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Our previous studies demonstrated that ricin induces the apoptotic death of U937 cells
as evidenced by DNA fragmentation, nuclear morphological changes, and increases in
caspase-like activities. In this study, we have found that intracellular NAD* and ATP lev-
els decrease in ricin-treated U937 cells and that this decrease is followed by the ricin-
mediated protein synthesis inhibition. The PARP inhibitor, 3-aminobenzamide (3-ABA),
prevents the depletion in NAD+ and ATP levels and concomitantly protects U937 cells
from the lysis that follows ricin treatment. Hence, the protective action of 3-ABA is due
to the inhibition of PARP and does not result from its other pharmacological side
effects. Moreover, the enzymatic activity of PARP gradually increases and reaches a
maximum level after ricin exposure for 3 h, whereas no significant change in activity
was observed in untreated cells. However, 3-ABA has no effect on ricin-mediated DNA
fragmentation. In addition, immunoblot analysis revealed that significant PARP cleav-
age occurred more than 12 h after ricin addition, while DNA fragmentation reached a
maximum level within 6 h of incubation. Thus, in the case of ricin-induced apoptosis, it
appears that PARP cleavage is not an early apoptotic event associated with the onset of
apoptosis. Our results suggest that multiple apoptotic signaling pathways may be trig-
gered by ricin-treatment. Probably, the pathway leading to cell lysis via PARP activa-
tion and NAD+ depletion is independent of the pathway leading to DNA fragmentation
in which caspases may be profoundly involved. Other protein synthesis inhibitors,
including diphtheria toxin and cycloheximide, were less effective in terms of inducing
DNA fragmentation and cytolysis, even at concentrations that cause significant inhibi-
tion of protein synthesis. Thus, a specific ricin action mechanism through which ribo-
somes are inactivated may be responsible for the apoptotic events induced by ricin.
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Ricin, a toxic lectin (66 kDa) present in castor bean consists tant in ricin-induced apoptosis.
of two structurally and functionally different subunits (A On the other hand, recent studies have demonstrated
and B). These subunits are linked together through a single that cysteinyl aspartate-specific proteases, which are desig-
disulfide bond. The A subunit (32 kDa) inactivates ribo- nated as caspases, play crucial roles in the apoptotic signal
somes by enzymatically removing a specific adenine resi- transduction pathway (7, 8). Fourteen caspases have been
due from the 28S RNA of the 60S ribosomal subunit. The B reported so far (9), and multiple caspases are activated in
subunit binds to cell surface carbohydrates containing cells undergoing apoptosis. Especially, caspase-3 and cas-
galactose or N-acetylgalactosamine residues (1-3). Recent pase-6 have been shown to be the major active caspases
studies have demonstrated that ricin induces cell lysis and responding to various apoptotic stimuli (10,11). Consistent
DNA fragmentation in a process reminiscent of pro- with these findings, increased caspase-3— and -6-like activ-
grammed cell death or apoptosis (4-6). Although the mech- ities have been found in ricin-treated U937 cells (12). Fur-
anism of cell lysis or apoptosis by ricin is still unclear, it has thermore, we have found that carbobenzoxy-Asp-l-yl-[(2,6-
been reported that ricin-induced apoptotic changes are pre- dichlorobenzoyl)oxy] methane (Z-Asp-CHj-DCB), a broad in-
vented by cycloheximide and 3-methyladenine, a specific hibitor of caspase family proteases, and dichloroisocou-
inhibitor of autophagy (4). Thus autophagy may be impor- marin (DCI), a highly specific serine protease inhibitor,

completely block ricin-induced apoptosis in human leuke-
1 To whom correspondence should be addressed. Tel: +81-95-847- mia U937 cells (12). These results suggest that caspases
1111, Fax: +81-958-44-3516, E-mail: t-oda@net.nagasaki-u.ac.jp and serine proteases are involved in ricin-induced apopto-
Abbreviations: PARP, poly(ADP-ribose)polymerase; 3-ABA, 3-ami- gig.
nobenzamide; LDH, lactate dehydrogenase; Ẑ Asp-CH -̂DCB, carbo- Caspases activated during apoptosis, especially caspase-
ben^xy^p-l-yH^e^ichlorobenzoyl) oxyjmethane; CHAPS, W 3> dJve v a r i o u s ^ ^ ^ ^ s u b s t r a t e S ) such as actin
cholamidopropyl) dunethylammoniol-1-propanesulfonic acid; PBS, ' , ,^. . , ,. , , : , ,
phosphate buffered saline; CHA, cycloheximide. and l a m m > resulting m dramatic morphological changes in

