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We have found that L-amino acid oxidase (LAO) induces apoptosis in several cultured cell
lines by generating H,O, [Suhr, S.M. and Kim, D.S. (1996) Biochem. Biophys. Res. Commun.
224, 134-139). It is demonstrated in the present work that the LAO-induced apoptotic
mechanism is clearly distinguished from the one stimulated directly by exogenous H,0,.
MOLT-4 cells undergo somewhat different morphological changes depending on the
apoptotic inducer, LAO or H;0,. LAO-induced apoptosis can be protected by the antioxidant
N-acetylcysteine or the free radical scavenger melatonin, while H;0,-induced apoptotic
cell death is not protected. A caspase inhibitor, acetyl-Tyr-Val-Ala-Asp-aldehyde (ac-
YVAD-aldehyde), prevents cell death when the apoptosis is induced by exogenous H;0,. On
the other hand, the ac-YVAD-aldehyde tetrapeptide inhibitor that is dominantly effective
on interleukin-14 converting enzyme failed to block the apoptotic event initiated by LAO.
Several lines of experimental evidence suggest that apoptotic cell death induced by LAO is

not due solely to the hydrogen peroxide produced by the enzymatic reaction.
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Hydrogen peroxide-induced DNA damage and cell death
have been attributed to the direct cytotoxicity of H,O, and
other reactive oxygen species generated from H.O. (I).
Hydrogen peroxide causes DNA double strand breaks (2)
because it is stable and able to freely penetrate the cell,
thereby gaining access to DNA. Hydrogen peroxide causes
cell death via the oxidation of membrane poly-unsaturated
fatty acids to fatty acid hydroperoxides (3). Predominant
processes resulting from oxidative stress include mem-
brane lipid breakdown, the loss of intracellular calcium
levels, the formation of reactive oxygen species (ROS), and
alterations in metabolic pathways. Ceramide degraded
from membrane lipids is a potential mediator of signal
transduction (4, 5). Furthermore, there is evidence that
ceramide signals activate the ICE/CED-3 effector system
to execute apoptosis (6). Recent investigations have iden-
tified at least ten distinct human caspase genes with
different substrates (7-10). This means that caspases
might be synthesized or activated in a tissue-specific
manner and that different caspases might respond to
different stimuli (11-13). Selenium-dependent glutathione
peroxidase plays a protective role in oxidative stress-
induced apoptosis (14, 15), and various antioxidants such
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as N-acetylcysteine (NAC) and free radical scavengers
prevent ROS-induced cell death (16, 17). In our previous
report, we clearly demonstrated that snake venom-derived
LAO is responsible for inducing apoptotic cell death by
increasing local concentrations of H,0; around the cultured
cell membrane (18). The fact that Trolox, a membrane
antioxidant, inhibits LAO-induced apoptosis implies that
membrane oxidation by H;0, resulting from the LAO en-
zymatic reaction is responsible for the induction of apopto-
gis (19). In the present study, the efficiency of several
antioxidants in preventing apoptosis was observed and the
intracellular responses to apoptotic cell death induced by
LAO or H;0, were investigated by flow cytometry analy-
8is.

MATERIALS AND METHODS

Cell Culture and Treatments—MOLT-4 (human T-cell
acute lymphoblastic leukemia) cells obtained from the
American Type Culture Collection (ATCC, Rockville, MD)
were maintained in RPMI-1640 medium {(Gibco, Grand
Island, NY) and supplemented with 10% heat-inactivated
fetal bovine serum, 100 IU/m! penicillin, and 0.1 mg
streptomycin at 37°C in a 5% CO,-humidified incubator.
For time course studies, cells (10°/ml) in 96-well micro-
titer plates were treated with 200 nM LAO purified from
Korean snake (Agkistrodon halys) venom (18) or with 0.25
mM H,O0,. Cell viability was measured by the MTT [3-
(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazollium bromide)
assay (20). The resulting formazan product was resolved in
0.5 N HCl, 5% isopropanol, and measured spectrophoto-
metrically at 570 nm.

