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Abstract

Styryl-lactones such as goniothalamin represent a new class of compounds with potential anti-cancer properties. In this study, we
investigated the mechanisms of goniothalamin (GTN), a plant styryl-lactone induced apoptosis in human promyelocytic leukemia
HL-60 cells. This plant extract resulted in apoptosis in HL-60 cells as assessed by the externalisation of phosphatidylserine. Using
the mitochondrial membrane dye (DIOCg) in conjunction with flow cytometry, we found that GTN treated HL-60 cells demon-
strated a loss of mitochondrial transmembrane potential (AV,,). Further immunoblotting on these cells showed activation of
initiator caspase-9 and the executioner caspases-3 and -7. Pretreatment with the pharmacological caspase inhibitor, benzylox-
ycarbonyl-Val-Ala-Asp fluoromethyl ketone (Z-VAD.FMK) abrogated apoptosis as assessed by all of the apoptotic features in this
study. In summary, our results demonstrate that goniothalamin-induced apoptosis occurs via the mitochondrial pathway in a cas-

pase dependent manner.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

It has long been known that natural products are
important sources of new bioactive low molecular weight
structures with promising chemotherapeutic properties
(reviewed in Harvey et al., 2000). A number of low
molecular weight compounds are currently being investi-
gated for their pharmacological properties in manipulat-
ing apoptosis, a cell death program which is pivotal in the
pathological process of tumor development (Kinloch et

Abbreviations: GTN, goniothalamin; MPT or AV,,, mitochon-
drial transmembrane potential; PS, phosphatidylserine; Z-VAD.FMK,
benzyloxycarbonyl-Val-Ala-Asp fluoromethyl ketone.
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al., 1999). In this respect, the styryl-lactones found
abundantly in the genus Goniothalamus species such as
goniothalamin (GTN, Fig. 1) have been investigated for
cytotoxic and antitumor properties (Ali et al., 1997;
Hawariah and Stanslas, 1998; Cao et al., 1998; Bermejo
et al., 1999).

Apoptotic cell death involves complex yet well regu-
lated biochemical processes leading to the well-char-
acterized features such as condensation of chromatin
and internucleosomal DNA cleavage (reviewed in Hen-
gartner, 2000). Current paradigms of apoptosis suggest
that the loss of mitochondrial transmembrane potential
(MTP or AW,,) occurs earlier in the commitment phase
of apoptosis which results in the release of mitochon-
drial apoptogenic proteins including cytochrome-c and
the apoptotic inducing factor (Zamzani et al., 1995; Liu
et al., 1996; Kluck et al., 1997; Yang et al., 1997).
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Fig. 1. Chemical structure of goniothalamin.

Cytochrome-c in the presence of dATP or ATP interacts
with Apaf-1 resulting in the activation of caspase-9 (Li
et al., 1997; Zou et al., 1997). Active caspase-9 subse-
quently processes the executioner caspases-3 and -7 into
their catalytically active subunits (Srinivasula et al.,
1998; Nicholson et al., 1995). These executioner cas-
pases are responsible for the degradation of many cel-
lular substrates including the DNA repair enzyme poly
(ADP-ribose) polymerase (Nicholson et al., 1995) and
gelsolin, a cytoskeletal protein (Kothakota et al., 1997).

In this study, we investigated the upstream mechan-
isms of GTN-induced apoptosis in human promyelocytic
HL-60 leukemia cells. Our data show that GTN-induced
apoptosis in HL-60 cells via the loss of AW, and activa-
tion of initiator caspase-9 to its active subunits.