cells undergoing apoptosis (13-15). Several lines of evi-
© 2000 by The Japanese Biochemical Society. dence indicate that poly(ADP-ribose) polymerase (PARP), a
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DNA-binding protein that is activated by DNA strand
breaks to participate in DNA repair, is also a substrate for
caspase-3 or caspase-7 (16). Intranuclear PARP is selec-
tively activated by DNA strand breaks to catalyze the addi-
tion of long branched chains of poly(ADP-ribose) from its
substrate nicotinamide adenine dinucleotide (NAD+) to a
variety of nuclear proteins, most notably PARP itself (17).
The depletion of NAD+ that accompanies PARP activation
results in lower intracellular ATP levels, since the cells con-
sume ATP in an effort to resynthesize NAD+. This energy
crisis may culminate in cell death. Recent studies have
demonstrated that 3-aminobenzamide (3-ABA), a PARP
inhibitor, has an inhibitory effect on apoptosis (18,19), sug-
gesting the involvement of PARP in the progression of apo-
ptosis. In this study, we investigated the role of PARP in
ricin-induced apoptosis and eventual cell death. Our results
show that the depletion of intracellular NAD+ and ATP
occurs with similar time course as DNA fragmentation in
ricin-treated U937 cells, and cytolysis is observed after
these events are completed. Since 3-ABA strongly prevents
the cytolysis of ricin-treated U937 cells, PARP activation
and subsequent NAD+ depletion may be a direct cause of
ricin-induced cytolysis, whereas 3-ABA has no effect on
ricin-induced DNA fragmentation. Based on comparative
studies with other protein synthesis inhibitors, we suggest
that the specific way in which ribosomes are inactivated by
ricin is responsible for the potent apoptotic induction and
subsequent cell lysis.

MATERIALS AND METHODS

Materials and Cell Culture—Ricin was isolated from
small castor beans as described by Mise et al. (20). The cas-
pase family protease inhibitor, Z-Asp-CHj-DCB, was ob-
tained from Peptide Institute, Osaka. PHJLeucine (60 Ci/
mmol) was obtained from NEN Research Products (Boston,
MA). [32P]NAD+ (25 nCi/nmol) was obtained from ICN
Pharmaceuticals. 3-Aminobenzamide (3-ABA) was obtained
from Sigma Chemical (St. Louis, MO). A human myeloid
leukemia U937 cell line was obtained from Riken Cell
Bank, Tsukuba. Cells were cultured in RPMI-1640 medium
(GD3CO BRL, Gaithersburg, MD) supplemented with 10%
fetal bovine serum in a humidified atmosphere of 5% CO2

and 95% air.
Measurement of Protein Synthesis Inhibition—Cells in

48-well plates (5 X 106 cells/well), each well containing 100
|jj of RPMI-1640 medium containing 35 JJLM bovine serum
albumin (BSA), were incubated at 37"C with the indicated
concentrations of ricin or other protein synthesis inhibitors.
After 3 h incubation at 37°C, the medium was replaced
with leucine-free medium containing 1 n,Ci/ml PHJleucine
by centrifugation, and the cells were incubated for 45 min
at 37'C. The incorporation of PH]leucine into perchloric
acid/phosphotungstdc acid-insoluble materials was deter-
mined as described previously (12). In the case of cyclohex-
imide (CHA), the rate of protein synthesis was measured in
the presence of the indicated concentrations of CHA. The
results are expressed as percentages of the incorporation in
control cells incubated without toxin but otherwise treated
in the same way. For time course analysis, cells were incu-
bated with ricin (10 ng/ml) for the indicated periods of time
at 37°C, and then the rate of protein synthesis was mea-
sured by incubating the cells with leucine free medium con-

taining 10 jiCi/ml PH]leucine for 10 min at 37"C as de-
scribed above.

Cytolytic Assay—The cytolytic activity of ricin and other
toxins was measured by the LDH release assay (21). In
brief, cells (2 X 104 cells/well) were incubated in a 96-well
plate in RPMI-1640 medium containing 35 \xM BSA with
or without 20 mM 3-ABA for 1 h at 37'C, followed by the
addition of varying concentrations of ricin. After incubation
at 37'C, the plate was centrifuged at 1,500 Xg at 4°C for 10
min. The supernatant (50 jxl) was collected from each well
and incubated with an equal volume of 2-(p-indophenyl)-3-
(p-nitrophenyl)-5-phenyltetrazolium chloride (INT) reagent
at 37°C for 10 min. The reaction was stopped by the addi-
tion of 100 |JL1 of 0.1 N HC1 and then the absorbance was
measuned photometrically at 570 nm. The results were ex-
pressed as the percentage release of total cellular contents.