DNA Analysis—Cells were pelleted by centrifugation for
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10 min at 4°C, rinsed once with ice-cold PBS, and resus-
pending in lysis buffer containing 20 mM Tris-HCI (pH
7.5), 10 mM EDTA, and 0.1% Triton X-100. Proteinase K
(100 ug/ml) was added, and the lysate was incubated
overnight at 50°C. RNase A then added and the lysates were
incubated at 37°C for 30 min. Fragmented DNA was
extracted twice with phenol, once with chloroform, and
precipitated in ethanol with 0.5 M ammonium acetate. The
fragmented DNA was collected by centrifugation at
15,000x g for 20 min, washed with 70% ethanol, and
electrophoresed in 1.5% agarose gels. Separated DNA
bands were visualized under UV light after staining with
ethidium bromide.

Measurement of Intracellular Peroxides—Intracellular
peroxide levels were measured using an oxidation-sensitive
fluorescent  probe, 2',7’-dichlorofluorescein-diacetate
(DCFH-DA) (21). In the presence of various intracellular
peroxides, 2°,7 -dichlorofluorescein (DCFH) is oxidized to
the highly fluorescent compound 2’,7’-dichlorofluorescein
(DCF). Peroxide levels were assessed by the method
described previously (22). MOLT-4 cells (5 X 10®/ml) were
incubated for 1 h at 37°C with 5 M DCFH-DA (Molecular
Probes, Eugene, OR) dissolved in DMSO. Cells were
washed with culture medium to remove the remaining
fluorescent probe and treated with an apoptosis-inducing
agent. After treatment, the cells were harvested by centri-
fugation for 10 min at 4°C. Peroxide levels were measured
using a Becton Dickinson FACScan flow cytometer with
excitation and emission settings of 488 and 530 nm, respec-
tively. The appearance of intracellular peroxide was also
observed under a fluorescence microscope.

Protection from Apoptotic Cell Death— N -Acetylcysteine
(NAC) and melatonin were used as free radical scavengers.
MOLT-4 cells (10° cells) were plated into individual wells
of a 96-well plate. Prior to the addition of 200 nM LAO or
0.25 mM H.O,, the cells were pre-incubated for 1 h with
NAC (1 mM), melatonin (0.2 mM), or ICE.inhibitor ac-
YVAD-aldehyde dissolved in PBS. Eighteen hours after the
addition of the apoptotic inducer, cell viability was deter-
mined by the trypan blue exclusion test (23) or the MTT
assay (20).

Cell Cycle Analysis by Flow Cytometry—Cells were
grown for 2 days to 80% confluence and synchronized with
aphidicolin (1 xg/ml). After 12 h, the cells were released
from the aphidicolin-block by washing twice with RPMI-

Fig. 1. DNA fragmentation induced by H,0, or LAO in MOLT-4
cells. DNA was isolated from MOLT-4 cells (10°/ml) treated for 18
h with 0.26 mM H,0, (lane 1) or 200 nM LAO (lane 2), and then
analyzed by 1.6% agarose gel electrophoresis. Lane 3 is control DNA
isolated from untreated cells.

S.-M. Suhr and D.-S. Kim

1640 medium. The cells were harvested at various times
after treatment with LAO, washed once with PBS, and
fixed overnight at —20°C after the gradual addition of 70%
cold ethanol. The cells were washed again and resuspended
in 500 x] of PBS to make 10° cells/ml. The cells were then
incubated at 37°C for 30 min with RNase A (10 ¢g/ml) and
then stained with propidium iodide (5 xg/ml) for 30 min at
room temperature (24). The cell cycle was analyzed with a
fluorescence-activated cell sorter (Becton Dickinson).

RESULTS AND DISCUSSION

We previously demonstrated that the LAQ purified from
Korean snake (Agkistrodon halys) venom induces apoptotic
cell death by generating hydrogen peroxide as a reaction
product in MOLT-4 cell culture (18). In order to examine
whether the LAO-induced apoptotic process depends
entirely on the production of H,0,, we have attempted to
study the effect of exogenous H,0, (0.25 mM)- or LAO
(200 nM)-induced MOLT-4 cell death from several as-
pects. Agarose gel electrophoresis of DNA isolated from
LAO-treated MOLT-4 cells showed a distinct ladder-like
fragmentation pattern for cells treated with H,O, (Fig. 1).
This shows that more extensive DNA fragmentation takes
place in LAO-induced apoptosis than in H;O.-induced
apoptosis where large DNA fragments remain in the top
region of the gel (Fig. 1). The high molecular weight DNA
(Fig. 1, lane 1) was not further digested when the cells were
treated with higher concentrations of H;O, up to 0.5 mM
(data not shown). It is generally accepted that cells undergo
necrosis rather than apoptosis in the presence of excess
amounts of hydrogen peroxide (25, 26). The observed
morphological features were also different in the apoptotic
cell death induced by LAO and H,0,. MOLT-4 cells showed
blebbing of the cell membrane without changes in cell size.