2. Materials and methods
2.1. HL-60 cell culture and reagents

The human promyelocytic HL-60 cells were obtained
from ATCC and cultured as described previously
(Inayat-Hussain et al., 2000). Media and serum were
obtained from GIBCO . The general caspase inhibitor
Z-VAD.FMK was obtained from Enzyme Systems. The
mitochondrial membrane dye 3,3'-dihexylox-
acarbocyanine iodide [DIOCg(3)] was from Molecular
Probes. Procaspase-3 was purchased from Upstate Bio-
technology Inc., and caspases-7 and -9 were gifts from
Drs. G.M. Cohen and Y. Lazebnik, respectively.
Goniothalamin  (5-hydroxy-7-phenylhepta-2,6-dienoic
acid lactone) was extracted as described previously
(Inayat-Hussain et al., 1999). All other reagents were
obtained from Sigma Chemical.

2.2. Assessment of apoptosis

Apoptosis in HL-60 cells was induced by GTN (10
pug/ml, equivalent to 50 uM) for 14 h prior to apoptosis
assessment. This concentration has been determined in
previous studies and shown to be optimal in inducing
apoptosis (Ali et al., 1997, 2000). In some experiments,
the general caspase inhibitor, Z-VAD.FMK (100 uM)
was added 1 h prior to addition of GTN. The measure-
ment of phosphatidylserine (PS) exposure was carried
out using the annexin V assay as described previously
(Inayat-Hussain et al., 2000). Briefly, 10 pl of media

binding buffer was added to an aliquot of 0.5x10° cells
(500 pl) followed by addition of annexin V (1.25 pl of
200 pg/ml). An incubation of 12 min was carried out
prior to addition of 10 pl propidium iodide (PI, 30 ug/
ml). Flow cytometric analysis using FACScan (Becton
Dickenson) was carried out.

The fall in the mitochondrial transmembrane poten-
tial (AV,) during apoptosis was detected in the cells
using the fluorescent mitochondria membrane dye
DIOC(3). Briefly, 1 pl of 50 pM DIOCg(3) was added
into an aliquot of 1x10° cells (1 ml) and further incu-
bated for 15 min at 37 °C. This was followed by adding
50 pl PI (50 pg/ml) and the cells were incubated further
for 2 min prior to analysis by flow cytometer. Flow
cytometric data analyses were carried out using the
CellQuest software.

2.3. Immunoblotting of caspases-9, -7 and -3

Western blot analysis was performed as described
previously (MacFarlane et al.,, 1997, Rodriguez and
Lazebnik, 1999). HL-60 cells (0.5x10°) were subjected
to 12% SDS-polyacrylamide gel electrophoresis (SDS-
PAGE) under denaturing condition for both caspases-9,
-7 and -3. The gels were then blotted onto a nitrocellu-
lose membrane. Active subunits were detected with
either anti-mouse (caspase-9) or anti-rabbit (caspases-3
and -7) horseradish peroxidase-labeled secondary anti-
bodies. Proteins were detected by Enhanced Chemi-
Luminescence staining.

2.4. Statistical analysis

All data were expressed as the mean +standard error
of mean (S.E.M.). To compare apoptosis between
groups in HL-60 cells, an ANOVA test was performed
followed by Scheffe F-test to determine the statistical
significance (n>=3, P <0.05).

3. Results

3.1. Effects of Z-VAD.FMK on PS exposure and loss of
AW, in GTN-induced apoptosis

In many cell types, the induction of apoptosis is
associated with plasma membrane changes where PS is
translocated from the inner layer of the plasma mem-
brane to the outer leaflet; a process which is required for
phagocytosis by macrophages (Fadok et al., 1992; Savill
and Fadok, 2000). The externalization of PS can be
assessed by measuring the binding of FITC-conjugated
annexin V to cells by flow cytometry. As described
earlier (Inayat-Hussain et al., 1999, 2000) apoptotic
cells, which expose PS, include both PS+ /PI— (early
apoptotic) and PS+ /PI+ (late apoptotic) cells. In this
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study, annexin V was employed to detect HL-60 cells
undergoing apoptosis induced by GTN. As shown in
Fig. 2a, the background level of apoptosis in HL-60
cells at 14 h was 11.48+2.8% (CON). After 14 h expo-
sure, GTN significantly induced apoptosis in HL-60
cells (71.9£0.7%) as assessed by PS exposure. To
investigate the role of caspases in GTN induced apop-
tosis, the effects of the wide spectrum caspase inhibitor
Z-VAD.FMK were examined in this study. Pretreat-
ment with Z-VAD.FMK in GTN treated cells resulted
in significant inhibition of apoptosis (17.88+3.6%).