Diphenylamine Assay—Cells (5 X 106 cells/dish) in
RPMI-1640 medium containing 35 |xM BSA were incu-
bated with ricin or other toxins at the concentrations indi-
cated for various periods of time. The cells were then
washed once with phosphate buffered saline (PBS) and
lysed in 1 ml of ice-cold lysis buffer (0.5% Triton X-100, 10
mM Tris-HCl, pH 8.0, 20 mM EDTA). The samples were
subsequently centrifuged for 30 min at 13,000 Xg to sepa-
rate DNA fragments (supernatant) from intact DNA (pel-
let). The DNA contents of the supernatant and pellet frac-
tions were determined using diphenylamine reagent.

Detection of DNA Fragmentation—Cells (5 X 106 cells/
dish) in RPMI-1640 medium containing 35 JJLM BSA were
preincubated in the presence or absence of 20 mM 3-ABA
for 1 h at 37°C. After further incubation with 10 ng/ml of
ricin in the presence or absence of 3-ABA for the indicated
period of time, the cells were washed once with PBS and
lysed in 1 ml of lysis buffer (0.2 M NaCl, 10 mM EDTA, 20
mM Tris, 1% sodium dodecyl sulfate, pH 8.0) as described
previously (22). The lysate was incubated with 250 |ig/ml of
proteinase K for 15 h at 37'C. The solution was then ex-
tracted with phenol/chloroform, and precipitated with 2.5
volumes of ethanol for 20 min at -83°C, and the precipitate
was dried by evaporative centrifugation. The DNA was
then dissolved in 100 [i.\ of TE buffer (10 mM Tris-HCl, 1
mM EDTA, pH 8.0) containing 100 jig/ml RNase (DNase
free) and incubated for 1 h at 37'C. The DNA in each sam-
ple was analyzed by electrophoresis in a 2.0% agarose gel,
stained with ethidium bromide, and then photographed on
a UV illuminator.

Intracellular NAD+ Level—The NAD+ levels were mea-
sured by an enzymatic cycling assay (23). Cells (2 X 106

cells/dish) were treated with or without 10 ng/ml of ricin for
various times at 37"C, after which the cells were harvested
by centrifugation and extracted with 0.4 M perchloric acid.
After neutralization with 2.5 M KHCO3, cell debris was
removed by centrifugation. An aliquot of the supernatant
(10 yl) was added to 1 ml of reaction mixture (2 mM PES,
0.5 mM MTT, 600 mM ethanol, and 200 |xg of alcohol dehy-
drogenase in 120 mM Na/Bicine buffer, pH 7.8), and incu-
bated for 30 min at 37"C. The reaction was stopped by the
addition of 1 ml of 12 mM iodoacetate. The absorbance was
measured at 570 nm, and the results are expressed as per-
centages of control values.

Intracellular ATT Level—The ATP levels were measured
by chemiluminescence assay as previously reported (24). In
brief, cells (2 x 106 cells/dish) treated with or without ricin
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were harvested by centrifugation and extracted with 0.4 M
perchloric acid. After neutralization and removal of the cell
debris as described above, the supernatant was mixed with
luciferase-luciferin solution, and its chemiluminescence
was measured using the 1254 luminometer (Bio-Orbit), and
the results are expressed as percentages of control values.

Measurement of Poly (ADP-Ribose) Polymerase Activity—
Poly (ADP-ribose) polymerase activity was measured by the
incorporation of [^P]NAD+ into acid-insoluble materials as
previously described (25). In brief, ricin-treated cells (2 X
10s cells/ml) were washed once with PBS, resuspended in
ice-cold permeation buffer (10 mM Tris-HCl buffer, pH 7.8,
1 mM EDTA, 4 mM MgCL,, and 0.5 mg/ml BSA), and left
for 15 min on ice. The cells were then mixed with assay
mixture (50 mM Tris-HCl buffer, pH 8.5, 1 mM EDTA, 4
mM MgClj, 0.5 mg/ml BSA, and 210 u,M [32P]NAD+), and
incubated 30 min at 25°C. TCA solution (final 10%) was
added to the reaction mixture, and the TCA-insoluble mate-
rials were collected on a glass filter (Whatman GF/C). The
radioactivities of the insoluble materials were measured
with a liquid scintillation counter.

