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Background: Caspase activation triggers apoptotic cell death.
Results: Chelerythrine triggers necrotic-like cell death by an early and pronounced activation of caspases.
Conclusion: The rate and level of caspase activation dictate whether cells die displaying apoptotic or necrotic features.
Significance: Most antitumor drugs prompt concomitant apoptotic and necrotic morphological deaths; therefore understand-
ing how the apoptosis-necrosis continuum occurs should shed light on anticancer treatment efficacy.

Apoptosis is triggered by the activation of caspases and char-
acterized by chromatin condensation and nuclear fragmenta-
tion (type II nuclear morphology). Necrosis is depicted by a gain
in cell volume (oncosis), swelling of organelles, plasma mem-
brane leakage, and subsequent loss of intracellular contents.
Although considered as different cell death entities, there is an
overlap between apoptosis and necrosis. In this sense, mounting
evidence suggests that both processes can be morphological
expressions of a common biochemical network known as “apo-
ptosis-necrosis continuum.” To gain insight into the events
driving the apoptosis-necrosis continuum, apoptotically profi-
cient cells were screened facing several apoptotic inducers for
the absence of type II apoptotic nuclear morphologies. Chel-
erythrine was selected for further studies based on its cytotox-
icity and the lack of apoptotic nuclear alterations. Chelerythrine
triggered an early plasma membrane leakage without con-
densed chromatin aggregates. Ultrastructural analysis revealed
that chelerythrine-mediated cytotoxicity was compatible with a
necrotic-like type of cell death. Biochemically, chelerythrine
induced the activation of caspases. Moreover, the inhibition of

caspases prevented chelerythrine-triggered necrotic-like cell
death. Compared with staurosporine, chelerythrine induced
stronger caspase activation detectable at earlier times. After
using a battery of chemicals, we found that high concentrations
of thiolic antioxidants fully prevented chelerythrine-driven
caspase activation and necrotic-like cell death. Lower amounts
of thiolic antioxidants partially prevented chelerythrine-medi-
ated cytotoxicity and allowed cells to display type II apoptotic
nuclear morphology correlating with a delay in caspase-3 acti-
vation. Altogether, these data support that an early and pro-
nounced activation of caspases can drive cells to undergo a form
of necrotic-like regulated cell death.

Old, damaged, or superfluous cells from multicellular organ-
isms undergo regulated cell death to preserve the correct home-
ostasis. Alterations in the intracellular lethal pathways can lead
cells toward proliferative diseases, such as cancer. Accordingly,
the identification and classification of the existing subroutines
of cell death have drawn a great amount of attention (1).
Research in the field has focused on apoptosis and necrosis and
the identification of their biochemical and morphological dif-
ferences. Apoptotic dying cells undergo cellular shrinkage and
subsequent fragmentation into apoptotic bodies surrounded by
plasma membrane, reducing the occurrence of proinflamma-
tory responses (2, 3). Nuclear apoptotic changes involve a par-
tial chromatin condensation around the nuclear envelope (type
I apoptotic nuclear morphology) and/or fragmentation of the
nuclei into highly packaged round masses of condensed chro-
matin (type II apoptotic nuclear morphology) with this last
stage one of the most distinctive morphological characteristics
of apoptosis (4, 5). One of the most studied biochemical hall-
marks of apoptosis is the precise activation in both space and
time of a family of cysteine proteases called caspases. Caspases
are subdivided into initiator or instigator (caspase-8, -9, and
-10) and effector or executioner (caspase-3, -6, and -7) pro-
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teases (6). Upon activation by initiator caspases, effector
caspases will dismantle in an orderly manner the injured cell by
specifically cleaving a series of intracellular substrates (7). Con-
versely, necrotic cells display cellular swelling that culminates
with the plasma membrane rupture, allowing the release of
the intracellular content and the subsequent inflammatory
responses (8). The nuclear alterations observed in necrotic cell
death are depicted by the absence of chromatin condensation
or in some cases the presence of passive DNA clumps (5, 9, 10).

Despite apoptosis and necrosis being considered different
cell death entities, mounting evidence suggests that both can be
morphological expressions of a common biochemical network
termed “apoptosis-necrosis continuum” (11). Genetic and/or
pharmacological manipulations of the intracellular events lead-
ing to apoptosis, such as chemical inhibition of caspases (12) or
redox system alterations through depletion of intracellular glu-
tathione by buthionine sulfoximine or co-incubation with pro-
oxidant compounds, such as hydrogen peroxide (H2O2) (13–
15), can shift the type of cell death to necrotic-like. Nonetheless,
the possibility of changing the phenotype of a dying cell from
necrotic to caspase-dependent apoptotic remains poorly
understood.

Here, we describe that chelerythrine, a PKC inhibitor and
BH36-mimetic compound, triggers necrotic-like cell death in
human-derived neuroblastoma cells. This cytotoxicity relies on
a reactive oxygen species (ROS)-elicited early overactivation of
caspases and is prevented by high concentrations of thiolic anti-
oxidants or pan-caspase inhibitors. Alternatively, moderate
concentrations of thiolic antioxidants can switch death to apo-
ptotic-like, showing type II chromatin condensation. To our
best knowledge, this is the first time reporting that an early and
pronounced activation of caspases drives a cell death that phe-
notypically resembles necrosis.

Materials and Methods

Reagents—All chemicals were obtained from Sigma unless
otherwise indicated. Thapsigargin, nocodazole, rotenone, and
colchicine were purchased from Merck KGaA. The inhibitors
of caspases Z-VAD(OMe)-fmk and q-VD-OPh were obtained
from MP Biomedicals Europe (Illkirch, France). BH3 mimetics
and PKC inhibitors were purchased from Selleckchem
(Munich, Germany). The caspase substrate Ac-DEVD-afc was
obtained from Calbiochem. Antibodies against caspase-3
(9662; 1:2000) and caspase-7 (9492; 1:2000) were purchased
from Cell Signaling Technology (Beverly, MA). Antibody
against �-fodrin (clone AA6) (MAB1622; 1:40,000) was

obtained from Millipore Iberica S.A.U. (Madrid, Spain). Anti-
bodies against caspase-9 (clone 5B4) (M054-3; 1:5000) and
caspase-6 (clone 3E8) (M070-3; 1:2,000) were from MBL Inter-
national Corp. (Naka-ku Nagoya, Japan). Anti-caspase-2 (clone
11B4) (ALX-804-356; 1:5000) was purchased from Enzo Life
Sciences (Lausen, Switzerland). Anti-lamin A/C (clone JOL2)
(Ab40567; 1:2000) was from Abcam (Cambridge, UK). Anti-
p23 antibody (clone JJ3) (NB300-576; 1:10,000) was obtained
from Novus Biological Europe, Inc. (Cambridge, UK). Horse-
radish peroxidase-conjugated secondary antibodies against
mouse IgG (A9044; 1:10,000), rabbit IgG (A0545; 1:20,000), and
rat IgG (A9037; 1:20,000) were purchased from Sigma.

