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Abstract

Asiatic acid (AA), a triterpene, is known to be cytotoxic to several tumor cell lines. AA induces dose- and
time-dependent cell death in U-87 MG human glioblastoma. This cell death occurs via both apoptosis and
necrosis. The effect of AA may be cell type-specific as AA-induced cell death was mainly apoptotic in
colon cancer RKO cells. AA-induced glioblastoma cell death is associated with decreased mitochondrial
membrane potential, activation of caspase-9 and -3, and increased intracellular free Ca2+. Although
treatment of glioblastoma cells with the caspase inhibitor zVAD-fmk completely abolished AA-induced
caspase activation, it did not significantly block AA-induced cell death. AA-induced cell death was
significantly prevented by an intracellular Ca2+ inhibitor, BAPTA/AM. Taken together, these results
indicate that AA induces cell death by both apoptosis and necrosis, with Ca2+-mediated necrotic cell
death predominating.

Abbreviations: �ψm , mitochondrial transmembrane potential; AA, asiatic acid; AMC, 7-amino-
4-methylcoumarin; DEVD-AMC, N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin; DiOC6(3),
3,3′-dihexyloxacarbocyanide iodide; LDH, lactate dehydrogenase; LEHD-AMC, N-acetyl-Leu-Glu-His-
Asp-AMC; PARP, poly(ADP-ribose)-polymerase; PCD, programmed cell death; PS, phosphatidylserine;
S-LLVY-AMC, succinyl-Leu-Leu-Val-Tyr-AMC; STS, staurosporine; zVAD-fmk, benzyloxycarbonyl-
Val-Ala-Asp-fluoromethylketone

Introduction

Triterpenes are bioactive pentacyclic compounds
that are present in several medicinal herbs
(Brinkhaus et al., 2000). Several triterpenes have
been reported to be cytotoxic to various tumor
cell lines. The triterpenes ursolic and betulinic
acid induce apoptosis in human leukemia, neurob-
lastoma, and melanoma cells (Baek et al., 1997;

Fulda et al., 1997; Harmand et al., 2005). Asiatic
acid (AA) is a triterpene that is produced in the
tropical medicinal plant Centella asiatica with cy-
totoxic activity on fibroblast cells (Coldren et al.,
2003) and induces apoptosis in human hepatoma,
colon cancer, breast cancer, and melanoma cells
(Lee et al., 2002; Bunpo et al., 2005; Hsu et al.,
2005; Park et al., 2005). All of these recent studies
described triterpene-induced apoptotic cell death
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but do not describe necrosis. Here, we examine
AA-caused apoptosis and necrosis and describe
some mechanistic features of this cell death.

Cell death is generally thought to occur through
two recognized pathways, programmed cell death
(PCD, apoptosis) or necrosis (Majno and Joris,
1995; Leist and Jäättelä, 2001). Apoptosis is
highly regulated and biochemically and genet-
ically well defined. The hallmarks of apopto-
sis include fragmented nuclei with condensed
chromatin, fragmented or condensed cytoplasm,
and formation of apoptotic bodies (Arends et al.,
1990). These characteristics result from the activ-
ity of the cysteine aspartyl proteases (caspases),
which are controlled by cell death signaling path-
ways (Cryns and Yuan, 1998). During apoptosis
the cell plays an active role in its own demise. In
contrast, necrosis is thought to be a passive event
that results from physical or chemical trauma.
Necrotic cell death is characterized by loss of
membrane function, swelling of the cells and
organelles, cytoplasmic vacuolation, and diffu-
sion of ion gradients causing failure of glycolytic
energy production (Majno and Joris, 1995). Sus-
ceptibility to either form of cell death varies de-
pending on physiological and genetic conditions
such as metabolic state, cell cycle state, expression
levels of survival and death genes, and integrity of
the cytoskeleton and the dsDNA.

Recent literature indicates that the signaling
mechanisms involved in mediating different types
of cell death can overlap. For instance, the same
initial insult can effect the prevalence of either
apoptosis or necrosis depending solely on the in-
tensity of the initial signal (Bonfoco et al., 1995).
This suggests that while some early signaling
events may be common to different types of cell
death, a downstream switch may be required to
direct cells towards, for instance, either necro-
sis or apoptosis. Two such downstream switches,
caspase activity and intracellular ATP levels, are
consequential in the cell’s decision to undergo
either apoptosis or necrosis (Leist et al., 1997;
Lemaire et al., 1998). Some therapeutic strategies
for treating disease such as cancer, autoimmunity,

and ischemia-reperfusion, for instance, rely on af-
fecting either apoptosis or necrosis (Fesik, 2005;
Moens et al., 2005; Reed and Pellecchia, 2005).
The type of cell death involved in a particular dis-
ease directs the selection of appropriate therapeu-
tics to counter that disease. For example, in treat-
ing ischemia, recent approaches look for the use
of anti-necrotic therapeutics (Moens et al., 2005),
while in treating certain cancers, such as B-cell
lymphoma, apoptosis-inducing therapeutics are
used (Reed and Pellecchia, 2005). Distinguishing
the type of cell death that cytotoxic agents cause
or prevent is a key to evaluating their potential as
therapeutics.

In this study, we show that AA causes dose-
and time-dependent cytotoxicity in U-87 MG hu-
man glioblastoma cells and in RKO colon cancer
cells. The cell death occurs through both apop-
tosis and necrosis. The relative amount of ei-
ther varies between cell lines. Changes in mito-
chondrial membrane potential and activation of
caspase-9 and -3 occur following treatment with
AA. Co-treatment with the pan-caspase inhibitor
zVAD-fmk decreased this caspase activity but did
not effectively block cell death. The coincidence
of increased Ca2+ levels and the effect of the Ca2+

chelator BAPTA/AM, blocking AA-induced cell
death, indicates a key role for Ca2+ signaling.