Immunofluorescence Microscopy—Poly(ADP-ribose) in
ricin-treated U937 cells was detected by an immunofluores-
cence technique. Cells (4 X 106 cells/dish) in RPMI-1640
medium containing 35 JJLM BSA were incubated with or
without 10 ng/ml of ricin for 4 h at 37°C. The cells were
then fixed with 2% formaldehyde in PBS for 10 min at
room temperature and washed with PBS containing 10%
FBS (10% FBS/PBS). For permeabilization, cells were
treated with methanol at 0°C for 1 min, and then washed
with 10% FBS/PBS. The cells were incubated with the pri-
mary antibody (528815, Calbiochem-Novabiochem) diluted
1:500 with 10% FBS/PBS containing 0.15% saponin for 1 h.
After washing with 10% FBS/PBS, the cells were incubated
with the FITC-labeled secondary antibody (Wako Chemi-
cal) in FBS/PBS/0.15% saponin for 1 h. Thereafter, the cells
were washed and viewed using an Olympus BX-60 fluores-
cence microscope.

Western Blot Analysis of PARP—Ricin-treated cells (2 X
106 cells/dish) were lysed in RIPA buffer (10 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 5 mM EDTA, pH 7.4, 1% Triton X-
100, 0.1% SDS, 0.1 mM N-tosyl-L-lysine chloromethyl ke-
tone, 0.2 mM A^-tosyl-L-phenylalanine chloromethyl ketone,
0.5 mM phenylmethylsulfonyl fluoride, 2 jjLg/ml aprotinin,
0.5 jjLg/ml leupeptin, and 1 yM. pepstatdn). Twenty micro-
grams of protein per lane was subjected to SDS-PAGE
analysis, transferred to a PVDF membrane, and hybridized
with anti-PAEP rabbit polyclonal antibody as previously
reported (26). Protein bands were visualized with biotin-
conjugated goat antr-rabbit immunoglobulin G by the
chemiluminescence system.

RESULTS

Time-Course Analysis of Ricin-Mediated Protein Synthe-
sis Inhibition and Apoptotic Events in U937 Cells—Ricin
inhibits cellular protein synthesis followed by receptor-
mediated endocytosis (27). Our previous study demon-
strated that 10 ng/ml of ricin is sufficient to achieve almost
complete inhibition of protein synthesis in U937 cells. Thus,
we used this concentration of ricin throughout the experi-
ments. Time-course analysis revealed that ricin require 2 h
to inhibit protein synthesis in U937 cells (Fig. 1A). DNA

fragmentation, a typical hallmark of apoptosis began im-
mediately after protein synthesis was inhibited (Fig. IB).
Moreover, we have found that the kinetics of the activation
of the caspase-3-like activity in ricin-treated U937 cells
was similar to that of DNA fragmentation (12). Thus, it is
likely that ricin-mediated protein synthesis inhibition may
be a trigger for apoptotic induction. In contrast to these rel-
atively early events, cytolysis, as measured by LDH release
assay, was observed much later after DNA fragmentation
had reached the maximum level (Fig. 1C).

Intracellular Levels of NAD+ and ATP in Ricin-Treated
U937 Cells—Increasing evidence suggests that the con-
sumption of NAD+ and then ATP during apoptotic progress
may lead to cell lysis. To ascertain whether or not this is
the case for ricin-induced cytolysis, we measured intracellu-
lar NAD+ and ATP levels in ricin-treated U937 cells. As
shown in Fig. 2, the decrease in NAD+ and ATP levels
began after 3 h incubation with ricin, and 5 h later became
undetectable, while cell lysis did not occur up to 9 h incuba-
tion as judged by the LDH release assay (Fig. 1C) and the
trypan blue exclusion test (data not shown). Thus, the
decrease in NAD+ and ATP levels may be due to intracellu-
lar consumption rather than leakage from the cells.

Time (h)

