FEBS 19995

FEBS Letters 425 (1998) 209-212

Rapid and specific reactive oxygen species generation via NADPH
oxidase activation during Fas-mediated apoptosis

Yoshihiro Suzuki®*, Yasushi Ono?®, Yoshio Hirabayashi”

aDepartment of Microbiology, Nihon University School of Medicine, Oyaguchikami-machi, Itabashi-ku, Tokyo 173, Japan
b Laboratory for Cellular Glycobiology, Frontier Research Program, The Institute of Chemical and Physical Research (RIKEN), Saitama, Japan

Received 3 February 1998; revised version received 19 February 1998

Abstract To determine Fas-induced reactive oxygen species
(ROS) generation in cells sensitive to Fas-mediated apoptosis,
chemiluminescence, a strong indicator of ROS generation, was
monitored after stimulation with agonistic anti-Fas. Fas ligation
resulted in a rapid and sustained ROS generation. The
generation reached a maximum within 5 min and was still
observed at least 40 min after the stimulation. No significant
ROS generation was observed under conditions where apoptosis
was absent. Furthermore, an NADPH oxidase inhibitor,
diphenylene iodonium, prevented Fas-mediated ROS generation,
suggesting that Fas induces ROS generation via stimulation of
the oxidase system.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Fas/APO-1 (CD95) is a 36-kDa transmembrane type I re-
ceptor which belongs to the nerve growth factor/tumor ne-
crosis factor receptor family [1]. Upon interaction with its
agonistic antibody or its natural Fas ligand, Fas induces
apoptosis in a number of cell lines including lymphocytes
[2-4] and it seems to be particularly important in the homeo-
stasis and development of lymphocytes (reviewed in [4]). How-
ever, despite many efforts to understand the mechanisms by
which the Fas receptor transduces the death signal, the intra-
cellular signaling cascade leading to apoptosis is poorly de-
fined.

Several lines of evidence suggest the involvement of oxida-
tive stress, a putative mediator of apoptosis [5], in Fas-medi-
ated apoptosis. Various antioxidants such as thioredoxin, N-
acetylcysteine (NAC), N-t-butyl-phenylnitrone, and gluta-
thione (GSH) prevent Fas-mediated apoptosis in activated
peripheral T cells, several T cell lines, and monocytes [6-10].
Furthermore, Fas-mediated apoptosis is modulated by intra-
cellular GSH in these T cells [7,8]. Increasing the intracellular
GSH content by the addition of the GSH precursor NAC
decreases cellular sensitivity to Fas-mediated apoptosis, while
depleting GSH by inhibiting its synthesis increases cellular
sensitivity to apoptosis, without affecting surface Fas expres-
sion [8]. In addition, Fas ligation has been shown to decrease
intracellular GSH content and to drive the cellular redox en-
vironments towards oxidizing redox status by stimulating the
efflux of GSH [11]. These observations strongly suggest that
stimulation via Fas may lead to oxidative stress by decreasing
intracellular GSH, the major buffer of the cellular redox sta-
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tus [12], and/or by increasing cellular reactive oxygen species
(ROS). Consistent with this, it has been demonstrated that
Fas ligation induces ROS generation in Jurkat T cells [9]
and monocytes [10]. Furthermore, several lines of evidence
suggest the significance of such ROS generation in Fas-medi-
ated apoptosis, although the mechanisms underlying the ROS
generation remain to be unclear [9,10]. By contrast, some in-
vestigators have demonstrated that Fas ligation does not en-
hance ROS generation, although Fas-mediated apoptosis is
prevented by a range of antioxidants [7]. Most of these pre-
vious studies analyzed intracellular ROS generation by flow
cytometric analysis using a fluorescent probe, dichlorofluores-
cein diacetate, on the basis of the specific reactivity of the
fluorescent probe with H,O, [13]. However, subsequent stud-
ies revealed that the reactivity of the probe represents the
occurrence of overall oxidative stress but not that of HyO,
[14]. In addition, the rapid leakiness of the probe might cause
the failure of ROS detection in some cases. Thus, examination
by another method seems to be necessary to determine
whether or not Fas induces ROS generation in Fas-sensitive
cells.