Cell Lines and Culture Procedures—Human neuroblastoma-
derived SH-SY5Y, SK-N-AS, SK-N-SH, IMR-5, IMR-32,
LAN-1, SK-N-BE(2), and SK-N-JD cell lines were routinely
grown in 100-mm culture dishes (BD Falcon, Madrid, Spain)
containing 10 ml of Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with penicillin/streptomycin (100
units/ml and 100 �g/ml, respectively) and 10% heat-inactivated
fetal bovine serum (Invitrogen S.A.). Medium was routinely
changed every 3 days. Cells were maintained at 37 °C in a satu-
rating humidity atmosphere containing 95% air and 5% CO2.
For the different experiments, cells were grown at the adequate
cell densities in culture dishes or multiwell plates (BD Falcon)
using the same culture conditions as described above.

Cell Treatments—The following cytotoxic drugs were used:
staurosporine (1 �M), rotenone (100 �M), chelerythrine (40 �M

for experiments in Fig. 1 and 10 �M for the rest), camptothecin
(20 �M), etoposide (100 �M), oxaliplatin (50 �M), colchicine (10
�g/ml), nocodazole (50 �M), thapsigargin (50 �M), Ac-LLnL-
CHO (MG101; 50 �M), Ac-LLM-CHO (50 �M), Z-FL-COCHO
(50 �M), MG132 (Ac-LLL-CHO; 25 �M), Z-LLF-CHO (20 �M),
and Z-LLnV-CHO (MG115; 20 �M). The following chemical
compounds were used in the presence or not of 10 �M

chelerythrine: q-VD-OPh (20 �M), pepstatin A (100 �M), tosyl-
L-phenylalanyl chloromethane (10 �M), 4-(2-aminoeth-
yl)benzenesulfonyl fluoride hydrochloride (150 �M), Z-LLF-
CHO (20 �M), Z-LLnV-CHO (20 �M), Z-VAD(OMe)-fmk (50
�M), Z-FA-fmk (100 �M), leupeptin (100 �M), Z-FL-COCHO
(20 �M), Ac-LLnL (20 �M), Ac-LLM-CHO (20 �M), dithiothre-
itol (DTT; 2 mM), methylated glutathione (Me-GSH; 5 mM),
N-acetylcysteine (NAC; 5 mM), ascorbate (100 �M), �-tocoph-
erol (1 mM), and Trolox (100 �M). Each one of these inhibitors
was individually added to the culture medium 1 h before chel-
erythrine treatment.

Cell Viability Assays: 3-(4,5-Dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium Bromide (MTT) Reduction, Lactate Dehy-
drogenase Release, and Double Direct Staining of Nuclei with
Propidium Iodide (PI) and Cell-permeable Bisbenzimide
Hoechst 33342—3.5 � 105 cells/ml were seeded in 96-multiwell
plates to carry out different viability assays. The MTT survival
assay was performed as established previously (16). The lactate
dehydrogenase release assay was carried out by its enzymatic
detection in the extracellular medium as described (17). Cell
death was also determined by PI/Hoechst double staining (18).
PI and cell-permeable Hoechst 33342 were added to the culture
medium at a final concentration of 1 and 2 �g/ml, respectively.
After 10 min of cold incubation, fluorescence images were

6 The abbreviations used are: BH3, Bcl-2 homology 3; ABT-737, 4-[4-[[2-(4-
chlorophenyl)phenyl]methyl]piperazin-1-yl]-N-[4-[[(2R)-4-(dimethylamino)-
1-phenylsulfanylbutan-2-yl]amino]-3-nitrophenyl]sulfonylbenzamide;
Ac-DEVD-afc, acetyl-Asp[OMe]-Glu[OMe]-Val-Asp[OMe]-7-amino-4-trifluoro-
methylcoumarin; Ac-LLM, N-acetyl-L-leucyl-L-leucyl-L-methioninal; Ac-LLnL,
N-acetyl-L-leucyl-L-leucyl-L-norleucinal; Me-GSH, methylated glutathione;
MG132, Z-Leu-Leu-Leu-al; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide; NAC, N-acetylcysteine; PI, propidium iodide; q-VD-
OPh, N-(2-quinolyl)valyl-aspartyl-(2,6-difluorophenoxy)methyl ketone; ROS,
reactive oxygen species; TW-37, N-[4-[[2-(1,1-dimethylethyl)phenyl]sulfonyl]-
phenyl]-2,3,4-trihydroxy-5-[[2-(1-methylethyl)phenyl]methyl]benzamide;
Z-FA, Z-Phe-Ala fluoromethyl ketone; Z-FL, Z-Phe-leucinal; Z-LLF, Z-Leu-Leu-
phenylalaninal; Z-LLnV, Z-Leu-Leu-norvalinal; Z-VAD(OMe)-fmk, Z-Val-Ala-
Asp[OMe]-fluoromethyl ketone; Z, benzyloxycarbonyl.
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taken, and the percentage of cell death was determined by
counting PI-positive cells over the total nuclei stained with
Hoechst 33342. Images were obtained with a Nikon ECLIPSE
TE2000-E microscope equipped with epifluorescence optics
under UV illumination and a Hamamatsu ORCA-ER photo-
graphic camera.

Nuclear Morphology Analysis by Chromatin Staining with a
Non-cell-permeable Bisbenzimide (Hoechst 33258)—3.5 � 105

cells/ml were seeded in 96-multiwell plates, and we proceeded
as established previously (19). The images were acquired
through the Nikon ECLIPSE TE2000-E microscope as men-
tioned above. The percentages of apoptotic nuclei were
obtained by counting bisbenzimide-stained nuclei with con-
densed chromatin and/or fragmented nuclei versus total bis-
benzimide-stained nuclei.

Morphology Analysis by Transmission Electron Microscopy—
5 � 105 cells/ml were seeded in 60-mm culture dishes. After
treatment, cells were detached, pelleted at 500 � g for 5 min,
and washed gently with PBS. Transmission electron micros-
copy was performed as reported previously (17).

Protein Extractions and Western Blotting—Cells were
detached from 35-mm culture dishes, pelleted at 500 � g for 5
min, and washed once with PBS. Cells were lysed in 10 volumes
of 10 mM Tris-HCl, pH 6.8, 150 mM NaCl, 1 mM EDTA, 1%
sodium dodecyl sulfate (SDS) extraction buffer and heated at
95 °C until a non-viscous transparent extract was obtained. The
protein concentration in the supernatants was quantified by a
modified Lowry assay (DC protein assay, Bio-Rad), and 20 –50
�g of total protein extracts were loaded in SDS-polyacrylamide
gels. The proteins were electrophoresed and electrotransferred
onto polyvinylidene difluoride (PVDF) Immobilon-P mem-
brane (Millipore Ibérica S.A.U) or Protran nitrocellulose trans-
fer membrane (Whatman GmbH). After blocking with Tris-
buffered saline (TBS) with 0.1% Tween 20 and 5% nonfat dry
milk, the membranes were probed with the appropriate specific
primary antibodies and incubated with the adequate secondary
antibodies conjugated with horseradish peroxidase. Finally,
immunoblots were developed with the EZ-ECL chemilumines-
cence detection kit (Biological Industries, Kibbutz Beit-
Haemek, Israel). After blotting with the specific antibodies, the
membranes were stained for 5 min in a solution containing 10%
methanol, 2% acetic acid, and 0.1% naphthol blue and destained
in a 10% methanol and 2% acetic acid solution for 10 min. Dry
membranes were scanned and used as a loading control.