In order to study the involvement of mitochondria
during GTN induced apoptosis in HL-60 cells, we
investigated the loss of mitochondrial transmembrane
potential (AW,,) using flow cytometry. The mitochon-
drial transmembrane potential was detected using
DIOC¢(3), a fluorochrome which has recently been
evaluated in HL-60 cells undergoing apoptosis and
demonstrated to be comparable to annexin V method
(Ozgen et al., 2000). The dot-plot cytogram in Fig. 3
shows a typical results of the loss of AW, in GTN
induced apoptosis in HL-60 cells. In control cells
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Fig. 2. Effects of Z-VAD.FMK on GTN induced apoptosis in HL-60
cells as assessed by (a) Annexin V/PI assay and (b) loss of mitochon-
drial transmembrane potential (MTP). Cells (1x10°) were pre-
incubated for 1 h with 100 pM Z-VAD.FMK (ZVAD) before adding
10 pg/ml GTN in HL-60 cells. These cells were further incubated for
14 h prior to flow cytometric analysis as described in Materials and
methods. CON represents control cells. Asterisk (*) indicates sig-
nificant difference from control and dagger (}) indicates significant
difference from GTN treatment (P<0.05) by ANOVA and Scheffe
F-test.

(CON), the dye loaded population of cells was observed
in the lower right quadrant. During apoptosis in GTN
treated HL-60 cells (GTN), dissipation of AW, led to
leakage of DIOCg(3) from the mitochondrial matrix,
which can be measured by flow cytometry as a decrease
in the fluorescence intensity of the dye (lower left quad-
rant). Interestingly, the cells in the upper left quadrant
were representative of cells losing AW, and had already
included PI, indicative of late apoptotic population.
Similar to the annexin V data shown in Fig 2a, we
found a significant loss of AW, in GTN treated cells
over control cells (77.7£5.8% and 13.44+0.9%, respec-
tively, Fig. 2b). Z-VAD.FMK significantly inhibited the
loss of AW, (25.734+0.5%, Fig. 2b) in GTN treated
cells with a dot-plot profile essentially similar to control
cells (GTN+ZVAD, Fig. 3). The effects of
Z-VAD.FMK alone on HL-60 cells as assessed by
annexin V and loss of AW, were essentially similar to
control treatment (data not shown).

3.2. Activation of caspases-9, -3, -7 in GTN induced
apoptosis

Using the pharmacological caspase inhibitor, the
experiments described above (Section 3.1) indicate that
caspases are being activated during the apoptotic pro-
cess. To confirm the processing of caspases into their
active subunits during GTN induced apoptosis, immu-
noblotting of caspases-9, -3 and —7 was carried out as
shown in Fig. 4. Intact caspase-9 (46 kDa) was detected
in control HL-60 cells (Panel A, CON lane). In addi-
tion, some background cleavage of caspase-9 to the p37/
p35 fragments was observed indicative of the back-
ground level of apoptosis. During apoptosis in GTN
treated HL-60 cells, intact caspase-9 was totally cleaved
into smaller subunits especially the p35 kDa and
another smaller subunit around 30 kDa (Panel a, GTN
lane). Activation of caspase-9 into p30 kDa subunit has
been previously demonstrated in remoxipride and eto-
poside induced apoptosis in HL-60 cells respectively
(Inayat-Hussain et al., 2000; MacFarlane et al., 1997).
In the presence of Z-VAD.FMK, the processing of cas-
pase-9 was inhibited with concomitant accumulation of
the intact and p35/p37 kDa subunits in GTN treated
cells (Panel a, GTN+ ZVAD lane).