Materials and methods

Chemicals

Asiatic acid (AA) was gift from Dr. F.X. Maquart
(MMP Inc., South Plainfield, NJ, USA). A stock
solution (100 μmol/L) was prepared in 50%
dimethyl sulfoxide (DMSO)–50% ethanol and
stored at −20◦C in the dark. 3-(4,5-Dimethyl
thiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), propidium iodide (PI), ribonuclease
A (RNase A), and staurosporine (STS) were
obtained from Sigma (St. Louis, MO, USA).
BAPTA/AM, benzyloxycarbonyl-Val-Ala-Asp-
fluoromethylketone (zVAD-fmk), calpeptin,
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3,3′-dihexyloxacarbocyanide iodide [DiOC6(3)],
and FLUO-3/AM were purchased from Cal-
biochem (San Diego, CA, USA).

Cell culture

Human glioblastoma cell line U-87 MG (ATCC
HTB-14) and colon cancer cell line RKO (CRL-
2577) were obtained from the American Type Cell
Culture Collection (ATCC, Manassas, VA, USA).
Cells were incubated at 37◦C with air/CO2 (19:1)
in Eagle’s Minimal Essential Medium (ATCC)
supplemented with 10% fetal bovine serum (Hy-
clone Laboratories Inc., Logan, UT, USA), 100
units/ml penicillin, and 100 μg/ml streptomycin
(Gibco, Grand Island, NY, USA). The medium
was changed every 3–4 days. Cells were subcul-
tured into new flasks by trypsinization (0.25%
trypsin/0.02% EDTA, Gibco) when in a subcon-
fluent state.

Cell viability assay

The reduction of MTT was used to assess cell
viability. Cells, seeded at 1 × 105/well, were cul-
tured overnight in 24-well plates. MTT dissolved
in phosphate-buffered saline (PBS, 0.5 mg/ml)
was added to each well (200 μl/well) of the 24-
well tissue culture plates containing the test cells
and further incubated at 37◦C for 4 h. The ex-
cess MTT was removed by aspirating the super-
natant, and the insoluble MTT precipitate was
dissolved with 500 μl/well of DMSO contain-
ing 0.1 mol/L glycine (pH 10.6). The resulting
color developed with this solvent was read at 540
nm using the SPECTRAFluor Plus plate reader
(TECAN, Salzburg, Austria).

Lactate dehydrogenase (LDH) assay

Membrane damage was assessed by LDH leak-
age into the culture medium. LDH activity in
supernatant of cells was determined in a col-
orimetric assay (Takara Bio Inc., Otsu, Japan)
based on the generation of NADH by reduction of

lactate and NADH-dependent conversion of 2-[4-
iodophenyl]-5-phenyltetrazolium chloride (INT)
by diaphorase.

Annexin V and PI double staining

After 5–14 h treatment with the AA, both floating
cells and adherent cells were collected. The float-
ing cells were collected by centrifugation, whereas
adherent cells were harvested by trypsinization,
both cell suspensions were pooled. After centrifu-
gation, cell pellets were suspended in 100 μl of
staining solution of the Annexin V-Fluos Staining
Kit (Roche Diagnostics, Mannheim, Germany).
After incubation at room temperature for 15 min,
400 μl of Hepes buffer was added, and cells were
immediately analyzed by flow cytometry (FAC-
Scan, Becton Dickinson, San Jose, CA, USA).
Early apoptotic cells were localized in the lower
right quadrant of a dot-plot graph using Annexin
V-Fluos versus PI. Data were processed using the
CELL QUEST program.

Quantitative analysis of fragmented DNA

The quantitative analysis of fragmented DNA was
determined with some modifications (Nicoletti
et al., 1991). After 12 h treatment with the
AA, both floating cells and adherent cells were
collected. After centrifugation, cell pellets were
washed twice with PBS buffer. After fixing in
70% ethanol for 2 h at −20◦C, cells were re-
suspended in PBS buffer containing 50 μg/ml
PI, 400 μg/ml RNase A, and 1 mg/ml glucose
for DNA staining. Cells were then analyzed by
flow cytometry (FACScan). From the analysis of
the DNA histogram, the percentages of cells with
DNA content less than the G1 phase (sub-G1) were
measured.

Assessment of mitochondrial membrane potential

The cationic lipophilic fluorochrome DiOC6(3)
was used to measure the mitochondrial transmem-
brane potential (�ψm) (Fulda et al., 1997). After
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6 h treatment with the AA, both floating cells and
adherent cells were collected. After centrifuga-
tion, cell pellets were suspended in 1 ml of 20
nmol/L DiOC6(3) solution. Cells were incubated
for 15 min at 37◦C and immediately analyzed by
flow cytometry. The change of DiOC6(3) fluores-
cent signal was recorded in the Fl-1 channel.

Caspase-3 and -9 assay using fluorometric
substrate

For the fluorometric caspase-3 and -9 assays,
we used N-acetyl-Asp-Glu-Val-Asp-7-amino-4-
methylcoumarin (DEVD-AMC) and N-acetyl-
Leu-Glu-His-Asp (LEHD)-AMC substrate pro-
vided with the kit (Oncogene Research Products,
San Diego, CA, USA). The catalytic activities are
given in arbitrary units (RFU). Cells were treated
with various concentration of AA for 6 h. After
treatment, both floating cells and adherent cells
were collected.

Fluorescence intensity was measured using the
SPECTRAFluor Plus plate reader, capable of
measuring excitation at 405 nm and emission at
535 nm.