DEVD-directed Caspase Activity—Caspase activity was mea-
sured after incubating 20 �g of protein with the fluorogenic
substrate of caspases, Ac-DEVD-afc, for 12 h at 35 °C in
96-multiwell microplates (17). Fluorescence intensity was
obtained by using a BIO-TEK Synergy HT fluorometer under
an excitation filter of 360 nm (40-nm bandwidth) and an emis-
sion filter of 530 nm (25-nm bandwidth) and expressed as arbi-
trary units of fluorescence.

Annexin V/PI Double Staining Assay—SH-SY5Y cells were
seeded into 12-multiwell plates the day before in DMEM sup-
plemented with 20% FBS and antibiotics. Then cells were
treated with hydrogen peroxide (1 mM), chelerythrine (10 �M),
or staurosporine (1 �M) for 1, 3, 6, and 24 h or left untreated.
Cells were detached by using 1⁄3 diluted trypsin/EDTA (0.025%

trypsin and 0.01% EDTA; Life Technologies), pelleted at 500 �
g for 2 min, and washed once with binding buffer (10 mM

HEPES, 140 mM NaCl, 4 mM KCl, 0.75 mM MgCl2, 1.8 mM

CaCl2). Pellets were resuspended by vortexing in 100 �l of bind-
ing buffer containing 0.5 �g/ml PI (Sigma) and 5 �l of annexin
V-allophycocyanin (obtained from Annexin V Apoptosis
Detection kit APC, 88-8007-72, eBioscience). After 15 min of
incubation at room temperature, 300 �l of binding buffer were
added to each tube, and a minimum of 5,000 events were ana-
lyzed by flow cytometry using a BD FACSCanto flow cytometer.
PI and annexin V staining were detected under a 670LP or 660/
20BP filter, respectively. Data were acquired and analyzed with
FlowJo software.

Results

Chelerythrine Is a Potent Cytotoxic Compound That Induces
a Synchronic Necrotic-like Cell Death—We have previously
focused on the molecular and biochemical mechanisms of non-
canonical apoptotic cell death in human neuroblastoma-de-
rived cell lines in response to different apoptotic insults. Indeed,
we have described that human neuroblastoma-derived IMR-5
and SK-N-AS cells do not show complete apoptosis during
caspase-dependent cell death (20 –22). In contrast, human neu-
roblastoma-derived SH-SY5Y cells subjected to apoptotic trig-
gers display nuclear alterations of canonical apoptotic cell
death (type II nuclear morphology) (16, 21). According to this
behavior, we selected SH-SY5Y cells to screen for cytotoxic
drugs triggering the appearance of a homogenous population of
non-apoptotic nuclei. We first evaluated the apoptotic behavior
of SH-SY5Y cells facing a broad battery of different cytotoxic
insults. Among them, we used staurosporine (broad kinase
inhibitor); rotenone (inhibitor of mitochondrial electron trans-
port chain complex I); chelerythrine (protein kinase C inhibitor
and BH3 mimetic); camptothecin and etoposide (topoisomer-
ase I and II inhibitors, respectively); oxaliplatin (DNA cross-
linker agent); colchicine and nocodazole (microtubule-destabi-
lizing compounds); thapsigargin (sarcoendoplasmic reticulum
calcium transport ATPase inhibitor); Ac-LLnL (or MG101) and
Ac-LLM (calpain inhibitors); Z-FL (cathepsin S inhibitor); and
MG132, Z-LLF, and Z-LLnV (or MG115) (proteasome inhibi-
tors). The percentages of cell viability obtained by MTT assay
after treating cells with the different compounds were as fol-
lows: staurosporine, 0.15 � 0.10%; rotenone, 30.77 � 2.16%;
chelerythrine, 0.08 � 0.05%; camptothecin, 12.83 � 2.26%; eto-
poside, 2.14 � 0.48%; oxaliplatin, 8.37 � 0.58%; colchicine,
27.90 � 0.59%; nocodazole, 43.19 � 2.23%; thapsigargin, 2.52 �
1.21%; Ac-LLnL, 30.33 � 0.96%; Ac-LLM, 49.03 � 2.82%; Z-FL,
28.51 � 1.36%; MG132, 40.57 � 0.77%; Z-LLF, 22.98 � 1.64%;
and Z-LLnV, 35.03 � 1.26% (Fig. 1C). Most of the compounds
induced the appearance of both apoptotic and non-apoptotic
nuclei. The percentage of apoptotic nuclear morphologies var-
ied depending on the specific treatment as follows: staurospo-
rine, 99.72 � 0.20%; rotenone, 25.63 � 1.97; chelerythrine,
2.35 � 0.49%; camptothecin, 48.20 � 4.69%; etoposide, 23.42 �
2.40%; oxaliplatin, 54.83 � 3.14%; colchicine, 16.43 � 1.12%;
nocodazole 43.19 � 2.23%; thapsigargin, 27.59 � 3.40%; Ac-
LLnL, 41.92 � 1.31%; Ac-LLM, 20.42 � 2.35; Z-FL, 45.13 �
1.97%; MG132, 29.83 � 3.02; Z-LLF, 39.98 � 2.58; and Z-LLnV,
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32.49 � 2.67% (Fig. 1, A and B). According to these results,
staurosporine was the most effective compound at inducing
apoptotic nuclear morphology (Fig. 1, A and B). Others, such as
chelerythrine, camptothecin, etoposide, oxaliplatin, and thap-
sigargin, induced lower percentages of apoptotic nuclei despite
the high cytotoxicity provoked (Fig. 1C). Among them, we

selected chelerythrine for further studies because it exhibited
high cytotoxicity without inducing the appearance of apoptotic
nuclei (Fig. 1, A and B). The nuclei from chelerythrine-treated
SH-SY5Y cells shrank without signs of apoptotic nuclear
changes (chromatin condensation and/or nuclear fragmenta-
tion) (Fig. 1A). Most of the drugs used triggered a heterogene-

