of which in the
cytoplasmic fraction of cell lysates is commonly used to verify
apoptotic cell death.33 In line with the flow cytometric data,
agarose gel electrophoresis of cellular DNA showed that 10 gtM
peroxynitrite, but not higher concentrations of the oxidant,
induced DNA fragmentation. In fact, at higher concentrations
of the oxidant, a marked inhibition of the apoptotic process
was found, which was reversed by pretreatment with
3-aminobenzamide (Fig. 3a). PARS-deficient thymocytes
exposed to peroxynitrite also demonstrated a dose-dependent

increase of DNA fragmentation (Fig. 3b) (similar to the results
of the wild-type cells treated with 3-aminobenzamide). The
PARS inhibitor did not affect DNA fragmentation in the
thymocytes from the PARS-deficient animals, demonstrating
that the agent, at the concentration used, did not have
additional pharmacological effects. Results similar to that
obtained with peroxynitrite were found with H202 treatment
(Fig. 3c,d), whereas anti-FAS- or dexamethasone-induced
apoptosis was unaffected by inhibition of PARS (Fig. 3c,d).

Peroxynitrite activates PARS leading to energy depletion and
inhibition of mitochondrial respiration

As previously demonstrated, the acute cellular metabolic effects
of peroxynitrite are mediated, at least in part, by PARS
activation.'8 Therefore, we investigated herein whether PARS
is activated in thymocytes in response to peroxynitrite treat-
ment and whether PARS activation leads to energy depletion.
Treatment of thymocytes with 20,M peroxynitrite led to a
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Figure 3. Detection of internucleosomal DNA fragmentation in thymocytes treated with different concentrations of peroxynitrite,
H202, dexamethasone and anti-FAS-Ab. Following a 6-hr treatment with different concentrations of peroxynitrite, H202, anti-
FAS-Ab and dexamethasone, cells were analysed for internucleosomal DNA cleavage with agarose gel electrophoresis (a, b) and
cytosolic DNA fragments were also quantified by DNA fragmentation ELISA (c, d). PARS+'1 thymocytes were treated with
O gM, 10 gM, 25 gM or 50 gM peroxynitrite in the absence or presence (+) of 1 mm 3-AB and were then analysed for DNA laddering
(a). DNA laddering of PARS-1- cells treated with the indicated concentration of peroxynitrite has also been determined (b). Gels
shown are representative of three to four experiments performed on different experimental days. In addition to agarose gel
electrophoresis, DNA fragmentation of PARS+ I+ (c) and PARS-' - (d) thymocytes treated with peroxynitrite, H202, dexamethasone
and anti-FAS-Ab has been quantified with DNA fragmentation ELISA. Data shown on parts (c) and (d) represent means +SEM
of n = 9 observations.
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marked elevation in PARS activity as shown in Fig. 4(a).
Higher concentrations of peroxynitrite (50 (vi) resulted in
maximal PARS activation. Pretreatment of cells with 3-AB
significantly decreased PARS activation.

We have previously demonstrated that activation of PARS
is followed by consumption of NAD '. the substrate of PARS
and leads in turn to a dramatic decrease in the intracellular
ATP level, inhibition of mitochondrial respiration and eventual
cell death."8 In line with these data. a significant decrease in
the intracellular ATP level was found 1 hr after peroxynitrite
pretreatment of thymocytes. with a protection provided by
inhibition of PARS (Fig. 4b). Similarly, we have found a
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PARS-related. concentration-dependent decrease in mito-
chondrial respiration in thymocytes exposed to peroxynitrite
(Fig. 4c).

Peroxynitrite-induced thymocyte apoptosis requires intact
protein and RNA synthesis

To further characterize the mechanism of peroxynitrite-
induced apoptosis. we have investigated whether it requires
protein and RNA synthesis. We tested the effect of cyclohexim-
ide. a protein synthesis inhibitor. and actinomycin D. an
inhibitor of RNA synthesis, on the apoptosis induced by
peroxynitrite. As shown on Fig. 5.. peroxynitrite-induced
apoptosis depends on both protein and RNA synthesis. as
evidenced by a remarkably decreased DNA fragmentation
(Fig. 5a.b) and annexin V exposure (Fig. 5c) of cycloheximide
or actinomvcin D-treated thymocytes. (Since actinomycin D-
derived fluorescence interferes with the cytofluorimetric
method. the effect of actinomvcin D could not be investigated
by flow cytometry.)

