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Abstract—In thymocytes, peroxynitrite induces poly(ADP-ribose) synthetase (PARS) activation, which results in
necrotic cell death. In the absence of PARS, however, peroxynitrite-treated thymocytes die by apoptosis. Because Bcl-2
has been reported to inhibit not only apoptotic but also some forms of necrotic cell death, here we have investigated how
Bcl-2 regulates the peroxynitrite-induced apoptotic and necrotic cell death. We have found that Bcl-2 did not provide
protection against peroxynitrite-induced necrotic death, as characterized by propidium iodide uptake, mitochondrial
membrane potential decrease, secondary superoxide production, and cardiolipin loss. In the presence of a PARS
inhibitor, peroxynitrite-treated thymocytes from Bcl-2 transgenic mice showed no caspase activation or DNA fragmen-
tation and displayed smaller mitochondrial membrane potential decrease. These data show that Bcl-2 protects thymo-
cytes from peroxynitrite-induced apoptosis at a step proximal to mitochondrial alterations but fails to prevent
PARS-mediated necrotic cell death. Activation of tissue transglutaminase (tTG) occurs in various forms of apoptosis.
Peroxynitrite did not induce transglutaminase activity in thymocytes and did not have a direct inhibitory effect on the
purified tTG. Basal tTG was not different in Bcl-2 transgenic and wild type cells. © 2000 Elsevier Science Inc.
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INTRODUCTION and ATP pools [7,8] and causes necrotic cell death
characterized by the breakdown of plasma membrane
integrity and deterioration of mitochondrial function and
structure in the absence of DNA fragmentation [4]. In-
hibition of the enzyme preserves the cellular energy
stores and allows the oxidatively injured cells to undergo
the energy-demanding apoptotic process [4]. Inhibition
of the cytotoxic PARS activation pathway proved useful
in various disease models [9,10].

The regulatory mechanisms of peroxynitrite-induced
cytotoxicity, however, remain undefined. Possible can-
didates for such a regulatory role may be members of the
Bcl-2 family, which recently emerged as important reg-
ulators of various forms of both apoptotic and necrotic
death [11-13]. The Bcl-2 family consists of pro-apop-
totic (bax, bak, bad, bik) and antiapoptotic (Bcl-2, Bcl-
Xy, mcl-1) molecules each of which are capable of form-
ing homo- or heterodimers with some members of the
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Peroxynitrite, a potent oxidant formed in the reaction of
nitric oxide and superoxide [1] is a mediator of various
forms of inflammation, shock, and reperfusion injury
[2,3]. Our previous work has demonstrated that in thy-
mocytes, low concentrations (10—-15 uM) of peroxyni-
trite cause apoptosis, whereas higher doses (20-40 uM)
induce necrosis [4]. In the thymocyte model, the necrotic
cell death induced by peroxynitrite, hydrogen peroxide,
or superoxide is mediated by poly(ADP-ribose) synthase
(PARS) (also called poly(ADP-ribose) polymerase,
PARP) activation [4,5]. PARS is a nuclear nick sensor
enzyme, which becomes activated by DNA single strand
breaks [6]. Upon activation, PARS cleaves NAD to nic-
otinamide and ADP-ribose and catalyses the addition of
(ADP-ribose),, adducts to proteins, including PARS it-
self. Excessive PARS activation depletes cellular NAD
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predominantly located in the mitochondria but can also
be found in the nuclear membrane and in the endoplas-
mic reticulum [14]. In the mitochondria, Bcl-2 blocks the
opening of the mitochondrial permeability pore [15,16]
thereby preventing the release of cytochrome ¢ from the
mitochondrial intermembrane space to the cytoplasm and
caspase activation [17-20].

The unique feature of the anti-apoptotic Bcl proteins
is their ability to protect not only from apoptotic but also
from necrotic death [21-24]. We have previously char-
acterized the cytotoxic effect of peroxynitrite on mouse
thymocytes and found that peroxynitrite-induced PARS
activation results in necrotic cell death [4]. However, in
the absence of PARS, peroxynitrite-treated cells die by
apoptosis characterized by phosphatidylserine exposure,
caspase activation, and DNA fragmentation [4]. Thus,
this model allows us to examine how the peroxynitrite-
induced PARS-mediated necrotic and PARS-indepen-
dent apoptotic death pathways are regulated by Bcl-2.