FIGURE 1. Absence of nuclear alterations in chelerythrine-treated human neuroblastoma cell lines undergoing cell death. A, B, and C, SH-SY5Y cells were
treated for 24 h as described under “Cell Treatments” or left untreated (Control). A, nuclear morphology was analyzed after staining nuclei with Hoechst 33258.
The insets are higher magnifications of the cells framed in the images. The scale bar indicates 50 �m. B, the number of apoptotic nuclei was scored as described
under “Materials and Methods.” The values are expressed as mean � S.E. (n � 3). C, cell viability was determined by MTT assay. Data represent mean � S.E. (n �
3). D and E, different human neuroblastoma-derived cell lines (SK-N-SH, SK-N-AS, SK-N-BE(2), SK-N-JD, IMR-5, IMR32, and LAN-1) were treated for 24 h with 40
�M chelerythrine (Che) or left untreated (Control). D, nuclear morphology was assessed after staining the nuclei with Hoechst 33258. The insets are higher
magnifications of the cells framed in the images. The scale bar equals 50 �m. E, cell viability was analyzed by MTT assay. Data shown are the mean � S.E. (n �
3). Error bars represent S.E. STP, staurosporine; TPG, thapsigargin; CPT, camptothecin; NT, not treated.
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ous cell death except for staurosporine and chelerythrine,
which induced a prominent cytotoxicity characterized by the
presence of homogeneous populations of apoptotic and non-
apoptotic nuclear morphologies, respectively. The same behav-
ior was observed in different human neuroblastoma-derived
cell lines. Although 40 �M chelerythrine induced loss of cell
viability (SK-N-SH, 0.32 � 0.10%; SK-N-AS, 1.93 � 0.84%; SK-
N-BE(2), 4.54 � 0.98%; SK-N-JD, 1.97 � 1.01%; IMR-5, 0.20 �
0.16%; IMR-32, 1.34 � 0.69%; and LAN-1, 3.30 � 0.96%) (Fig.
1E), the alkaloid was unable to induce apoptotic nuclear
changes in any of the cell lines used (Fig. 1D). This cytotoxic
response was not shared by other BH3-mimetic compounds,
such as ABT-737 (50 �M), gossypol (25 �M), TW-37 (50 �M),
and obatoclax (5 �M), or PKC inhibitors, such as calphostin C
(100 �M), sotrastaurin (50 �M), Go 6983 (25 �M), Go 6976 (100
�M), and GF109203X (12.5 �M), which after 24 h of treatment
caused apoptotic cell death with type II nuclear morphology
(data not shown). To avoid uncontrolled cell responses due to
excessive concentrations of chelerythrine in the culture
medium, we checked the minimal concentration inducing the
maximal cytotoxicity. The presence of 10 �M chelerythrine in
the culture medium was already highly cytotoxic (0.10 � 0.05%
survival by MTT assay, 78.33 � 1.24% cytotoxicity by lactate
dehydrogenase release assay, and 82.51 � 0.69% PI-positive
nuclei) because the percentages of cell death reached were
comparable with those obtained after treating cells with 40 �M

chelerythrine (0.08 � 0.06% survival by MTT assay, 99.93 �
0.99% cytotoxicity by lactate dehydrogenase release assay, and
97.86 � 0.80% PI-positive nuclei) (Fig. 2A). Nevertheless, none
of the different concentrations used induced the presence of
apoptotic nuclei (Fig. 2A). According to these results and unless
otherwise stated, we used 10 �M chelerythrine henceforth. We
then compared the cell death profile and nuclear alterations
induced by chelerythrine and staurosporine through a time
course analysis. As shown in Fig. 2B, chelerythrine-induced
cytotoxicity occurred at earlier times when compared with
staurosporine. For example, whereas staurosporine needed 6 h
to induce 50% cell viability loss (MTT assay), chelerythrine pro-
voked the same biological effect after 30 min of treatment (Fig.
2B). In the same sense, although 30 min of chelerythrine proved
to be enough to induce plasma membrane leakage (as shown by
either lactate dehydrogenase release assay or PI staining), stau-
rosporine-treated cells maintained their plasma membrane
integrity up to 2 h (Fig. 2B). Annexin V/PI co-staining coupled
with flow cytometry can distinguish live, early apoptotic, late
apoptotic/early necrotic, and late necrotic cell populations (23,
24). As shown in Fig. 2C, chelerythrine did not raise annexin
V-positive/PI-negative (early apoptotic) cells at different time
points of treatment. Indeed, similarly to H2O2 but contrarily to
staurosporine, chelerythrine increased the percentage of
annexin V/PI-double stained (late apoptotic/early necrotic)
cells from early times (between 1 and 3 h) of treatment (Fig. 2C).
Finally, at longer times (6 h for chelerythrine or H2O2 and 24 h
for staurosporine), injured cells partially shifted to an annexin
V-negative/PI-positive (late necrosis) population irrespective
of the treatment used (Fig. 2C). Therefore, chelerythrine-
treated cells showed necrotic-like (annexin V-positive/PI-pos-
itive or annexin V-negative/PI-positive) features without

exhibiting apoptotic-like (annexin V-positive/PI-negative)
features.

Regarding the nuclear aspect, apoptotic nuclei (condensed or
fragmented) were not detected at any concentration or time of
chelerythrine treatment (Fig. 2, A and B). Indeed, electron
microscopy revealed a nuclear coarse pattern of irregular non-
interconnected chromatin masses scattered throughout the
nucleus in chelerythrine-challenged cells just 1 h after treat-
ment (Fig. 3, middle left image). These chromatin clumps were
homogeneously distributed inside the nucleus and some were
located beneath the nuclear envelope, which was preserved
although it had a misshapen contour (Fig. 3, middle left image).
After 6 h of chelerythrine treatment, the previously observed
chromatin alterations were preserved even though the nuclear
envelope was barely detected (data not shown). These ultra-
structural nuclear alterations were in contrast with those
observed in staurosporine-challenged cells, which displayed
aggregates of highly condensed chromatin distributed under
the nuclear envelope as dense rounded caps (Fig. 3, upper right
image). Besides these nuclear changes, cells cultured in the
presence of chelerythrine showed multiple breaks at the plasma
membrane, and their cytoplasm became disorganized and
vacuolized (Fig. 3, middle image). These alterations were more
prominent after 6 h of treatment (data not shown). Moreover,
chelerythrine-treated cells displayed a cytoplasm characterized
by a more electron-lucent pattern compared with untreated or
staurosporine-treated cells (Fig. 3). The ultrastructural traits
observed in chelerythrine-injured cells were compatible with
the cellular changes described for necrotic cell death (cell swell-
ing, early loss of plasma membrane integrity, electron-lucent
and vacuolized cytoplasm, cell rupture, and irregular chroma-
tin destruction) (25–27). We then compared the ultrastructural
changes from chelerythrine-treated cells with those induced by
a necrotic stimulus such as hydrogen peroxide (28). After 24 h
of treatment, the cytoplasm of hydrogen peroxide-exposed
cells appeared completely disintegrated, and the chromatin was
slightly packaged into irregular patches (Fig. 3, lower right
image). This aspect was highly similar to what we observed after
24 h of chelerythrine treatment (Fig. 3, lower left image). There-
fore, the chelerythrine-induced demise occurred without signs
of apoptosis but shared necrotic morphological traits.