In vitro calpain activity assay

For the fluorometric calpain assay, we used the
assay kit (Calbiochem), using the succinyl-Leu-
Leu-Val-Tyr (S-LLVY)-AMC substrate provided
with the kit. The catalytic activities are given in
arbitrary units (RFU). After 6 h treatment with the
AA, both floating cells and adherent cells were
collected. After washing the cell pellet with ice-
cold PBS, 100 μl of lysis buffer was added to the
cell pellet and incubated on ice for 30 min. The
insoluble fraction was removed by centrifugation
at 10 000 rpm for 5 min. For the assay, 200 μg of
protein for each sample was used. Fluorescence
intensity was measured using the SPECTRAFluor
Plus plate reader, capable of measuring excitation
at 360 nm and emission at 450 nm.

Detection of free intracellular calcium levels

Free intracellular calcium ions were measured
using the fluorescent calcium indicator FLUO-
3/AM. Cells were treated with various concen-
tration of AA for 4 h. After treatment, supernatant
was removed and FLUO-3/AM (5 μmol/L) was
added for 30 min. Then cells were washed with
PBS and trypsinized and harvested by centrifuga-
tion. Cell pellets were washed and resuspended
in PBS containing PI (50 μg/ml). The signal from
FLUO-3/AM bound to Ca2+ was recorded by flow
cytometry using Fl-1 channel. Dead (PI-positive)
cells were eliminated from the analysis.

Statistical analysis

Values are means ± standard deviation (SD), and
statistical significance was evaluated by unpaired
Student’s t-test. p-Values less than 0.05 are con-
sidered statistically significant.

Results

AA decreases the viability of U-87 MG cells

The effect of AA on the viability of U-87 MG cells
was examined with the MTT staining method. The
time courses of cytotoxic effects of AA on U-87
MG cells are illustrated in Figure 1A. After 24 h
exposure to 10, 20, 30, 40, 50, and 60 μmol/L AA,
the viability of cells decreased to 95, 93, 78, 4.3,
3, and 2.7% of control, respectively. Following
treatment with AA at 40 μmol/L or higher con-
centrations, cell viability decreased drastically up
to 12 h and became negligible after 24 h. There
was little affect on cell viability at AA concentra-
tions below 10 μmol/L.

Cell death was accompanied by plasma mem-
brane damage. The LDH release assay, measuring
cytoplasmic enzyme LDH activity that leaks into
the cell culture medium, indicated that an AA con-
centration of 30 μmol/L increased LDH release
by 43% after 24 h incubation. Almost 100% of
cellular LDH was released after incubation with
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Figure 1. AA-induced cell cytotoxicity in glioblastoma cells. U-87

MG cells were treated with various concentrations of AA (•, 10

μmol/L; ©, 20 μmol/L; �, 30 μmol/L; 40 μmol/L; �, 50 μmol/L;

� , 60 μmol/L) for the times indicated. (A) Cell viability was as-

sessed by the MTT assay. Results are expressed as percentages over

vehicle-treated control. (B) Results are expressed as percentage of

LDH release minus the vehicle control value. Data points are mean

values ± SD from three independent experiments, each performed

in duplicate.

40, 50, and 60 μmol/L AA for 24 h (Figure 1B). A
dramatic LDH release was evident after 6 h treat-
ment with 40 μmol/L of AA.

AA induces concurrent apoptosis and necrosis in
U-87 MG cells

In the early stages of apoptosis, changes occur at
the cell surface (Fadok et al., 1992). One of these

plasma membrane alterations is the translocation
of phosphatidylserine (PS) from the inner leaflet of
the plasma membrane to the outer leaflet, where
it is exposed on the external surface of the cell.
Annexin V is a Ca2+-dependent phospholipid-
binding protein with high affinity for PS that is
used as a sensitive probe for PS exposure. Co-
staining of cells with PI, a DNA stain that is used
for exclusion tests, allows one to distinguish early
apoptosis, Annexin V-positive and PI-negative,
from early necrosis which can be positive for PI
and negative for Annexin V. Late stage of apop-
tosis and necrosis can also be positive for both
(Vermes et al., 1995).

Annexin V binding and PI staining assays were
performed in U-87 MG cells. Results of double
staining are shown in Figure 2. An externalization
of PS in response to AA was detected at 5 h and
14 h, indicating that apoptotic cell death was in-
duced by AA. In parallel, AA induced the forma-
tion of a second population of cells, negative for
Annexin V but positive for PI, indicating necrotic
cell death. This result suggests that AA can in-
duce cell death via both apoptotic and necrotic
pathways.

AA induces cell type-specific cell death

It is apparent that U-87 MG glioblastoma cells
respond to AA-treatment with both apoptosis and
necrosis. To verify this mechanism of AA-induced
cell death, we analyzed the cell death mode in
other cell lines treated with AA. Annexin V bind-
ing and PI staining assays in RKO colon can-
cer cells was performed, and compared with U-
87 MG cells (Figure 3A and 3B). AA-treatment
caused apoptosis in almost all of the RKO cells,
while AA-treated U-87 MG cells showed mostly
necrosis with some apoptosis. Treatment with AA
(50 μmol/L) for 14 h induced 11.7 fold increment
of early necrotic cells, but 2.9-fold increment of
apoptotic cells over untreated control in U-87 MG
cells (Figure 3A and 3B).
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Figure 2. AA-induced cell death in glioblastoma cells. U-87 MG cells were treated with AA at indicated concentrations for either 5 h or 14 h.