To further characterize the peroxynitrite-induced ap-
optotic process, we have also investigated the possible
involvement of the tissue transglutaminase, a common
mediator of various apoptosis processes, in the peroxyni-
trite-induced apoptosis.

EXPERIMENTAL PROCEDURES
Materials

Fluorescent dyes were purchased from Molecular
Probes (Eugene, OR, USA). 3-Morpholinosidnonimine
(SIN-1) was purchased from Calbiochem (San Diego,
CA, USA), and 5-(biotinamido)pentylamine was pur-
chased from Pierce (Rockford, IL, USA). All other re-
gents were from Sigma (St. Louis, MO, USA).

Thymocyte preparation and treatment with oxidants

Thymi from wild-type and Bcl-2 transgenic mice
(Jackson Laboratories, Bar Harbor, ME, USA) were
aseptically removed and placed into ice-cold RPMI (10%
v/v fetal calf serum, {0 mM glutamine, 10 mM HEPES,
100 U/ml penicillin, 100 g/ml streptomycin) media. Sin-
gle cell suspensions were prepared by sieving the organs
through a stainless wire mesh. Thymocytes were washed
once in RPMI medium and then seeded in 24 well plates
(2 X 10%ml; 0.5 ml/well) for cytofluorimetry, DNA
fragmentation, and caspase activity.

Cells were treated with peroxynitrite (10-40 uM)
diluted in phosphate-buffered saline (PBS), pH 10.0, and
incubated for 3-5 h for flow cytometry and for 7 h for
DNA fragmentation, caspase activation, and transglu-
taminase assay. Decomposed peroxynitrite (incubated
for 30 min in PBS, pH 7.2) was used as vehicle-control

and was found to have no effect on any parameters
measured. In addition to authentic peroxynitrite, we have
also tested the effect of the peroxynitrite-releasing agent
SIN-1 (100--300 uM) to investigate the effect of contin-
uous peroxynitrite generation.

Flow cytometry

Thymocytes were stained with 5 pg/ml propidium
iodide, 40 nM 3,3'-dihexyloxacarbocyanine iodide
[DIiOC6(3)], 2 uM hydroethidine (HE), 100 nM 10-N-
nonyl-acridine orange (NAO) for 15 min at 37°C,
washed once with PBS, and analyzed with a FacsCalibur
flow cytometer [5]. For the analysis of mitochondrial
functions, forward and side scatters were gated on the
major population of normal-sized cells, whereas ungated
samples have been used for the measurement of pro-
pidium iodide uptake.

Cytotoxicity assay

Peroxynitrite-induced cytotoxicity was determined by
the flow cytometric determination of propidium iodide
uptake. Cytotoxicity was calculated as 100 X [(T —
O)/(100 — )], where T is the number (%) of PI-
positive peroxynitrite-treated cells and C is the corre-
sponding value of control samples.

Measurement of mitochondrial membrane potential

The mitochondrial membrane potential was quanti-
tated by the flow cytometric analysis of DiOC6(3)-
stained cells [5,25]. Lipophylic cations such as the flu-
orescent dyes DiOC6(3), JC-1, or rhodamine are
transported into the mitochondria by the negative mito-
chondrial membrane potential and thus concentrated
within the mitochondrial matrix [25].