Necrotic-like Cell Death Induced by Chelerythrine Is a
Caspase-dependent Process—Because a defect in the activation
of caspases could explain the lack of apoptotic morphological
traits, we analyzed the activation of these proteases after chel-
erythrine challenge. After 24 h, chelerythrine induced the
cleavage of initiator caspase-2 and -9 to their respective active
fragments, p32/p18 and p37/p35 (Fig. 4A, first panel). We also
observed the processing of the executioner caspases, i.e.
caspase-3, -6, and -7, into their p19/p17, p18, and p20 active
fragments, respectively (Fig. 4A, second panel). Finally, we con-
firmed the activation of executioner caspases by assessing the
cleavage of different specific substrates. As shown in Fig. 4A,
chelerythrine triggered the cleavage of �-fodrin to the p120
fragment (caspase-3-mediated) (29), lamin C into the p37 frag-
ment (caspase-6-mediated) (30, 31), and p23 co-chaperone to
the p15 fragment (caspase-7-mediated) (32). These results
highlighted the similarities between staurosporine and chel-
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erythrine regarding the activation of caspases and the ensuing
cascade of proteolytic events (Fig. 4A). We then wanted to
ascertain whether caspases were involved in the necrotic-like
cell death induced by chelerythrine. For that, we treated cells
with chelerythrine for 24 h in the presence or absence of the
broad pan-caspase inhibitor q-VD-OPh. We also co-treated
cells with staurosporine and q-VD-OPh as a positive control of
caspase-dependent apoptosis (22). First, we corroborated the

proper q-VD-OPh-mediated inhibition of caspases by Western
blotting and a caspase activity assay. As shown in Fig. 4B, when
q-VD-OPh was present in the culture medium, caspase-3 was
not processed into its respective active fragments (p19 and
p17). Accordingly, q-VD-OPh abolished DEVD-directed
caspase activity triggered by chelerythrine (Fig. 4B, lower
panel). Subsequently, we examined the cytotoxicity induced by
chelerythrine in the presence of q-VD-OPh. By means of an

FIGURE 2. Chelerythrine provokes an early and non-apoptotic strong cytotoxicity compared with staurosporine. A, SH-SY5Y cells were treated for 24 h
with the indicated concentrations of chelerythrine (Che) or 1 �M staurosporine (STP) or left untreated (0 or Control). B, SH-SY5Y cells were left untreated (0) or
treated with 10 �M chelerythrine or 1 �M staurosporine at the indicated times. A and B, cell viability was analyzed by MTT reduction, lactate dehydrogenase
(LDH) release, and PI staining. Results are expressed as mean � S.E. (n � 3). Nuclear morphology was assessed by double staining of the nuclei with PI and
Hoechst 33342. The insets are higher magnifications of the cells framed in the images. The scale bar equals 50 �m. Nuclei were counted and scored as apoptotic
(condensed or fragmented) or non-apoptotic. Graphs represent the means � S.E. from more than 1,000 nuclei for each condition (n � 3). C, SH-SY5Y cells were
treated with 10 �M chelerythrine, 1 �M staurosporine, or 1 mM H2O2 or left untreated (Control). Double staining with annexin-V and PI was assessed through
flow cytometry. More than 5,000 events were acquired in each condition. Error bars represent S.E. APC, allophycocyanin.
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MTT reduction assay, we showed that chelerythrine-mediated
loss of cell viability was partially prevented by q-VD-OPh (from
0.10 � 0.08 to 46.49 � 1.67%). Similar results were reported
when cells were co-treated with q-VD-OPh and staurosporine
(from 0.34 � 0.21 to 40.33 � 1.93%) (Fig. 4C, upper graph). We
also analyzed the integrity of the plasma membrane by the lac-
tate dehydrogenase release assay or by counting PI-positive
nuclei (Fig. 4C, middle and lower graphs). As shown in Fig. 4C,
the addition of q-VD-OPh to the culture medium of cheleryth-
rine-treated cells reduced cytotoxicity from 76.92 � 1.82 to

17.20 � 1.51% (by lactate dehydrogenase release assay) and
from 85.83 � 2.05 to 4.98 � 0.73% (PI-positive nuclei count-
ing). Taking advantage of the double PI/Hoechst nuclear stain-
ing, we found that q-VD-OPh also prevented the mild nuclear
changes observed after chelerythrine challenge (Fig. 4D).
Indeed, electron microscopy analysis confirmed that q-VD-
OPh blocked the formation of the chromatin irregular masses
observed in chelerythrine-treated cells (Fig. 4E). Additionally,
chelerythrine/q-VD-OPh-co-treated cells recovered their cyto-
plasmic integrity. Hence, our results showed that cell death and

FIGURE 3. The ultrastructural morphology of chelerythrine-damaged cells is similar to that observed in H2O2-injured necrotic cells. Shown are electron
microscopy images of SH-SY5Y cells left untreated (Control) or treated with 10 �M chelerythrine (Che), 1 �M staurosporine (STP), or 1 mM H2O2 at the indicated
times. The arrowheads indicate the break sites at the plasma membrane. The inset is a higher magnification of the plasma membrane region framed in the
image of chelerythrine-treated cells at 1 h. The scale bars equal 2 �m.
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necrotic-like alterations induced by chelerythrine required the
proper activation of caspases.

Necrotic-like Cell Death Prompted by Chelerythrine Is Bio-
chemically Characterized by an Early and Prominent Activa-
tion of Caspases—Despite that both staurosporine- and chel-
erythrine-driven cytotoxicity relied on caspase activation, these
alkaloids triggered apoptotic and necrotic-like phenotypes,
respectively. To identify dissimilarities in the activation of these
enzymes, we performed a time course analysis of caspase acti-
vation in both chelerythrine- and staurosporine-treated cells.
By Western blotting, we observed that both drugs induced the
processing of fodrin, lamin C, and p23 co-chaperone to p120,
p37, and p15 fragments, respectively (Fig. 5A). However, these
fragments were already evidenced after 2 h of chelerythrine
treatment, whereas they were not detected until 4 h of stauro-
sporine treatment. Similarly, a DEVD-directed caspase-like
activity assay proved that after 2 h chelerythrine-injured cells
displayed 8 times higher caspase activity than staurosporine-
treated cells (Fig. 5A, lower graph). We then wanted to identify
the earliest time point, prior to 2 h, at which chelerythrine
induced the activation of caspases. The p120 and p15 fragments
from fodrin and p23 co-chaperone processing, respectively,
were already detected after 30 min, being fully evident at 1 h of
chelerythrine treatment (Fig. 5B). Accordingly, the enzymatic
assay revealed a marked increase in caspase activation at 30 min
and a maximal activity 1 h after the treatment. In contrast,
staurosporine barely induced the activation of caspases for the
first 2 h of treatment (Fig. 5B). When looking at caspase-3, the
main executioner protease involved in the apoptotic hallmarks,
we observed an early activation in chelerythrine-injured cells
compared with staurosporine-treated cells. Indeed, after 1 h of
chelerythrine, cells displayed a robust processing of caspase-3
into its p19/p17 active fragments that was not observed in stau-
rosporine-injured cells (Fig. 5C). Based on these results, we
explored whether higher concentrations of staurosporine could
reproduce the early processing of caspase-3 driven by chel-
erythrine. As shown in Fig. 5D, at 1 h of treatment, staurospo-
rine was unable to induce the processing of caspase-3 into its
active p19/p17 fragments even at very high concentrations (64
�M). Therefore, our results indicated that the early activation of
caspases was a biochemical peculiarity of chelerythrine not
shared by staurosporine, suggesting that the early activation of
caspases could be a key event orchestrating necrotic-like cell
death.