Caspase-3 but not caspase-I is an important mediator of the
peroxynitrite-induced thymocyte apoptosis

Since a novel group of cysteine proteases called caspases
is now recognized as key regulators of apoptosis. we in-
vestigated whether caspase-1 (also called interleukin con-

T vertase enzyme- 1) and caspase-3 (also known as apopain
m/Z YAMA CPP32) are involved in the regulation of peroxvnitrite-

induced apoptosis. For these experiments we have used PARS-
deficient thymocytes for two reasons. 1. As shown above.
PARS activation may compromise cellular energetics and thus
suppress apoptosis. 2. In addition, the use of PARS-deficient

50 cells allow ed us to investigate. whether the pro-apoptotic effect
of apopain is confined to PARS cleavage or cleavage of other
substrates may also be important in this process. We have
found that caspase-3 becomes activated in peroxynitrite-treated

3-AB thymocytes (Fig. 6a) with an onset of 4 hr. whereas caspase-l
activation could not be detected (data not shown).
Pretreatment of cells with DEVD-fmk ( 100 p.Nii). an inhibitor
of caspase-3, inhibited DNA fragmentation as evidenced with
agarose gel electrophoresis (Fig. 6b). Quantitation of the effect
of DEVD-fmk on DNA fragmentation of peroxynitrite-
treated thymocytes showed a dose-dependent effect of the
inhibitor (Fig. 6c).

Figure 4. Peroxynitrite-induced PARS activation (a). ATP consump-

tion (b) and inhibition of mitochondrial respiration (c). Thymocytes
were treated in the presence or absence of 1 mat 3-AB with peroxynitr-
ite and following 20 min PARS activity was determined. Peroxynitrite
induced a significant (**P<00l ) increase in PARS activity when
compared with the control. an effect that was inhibitable by 3-AB
(TP<00 1). A 3-aminobenzamide-inhibitable decrease in the cellular
ATP content (as measured by HPLC) and mitochondrial respiration
(as determined by MTT reduction) were also observed. Thymocvtes
from PARS-deficient mice were less sensitive to the peroxynitrite-

induced inhibition of mitochondrial respiration. In parts (b) and (c).
**P<0.01 represents significant inhibition of cellular ATP levels or

mitochondrial respiration in response to peroxvnitrite. whereas
#P<0005 and "*P<0 01 represent significant protection against these
effects by inhibition of PARS. Data shown represent means SEM of
n=9 12 observations.

DISCUSSION

'Basal' formation of peroxynitrite in the thymus: role of iNOS

The mechanisms through which potentially autoreactive
premature T cells are eliminated in the thymus remain unde-
fined. The crucial role of high-avidity binding of self-antigenic
peptide to the TCR in this process is well known. Additionally,
costimulatory signals appear to be necessary for the thymo-
cytes to undergo apoptosis. Likely candidates for this role are

reactive nitrogen intermediates. of which peroxynitrite is one

of the most potent oxidant species (see: Introduction).
Here we have shown that nitrotyrosine, the 'footprint' of

peroxynitrite. is detectable in the mouse thymus by immuno-

histochemistry. Therefore, our studies provide evidence for the
in ti()o 'basal' production of peroxynitrite in this organ.

C 1998 Blackwell Science Ltd. Immnunology, 94. 345-355
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Figure 5. Peroxynitrite-induced apoptosis requires protein and RNA synthesis. The effect of protein and RNA synthesis inhibitors
cycloheximide and actinomycin D was investigated on the DNA fragmentation of peroxynitrite treated (30 gM) PARS-deficient
thymocytes with agarose electrophoresis (a) and DNA fragmentation ELISA (b). A basal level of DNA fragmentation was
detected in untreated cells (lane 1) corresponding to spontaneous thymocyte apoptosis. Peroxynitrite treatment resulted in increased
DNA fragmentation (lane 2). Pretreatment of thymocytes with 20 jig/ml cycloheximide (lane 3) or 5 gg/ml actinomycin D (lane
4) prevented peroxynitrite-induced DNA fragmentation. Protective effect of cycloheximide has also been demonstrated with flow
cytometric analysis of PS exposure and PI uptake.