Cells were then analyzed for Annexin V binding and for PI uptake using flow cytometry (lower left, living cells, Annexin V/PI-negative; lower

right, early apoptotic cells, Annexin V-positive/PI-negative; upper left, nonapoptotic necrotic cells, Annexin V-negative/PI-positive; upper right,

secondary apoptosis and late stages of necrosis, Annexin V/PI-positive). Data are representative of three independent experiments with similar

results.

Comparisons of AA- and STS-induced U-87 MG
cell death

Normally apoptotic cells analyzed with classical
methods for cell cycle determination show a re-
duced DNA stainability, lower than that of cells in
G1 (sub-G1 peak) (Nicoletti et al., 1991). A repre-
sentative DNA quantitation analysis of U-87 MG
cells cultured without or with AA for 12 h is shown
in Figure 4A. AA caused increased sub-G1 popu-
lation, depending on the concentration. Treatment
with AA (50 μmol/L) for 12 h increased sub-G1

population from 1.9% to 9.1% ,but STS, a broad
spectrum serine/threonine and tyrosine kinase in-
hibitor that induces apoptosis, increased sub-G1

population up to 17.7%.
Cell death was also quantified by staining cells

with Annexin V and PI (Figure 4B and 4C).
Treatment with 50 μmol/L AA for 12 h induced
cell death through both apoptotic and necrotic
phenotype (3.9-fold increase of apoptotic, 9-fold

increase of early necrotic). In contrast, STS treat-
ment induced cell death mainly through apoptotic
phenotype (3.8-fold increase of apoptotic, 1.9-
fold increase of early necrotic) (Figure 4B). The
amount of overall cell death, that is, the sum of PI-
positive and Annexin V-positive/PI-negative cells
increased from 9% to 47% on 12 h treatment with
50 μmol/L AA, but STS increased cell death only
to 24% (Figure 4C). This indicates that the cell
death induced by AA is different from the STS-
mediated apoptotic cell death in U-87 MG cells.

AA induces disturbance of mitochondrial
function in U-87 MG cells

Apoptosis that occurs through the intrinsic
pathway requires signals that emanate from the
mitochondria (Green and Kroemer, 2004). We
therefore investigated the effect of AA on mito-
chondrial function. Changes in membrane poten-
tial (�ψm) were monitored using DiOC6(3). This
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Figure 3. AA-induced cell death mode is cell type-specific.

Glioblastoma (U-87 MG) and colon cancer (RKO) cells were treated

with indicated concentrations of AA for 14 h. Cells were double

stained with Annexin V-Fluos and PI, and scored for apoptosis (A),

and early necrosis (B) as described in Figure 2. Fold increase of

cell death were normalized to spontaneous apoptosis and necrosis in

control. Data points are mean values ± SD from three independent

experiments. ∗p < 0.05 compared to control.

dye is mitochondria-specific and only stains mi-
tochondria with membrane potential. As shown in
Figure 5, treatment with AA (50 μmol/L) for 6 h
induced loss of �ψm from 12% to 39% in U-87
MG cells.

AA induces concentration-dependent caspase-9
and -3 activations in U-87 MG cells

We examined AA-induced caspase activation.
Effector caspase-3 activation in extract of AA-
treated U-87 MG cells was determined by
measuring cleavage of the caspase-3 specific flu-
orogenic substrate DEVD-AMC. We found that
AA significantly induced caspase-3 activity in a
dose-dependent manner at 6 h (Figure 6A). In the
caspase cascade, caspase-3 is downstream of ei-
ther caspase-8 in the death receptor (extrinsic)
caspase cascade or caspase-9 in the mitochon-
drial (intrinsic) pathway. To determine whether
AA works through the extrinsic or intrinsic path-
way, extracts of AA-treated cells were analyzed
for their capability to cleave the fluorogenic sub-
strates LEHD-AMC. This peptide substrate is a
highly specific indicator of caspase-9 activity. We
found that AA-induced dose-dependent increase
of LEHDase activity at 6 h (Figure 6B) indicating
that the effector caspase-3 is likely activated by the
upstream caspase-9 in AA-treated glioblastoma
cells.

AA-induced LDH release as a measurement of
necrosis was not affected by zVAD-fmk in U-87
MG cells

To determine the requirement for active caspases
in AA-induced cell death, we used the pan-caspase
inhibitor zVAD-fmk. The pretreatment of U-87
MG cells with zVAD-fmk (50 μmol/L) abolished
the AA-induced caspase-3 activity as demon-
strated by the fluorogenic substrate assay at 6 h
treatment time(Figure 7A). Although zVAD-fmk
efficiently blocked AA-mediated caspase-3 acti-
vation, cell death was not inhibited by the zVAD-
fmk, as determined by the LDH release assay at 24
h treatment time (Figure 7B). It is noteworthy that
zVAD-fmk also had no effect on the protection of
cell death at short treatment time (6 h and 12 h,
data not shown). Given the rapid release of LDH
caused by necrosis, zVAD-fmk failed to prevent
AA-induced necrotic cell death.
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Figure 4. Comparisons of AA- and staurosporine (STS)-induced glioblastoma cell death. U-87 MG cells were treated with 50 μmol/L AA or

STS at 1 μmol/L or with vehicle only (Control) for 12 h. (A) Cells with genomic DNA fragmentation (sub-G1 DNA content) were identified by

flow cytometry. This result is representative of three experiments. (B, C) Cells were double-stained with Annexin V-Fluos and PI, and scored

for apoptosis and necrosis as described in Figure 2. (B) Fold increase of cell death were normalized to spontaneous apoptosis and necrosis in

control. (C) Total cell death refers Annexin V- or PI-positive cells. Data points are mean values ± SD from three independent experiments.
∗ p < 0.05 compared to control.
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Figure 5. AA-induced change in mitochondrial membrane potential (�ψm ) in glioblastoma cells. U-87 MG cells were treated with AA at the

indicated concentrations for 6 h. The �ψm was determined by measuring loss of DiOC6(3) staining using flow cytometry. Signal intensity

represents percentage of gated cells displaying decreased �ψm . Data are representative of three independent experiments with similar results.