To this aim, we attempted to utilize chemiluminescence
(CL), a strong indicator of ROS generation that has been
widely used in the detection of ROS from phagocytic cells
[15,16]. We used luminol to amplify light production because
it can react with a variety of ROS including O; , the hydroxyl
radical (OH’"), and singlet oxygen. Here we demonstrate that
Fas ligation induces a rapid and specific ROS generation via
NADPH oxidase activation during Fas-mediated apoptosis.

2. Materials and methods

2.1. Reagents and monoclonal antibodies (mAbs)

Luminol and catalase were obtained from Sigma (St. Louis, MO).
Diphenylene iodonium chloride (DPI) was from Funakoshi Co. Ltd.
(Tokyo, Japan). The agonistic anti-Fas mAb (clone CH-11) and the
antagonistic anti-Fas mAb (clone ZB4) were purchased from MBL
(Nagoya, Japan). The mAbs to human IgM, CD40, CD80, and CD81
were all obtained from Immunotech (Marseilles, France).

2.2. Cells

The human B lymphoma cell lines BJAB and Ramos and the hu-
man T-cell leukemic cell line Jurkat were cultured at 37°C in RPMI
1640 medium (Sigma) supplemented with 10% FCS (Hyclone), 100 U/
ml penicillin, and 100 pg/ml of streptomycin in a humidified atmos-
phere containing 5% CO2/95% air.

2.3. Determination of cell viability

After incubating cells (1 X 10%/ml) with the agents tested for 18 h,
the samples were added with an equal volume of 0.4% trypan blue
and the dye-excluding cells were directly counted in a hemocytometer
microscopically. In some experiments, cell viability was measured by
MTT assay as previously described [17] except that a compound
which releases a soluble formazan product (Dojin Laboratories, Ku-
mamoto, Japan) was used. Briefly, cells in a 96-well tissue culture
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Fig. 1. Fas-mediated ROS generation. CL emission from BJAB cells stimulated with 1 ug/ml of anti-Fas mAb (clone CH-11) was monitored in
a luminometer as described in Section 2. The data are representative of four separate experiments with the same results. Insert: CL emission
from the stimulated cells was monitored at 1 min intervals for the initial 6 min and then again for 4 min from 30 min after the last measure-

ment.

plate were cultured for 24 h in the presence or absence of the agents
tested in a final volume of 0.1 ml. Next, 0.01 ml of the mixture of
WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl-2 H-
tetrazolium monosodium salt) and 1-methoxy-5-methylphenazinium
methylsulfate was added to each well. After incubation for 24 h,
absorbance at 410 nm was measured in a multiplate reader using
absorbance at 590 nm as a reference.

2.4. DNA fragmentation assay

DNA fragmentation was determined by extraction of DNA fol-
lowed by electrophoresis. Cells (10° cells) were washed with PBS
and lysed in a lysis buffer containing 10 mM Tris-HCI, pH 8.0,
0.5% SDS, 100 mM EDTA, 20 ug/ml of RNase, and 100 pg/ml of
proteinase K, and incubated at 37°C for 1 h with gentle shaking.
DNA was extracted with phenol saturated with 0.1 M Tris-HCI, pH
8.0 three times, once with phenol/chloroform (1:1 by volume), one
with chloroform/isoamyl alcohol (1:24 by volume), and pelleted by
70% ethanol precipitation. The DNA was electrophoresed on a 2%
agarose gel containing ethidium bromide and photographed under
UV light.