As shown in Fig. 4 (panel b), intact caspase-3 (p32
kDa) as detected in control cells (CON lane) was pro-
cessed into its catalytically active p19 and p17 subunits in
GTN treated HL-60 cells (GTN lane). In the presence of
the caspase inhibitor Z-VAD.FMK, caspase-3 cleavage
to its active p17 kDa subunit was inhibited resulting pri-
marily in the generation of the p20 kDa subunit
(GTN +ZVAD). We and others have demonstrated that
Z-VAD.FMK inhibition of caspase-3 cleavage to the p20
kDa renders this enzyme to be proteolytically inactive
(Inayat-Hussain et al., 2000; Martin et al., 1996).
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Fig. 3. Flow cytometric profile of the effects of Z-VAD.FMK on GTN induced loss of mitochondrial transmembrane potential in HL-60 cells. Cells
were treated as described in Fig. 2. The x-axis represents the fluorescence of DIOCg(3) and the y-axis represents PI fluorescence.

In addition to caspase-3, we investigated if caspase-7,
another member of the executioner caspases was acti-
vated during GTN induced apoptosis in HL-60 cells
(Fig. 4, panel c). Similar to caspase-3, intact caspase-7
(p35 kDa, CON lane) was also processed to its active p19
kDa subunit during apoptosis (GTN lane). The cleavage
of caspase-7 to its active subunit in GTN induced apop-
tosis was blocked in the presence of Z-VAD.FMK (GTN
+ ZVAD lane). PARP, a subtsrate for these executioner
caspases, was also cleaved in GTN treated cells in
Z-VAD.FMK inhibitable manner (data not shown),
further confirming the activation of caspases-9, -3 and -7.

4. Discussion

The styryl-lactones found abundantly in Goniothala-
mus species (Annonaceae) have been investigated for its
pharmacological activities especially its cytotoxic prop-
erties (Ali et al., 1997; Cao et al., 1998; Blasquez et al.,
1999). Although many investigators have shown that
these compounds are cytotoxic (Tsukubi et al., 1999),
the mechanism of action of styrylpyrone derivative is
not fully understood.

In order to elucidate the molecular mechanisms of the
styryl-lactone, we studied the effects of GTN isolated
from Goniothalamus andersonii on human promyelocy-
tic HL-60 leukemia cells. In agreement with our pre-
vious studies (Ali et al., 1997; Inayat-Hussain et al.,
1999), we found that GTN caused cell death in HL-60
cells and apoptosis was the mode of death observed in
these cells. Flow cytometric analysis of the treated cells
showed externalization of PS as assessed by annexin V
binding (Fig. 2a). PS is normally restricted to the inner-
membrane leaflet, however dying cells expose this phos-
pholipid as it is one of the key signals for phagocyte
recognition (Savill and Fadok, 2000).

The molecular machinery of chemotherapeutic drugs-
induced apoptosis has been shown to involve the release

of apoptogenic factors from the mitochondria as a
result of the loss of AW, which subsequently leads to
the activation of the initiator caspase-9 (Susin et al.,
1997; Constantini et al., 2000; Desagher and Martinou,
2000). By using the mitochondrial membrane dye
DIOCg3) in conjunction with flow cytometry, we
demonstrated that GTN treated HL-60 cells resulted in
the loss of AW, in a Z-VAD.FMK inhibitable manner
(Fig. 2a). It has recently been demonstrated by Susin et
al. (1999) that caspase-9 is found in the intermembrane
space of mitochondria from five different organs (liver,
kidney, heart, brain, and spleen), as well as in several
cell lines (including different lymphoid and neuro-
blastoma cell lines). This apical/initiator caspase is
released when there is a loss of AW, in isolated mito-
chondria and upon induction of apoptosis in cells. Our
data is consistent with the loss of AW, and activation of
caspase-9 into its active subunits (35/37 kDa and the
smaller fragment corresponding to around 30 kDa,
Fig. 4) (Inayat-Hussain et al., 1999; Susin et al., 1999;
Mesner et al., 1999). In the presence of Z-VAD.FMK,
the generation of smaller fragment (i.e. ~30 kDa) of
caspase-9 during apoptosis was inhibited with con-
comitant accumulation of the p35/37 kDa subunits. In
agreement with the Z-VAD.FMK inhibition of the loss
of AW, and caspase-9 activation, we found that the
processing of the executioner caspases-3 and -7 in GTN
treated cells was also inhibited (Fig. 4). Similar concen-
tration of Z-VAD.FMK (100 uM) blocked the activa-
tion of caspases-9, -3 and -7 in polyphenolic metabolites
of remoxipride induced apoptosis in HL-60 cells
(Inayat-Hussain et al., 2000).