zVAD-fmk decreases AA-induced apoptotic cell
death, but not necrotic cell death in U-87 MG
cells

The pan-specific caspase inhibitor zVAD-fmk was
used to elucidate the role of active caspases in
affecting AA-induced cell death. Apoptotic cell
death induced by STS was also analyzed for com-
parison. Figure 8 shows that zVAD-fmk partially
decreased AA-induced apoptotic cell death (from
17.18% to 9.13% at 50 μmol/L of AA), but did
not inhibit necrotic cell death. In addition, early
necrotic cell death was slightly increased (from
12.34% to 16.43% at 50 μmol/L of AA) by cas-
pase inhibition. As expected, STS-induced apop-
tosis was decreased by zVAD-fmk (from 17.23%
to 6.80%).

The role of intracellular Ca2+ and calpain
activity in AA-induced U-87 MG cell death

The increase of intracellular Ca2+ levels is known
to be decisive for cell death (McConkey and
Orrenius, 1996). Therefore, we examined ef-
fects of AA on intracellular free Ca2+ in U-87
MG cells using flow cytometry with the fluo-
rescent indicator FLUO-3/AM. Intracellular free
Ca2+ levels were significantly increased in cells
treated with various concentrations of AA for 4 h
(Figure 9A). Because upregulation of intracellular

Ca2+ is known to be crucial for calpain activation
(Squier et al., 1994), we used the synthetic sub-
strate S-LLVY-AMC for AA-induced intracellu-
lar calpain activity assessment. The fluorometric
assay showed dose-dependent increase of cal-
pain activity 6 h after AA treatment (Figure 9B).
To confirm the possible role of Ca2+ and cal-
pain in AA-induced cell death, we investigated
the effects of an intracellular Ca2+ modulator
and a calpain inhibitor on the AA-induced cell
death.

Pretreatment with BAPTA/AM, an intracel-
lular Ca2+ chelator, significantly prevented the
cell death induced by AA, but calpeptin, calpain
inhibitor, did not block AA-induced cell death
(Figure 9C).

Discussion

AA has been considered a potential therapeutic for
treating β-amyloid- and glutamate-induced neu-
rotoxicity (Jew et al., 2000; Lee et al., 2000), UVA-
mediated photoaging (Lee et al., 2003), and vari-
ous cancers by virtue of its ability to induce apop-
tosis in several tumor cell lines (Lee et al., 2002;
Bunpo et al., 2005; Hsu et al., 2005; Park et al.,
2005). These proposed therapeutic uses for AA
make consideration of the mechanism for cyto-
toxicity more important. The present study makes
us consider that AA causes both apoptosis and
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Figure 6. AA-induced caspase activation in glioblastoma cells. (A)

DEVD-AMC cleaving caspase activity (caspase-3) and (B) LEHD-

AMC cleaving caspase activity (caspase-9) were assessed in whole

cells. U-87 MG cells were treated with the indicated concentrations of

AA for 6 h. Data points are mean values ± SD from four independent

experiments. ∗p < 0.05 compared to control.

necrosis, with the relative amount of necrosis to
apoptosis varying between cell types. We used
the following assays to distinguish apoptosis from
necrosis: (1) LDH release assay to evaluate the
plasma membrane integrity; (2) Annexin V/PI
double staining using FACS for PS detection; (3)
DNA staining with PI using FACS to measure the
sub-G1 DNA contents. The results indicate that de-

Figure 7. The caspase inhibitor zVAD-fmk inhibits caspase activity

but not cell death in AA-treated glioblastoma cells. U-87 MG cells

were treated with AA, either alone or with 1 h pretreatment with

zVAD-fmk (50 μmol/L). (A) DEVD-AMC cleaving caspase activity

(caspase-3) was assessed at 6 h after exposure to indicated concen-

trations of AA ± zVAD-fmk. (B) Assessment of cell death by LDH

release from U-87 MG cells incubated for 24 h with the indicated

concentrations of AA ± zVAD-fmk. Data points are mean values ±
SD from four independent experiments. ∗p < 0.05 compared to each

control. #p < 0.05 versus without inhibitor.
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pending on the concentration of AA and the length
of exposure to AA-treatment, either apoptosis or
necrosis is mediated.

The MTT assay system allows determination
of the total percentage of cell death, regardless of
whether the cells died via an apoptotic or necrotic
pathway. To discriminate the mode of cell death
induced by AA, we first measured the release of
LDH, an event that appears to be more closely as-
sociated with necrosis than apoptosis. The release
of LDH varied over the AA concentration gradi-
ent in glioblastoma cells. Rapid release indicates
traumatic cell death as occurs in necrosis, but slow
release over a prolonged period indicates apopto-
sis (Scaffidi et al., 2002). The dramatic release
of LDH with 40 μmol/L AA suggested that AA
induced more necrotic cell death than apoptotic
death. On the other hand, the prolonged release
of LDH coincided with the occurrence of other
apoptotic markers including PS exposure, mito-
chondrial membrane potential loss, and activation
of caspases-3 and -9.