2.5. Measurement of CL

Luminol-dependent CL was measured with a luminometer (Bio-Lu-
mat LB9507, Berthold, Wildbad, Germany). The assay mixture (0.25
ml) contained Hanks’ balanced salt solution (HBSS) without phenol
red, 8 mM luminol, and 0.5-1X10° cells. Assay components were
added to cuvettes, mixed, and placed immediately in the luminometer.
Luminol alone caused a significant CL that returned to the back-
ground levels by 3 min. After 3 min preincubation, the reaction was
started by the addition of the stimuli. At 20 s intervals up to 5-7 min
the CL emission from the samples was recorded. The results are ex-
pressed as relative light units (RLU)/s where 1 RLU represents 10
photon counts.

2.6. Flow cytometric analysis of surface antigens

For detection of surface antigen expression, cells (1Xx10) were
suspended in phosphate-buffered saline (PBS) and incubated at 4°C
for 60 min with the relevant mAbs and then incubated at 4°C for 30
min with a fluorescein isothiocyanate (FITC)-labeled goat anti-mouse
antibody. Finally, cells were extensively washed with PBS and ana-
lyzed with a flow cytometer (CytoAce 150, Jasco, Tokyo, Japan).

3. Results

Recently, it has been shown that several human B lympho-

ma cell lines such as BJAB, Ramos, and Raji express Fas on
their surfaces and that they undergo cell death by apoptosis
upon Fas stimulation [18]. Consistent with the previous re-
port, when these B cells were treated with the agonistic anti-
Fas mAb (clone CH-11), they underwent cell death as did
Jurkat T cells, a typical Fas-sensitive cell line. When the ge-
nomic DNA from these cells was analyzed by agarose gel
electrophoresis after the treatment, internucleosomal DNA
fragmentation, a biochemical marker of apoptosis, was ob-
served (not shown). These results indicate that all these cells
die by apoptosis under the experimental conditions used here.

Next, we determined whether Fas ligation induced ROS
generation in these Fas-sensitive cell types by monitoring
CL, a strong indicator of ROS generation. Fas ligation in-
duced a dramatic increase in CL emission in BJAB. The re-
sponse could be first observed as rapidly as within 20 s, reach-
ing a maximum at 5 min, and declining slowly thereafter (Fig.
1). A significant increase in ROS generation was observed for
at least 40 min after the stimulation. Fas ligation induced
ROS generation in a dose-dependent manner with a minimal
effective dose of 200 ng/ml. The dose was comparable to that
effective in inducing apoptosis. Fas ligation also induced ROS
generation with similar kinetics in Ramos and Jurkat cells
(not shown). We noticed considerable variation in the extent
of Fas-mediated ROS generation, even when a single cell type
was stimulated with the same amount of the mAb. On the
other hand, Fas ligation by anti-Fas without apoptosis-induc-
ing activity (clone ZB4) did not induce ROS generation in
these cells. Engagement of a range of surface molecules on
these B cells including surface IgM (sIgM), CD40, CD80, and
CDS81 did not induce cell death or ROS generation (not
shown). These results demonstrate a good correlation between
the ability to generate ROS and cell death.

To determine the possible involvement of cellular oxidases
in Fas-mediated ROS generation, we tested the effect of DPI,
a potent and specific inhibitor of flavonoid-containing en-
zymes such as NADPH oxidase and nitric oxide synthase
(NOS) [19], on the response. Cells were incubated with the
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Fig. 2. Effect of DPI on Fas-mediated ROS generation. BJAB cells were incubated for 5 min with DPI at the concentrations indicated prior to
stimulation with 1 pug/ml of anti-Fas (clone CH-11). CL emission from the stimulated cells was monitored as described above. The data are rep-

resentative of three separate experiments with the same results.

agent for 5 min and stimulated with the agonistic anti-Fas.
DPI inhibited Fas-mediated ROS generation in a dose-de-
pendent manner with a minimal effective dose of 80 uM
(Fig. 2). The agent (160 uM) inhibited the generation com-
pletely. DPI at these concentrations showed no significant
effect on cell behavior. In addition, when the cells tested
were exposed to DPI for a longer period (30 min), 40 uM
DPI was enough to inhibit Fas-mediated ROS generation.
Under these conditions, the final concentrations of the vehicle
(DMSO) were as low as <0.1% and showed a minimal effect
on Fas-mediated ROS generation. A similar inhibitory effect
of DPI on Fas-mediated ROS generation was observed in
Jurkat cells (not shown).