The caspase inhibitor Z-VAD.FMK has recently
been demonstrated to inhibit all of the first 10 cas-
pases (Garcia-Calvo et al., 1998). This further empha-
sizes its use as a general caspase inhibitor in many
studies. However, it is interesting to note that our
recent studies showed that in hydroquinone induced
apoptosis in HL-60 cells, the PS exposure occurred via
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Fig. 4. Effects of Z-VAD.FMK on the activation of caspase-9, -3, -7
in GTN induced apoptosis. Cells were treated as described in Fig. 2
and the whole cell lysates were immunoblotted with antibodies to
caspase-9 (panel a), caspase-3 (panel b) and caspase-7 (panel ¢). The
intact proteins for caspases-9, -3 and -7 are 46 kDa, 32 kDa and 35
kDa, respectively. *Corresponds to small fragment of around 30 kDa.

a ZVAD-insensitive mechanism (Inayat-Hussain et al.,
2001). In addition, Z-VAD.FMK did not completely
abrogate the externalization of PS in HL-60 cells treated
with the hydroquinone and catechol metabolites of the
antipscyhotic remoxipride (Inayat-Hussain et al., 2000).
Similarly, the loss of AW, in these treatments (hydro-
quinone and the remoxipride metabolites) was not
inhibited by Z-VAD.FMK suggesting the existence of a
caspase-independent pathway(s) in the mitochondria
(Inayat-Hussain et al., 2001). These findings show that
different chemical stimuli may result in different invol-
vement of caspases during the apoptotic cell death.
Previous study by Bossy-Wetzel and Green (1999)
demonstrated the ability of caspase-8, another initiator
caspase, to signal through mitochondria by cleaving p22
Bid yielding a truncated Bid. The latter is responsible to
target mitochondria and stimulate the release of cyto-
chrome c. It is therefore tempting to speculate the
involvement of caspase-8 in GTN-induced apoptosis
where its activation leads to the loss of AW, in a
ZVAD-FMK inhibitable manner. In this respect, an
upregulation of Fas mediated apoptosis system is pos-
sible after GTN treatment. Interestingly, more recent
studies using human cell lines also raise the importance
of caspase activation leading to the release of AIF from
the mitochondria (reviewed in Penninger and Kroemer,
2003). Future studies need to be carried out to identify
the upstream caspase(s) if any, leading to the loss of
AV, in ZVAD.FMK inhibitable manner (Fig. 5).
Collectively, results presented in this study demon-
strate that apoptosis induced by GTN in HL-60 cells is
associated with the loss of AW, PS exposure and acti-
vation of caspases-9, -3, -7. Furthermore, the
Z-VAD.FMK inhibition data on the loss of AW,,, PS
exposure and activation of caspases suggest that GTN
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Fig. 5. A proposed model of Goniothalamin-induced apoptosis.
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induced apoptosis occurs in a caspase-dependent path-
way (Fig. 5). We observed that inhibition of these cas-
pases caused the abrogation of PARP and DNA
cleavage (data not shown). To the best of our knowledge,
however, this is the first report demonstrating that a styryl-
lactone induces apoptosis via a mitochondrial pathway
leading to the activation of the apical caspase-9. These
data have relevance for defining mechanisms underlying
the mechanism of cytotoxicity of goniothalamin and may
also be of importance to the observed chemotherapeutic
actions of this natural product.
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