Fig. 2. Microscopic observation of MOLT-4 cells treated with
H,0, or LAO. MOLT-4 cells were treated with 0.25 mM H,0, (A) or
200 nM LAO (B) for 18 h, and then observed under an inverted phase
contrast microscope.
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However, LAO-treated cells showed reduced cell volume
due to the removal of apoptotic bodies (Fig. 2).

We used a fluorescent probe to detect intracelluar levels
of reactive oxygen intermediates in cultured MOLT-4 cells.
The fluorescent probe DCFH-DA is a suitable agent for
detecting intracellular peroxide species (27). DCFH-DA is
freely permeable across cell membranes and is incorpo-
rated into hydrophobic lipid regions of the cells. Esterases
in the cells cleave off the acetate moiety of the fluorescent
probe to form DCFH, which is nonfluorescent. Subsequent-
ly, hydrogen peroxide and peroxides produced by the cells
oxidize DCFH to fluorescent DCF. In the present work, the
accumulation of intracellular peroxides occurred at differ-
ent stages of apoptosis depending on the apoptotic inducer.
When cells were incubated with DCFH-DA prior to the
initiation of apoptosis, the oxidation of nonfluorescent
DCFH to fluorescent DCF was detected 45 m after apopto-
tic induction by H,O, (Fig. 3A). However, the appearance
of fluorescence was observed in 12 h when LAQ induced the
apoptosis (Fig. 3B). The results of flow cytometric analysis
suggest that the processes that generate intracellular
peroxides are different in these two apoptotic systems. The
microscopic observations also support this hypothesis (data
not shown). Further investigations were carried out to
assess the correlation between free radical generation and
cellular damage. We have examined the effect of several
antioxidants on apoptotic cell death induced by LAO or
exogenous H,0,. Since antioxidants interfere with the
MTT assay, trypan blue exclusion and manual cell counting
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Fig. 3. Intracellular peroxide production in MOLT-4 cells.
MOLT-4 cells (5 % 10°/ml) were incubated with 5 xM DCFH-DA for
1 h at 37°C. The cells were then not treated (dotted line) or treated
with apoptosis agents [0.26 mM H,O, (thin line) or 200 nM LAO
(thick line)}]. Peroxide levels were measured after incubation for 45
min (panel A) or 12 h (panel B) using a Becton Dickinson FACScan
flow cytometer with excitation and emission settings of 488 nm and
530 nm, respectively.
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methods were employed (23). The glutathione precursor,
N-acetylcysteine (NAC) provided significant protection
(>70%) against apoptosis in LAO-induced MOLT-4 cells,
while antioxidants were much less potent in restoring
viability to cells treated with H,O, (Fig. 4A). Melatonin, a
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Fig. 4. Protection against apoptosis induced by free radical
scavengers. MOLT-4 cells (10* cells) were plated into individual
wells of a 96-well plate. Cells were pre-incubated with 1 mM NAC (A)
or 0.2 mM Melatonin (B) for 1 h prior to the addition of 200 nM LAO
or 0.256 mM H;0, to the culture medium. Eighteen hours after the
addition of an apoptotic inducer, cell viability was tested by the
trypan blue exclusion test. Each analysis represents the average of
three determinations.
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Fig. 5. Protection against apoptosis induced by caspase in-
hibitor, ac-YVAD-aldehyde. Cells (10°/ml) were pre-incubated
with ac-YVAD-aldehyde for 1 h prior to treatment with 200 nM LAO
(@) or 0.25 mM H,0, (m). Cell viability was determined after 18 h
incubation by the MTT assay. Each analysis represents the average of
three determinations.
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free radical scavenger, was less effective than NAC in
protecting cells from apoptotic progression (Fig. 4B). These
data suggest that the apoptotic cell death induced by H.O,
or LAO is caused mainly by increased intracellular levels of
ROS. Nevertheless, intracellular ROS levels rose much
later in the apoptotic pathway in LAO-induced cells than in
cells treated with H,0, (Fig. 3). It is possible to hypothesize
that LAO-induced apoptosis is partly mediated by intracel-
lular ROS in addition to the extracellular H,0O, produced by
the catalytic reaction of LAO.