Determination of secondary superoxide generation and
mitochondrial membrane damage

Intramitochindrial generation of superoxide was de-
termined using a previously established flow cytometry
technique, which is based on the superoxide-induced
conversion of the oxidant-sensitive dye, HE to ethidium
[25]. Mitochondrial membrane damage was determined
by measuring the concentration of cardiolipin, the cellu-
lar distribution of which is restricted to mitochondria.
The assay utilizes the fluorochrome NAO, which stoi-
chiometrically interacts with cardiolipin (1:2, v/v); this
interaction is not influenced by the mitochondrial state
[25].
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Measurement of caspase activity

Caspase activity was measured by the cleavage of the
fluorogenic tetrapeptide amino-4-methylcoumarine con-
jugate (DEVD-AMC), as described [26]. Cells were
washed once in PBS and then lysed in a lysis buffer (10
mM HEPES, 0.1% w/v CHAPS, 5 mM dithiothreitol, 2
mM EDTA, 10 ug/ml aprotinin, 20 ug/ml leupeptin, 10
pg/ml pepstatin A, and 1 mM PMSF, pH 7.25). Cell
lysates and substrates (50 wM) were combined in the
caspase reaction buffer (100 mM HEPES, 10% w/v
sucrose, 5 mM dithiothreitol, 0.1% w/v CHAPS, pH
7.25). AMC liberation was monitored over time with a
Perkin-Elmer fluorimeter using 380 nm excitation and
460 nm emission wavelengths.

Detection of internucleosomal DNA fragmentation

DNA fragmentation was detected, as described [4].
Agarose (2% w/v) was poured onto a horizontal gel
support. After solidification of the gel, the top part was
replaced with 1% w/v agarose containing 2% w/v SDS
and 64 pg/ml proteinase K. Cells (2 X 10°) were loaded
in 20 ul sample buffer (5% v/v glycerol, 10 mM Tris, pH
8.0), 0.05% w/v bromphenol blue, 5 mg/ml RNase. Elec-
trophoresis was carried out at 60 V for 12 h, and the gel
was stained with 2 ug/ml ethidium bromide for [ h.
Excess dye was removed by intensive washing in dis-
tilled water.

Transglutaminase assay

Thymocytes (2 X 10°) were washed once with PBS
and then lysed in lysis buffer (0.1 M Tris-HCI, pH 8.3,
I mM EDTA, 0.5 mM PMSF, 0.1% v/v Triton-100, 10
mM DTT). Transglutaminase activity of the lysates
was determined as described [27] with slight modifi-
cations, as follows. Microtiter plates were coated with
3% wlv dimethylcasein at 4°C overnight. After the
unbound dimethylcasein was discarded, the wells were
blocked with nonfat dry milk (0.5% w/v in Tris-HCI,
pH 8.5) for 30 min and washed twice with 0.1 M
Tris-HCI, pH 8.5. Cell lysates (100 ul) were combined
with equal volumes of a 2X reaction mixture contain-
ing 10 mM CaCl,, 20 mM DTT, and 1 mM 5-(bioti-
namido)pentylamine in 0.1 M Tris-HCI, pH 8.5, and
plates were incubated for 60 min at 37°C. The reaction
was stopped by washing the plates twice with 200 mM
EDTA, which was followed by two washes with 0.1 M
Tris-HCI1, pH 8.5. The incorporated biotin was de-
tected by the addition of the avidin-biotin-alkaline
phosphatase complex (supplied in the Vector Elite
ABC-AP kit (Vector Laboratories, Burlingame, CA,
USA) and prepared according to the manufacturer’s

instructions). After 30 min, unbound ABC reagent was
removed by washing the plates four times with Tris-
HCI, pH 8.5, and color was developed by the addition
of p-nitrophenyl phosphate substrate. Kinetic mea-
surements were carried out at 405 nm for 20 min with
readings taken at 30 s intervals using a microplate
photometer (Molecular Devices, Sunnyvale, CA,
USA). Enzyme activity was calculated from a standard
curve generated with guinea pig liver transglutami-
nase. The reaction was carried out with some samples
in the presence of the transglutaminase inhibitor io-
doacetamide (10 mM) or EDTA (100 mM).

Statistical analysis

All values in the figures and text are expressed as
mean * standard deviation of n observations (n = 3).
Data sets were examined by analysis of variance, and
individual group means were then compared with Bon-
ferroni’s post-hoc test. A p value less than .05 was
considered statistically significant. When the results are
presented as representative flow cytometry analyses, re-
sults identical to the ones shown were obtained in three
different experiments.