Fig. 1. Time course analysis of protein synthesis (A), DNA
fragmentation (B), and cytolysis (C) in ricin-treated TJ937
cells. (A) Cells in 48-well plates (5 x 105 cells/well) were incubated
with 10 ng/ml of ricin in RPMI-1640 medium containing 35 \iM BSA
for the indicated periods of time, and then protein synthesis was
measured as described under "MATERIALS AND METHODa" (B)
Cells (2 x 10* cells/dish) were incubated with 10 ng/ml ricin in
RPMI-1640 medium containing 35 JJLM BSA for the indicated periods
of time at 37'C. DNA fragmentation in the ricin-treated cells was as-
sayed with diphenylamine as described under "MATERIALS AND
METHODS." (C) Cells in 96-well (2 x 104 cells/well) plates were in-
cubated with 10 ng/ml of ricin in RPMI-1640 medium containing 35
\iM BSA for the indicated periods of time at 37'C. Cytolysis was as-
sayed by LDH release as described under "MATERIALS AND
METHODS." Each point represents the average of duplicate mea-
surements.
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Effects of 3-ABA on Ricin-Induced Cell Lysis in U937
Cells—To investigate the involvement of PARP in the
depletion of NAD+ and ATP in ricin-treated cells, we exam-
ined the effect of 3-ABA, a PARP specific inhibitor. As
shown in Table I, 20 mM 3-ABA significantly prevented the
decrease in both NAD+ and ATP. To confirm further the
activation of PARP in ricin-treated U937 cells, we mea-
sured the enzymatic activity of PARP by the incorporation
of PPJNAD"1" into the acid-insoluble materials. As shown in
Fig. 3A, a gradual increase in the activity after a 1 h lag
time was observed in ricin-treated cells, while there was no
significant change in activity in untreated cells during the
period examined. The specific accumulation of poly(ADP-
ribose) in ricin-treated U937 cells was also confirmed by
immunofluorescence analysis using anti-poly(ADP-ribose)
(Fig. 3B). These results indicate that PARP is activated in
ricin-treated U937 cells, and this leads to the depletion of
NAD+ and ATP. Consistent with these results, 3-ABA pro-
foundly protected against ricin-induced cell lysis (Fig. 4).
Therefore, it appears that the depletion of NAD+ and ATP
levels via PARP activation is one of the major factors re-
sponsible for ricin-induced cell lysis. On the other hand, 20
mM 3-ABA had no effect on the inhibition of protein syn-
thesis by ricin in U937 cells (Table II).

Fig. 2. Intracellular NAD+ and ATP levels in ricin-treated
U937 cells. (A) Cells (2 x 106 cells/dish) were treated with 10 ng/ml
ricin in RPMI-1640 medium containing 35 (JLM BSA for the indicated
periods of time at 37"C, and analyzed for NAD+ content as described
under "MATERIALS AND METHODS." (B) In parallel, intracellular
ATP levels were measured by the luciferase assay. Each point repre-
sents the average of duplicate measurements.

TABLE I. Effects of 3-aminobenzamide (3-ABA) on NAD* and
ATP levels in U937 cells after 5 h exposure to ricin.

Experimental conditions
NAD4

(pmol/10* cells)
ATP

(nmol/10" cells)
None
+ Ricin
+ Ricin, + 3-ABA

407.3 ± 11.4
15.8 ± 6.8

482.4 ± 0.0

241.7 ± 2.9
0.0 ± 0.8

285.8 ± 4.0
Cells were preincubated with or without 20 mM 3-ABA for 1 h in
RPMI-1640 medium containing 35 \xM BSA at 37"C. After the
addition of ricin (10 ng/ml), the cells were incubated for another 5
h at 37C. Intracellular NAD' and ATP were measured as
described under "MATERIALS AND METHODa"

Effect of 3-ABA on DNA Fragmentation in Ricin-Treated
U937 Cells—DNA fragmentation and chromatin condensa-
tion are generally considered to be characteristic apoptotic
changes (28). In our previous report, agarose gel electro-
phoretic analysis of DNA extracted from ricin-treated cells
showed typical DNA ladder formation (12). In this study,

15000

o »

•a
CD

1 0 O O °
5000

(B)
control + ricin

Phase

Fluorescence

Fig. 3. Poly(ADP-ribose)polymerase activity in ricin-treated
U937 cells. (A) Cells (2 x 10s cells/ml) were treated with (•) or with-
out (o) ricin (10 ng/ml) in RPMI-1640 medium containing 35 (xM
BSA for the indicated periods of time at 37'C, and then PARP activ-
ity was measured as described under "MATERIALS AND METH-
ODS." Each point represents the average of duplicate measure-
ments. The experiment was repeated several times with basically
similar results. (B) Immunofluorescence detection of poly(ADP-ri-
bose) synthesized in ricin-treated U937 cells. Cells (4 x 10* cells)
were treated with or without ricin (10 ng/ml) in RPMI-1640 medium
containing 35 (JLM BSA for 4 h at 37'C, and then cells were fixed with
2% formaldehyde in PBS and processed for immunofluorescence as
described in "MATERIALS AND METHODS."

.01 100 1000.1 1 10
Ricin (ng/ml)

Fig. 4. Effect of 3-aminobenzamide (3-ABA) on ricin-induced
cell lysis in U937 cells. Cells (2 x 104 cells/well) in 96-welJ plate in
RPMI-1640 medium containing 35 (JLM BSA were incubated with or
without 20 mM 3-ABA for 1 h at 37'C, followed by the addition of
varying concentrations of ricin. After 15 h incubation at 37'C, the
cells were subjected to LDH release assay as described under ''MA-
TERIALS AND METHODS." Control (•); + 3-ABA U).
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we also found that incubating U937 cells for 9 h with 10 ng/
ml of ricin resulted in DNA ladder formation (Fig. 5). The
effect of 3-ABA on ricin-induced DNA fragmentation was
examined by agarose gel electrophoresis. As shown in Fig.
5, 3-ABA failed to prevent ricin-induced DNA fragmenta-
tion, despite the strong protective effect against cell lysis
caused by ricin (Fig. 4).