Caspase-dependent Necrotic-like Cell Death Induced by
Chelerythrine Is Prompted by Thiolic Oxidative Stress—Next,
we wanted to identify the upstream key event provoking the

early activation of caspases triggered by chelerythrine. In addi-
tion to q-VD-OPh, we used a broad battery of inhibitors,
including pepstatin A (aspartic protease inhibitor, such as
cathepsin D); tosyl-L-phenylalanyl chloromethane (inhibitor of
�-chymotrypsin-like and some non-caspase cysteine pro-
teases); 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochlo-
ride (broad hydrophilic PMSF-like serine protease inhibitor);
Z-LLF and Z-LLnV (or MG115) (proteasome inhibitors);
Z-VAD (broad caspase inhibitor with additional ability to inter-
fere with calpain and cathepsin activities); Z-FA (inhibitor of
cysteine proteases, such as cathepsins B, L, and S); leupeptin
(inhibitor of cysteine proteases, such as calpains, papain, and
cathepsins B, H, and L, and some serine proteases, such as plas-
min, kallikrein, and trypsin); Z-FL (cathepsin S inhibitor); Ac-
LLnL (or MG101) and Ac-LLM (calpain inhibitors); DTT, Me-
GSH, and NAC (thiolic antioxidant agents); and ascorbate,
�-tocopherol, and Trolox (antioxidant compounds with a
major role in the prevention of lipid peroxidation). We tested
their ability to prevent cytotoxicity after 24 h of chelerythrine
treatment by means of PI/Hoechst double staining. Among the
inhibitors tested and similarly to q-VD-OPh, Z-VAD reduced
chelerythrine-triggered cytotoxicity from 91.56 � 2.43 to
2.25 � 0.05%. These data reasserted that chelerythrine induced
a caspase-dependent cell death. Interestingly, all thiolic antiox-
idants used (DTT, Me-GSH, and NAC) fully prevented chel-
erythrine-induced cytotoxicity (from 91.56 � 2.43 to 5.79 �
0.88% (DTT), to 10.26 � 2.09% (Me-GSH), and to 7.90 � 2.80%
(NAC)). In contrast, the other antioxidants tested displayed
only a minor effect on chelerythrine-triggered cell death (Fig.
6A). Moreover, the nuclear morphological analysis corrobo-
rated that only caspase inhibitors and thiolic antioxidants pre-
vented the nuclear alterations provoked by chelerythrine (data
not shown). Thus, our results suggested a key role of thiol oxi-
dative stress processes in chelerythrine-induced cytotoxicity.
We then asked whether thiol oxidative stress was involved in
the activation of caspases triggered by chelerythrine. For this
purpose, we assessed by Western blotting the cleavage of
caspase-3 in cells treated for 24 h with chelerythrine in the
presence or absence of the above mentioned antioxidants.
Chelerythrine-induced caspase-3 p19/p17 active fragments
were not detected when thiolic antioxidants were added to the
culture medium (Fig. 6B). Similarly, the DEVD-directed activity
assay revealed that chelerythrine-mediated activation of
caspases was inhibited by any of the above mentioned thiolic
antioxidants (Fig. 6B). Altogether, our results showed that chel-
erythrine-mediated necrotic-like cell death required strong
thiolic oxidative damage, which seemed an upstream pivotal

FIGURE 4. Chelerythrine-driven cell death and nuclear alterations rely on a proper activation of caspases. SH-SY5Y cells were left untreated (�) or treated
for 24 h with 10 �M chelerythrine (�Che) or 1 �M staurosporine (�STP) in the presence (�) or absence (�) of 20 �M pan-caspase inhibitor q-VD-OPh. A, initiator
caspases (caspase-2 and caspase-9; upper panel), effector caspases (caspase-3, caspase-6, and caspase-7; middle panel), and their specific substrates (�-fodrin,
lamin C, and p23 co-chaperone; lower panel) were analyzed by Western blotting. Caspase-2 (p32 and p18), caspase-9 (p37 and p35), caspase-3 (p19 and p17),
caspase-6 (p18), and caspase-7 (p20) processed fragments are indicated. The activation of caspase-3, -6, or -7 was corroborated by the detection of p120
(�-fodrin), p37 (lamin C), and p15 (p23 co-chaperone) proteolytic fragments, respectively. Naphthol blue (NB) staining served as a loading control. B, Western
blot of caspase-3 and its active fragments p19 and p17 (upper panel). Naphthol blue staining served as a loading control. Caspase activity was quantified by a
DEVD-directed activity assay (lower panel). Activity was measured as arbitrary units of fluorescence (A.U.F.) and expressed as mean � S.E. (n � 3). C, cell viability
was analyzed by MTT reduction, lactate dehydrogenase (LDH) release, and PI staining. The values are shown as mean � S.E. (n � 3). D, nuclear morphology was
assessed by double staining of nuclei with PI and Hoechst 33342. The insets are higher magnifications of the cells framed in the images. The scale bar equals 50
�m. Nuclei were counted and scored as apoptotic (condensed or fragmented) or non-apoptotic. Graphs represent the means � S.E. from more than 1,000
nuclei for each condition (n � 3). E, electron microscopy images from cells subjected to the above mentioned conditions. All scale bars equal 2 �m. Error bars
represent S.E.
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event to activate caspases in a very short period after cytotoxic
insult.

Necrotic-like Cell Death Induced by Chelerythrine Can Be
Shifted to Apoptosis by the Fine-tuning of the Thiol Oxidative
Intracellular Status—Taking into account the results obtained,
we established that necrotic-like cell death induced by chel-
erythrine depended on the intracellular oxidative stress and
subsequently on the activation of caspases. Because caspases
played a key role in chelerythrine-triggered necrotic-like cyto-
toxicity, we wondered whether a gentle modulation of the thiol
oxidative status could switch the cell death to one with apopto-

tic nuclear traits. We then evaluated cell viability and nuclear
morphology after chelerythrine treatment in the presence of
different concentrations of DTT. As shown in Fig. 7A, cells
cultured in the presence of high concentrations of DTT (1 or 2
mM) were fully protected from chelerythrine-triggered cell
death. Moreover, 1 mM DTT prevented the mild nuclear alter-
ations induced by chelerythrine (Fig. 7B). At the other end, the
lowest concentrations of DTT used (from 0.01 to 0.3 mM) did
not alter chelerythrine-mediated cytotoxicity (Fig. 7A). Taking
0.1 mM as a representative concentration, we observed that
DTT did not prevent the nuclear alterations induced by chel-