A key observation made in this study was that
within the AA-treated cell population both apop-
tosis and necrosis occurred in U-87 MG glioblas-
toma cells. Using flow cytometry, we found that
both necrosis and apoptosis occurred following
treatment with either high or low doses of AA.
We also saw that the necrotic phenotype occurred
in more cells than did the apoptotic phenotype.
Thus, necrosis occurred in all of the treatment vari-
ations and seemed to be the prevalent response
to AA treatment in glioblastoma cells. Previous
reports have shown that apoptosis and necrosis
can occur simultaneously in tissues and cell cul-
tures exposed to the same stimulus (Nicotera et al.,
1999). The intensity of the same initial insult
often decides the prevalence of either apoptosis
or necrosis (Bonfoco et al., 1995), and cell death
bearing both apoptotic and necrotic features can
be induced by various insults in different cells
(Ankarcrona et al., 1995; Lopez et al., 2003).
Moreover, recent studies suggest that a single or
multiple insult(s) may trigger parallel pathways
leading to necrotic and apoptotic responses in the

same cells, identified as hybrid cell death (Xiao
et al., 2002).

Our results suggest that at higher concentrations
AA may have a cell type-specific affect on cell
death. RKO cells underwent mostly apoptosis, but
U-87 MG cells mostly necrosis. A recent report
analyzed cell death caused by AA-treatment of
colon adenocarcinoma HT-29 cells (Bunpo et al.,
2005). Those authors assessed AA-induced HT-
29 cell death mode using Annexin V-FITC and PI
double staining, and showed that the AA-treated
cell death was mostly apoptotic, early apoptotic
from 10.3% and 33% and late apoptotic 5.2%
and 8.6% at 12.5 μg/ml (=25 μmol/L) and 25
μg/ml (=50 μmol/L) of AA, respectively. This is
similar to our results in RKO cells. AA-induced
cell death was also shown in other cell types to be
apoptotic in HepG2 (Lee et al., 2002), MCF-7 and
MDA-MB231 (Hsu et al., 2005), and SK-MEL-2
cells (Park et al., 2005), all with IC50 of between
25 and 50 μmol/L. These reports examined AA-
induced apoptosis but did not report AA effects
on necrosis. The comparisons of cell death mode
between AA- and STS-treated glioblastoma cells
clearly demonstrate that AA-induced cell death is
different from STS-induced typical apoptotic cell
death. Necrosis accounted for almost all of the
cell death in AA-treated glioblastoma, while STS
treatment resulted in mostly apoptosis. Therefore,
although AA-induced cell death may be often
apoptotic, in fact the mode may vary depending
on the cell line and may be cell type specific, as
the present study suggests.

If there is overlap in the signaling that mediates
apoptosis and necrosis, under what conditions is
necrosis more likely to occur? In the case of death
signaling mediated by the DNA repair protein
poly(ADP-ribose)-polymerase (PARP), cell death
is either apoptosis or necrosis depending on the
metabolic state of the cell. For instance, PARP ac-
tivity assists intrinsic apoptosis that follows DNA
damage by stabilizing p53 and causing the release
of apoptosis-inducing factor (AIF) from the mito-
chondria. This occurs in the early stages of DNA
damage-induced stress while cells are undergoing
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Figure 8. zVAD-fmk decreases AA-induced apoptotic cell death, but not necrotic cell death in glioblastoma cells. U-87 MG cells were prein-

cubated with or without 50 μmol/L zVAD-fmk for 1 h, and this was followed by treating with AA for 12 h. U-87 MG cells exposed to 1 μmol/L

STS were employed as positive control. Data are representative of three independent experiments with similar results.

oxidative phosphorylation. When there is severe
oxidative stress, active PARP will participate in
switching the mode of cell death to necrosis. In
addition to transient metabolic conditions, there
are more permanent cell features that determine
the likelihood of a particular cell type responding
to a given signal to undergo either apoptosis or
necrosis. For example, differences in expression
of certain key signaling proteins in apoptotic or
necrotic pathways determine whether a given cell
type is more or less receptive to certain cues. For
instance, in fibroblast cells the expression levels
of proto-oncogenes that either antagonize (Bcl-2)
or agonize (c-myc) affect the type of cell death, ei-
ther apoptosis or necrosis, that occurs in response
to exposure to the mitochondrial antagonist an-
timycin A (Formigli et al., 2000).

We looked at the possible overlap of AA-
induced apoptosis or necrosis signaling. All

intrinsic apoptotic signaling passes through
the mitochondria (Green and Kroemer, 2004).
Downstream of this signaling is the activation of
caspase-9 and then effector caspases-3 and-7. A
consequence of these signaling events is the loss
of membrane potential and failure of the mito-
chondria to retain potentiometric dyes. The loss
of membrane potential also results from necro-
sis (Ankarcrona et al., 1995). As indicated above,
we did see caspase-9 activation in response to
AA, suggesting the involvement of the intrinsic
apoptotic pathway. For this reason and because
of the frequent occurrence of necrosis, it was not
surprising to us that AA treatment caused loss of
mitochondrial membrane potential. This observa-
tion was in agreement with previous studies that
showed AA, as well as several of its analogues, be-
tulinic and ursolic acid, induced apoptosis in var-
ious types of cells and caused measurable loss of
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Figure 9. The roles of intracellular Ca2+ levels and calpain activ-

ity in AA-induced glioblastoma cell death. (A) U-87 MG cells were

treated with AA at increasing concentrations for 4 h. Intracellular

free Ca2+ was measured by flow cytometry using FLUO-3/AM. (B)

Calpain activity was measured following treatment with AA at the

indicated concentrations for 6 h. Data points are mean values ± SD

from three independent experiments. (C) Cell viability was assessed

by the MTT assay 24 h after incubation with 35 μmol/L AA with

or without 3 h pretreatment using 5 μmol/L BAPTA/AM, an in-

tracellular Ca2+ chelator, or 45 min pretreatment using 2 μmol/L

calpeptin, calpain inhibitor. Data points are mean values ± SD from

three independent experiments, each performed in duplicate. ∗p <

0.05 compared to control. #p < 0.05 compared to AA alone.

membrane potential (Fulda et al., 1997; Harmand
et al., 2005; Hsu et al., 2005).