Immunoblotting Analysis of PARP in Ricin-Treated U937
Cells—To examine whether or not PARP cleavage occurs in
ricin-treated U937 cells, total cellular proteins were ex-
tracted at different time points and subjected to immunob-
lotting analysis using a anti-PARP antibody that recognizes
both the parent PARP (113 kDa) and the 89 kDa cleavage
product. As shown in Fig. 6,12 h after ricin addition, a sub-
stantial amount of PARP was cleaved into an 89 kDa frag-

TABLE n. Effect of 3-aminobenzamide (3-ABA) on the pro-
tein synthesis inhibitory activity of ricin in U937 cells.

Experimental conditions Protein synthesis (% of control)
None
+ Ricin
+ Ricin, + 3-ABA

100.0
7.1 ± 1.8
4.7 ± 8.7

Cells were preincubated with or without 20 mM 3-ABA for 1 h in
RPMI-1640 medium containing 35 pM BSA at 37'C. After the
addition of ricin (10 ng/ml), the cells were incubated for another 3
h at 37'C. Protein synthesis was measured as described under
-MATERIALS AND METHODa"

Fig. 5. Effect of 3-aminobenzamide (3-ABA) on ricin-induced
DNA fragmentation in U937 cells. Cells (2 X 10" cells/ml) were
incubated in the presence or absence of 20 mM 3-ABA in RPMI-1640
medium containing 35 (j.M BSA for 1 h at 37*C, followed by the ad-
dition of ricin (10 ng/ml). Cells were incubated for another 9 h at
37"C, and DNA was extracted and analyzed in a 2.0% agarose gel as
described under "MATERIALS AND METHODS." Lane 1, molecular
size standards (kbp); lane 2, control untreated cells; lane 3, + ricin;
lane 4, + 3-ABA; lane 5, + 3-ABA, + ricin.

113 kDa
89 kDa

Fig. 6. Time course analysis of ricin-induced PARP cleavage
in U937 cells. Cells (2 X 10" cells/dish) were treated with 10 ng/ml
of ricin in RPMI-1640 medium containing 35 pitf BSA at 37'C for the
indicated periods of time (0, 3, 6, 9, 12, 15 h), and then cell lysates
were prepared for immunoblotting with anti-PARP antibody as de-
scribed under "MATERIALS AND METHODS."

ment, resulting in the almost complete cleavage of the
parental 113 kDa PARP to the 89 kDa fragment after 15 h
incubation.

Comparison of Apoptosis-Inducing Ability of Ricin and
Other Protein Synthesis Inhibitors—To examine whether
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Fig. 7. Protein synthesis (A), DNA fragmentation (B), and cell
lysis (C) caused by ricin, diphtheria toxin, Pseudomonas
toxin, and CHA in U937 cells. (A) Cells in 48-well plates (5 X 106

cells/well) were incubated with varying concentrations of ricin (•),
CHA (o), Pseudomonas toxin (•), or diphtheria toxin (A) in RPMI-
1640 medium containing 35 (iM BSA for 3 h and then protein syn-
thesis was measured as described under "MATERIALS AND
METHODS." (B) Cells (2 x 10" cells/dish) were treated with 10 ng/
ml of ricin, 10 (jLg/ml of CHA, 10 (xg/ml of Pseudomonas toxin, or 10
jig/ml of diphtheria toxin in RPMI-1640 medium containing 35 (JLM
BSA for 6 h. DNA fragmentation in cells treated with each toxin was
assayed with diphenylamine as described under "MATERIALS AND
METHODS." (C) Cells in 96-well plates (2 x 104 cells/well) were
treated with 10 ng/ml of ricin, 10 (xg/ml of CHA, 10 iig/ml of Pseudo-
monas toxin, or 10 ng/ml of diphtheria toxin in RPMI-1640 medium
containing 35 pJA BSA for 15 h. Cytolysis was assayed with LDH re-
lease as described under "MATERIALS AND METHODS." Each
point represents the average of duplicate measurements.
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other toxins that inhibit cellular protein synthesis also
induce apoptosis in U937 cells to a similar extent as ricin,
we tested diphtheria toxin, Pseudomonas toxin, and CHA,
which act by differ biochemical mechanisms than ricin. The
dose-response curves show that ricin has a stronger protein
synthesis inhibitory activity than the other toxins tested
(Fig. 7A). Pseudomonas toxin had no significant inhibitory
effect on protein synthesis in U937 cells up to 10,000 ng/ml,
suggesting that this cell line is highly resistant to Pseudo-
monas toxin. Consistent with this notion, Pseudomonas
toxin failed to induce DNA fragmentation and cytolysis.
The concentrations of toxins required to reduce protein syn-
thesis to low levels, approximately 10% or less of the con-
trol level, were: ricin, 10 ng/ml; diphtheria toxin, 10,000 ng/
ml; and CHA, 10 jig/ml. Even at these concentrations, diph-
theria toxin and CHA induced clearly less DNA fragmenta-
tion and cytolysis than ricin. Especially, CHA produced no
significant DNA fragmentation or cytolysis in U937 cells
despite its significant inhibition of protein synthesis.