FIGURE 5. Chelerythrine induces an early and prominent activation of caspases not mimicked by high concentrations of staurosporine. A, B, and C,
SH-SY5Y cells were left untreated (0) or treated with 10 �M chelerythrine (Che) or 1 �M staurosporine (STP) at the indicated times. A and B, after obtaining the
protein extracts, the activation of caspases was analyzed by Western blotting (upper panels) and a DEVD-directed caspase-like activity assay (lower panels).
Activation of effector caspases (caspase-3, -6, and -7) was assessed by the detection of p120 (�-fodrin), p37 (lamin C), and p15 (p23 co-chaperone) proteolytic
fragments, respectively. In the DEVD-directed activity assay, data are expressed as the mean of arbitrary units of fluorescence (A.U.F.) �S.E. (n � 3). C, after
obtaining the protein extracts, the processing of caspase-3 to its active fragments (p19 and p17) was assessed through Western blotting. D, SH-SY5Y cells were
left untreated (0) or treated with 10 �M chelerythrine or 1, 2, 4, 8, 16, 32, or 64 �M staurosporine for 1 h. Caspase-3 (Casp-3) and its active fragments (p19 and p17)
were analyzed by Western blotting. * indicates an unspecific band. Naphthol blue (NB) staining served as a loading control in Western blots from A, B, C, and D.
Error bars represent S.E.
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erythrine (Fig. 7B). When we used intermediate concentrations
of DTT (from 0.4 to 0.9 mM), we observed a partial reduction of
the cytotoxicity induced by chelerythrine (Fig. 7A). To analyze
the nuclear morphology under these conditions, we chose 0.5
mM as the representative concentration of DTT. Interestingly,
0.5 mM DTT allowed chelerythrine-treated cells to display clas-
sical type II apoptotic nuclear morphology (Fig. 7B). As shown
before in Fig. 5, caspases were processed early in chelerythrine-
injured necrotic-like cells compared with staurosporine-
treated apoptotic cells. To ensure that the rate of caspase acti-
vation is the mandatory biochemical event determining
apoptotic- or necrotic-like outcomes, we assessed the activa-
tion of caspase-3, the key executioner caspase allowing the apo-
ptotic hallmarks, after chelerythrine and DTT co-treatment.
High concentrations of DTT (1 mM), which preserves cell via-
bility (Fig. 7A), fully prevented caspase-3 processing (Fig. 7C).
However, the presence of intermediate concentrations of DTT
(0.5 mM) in the culture medium, which allowed the presence of
apoptotic-like nuclei (Fig. 7B), delayed chelerythrine-triggered
activation of caspase-3 (Fig. 7C). Indeed, in chelerythrine/
DTT-co-treated cells, the activation of caspase-3 was not
detected at 1 h but after 6 h of treatment, similarly to that
observed in staurosporine-injured apoptotic cells (Figs. 5C and
7C). Altogether, our results show that chelerythrine can trigger

necrotic-like or apoptotic cytotoxic fates (both caspase-depen-
dent) driven by particular intracellular thiol oxidative stress.

Discussion

Here, we report that chelerythrine is a highly cytotoxic com-
pound that synchronously triggers cell death in different
human neuroblastoma-derived cells. SH-SY5Y cells treated
with chelerythrine die without any apoptotic morphological
traits by undergoing a fast cytoplasmic disintegration and loss
of plasma membrane integrity. Chelerythrine-driven cell death
features a suite of traits of canonical necrotic (oncotic) cell
death. In this sense, ultrastructural analysis demonstrates that
chelerythrine-injured cells show electron-lucent vacuolized
cytoplasm, early loss of plasma membrane integrity, and irreg-
ular and circumscribed DNA patches, which are typical mor-
phological changes described in necrotic dying cells (9, 25, 26,
33–35). Intriguingly, chelerythrine triggers a prominent and
early activation of caspases, which is necessary for the necrotic-
like cell death to occur. These findings prove that an early acti-
vation of caspases can lead to cell demise with morphological
traits resembling those observed in classical necrotic cell death.
Chelerythrine-mediated cell death is not prevented by the
action of several chemical inhibitors of calpains, cathepsins,
proteasome, or other non-caspase proteases. However, high

FIGURE 6. Chelerythrine-mediated caspase-dependent cell death is regulated by thiolic antioxidants. A and B, SH-SY5Y cells were left untreated (Control)
or treated for 24 h with different inhibitors in the absence (�) or presence (�) of chelerythrine (Che) as described under “Cell Treatments.” A, cell death was
analyzed by PI staining. Data shown are the mean � S.E. (n � 3). B, the processing of caspase-3 to its active fragments (p19 and p17) was examined by Western
blotting (left panel). Naphthol blue (NB) staining served as a loading control. Caspase activity was assessed by a DEVD-directed activity assay (right panel). Data
are represented as arbitrary units of fluorescence (A.U.F.) and expressed as mean � S.E. (n � 3). Error bars represent S.E. TPCK, tosyl-L-phenylalanyl chlorometh-
ane; AEBSF, 4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride.
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concentrations of thiolic antioxidants, such as DTT, methy-
lated glutathione, and N-acetylcysteine, block the activation of
caspases and the subsequent cell death triggered by cheleryth-
rine. These results indicate that a thiolic oxidative stress is elic-
iting the activation of caspases. Interestingly, cells co-cultured
in the presence of chelerythrine and low concentrations of DTT
display type II apoptotic nuclear morphologies, proving that
the sole modulation of the thiolic oxidative stress allows the
shift from chelerythrine-driven necrosis-like to apoptosis-like
cell death.

The switch of apoptotic to necrotic paradigms of cell death
has been profusely addressed (13–15, 36 –39). In this regard,
reducing the content of ATP or glutathione is a reported strat-
egy to convert apoptotic to necrotic cell death (13, 15, 38, 39).
Conversely, only a scarce number of publications have demon-
strated that necrosis can be transformed into an apoptotic cell
death; among them, we highlight the findings on prothymo-
sin-�1 as a molecular switch of necrotic to apoptotic cell death
(40, 41). Moreover, no reports have approached the possibility
of turning a caspase-dependent necrotic-like cell death into an
apoptotic-like process of cell demise. In this context, we prove
that the fine-tuning of thiolic oxidative processes is a successful
strategy to modulate the shape of chelerythrine-mediated cell
death by promoting a proper (delayed on time) activation of
caspases. Indeed, we demonstrate for the first time that modu-
lating the intracellular thiolic oxidative environment by co-cul-
turing cells with DTT switches chelerythrine-elicited necrotic-
like cell death into an apoptotic-like process. This fact is of
capital relevance because most antitumor drugs used in the
clinics prompt a continuum of apoptotic and necrotic morpho-
logical deaths, thus proving the same trigger is able to induce
different types of cell demise (42). Our data support the notion
that the apoptotic-necrotic continuum could rely on particular
environmental cues, such as the thiolic oxidative status of the
cell.