What remained uncertain was whether the
events leading to loss of mitochondrial membrane
potential that we and others observed were solely
upstream signals of requisite caspase activity or
whether these events themselves were sufficient
to cause cell death in AA-treated cells. To address
this, we blocked the caspases with pan-caspase in-
hibitor and scored for cell death. We found that al-
though caspase-3 activity was effectively blocked,
cell death was not. This finding demonstrated that
AA-induced cell death can occur in a caspase-
independent manner. These results indicated that
the activities of the caspases are ancillary and that
the nonapoptotic pathway predominates in AA-
induced cell death.

Our flow cytometry results showed further that
zVAD-fmk pretreatment decreased apoptotic cell
death but failed to decrease necrotic cell death.
In this experiment, zVAD-fmk partially decreased
AA-induced apoptotic cell death (from 17.18% to
9.13% at 50 μmol/L of AA). It could not diminish
necrotic cell death, but rather slightly increased it
with caspase inhibition (from 12.34% to 16.43%
at 50 μmol/L of AA). On the other hand, the typ-
ical apoptosis induced by 1 μmol/L of STS was
decreased from 17.23% to 6.80% by zVAD-fmk.
These results suggest that caspase-driven apopto-
sis, which can be detected by caspase activation
and PS exposure in glioblastoma cells exposed
to AA, is not a major contributor to AA-generated
glioblastoma cell death. They indicate that AA in-
duces necrosis regardless of caspase activity and
inhibition of caspase may change the apoptotic
morphology to one of necrosis.

Caspase-independent cell death has also been
observed in a variety of in vitro systems recently,
including that induced by Bax-related proteins
(Xiang et al., 1996; McCarthy et al., 1997; Miller
et al., 1997), oncogenes, DNA-damaging agents
(McCarthy et al., 1997), pathogen toxin (Essmann
et al., 2003), and even death receptors (Denecker
et al., 2001). In all of these systems, caspase in-
hibition by zVAD-fmk efficiently prevented the
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typical apoptotic cell death, but could not prevent
cell death entirely. Instead, the addition of zVAD-
fmk again changed the phenotype of the dying cell
from apoptosis to necrosis.

This consideration is supported also by the
FACS DNA staining data, which indicated that
the sub-G1 or apoptotic DNA (a measurement of
the effect of the activated caspases) (Jänicke et al.,
1998) did not correlate with the amount to the cell
death occurring in AA-treated glioblastoma cells.
In these treated cells, with 50 μmol/L AA a 4.8-
fold increase in sub-G1 DNA accompanied a 5.3-
fold increase in cell death relative to the control.
This contrasted with the STS treatment, where a
9.3-fold increase in sub-G1 DNA corresponded
to a 2.7-fold increase in cell death relative to the
control. It clearly demonstrated that AA-induced
glioblastoma cell death can occur independently
of caspase-3 activity and without the downstream
effects of caspase-3.

We also found that treatment of glioblastoma
cells with AA caused a significant increase in
free intracellular Ca2+. A similar observation was
made in HepG2 hepatoma cells treated with AA
(Lee et al., 2002). It has also been reported that ur-
solic acid, an analogue of AA, causes intracellular
Ca2+ release in HL-60 leukemia cells (Baek et al.,
1997). Both necrosis and apoptosis signaling in-
volve release of cellular stores of Ca2+. Increased
free intracellular Ca2+ concentration causes open-
ing of the mitochondrial permeability transition
pore, transport of Ca2+ across the mitochondrial
outer membrane, and activation of the Ca2+-
activated proteases, the calpains (Liu et al.,
2004).

Our findings demonstrate further the essential
role that Ca2+ plays in glioblastoma cell death
induced by AA. The Ca2+ chelator BAPTA/AM
showed significant protection against AA-induced
cell death. Previous studies have implicated in-
crease of intracellular Ca2+ in necrosis. For ex-
ample, exposure of neural and neuroblastoma cells
to 4-hydroxynonenal and β-amyloid results in in-
crease of intracellular Ca2+, and blockade of Ca2+

influx with BAPTA/AM prevents such necrotic

cell death (Kruman and Mattson, 1999; Lee et al.,
2006). Given the actions of AA on cellular Ca2+

homeostasis, protection against AA toxicity by
treatment with BAPTA/AM suggests a neces-
sary role for increased cytoplasmic Ca2+ levels
in the AA-induced necrotic process in glioblas-
toma cells. The inability to block AA-induced cell
death with calpain inhibitor also indicated that
increased intracellular Ca2+ effects other down-
stream molecules in AA-induced cell death of
glioblastoma cells.

Currently, there is a significant interest in under-
standing and distinguishing signaling pathways of
the various types of cell death. An emerging con-
cept is that nuances of disease-specific cell death
may demarcate the selection of potential thera-
peutics. This then necessitates the careful assess-
ment of the cell death phenotype. This is also true
in the case of AA, which in recent literature has
been suggested as a versatile cytotoxic agent (Lee
et al., 2002; Bunpo et al., 2005; Hsu et al., 2005;
Park et al., 2005).

In conclusion, this study indicates that AA in-
duces both apoptotic and necrotic cell death, and
that AA-induced cell death can proceed in the
presence of caspase inhibition in glioblastoma
cells. The AA induces signaling that involves
Ca2+. Distinguishing the onset of AA-induced
apoptosis or necrosis in the cell culture system
described would have important implications in
deciding how to utilize this compound as a thera-
peutic in humans.