In order to examine whether a common pathway of
apoptosis is shared by cells induced with different agents,

S.-M. Subr and D.-S. Kim

we investigated the susceptibility of apoptotic cells to the
reversible ICE-inhibitor, ac-YVAD-aldehyde, which is
known to strongly inhibit caspase 1 (12). Ac-YVAD-alde-
hyde is not effective in inhibiting ICE/CED-3 below a level
of 20 » M because its permeability across cell membranes is
not favorable. It has been established that various caspases
are activated depending on the apoptotic stimuli (28). As
illustrated in Fig. 5, apoptosis induced by H,O, is effec-
tively prevented by the ICE-inhibitor, and its effect was
measured proportional to the inhibitor concentration. On
the other hand, no such inhibition was observed in the case
of LAO-induced apoptosis. These results also strengthen

A B C
3 a | 3
2h L ¥ 83 1
3 8] L.E
!l- !.. ll-i
. L Q-L
’ ¢ I G s o 8
" 0 10
4h : .
83 ) L}
N 1, L]
(2 1 .
) 1 1 LA
B e~ adar S rRiar"Bas" -aaar-aag =4
6h ] [} 'S
£ .§ 8
l.L 1] 1,
* ] o]
* W e én e - L'in—"'J L—.—'\— L“J L—A
. R T R e TR RS
8h s 39 [ 3
8 L.E L]
1] 1] ),
[ B
R L - L J L‘_M :’L J LJ-—L—A
i S0k “30er 20K 20N TSR C Aiar See--Bnr 20a
S L} 1
24h 8] ! ’_
8 ] X
L L L
L5 [ ]
= e e T A A e
ABA RBA
DNA Content
Fig. 6. Cell cycle analysis by flow cyto-
H,0, LAO Control metry. MOLT-4 cells (10°/ml) were syn-
chronized by treatment with aphidicolin for
IG0/G1 S G2/M | GO/Gl S G2M | GO/G1 S G2/M 12 h, and released in culture medium for
12 h. Cells were treated with inducers of
2h | 46.34 4194 11.73 | 72.18 2041 7.72|47.65 4105 11.30 apoptosis, harvested at the indicated times,
stained with propidium iodide, and ana-
4h | 45.15 5440 044 | 7496 18.14 690 | 56.11 3358 10.31 lyzed with a Becton Dickinson flow cyto-
ter. MOLT-4 cell treated with
6h|49.61 49.97 012 7542 2108 350 |59.36 2646 1418 |  095mM HO, (column A). 200nM LAO
8h|39.51 5132 9.7 | 8407 591 0126741 1858 1401 | e N o e et
three separate experiments.
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the possibility that the LAO-induced apoptotic pathway
differs from the H,0,-induced case. Flow cytometry
studies were carried out in order to analyze the cell cycle of
apoptotic MOLT-4 cells treated with LAO or H;O,. In
comparison to control cells, MOLT-4 cells cultured in the
presence of LAO were arrested in G1 phase at 6 h, and
entry into S phase was delayed (Fig. 6). The typical
apoptotic cell peak appears 24 h later, as shown in the flow
cytometry analysis data. On the other hand, H,O,-treated
cells exhibited much more accelerated entry into S phase in
2 h followed by apoptotic cell death in 6 h without progres-
sion into G2/M (Fig. 6). From the results obtained by flow
cytometry, it is reasonable to conclude that the LAO-
induced apoptotic pathway differs from the one induced by
exogenously added H,O, to the culture of MOLT-4 cells.
These results further support the hypothesis that the
LAO-induced apoptosis can not be explained simply by the
effect of H,0,.

Based on the data presented in this communication, as
well as previous evidence, of LAQO binding to the cell
surface (18), we have clearly demonstrated that the LAO-
induced apoptotic event does not depend solely on H,O,,
which is produced by the catalytic activity of LAO. It will be
worthwhile to investigate the molecular details of which
intracellular components are specifically associated with
LAO-induced apoptosis.
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