DISCUSSION

It has been shown that ricin, as well as other protein toxins
such as diphtheria toxin and Pseudomonas toxin, can cause
apoptotic cell death as judged by DNA fragmentation and
target cell lysis (12). Although the mechanism of the ricin-
mediated inhibition of protein synthesis is well defined,
ricin-mediated apoptosis or cytolysis is largely unknown. In
the present study, we investigated the mechanism of cell
lysis produced by exposure to ricin and showed that there
is an increase in PARP activity and depletion of intracellu-
lar NAD+ and ATP in ricin-treated U937 cells (Figs. 2 and
3). PARP is an abundant nuclear enzyme, which, in re-
sponse to DNA damage, undergoes automodification by
forming poly(ADP-ribose) polymers using NAD+ (29). Al-
though it has been believed that PARP is involved in DNA
repair, its exact physiological functions remain unclear. In
addition to the beneficial effects of PARP activation, it has
been suggested that PARP activation is an important
mechanism leading to cell death. Namely, the prolonged
activation of this enzyme leads to an excessive consumption
of NAD+ resulting in depletion of the ATP pool (30), which
has been proposed as a mechanism for DNA damage-in-
duced cell death in many cell types (31, 32). It seems likely
that this is also the case for ricin-induced cell lysis, since a
PARP inhibitor, 3-ABA, preserved cellular NAD+ and ATP
and prevented ricin-induced cell lysis (Table I and Fig. 4).

It has been shown that various apoptosis-inducing stim-
uli can trigger both apoptotic and necrotic pathways (33).
Necrosis and apoptosis are generally recognized as two dif-
ferent mechanisms of cell death, regulated by intracellular
ATP levels. The apoptotic pathway requires high levels of
ATP, while low ATP levels shift the cell death mode from
apoptosis to necrosis (34, 35). Therefore, it is possible that
ricin can also induce necrosis as well as apoptosis in the
same cells. Since DNA fragmentation in ricin-treated cells
was initiated after protein synthesis was reduced to a very
low level, the inhibition of protein synthesis may the trig-
ger apoptotic pathway, which in turn activates PARP as a
relatively early event. Thereafter, the cells would eventu-
ally undergo secondary necrosis. In ricin-treated cells, the
release of LDH began 8 h after the addition of ricin, a time
at which DNA fragmentation had already reached a maxi-

mum level (Fig. 1). The lag time between DNA fragmenta-
tion and delayed cell lysis may reflect the shift in the death
mechanism from apoptosis to necrosis. Moreover, 3-ABA
failed to prevent DNA fragmentation in ricin-treated cells
despite its strong ability to inhibit cell lysis. Thus, these
results suggest that the apoptotic pathway characterized
by DNA fragmentation and the subsequent necrotic path-
way leading to cytolysis are not co-linked, but are indepen-
dent of each other in ricin-mediated cell death. Consistent
with our results, it has been reported that PARP inhibition
by 3-ABA and nicotinamide prevents H2O2-induced necro-
sis but has no effect on apoptosis (24).