Regarded as the 'ugly side of superoxide-nitric oxide-
peroxynitrite triangle',"1",2 peroxynitrite has previously been
reported to be mainly formed under pathophysiological con-
ditions, contributing to tissue injury in various forms of
inflammation, shock and ischaemia reperfusion.12 Based on
the present studies, we propose that the production of peroxyn-
itrite in the lymphoid organs is a normal, 'physiological'
process, which probably occurs in response to activation of
antigen-presenting cells (dendritic cells, macrophages), and the
subsequent oxidative burst and upregulation of iNOS. Our
finding, that a less abundant, predominantly perivascular
peroxynitrite production has also been detected in the thymi
of iNOS-deficient mice, indicates that NO derived from consti-
tutively expressed NOS isoforms (such as the endothelial NOS
isoform, eNOS) may also combine with superoxide to form
peroxynitrite in the thymus. Since (i) nitrotyrosine reactivity
were found in the thymus, and (ii) since peroxynitrite is a
potent trigger of thymocyte apoptosis (see below), we propose
that peroxynitrite may serve as a physiological mediator of
thymocyte negative selection.

Peroxynitrite-induced thymocyte apoptosis: the role of PARS

We have found that peroxynitrite (10 jiM) can cause apoptosis
in thymocytes, as evidenced by annexin V binding, DNA

fragmentation and caspase activation. Our findings that apo-
pain but not ICE becomes activated in response to peroxynitr-
ite are in line with our current understanding of the biological
role of the different subgroups of caspases. Members of the
ICE subfamily (caspase-1, -4 and -5) are known to be predomi-
nantly involved in inflammation, whereas enzymes of the
CED-3 subfamily, including caspase 3, have a regulatory role
in apoptosis.25 3435 Requirement of apopain activation and
intact protein and RNA synthesis for the peroxynitrite-induced
apoptosis indicate that it is an active process and not merely
a consequence of peroxynitrite-induced single-strand breaks.

In response to higher concentrations of peroxynitrite (e.g.
50 jiM), we observed that peroxynitrite reduced the spon-
taneous DNA fragmentation and caused membrane damage
as indicated by propidium iodide uptake. This is consistent
with previous reports that mild or intense oxidative insults
may cause apoptosis or necrosis, respectively.36 PARS-related
changes in cellular ATP concentration may be important
determinants regulating this balance. Low concentrations of
peroxynitrite, which induced apoptosis, did not affect cellular
ATP levels (Fig. 4b). On the other hand, high concentrations
of peroxynitrite led to reduced cellular ATP levels, an effect
which was prevented by inhibition of PARS. Considering the
fact that the execution of the apoptotic program is ATP
dependent, we propose that higher levels of oxidant stress

© 1998 Blackwell Science Ltd, Immunology, 94, 345-355
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Figure 6. Peroxynitrite-induced apopain activation is indispensible for DNA fragmentation. PARS-deficient thymocytes were
treated with 50 gm peroxynitrite and DEVD-AFC-cleaving activity of cell lysates prepared 0 hr, 2 hr, 4 hr, and 6 hr after
peroxynitrite treatment has been measured fluorimetrically (a). Control samples pretreated with 10 gM apopain inhibitor,
DEVD-fmk were also included. AFC liberation was calculated from a standard curve prepared with free AFC. Results are given
as DEVD-fmk inhibitable AFC liberation in pmole AFC/min. Data represent mean + SD of triplicate samples. Effect of DEVD-fmk
on peroxynitrite-induced DNA fragmentation of PARS-deficient thymocytes has been determined with agarose gel electrophoresis
(b) (lane 1= control, lane 2 = 50 gM peroxynitrite, lane 3 =100 gM DEVD-fmk + peroxynitrite). Data obtained by DNA
fragmentation ELISA (c) show a dose-dependent effect of the inhibitor on the peroxynitrite-induced DNA fragmentation. Note
that DEVD-fmk suppressed not only peroxynitrite-induced but also spontaneous DNA fragmentation (**P<0e01).

inhibit apoptosis because they lower ATP and thus they reduce
the activity of enzymes involved in the process of apoptosis.
Control of cell death by the cellular energetics is supported by
numerous observations.37-39 Furthermore, recently mitochon-
dria emerged as key organelles determining the fate (apoptosis
versus necrosis) of cells exposed to oxidative stress, and
cytochrome c released from mitochondria was identified as an

activator of caspase-3.4042 These observations may provide a

direct link between the peroxynitrite-induced suppression of
mitochondrial respiration and its caspase-mediated apoptotic
effect.