Acknowledgments

This study was carried out under the Malaysia-
MIT Biotechnology Partnership Program
(MMBPP). C.W. Cho held Brain Korea 21 fel-
lowships from the Korean Ministry of Education
and Human Resources Development.

References

Ankarcrona M, Dypbukt JM, Bonfoco E, et al. Glutamate-

induced neuronal death: a succession of necrosis or apoptosis



407

depending on mitochondrial function. Neuron. 1995;15:961–

73.

Arends MJ, Morris RG, Wyllie AH, Apoptosis. The role of the en-

donuclease. Am J Pathol. 1990;136:593–608.

Baek JH, Lee YS, Kang CM, et al. Intracellular Ca2+ release mediates

ursolic acid-induced apoptosis in human leukemic HL-60 cells.

Int J Cancer. 1997;73:725–8.

Bonfoco E, Krainc D, Ankarcrona M, Nicotera P, Lipton SA. Apop-

tosis and necrosis: two distinct events induced, respectively, by

mild and intense insults with N-methyl-D-aspartate or nitric ox-

ide/superoxide in cortical cell cultures. Proc Natl Acad Sci USA.

1995;92:7162–6.

Brinkhaus B, Lindner M, Schuppan D, Hahn EG. Chemical, phar-

macological and clinical profile of the East Asian medical plant

Centella asiatica. Phytomedicine. 2000;7:427–48.

Bunpo P, Kataoka K, Arimochi H, et al. Inhibitory effects of asi-

atic acid and CPT-11 on growth of HT-29 cells. J Med Invest.

2005;52:65–73.

Coldren CD, Hashim P, Ali JM, Oh SK, Sinskey AJ, Rha C. Gene

expression changes in the human fibroblast induced by Centella
asiatica triterpenoids. Planta Med. 2003;69:725–32.

Cryns V, Yuan J. Proteases to die for. Genes Dev. 1998;12:1551–70.

Denecker G, Vercammen D, Declercq W, Vandenabeele P. Apoptotic

and necrotic cell death induced by death domain receptors. Cell

Mol Life Sci. 2001;58:356–70.

Essmann F, Bantel H, Totzke G, et al. Staphylococcus aureus alpha-

toxin-induced cell death: predominant necrosis despite apoptotic

caspase activation. Cell Death Differ. 2003;10:1260–72.

Fadok VA, Savill JS, Haslett C, et al. Different populations of

macrophages use either the vitronectin receptor or the phos-

phatidylserine receptor to recognize and remove apoptotic cells.

J Immunol. 1992;149:4029–35.

Fesik SW. Promoting apoptosis as a strategy for cancer drug discov-

ery. Nat Rev Cancer. 2005;5:876–85.

Formigli L, Papucci L, Tani A, et al. Aponecrosis: morphological

and biochemical exploration of a syncretic process of cell death

sharing apoptosis and necrosis. J Cell Physiol. 2000;182:41–9.

Fulda S, Friesen C, Los M, et al. Betulinic acid triggers CD95 (APO-

1/Fas)- and p53-independent apoptosis via activation of caspases

in neuroectodermal tumors. Cancer Res. 1997;57:4956–64.

Green DR, Kroemer G. The pathophysiology of mitochondrial cell

death. Science. 2004;305:626–9.

Harmand PO, Duval R, Delage C, Simon A. Ursolic acid induces

apoptosis through mitochondrial intrinsic pathway and caspase-3

activation in M4Beu melanoma cells. Int J Cancer. 2005;114:1–

11.

Hsu YL, Kuo PL, Lin LT, Lin CC. Asiatic acid, a triterpene, induces

apoptosis and cell cycle arrest through activation of extracellular

signal-regulated kinase and p38 mitogen-activated protein kinase

pathways in human breast cancer cells. J Pharmacol Exp Ther.

2005;313:333–44.

Jänicke RU, Sprengart ML, Wati MR, Porter AG. Caspase-3 is re-

quired for DNA fragmentation and morphological changes asso-

ciated with apoptosis. J Biol Chem. 1998;273:9357–60.

Jew SS, Yoo CH, Lim DY, et al. Structure–activity relationship

study of asiatic acid derivatives against beta amyloid (Aβ)-

induced neurotoxicity. Bioorg Med Chem Lett. 2000;10:119–

21.

Kruman II, Mattson MP. Pivotal role of mitochondrial calcium uptake

in neural cell apoptosis and necrosis. J Neurochem. 1999;72:529–

40.

Lee MK, Kim SR, Sung SH, et al. Asiatic acid derivatives protect

cultured cortical neurons from glutamate-induced excitotoxicity.

Res Commun Mol Pathol Pharmacol. 2000;108:75–86.

Lee WS, Tsai WJ, Yeh PH, Wei BL, Chiou WF. Divergent role of

calcium on Aβ- and MPTP-induced cell death in SK-N-SH neu-

roblastoma. Life Sci. 2006;78:1268–75.

Lee YS, Jin DQ, Kwon EJ, et al. Asiatic acid, a triterpene, induces

apoptosis through intracellular Ca2+ release and enhanced ex-

pression of p53 in HepG2 human hepatoma cells. Cancer Lett.

2002;186:83–91.

Lee YS, Jin DQ, Beak SM, Lee ES, Kim JA. Inhibition of ultraviolet-

A-modulated signaling pathways by asiatic acid and ursolic acid

in HaCaT human keratinocytes. Eur J Pharmacol. 2003;476:173–

8.

Leist M, Single B, Castoldi AF, Kuhnle S, Nicotera P. Intracellular

adenosine triphosphate (ATP) concentration: a switch in the deci-

sion between apoptosis and necrosis. J Exp Med. 1997;185:1481–

6.
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