Regarding the behavior of PARP in ricin-treated cells,
PARP activity was found to reach a maximum level after 3
h of ricin exposure just prior to the initiation of the de-
crease in the intracellular NAD+ level. The reason for the
existence of this lag time between PARP activation and the
actual depletion of NAD+ is unclear, but might be due to
the assay method for PARP activity in which the cells were
permealized. Probably, the activity detected by the in vitro
system does not completely reflect the in vivo activity,
although there is no doubt about the activation of PARP
and subsequent depletion of NAD+ level during the course
of ricin-induced apoptosis. Furthermore, we found that
PARP cleavage occurs in U937 cells after 12-15 h of ricin
exposure (Fig. 6). The onset of this event was delayed 5-6 h
from the completion of ricin-induced DNA fragmentation,
even though our previous study demonstrated that cas-
pase-3-like activity reaches its maximum level in U937
cells after <M3 h of ricin exposure (12). Furthermore, a
caspase-3-specific tetrapeptide inhibitor, DEVD-CHO, had
no significant effect on ricin-mediated DNA fragmentation
and cytolysis despite its strong ability to inhibit increased
caspase-3 activity (12). A membrane-permeable inhibitor,
DEVD-fink, also failed to prevent ricin-induced DNA frag-
mentation even at a very high concentration (100 JJLM)
(data not shown). Thus, these results suggest that the acti-
vation of the caspase-3-like activity may be redundant, and
that a caspase-3-independent signaling pathway exists in
ricin-induced apoptosis. This is one of the ricin-specific apo-
ptotic features, since caspase-3 is generally known to play
an important role in many apoptotic systems. Regarding
the time course of PARP cleavage, it has been reported that
significant PARP cleavage is induced in U937 cells after 1.5
h of exposure to tumor necrosis factor or UV light (36).
Therefore, the initiation of PARP cleavage may depend on
apoptotic stimuli, and a delay in PARP cleavage is another
characteristic feature of ricin-induced apoptosis. Such
delayed PARP cleavage may result in the transition from
apoptosis to secondary necrosis accompanied by cell lysis.
In other words, this result also suggests that the prolonged
maintenance of PARP activity is responsible for the induc-
tion of secondary necrosis at a late stage of apoptosis. This
notion is consistent with the recent finding that fibroblasts
expressing caspase-resistant PARP exhibit accelerated cell
death due to the induction of necrosis (37).

Because the primary activity of ricin in cells is to inhibit
protein synthesis by inactivating the ribosomes (38), it
seems reasonable to postulate that the ricin-mediated pro-
tein synthesis inhibition leads to apoptosis concomitant
with DNA fragmentation. However, the biological signifi-
cance of the inhibition of protein synthesis in cells undergo-
ing apoptosis remains controversial. For instance, it has
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been reported that a well-known protein synthesis inhibi-
tor, CHA, can induce apoptosis through the inhibition of
protein synthesis under certain experimental conditions,
and a delay or inhibition of apoptosis has been reported
{39). In addition, it has been shown that macrophage ad-
herence prevents ricin-induced apoptosis without affecting
the inhibition of protein synthesis by ricin (40). In this
study, we investigated whether other toxins or reagents
(CHA, diphtheria toxin and Pseudomonas toxin) that in-
hibit cellular protein synthesis also induce apoptosis in
U937 cells. After 3 h treatment with each toxin, protein
synthesis was strongly inhibited in a concentration-depen-
dent manner by all except Pseudomonas toxin (Fig. 7A).
However, significant DNA fragmentation and cell lysis
were observed only in ricin-treated cells (Fig. 7, B and C).
These results suggest that the inhibition of protein synthe-
sis itself is not important, but the means by which protein
synthesis is inhibited is important; e.g., ricin inactivates
ribosomes by acting on 28S ribosomal RNA, while diphthe-
ria toxin inactivates elongation factor EF-2, and CHA binds
to the 60S ribosomal subunits and blocks the EF-2-depen-
dent translocation step. Regarding the relationship be-
tween protein synthesis inhibition and the stress-signaling
pathway, Iordanov et al. have recently reported a novel
stress signaling pathway in mammalian cells (ribotoxic
stress response) (41) that is initiated by damage to the 28S
ribosomal RNA and leads to the activation of stress-acti-
vated kinase (SAPK/JNK1). They also proposed that the
28S ribosomal RNA functions as a sensor for stress in-
duced by a subset of agents that inhibit protein synthesis.
Furthermore, it has been reported that ricin shows a strong
ability to activate SAPK/JNK1, but Pseudomonas toxin
completely fails to activate the kinase, and diphtheria toxin
causes only marginal activation under conditions at which
all these toxins strongly inhibit cellular protein synthesis
(41). Therefore, it can be speculated that the potent ability
of ricin to induce apoptosis may be explained in part by its
enzymatic action on 28S ribosomal RNA, and, thereby,
stress-related signals leading to apoptosis may be trig-
gered. Further studies are required to clarify the involve-
ment of MAP kinase activation in the ricin-mediated in-
duction of apoptosis.

In conclusion, our results suggest that ricin induces two
distinct death pathways in U937 cells, one apoptosis, as
evidenced by DNA fragmentation, and the other delayed
necrosis caused by NAD+ and ATP depletion through PARP
activation. The potent ability of ricin to induce such apop-
totic events may be the result of the specific action of its A
chain on 28S ribosomal RNA.
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