4. Discussion

Here we demonstrate that Fas ligation induces a rapid and
sustained ROS generation in several Fas-sensitive cell types.
In these cell types the kinetics of the generation was similar.
The generation could be observed as rapidly as 20 s after the
stimulation, reaching a maximum within 5 min, and slowly
declining thereafter. A significant increase in the generation
was observed at least by 40 min after Fas ligation. It has
recently been shown that Fas ligation induces a rapid and
transient increase in O, synthesis [9]. The synthesis is rapid
but transient; it can be observed within 0.3 min, peaking 1 min
after stimulation and rapidly declining thereafter. After 3 min
after stimulation, the synthesis is no longer observed. Thus,
the ROS generation reported there was quite different from
that observed here. Because the CL emission after Fas stim-
ulation was not completely prevented by exogenous super-
oxide dismutase (30 U/ml), other radicals besides O, , such
as the hydroxyl radical (OH") might be involved in the reac-
tion observed here.

Our results indicate that DPI inhibits Fas-mediated ROS
generation. DPI is known to be a potent inhibitor of flavo-
noid-containing ROS-generating enzymes such as the
NADPH oxidase and nitric oxide synthase (NOS) [19]. Be-

cause O, seems to be produced after Fas ligation in our
system, the inhibition of Fas-mediated ROS generation by
DPI strongly suggests that the NADPH oxidase system is a
source of ROS generation. NADPH oxidase is a multicompo-
nent enzyme complex, present in the membranes of neutro-
phils and macrophages. Functional assembly of the oxidase
catalyzes the transfer of one electron from cytosolic NADPH
to molecular oxygen, generating superoxide. The key mem-
brane-associated component of the NADPH oxidase is a het-
erodimeric flavocytochrome » which is composed of a 91-kDa
glycoprotein (gp91°'°%) and a 22-kDa protein (p22P"°%) and is
physically associated with two cytosolic proteins, p47Ph°* and
p67°hox - Although the oxidase is known to play a critical role
in host protection against infection, recent works show that
virtually all cell types including B and T cells [20,21] have a
similar oxidase system. Furthermore, in a variety of non-
phagocytic cells, (NADPH-dependent) O, /HyO, generation
is observed in response to divergent extracellular stimuli
such as IL-1 and TNF-o [22]. These observations strongly
suggest that like the NADPH oxidase system in phagocytic
cells, an NADPH oxidase-like system may function as a ROS-
generating system in non-phagocytic cells. Our results suggest
that at least in several cell types, stimulation via Fas activates
such a NADPH-like oxidase system.

The significance of ROS generation in Fas-mediated apop-
tosis is at present unclear. However, our results indicate that
the generation is correlated with apoptosis. In particular, anti-
Fas without apoptosis-inducing activity failed to induce ROS
generation, indicating that the generation is not merely the
result of Fas ligation. The significance of ROS in Fas-medi-
ated apoptosis in our system is supported by the fact that
exogenous H,O, is a potent inducer of apoptosis in the cell
lines used here. Recently, several laboratories including our
own have shown that HyO, can stimulate protein tyrosine
kinase (PTK) activation in lymphocytes [23,24]. In accordance
with these observations, we have recently observed that Fas-
mediated PTK activation is regulated by the cellular redox
status and is prevented by DPI (Y. Suzuki et al., unpublished
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results). In addition, PTK activation has been shown to be an
early and requisite event in Fas-mediated apoptosis [25]. Tak-
en together, these points raise the intriguing possibility that
Fas-mediated ROS generation triggers a PTK-dependent bio-
chemical cascade to apoptosis.

In conclusion, here we demonstrate rapid and specific ROS
generation via NADPH oxidase activation during Fas-medi-
ated apoptosis. Further investigations attempting to elucidate
the significance of the generation in Fas-mediated apoptosis
are ongoing.
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