RESULTS

Peroxynitrite-induced cytotoxicity in wild type and
Bcl-2 transgenic thymocytes

We have quantitated necrotic death by the uptake of
the membrane-impermeable fluorescent dye propidium
iodide and compared the responses of wild type and
Bcl-2 transgenic cells. Relatively low concentrations
(20—40 uM) of peroxynitrite caused a marked break-
down of cell membrane integrity, as indicated by
propidium iodide uptake (Fig. 1A). Inhibition of
PARS activation by 3-aminobenzamide (1 mM) re-
sulted in a more than 90% inhibition of cytotoxicity.
However, no significant protection against peroxyni-
trite-induced cytotoxicity has been observed in the
Bcl-2 transgenic thymocytes, as compared to the wild
type cells (Fig. 1A). Inhibition of PARS protected
against peroxynitrite-induced cytotoxicity in the Bcl-2
transgenic cells. In addition to authentic peroxynitrite,
we have also investigated the effect of the peroxyni-
trite-generating agent SIN-1 (Fig. 1B). Similarly to the
data obtained with authentic peroxynitrite, the Bcl-2
transgenic phenotype did not provide protection
against SIN-1-induced cytotoxicity but inhibition of
PARS did (Fig. 1B).



Peroxynitrite and Bel-2 707

100 _
B owr
[[I WT+3AB * *
80 ] BCL-TG T
BCL-TG+3AB * *
é 60 * *_%*
=
o
>
o 40|
-
o]
= ##
et
20 | 4| B
B4
44
i} - i 7 1
0 20 40
A pM ONOO
100 _
N WwT
[ WT+3AB *
804 7 BeLTG
BCL-TG+3AB E
9
< 60
[
G * % * *
5
S 40
(o]
-
>
5 4 4
20 | 4
0 - N
0 100 200 300
B HM SIN-1

Fig. 1. Cytotoxic effect of peroxynitrite and SIN-1 on thymocytes. Thymocytes from wild type (WT) and Bcl-2 transgenic (Bcl-TG)
mice were either left untreated or were treated with | mM 3-AB for 30 min. Cells were then exposed to the indicated doses of
peroxynitrite (A) or SIN-1 (B), and cytotoxicity was determined by propidium iodide uptake after 3 h. Peroxynitrite induced significant
(**p < .01) cytotoxicity, which was significantly (**p < .01) reduced by 3-AB.

Mitochondrial alterations during peroxynitrite-induced
cell death of wild type and Bcl-2 transgenic
thymocytes

We have investigated the effect of Bcl-2 on peroxyni-
trite and SIN-1-induced mitochondrial alterations. Per-
oxynitrite-induced decrease in the mitochondrial mem-
brane potential (MMP decrease), as quantitated by
DiOC6(3) fluorescence (Fig. 2A), showed no difference
between wild type and Bcl-2 transgenic cells when it was
measured 3 h after peroxynitrite exposure. Furthermore,
the amount of secondary superoxide production, as mea-
sured by the conversion of the superoxide-sensitive dye
dihydroethidium to ethidium, was comparable in the wild
type and Bcl-2 transgenic thymocytes (Fig. 2B). More-
over, the Bcl-2 transgene did not provide protection
against mitochondrial membrane damage, as assessed by
the determination of cardiolipin by the fluorescent dye
NAO (Fig. 2C).

We have examined the decrease in MMP at 5 h after
peroxynitrite treatment in the presence of the PARS
inhibitor 3-AB. Under these conditions, Bcl-2 transgenic
thymocytes displayed a smaller decrease in MMP than
their wild type counterparts (Fig. 3).

Effect of Bcl-2 on peroxynitrite-induced caspase
activation and DNA fragmentation

We have investigated the effect of Bcl-2 on two
apoptotic parameters, activation of caspase-3-like pro-
teases and internucleosomal DNA fragmentation. Thy-
mocytes treated with 10 uM peroxynitrite showed ele-
vated caspase activity, as determined by the cleavage of
the fluorogenic tetrapeptide DEVD-AMC (Fig. 4A). At
higher concentrations of peroxynitrite (20-40 uM)
DEVD-AMC activity decreased, and this inhibition was
reversed by 3-AB pretreatment. This finding indicates