Does PARS-activation interfere with peroxynitrite-induced
thymocyte apoptosis in vivo?

In vivo, consumption of ATP as a result of PARS activation
may be prevented by the inactivation of the enzyme via

cleavage by apopain. Thus, the dose-dependent apoptotic
effect of peroxynitrite in PARS-deficient thymocytes or cells
pretreated with 3-aminobenzamide probably better reflects the
in vivo physiological situation than the necrotic cell death seen

in the wild-type cells. This suggestion is based on the following
consideration: by the time iNOS is upregulated in stromal

1998 Blackwell Science Ltd, Immunology, 94, 345-355

cells and a sufficient amount of NO is produced to form
peroxynitrite, PARS is likely to be cleaved as a result of TCR
and CD28 signalling-induced apopain activation. From the
above, it also follows that during thymocyte negative selection,
PARS cleavage may be a mechanism that maintains apoptosis
by ensuring that sufficient cellular levels of ATP are main-
tained. Furthermore, since apopain inhibition suppressed
DNA fragmentation of PARS-deficient thymocytes, it is also
evident that pro-apoptotic effect of apopain is not confined to
cleavage of PARS.

In a recent preliminary report, sensitivity of different cell
types, (hepatocytes, neural cells, thymocytes) obtained from
PARS-deficient and wild-type mice, to different apoptotic
stimuli was reported to be essentially the same in all apoptotic
models investigated. This investigation prompted the authors
to conclude that cleavage of PARS in the course of apoptosis
is nothing else but an epiphenomenon.29 This may be true in
many of the apoptotic models, and is also supported by our

finding with FAS-antibody- and dexamethasone-induced thy-
mocyte apoptosis. However, during apoptosis induced by
oxidative agents that are capable of activating PARS (e.g.
peroxynitrite or H202), cleavage of PARS makes physiological
sense, since it prevents consumption of the cellular energy
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pools, as hypothesized before by Earnshaw,43 allowing peroxy-
nitrite to cause a more 'favourable' form of thymocyte death,
which is apoptosis instead of necrosis. This hypothesis is
supported by recent findings that PARS-deficient splenocytes
are more susceptible to apoptosis induced by DNA-damaging
alkylating agents44 and PARS inhibition results in increased
susceptibility of leukaemia cells to apoptosis induced by a
methylating agent, temozolomide.45

Based on previous studies and our current findings, we
summarized our hypothesis for a possible scenario for thymo-
cyte apoptosis with the participation of peroxynitrite, as
follows. According to this model, TCR/MHC-peptide inter-
action and other cell surface costimulatory signals (e.g.
B7/CD28) ignites the apoptotic machinery of thymocytes
which, on the one hand, leads to the activation of apopain
which in turn cleaves PARS and, on the other hand, leads to
the upregulation of cytokine genes in the thymocytes. The
cytokines will then activate stromal cells to upregulate iNOS
and NADPH-oxidase resulting in the production of superoxide
and NO which then recombine to form peroxynitrite contribu-
ting to completion of thymocyte apoptosis. This hypothesis
implies that iNOS-deficient animals might have a defective
negative selection unless selection mechanisms are redundant.
Although negative selection in the absence of iNOS has not
yet been investigated in detail, it may be worthwhile to note
that iNOS-expressing stromal cells have been found to be less
abundant in the thymi of the autoimmune prone Lewis rats,
as compared to Sprague-Dawley or Fisher rats, which has
been proposed to contribute to the sensitivity of Lewis rats to
autoimmune diseases.46

In recent studies, it has been demonstrated that pharmaco-
logical inhibition of PARS during oxidant stress in response
to various forms of inflammation and shock exerts beneficial
effects as it improves survival, prevents the loss of vascular
contractility, reduces the degree of peroxynitrite-induced endo-
thelial and epithelial dysfunction, and inhibits neutrophil-
related organ injury, 14,46-51 Based on the results of the current
study, the question arises as to whether in addition to its role
in mediating tissue injury under pathophysiological conditions,
peroxynitrite might also be produced in the lymphoid organs
and may serve as a physiologic mediator of apoptosis.
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