Many insults have the capacity to induce apoptosis and
necrosis when used at low and high concentrations, respec-
tively (36, 37, 43). Alternatively, some chemicals trigger con-
comitant signs of necrotic and apoptotic cell death modalities
(44). This fact was evidenced in our initial drug screening
whereby a series of chemical compounds was selected accord-
ing to their ability to trigger a homogenous cytotoxic pheno-
type. All the tested drugs, with the exception of staurosporine
and chelerythrine, trigger mixed subroutines of cell death as
proven by the high cytotoxicity and the dissimilar nuclear mor-
phologies observed. Cytotoxic concentrations of chelerythrine
provoke the appearance of a pure population of dead cells dis-
playing a homogenous nuclear phenotype different from either
healthy or apoptotic nuclei irrespectively of the cytotoxic con-
centration used. In contrast with staurosporine, chelerythrine
triggers an abrupt form of cytotoxicity. It is well established that
cellular necrosis can occur in a regulated way triggered by dif-
ferent signal transduction cascades provided that caspases
remain inactive (12). At the same time, it is well known that this
family of cysteine proteases represents the main molecular
machinery involved in the apoptotic cell dismantling (45, 46).
Although mounting data support that caspase-dependent
necrotic-like processes can arise under particular circum-

FIGURE 7. A delay in chelerythrine-triggered activation of caspase-3
promptedbyintermediateconcentrationsofDTTallowscellstodisplayapo-
ptotic-like nuclear alterations. A, SH-SY5Y cells were left untreated (Control) or
treated for 6 h with 2 mM DTT or 10 �M chelerythrine (Che) in the absence or
presence of the indicated concentrations of DTT. Cell death was measured by PI
staining. Data are represented as the mean � S.E. (n � 3). B and C, cells were
treated with 1 mM DTT, 10 �M chelerythrine, or a combination of 10 �M cheleryth-
rine and different concentrations of DTT (1, 0.5, and 0.1 mM). B, after 24 h, nuclear
morphology was assessed by nuclei staining with Hoechst. The insets are higher
magnifications of the cells framed in the images. The scale bar indicates 50 �m.
More than 1,000 nuclei from each condition were counted and scored as apopto-
tic (condensed or fragmented) or non-apoptotic nuclei. Graphs represent the
means � S.E. (n � 3). C, after the indicated times, cells were collected, and protein
extracts were obtained. Caspase-3 cleavage into its p19/p17 active fragments
was assessed by Western blotting. Naphthol blue (NB) staining served as a load-
ing control. Note that in the presence of 0.5 mM DTT chelerythrine does not pro-
mote caspase-3 cleavage at 1 h but after 6 h of treatment, similar to the pattern
observed in cells challenged with staurosporine (Fig. 5C). Error bars represent S.E.
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stances (38, 39, 47–54), there is no explanation on how caspases
can lead an injured cell to die by necrosis. Here, we shed light on
this issue, and we report for the first time that the necrotic-like
features evidenced during chelerythrine-mediated caspase-de-
pendent cell death rely on a non-canonical activation of these
proteases. Notably, our findings show that a great and prompt
activation of caspases provoked by cytotoxic concentrations of
chelerythrine will not lead to apoptotic cell death but on the
contrary is detrimental for the appearance of canonical apopto-
tic features. In other words, as long as caspases are the main
cytotoxic machinery switched on, the time taken by the injured
cell to activate them seems critical to display either apoptotic or
necrotic cell death. In SH-SY5Y cells, chelerythrine elicits an early
burst of caspase activity not mimicked by extreme concentrations
of staurosporine. In sum, we show that caspases can lead cells to
undergo apoptotic- or necrotic-like cell death depending on the
timing and strength of activation. Moreover, these findings sug-
gest that, after receiving a caspase-activating insult, cells require a
preparatory time to set up the appropriate intracellular context for
the caspases to trigger an ordered and canonical apoptotic cell
death. Of note, such a situation has been reported before in a more
physiological context. Prior to the maternal-zygotic transition,
zebrafish embryos can activate caspases but lyse almost immedi-
ately after, whereas in older embryos, death is delayed until the
cells can undergo proper apoptosis (54).

Activation of caspases in response to chemical compounds is
mostly the consequence of the release of cytochrome c from the
mitochondrial intermembrane space to the cytoplasm and the
subsequent activation of the intrinsic pathway of apoptosis via
apoptosome (55). In this sense, at merely 1 h of chelerythrine
treatment, cytochrome c translocates to the cytoplasm in wild
type and Bax(�/�)/Bak(�/�) double knock-out mouse
embryonic fibroblast cells (56). Accordingly and contrarily to
H2O2 (57), chelerythrine induces cell death in Bax(�/�)/
Bak(�/�) double knock-out mouse embryonic fibroblasts (Ref.
56 and data not shown). Similarly, in primary chronic lympho-
cytic leukemia cells, chelerythrine triggers an early release of
cytochrome c after 30 min of treatment, correlating with a
quick activation of caspase-3 (58). Thus, it seems that the early
translocation of cytochrome c and/or other mitochondrial pro-
apoptogenic factors could be playing a pivotal role in the early
activation of caspases induced by chelerythrine. Our data also
show that chelerythrine-driven caspase activation is mediated
by thiolic oxidative events. Overall, it is reasonable to assume
that thiolic oxidative processes are at the origin of the mito-
chondrial permeabilization and the subsequent early release of
mitochondrial proapoptogenic factors, such as cytochrome c,
to the cytoplasm. In this regard, we show that the presence of a
thiolic antioxidant, such as DTT, Me-GSH, or NAC, in the cul-
ture medium prevents the activation of caspases and the
necrotic-regulated cell death induced by chelerythrine. Inter-
estingly, most of the cells treated with chelerythrine (�95%)
display a marked increase of intracellular ROS at 1 h of treat-
ment. In contrast, only 8.2% of staurosporine-treated cells show
an increase in the ROS content after 1 h.7 According to our data,

the early increase of intracellular ROS elicited by chelerythrine
parallels the activation of caspases. Furthermore, the mere
attenuation of thiolic oxidative injury, which delays cheleryth-
rine-driven caspase-3 activation, is sufficient to revert from the
necrotic-like to apoptotic-like mode of cell demise.

Overall, our findings have uncovered an intriguing form of
regulated necrosis, which relies on the activation of caspases in
response to an intracellular thiolic oxidative stress. In the same
line, a limited amount of work has intended to address the
molecular pathways involved in different modes of caspase-de-
pendent regulated necrosis. These studies identify several key
factors for caspase-dependent necrotic-like cell death, such as
the acidic pH (39) and the developmental stage of a specific cell
type (52). However, none of those studies address how caspases
can elicit necrotic-like cell death. Our findings establish that
thiolic oxidative stress is another element to consider in
caspase-dependent necrotic-like cell death and more impor-
tantly that the rate and level of caspase activity seem to be deter-
minants to promote cell death with apoptotic-like or necrotic-
like morphological traits. Notably, most of those elements,
including the oxidative status, are naturally found in the tumor
context, and thus they could influence the final mode of cell
death elicited by a chemotherapeutic drug. In this sense, the
molecular pathways leading to different subroutines of cell
death are not trivial issues for anticancer drug applicability. On
the contrary, they are central events determining the potential
therapeutic and side effects of a drug. Malignant cells are often
characterized by a lower extracellular pH (59) and a higher
intrinsic oxidative stress than healthy cells (60, 61). In addition,
escalated generation of ROS promotes chemotherapeutic resis-
tance processes because it enhances multiple genetic altera-
tions, which are usually detected in a more advanced tumoral
stage (60, 61). Then, under these environmental circumstances
and after an apoptotic insult, naturally apoptosis-resistant
malignant cells could be especially susceptible to necrotic-like
forms of cell death.
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