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BACKGROUND AND PURPOSE
TNF-related apoptosis-inducing ligand (TRAIL) is currently in clinical trials as a treatment for cancer, but development of
resistance is a major drawback. Thus agents that can overcome resistance to TRAIL are urgently needed. Cardamonin
(2′,4′-dihydroxy-6′-methoxychalcone) has been shown to affect cell growth by modulating various cell signalling pathways.
Hence, we investigated the effect of cardamonin on the actions of TRAIL.

EXPERIMENTAL APPROACH
The effect of cardamonin on TRAIL was measured by plasma membrane integrity, phosphatidylserine exposure, mitochondrial
activity, and activation of caspase-8, caspase-9, and caspase-3 in human colon cancer cells.

KEY RESULTS
Cardamonin potentiated TRAIL-induced apoptosis and this correlated with up-regulation of both the TRAIL death receptor
(DR) 4, 5 at mRNA and protein levels. TRAIL-decoy receptor DcR1 was down-regulated by cardamonin. Induction of DRs by
cardamonin occurred in a variety of cell types. Gene silencing of the DRs by small interfering RNA (siRNA) abolished the effect
of cardamonin on TRAIL-induced apoptosis, suggesting that sensitization was mediated through the DR. Induction of the
DR by cardamonin was p53-independent but required CCAAT/enhancer binding protein homologous protein (CHOP);
cardamonin induced CHOP, and its silencing by siRNA eliminated the induction of DR5. Cardamonin increased the production
of reactive oxygen species (ROS) and quenching ROS abolished its induction of receptors and enhancement of TRAIL-induced
apoptosis. Cardamonin also decreased the expression of various cell survival proteins.

CONCLUSIONS AND IMPLICATIONS
Cardamonin potentiates TRAIL-induced apoptosis through ROS-CHOP-mediated up-regulation of DRs, decreased expression of
decoy receptor and cell survival proteins. Thus, cardamonin has the potential to make TRAIL more effective as an anticancer
therapy.

Abbreviations
CHOP, CCAAT/enhancer binding protein homologous protein; DcR, decoy receptor; DR, death receptor; TRAIL,
TNF–related apoptosis-inducing ligand
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Introduction
TNF-related apoptosis-inducing ligand (TRAIL), also known
as Apo2L and TNFSF10, is a member of the TNF family that
induces cell death in various types of cancer cells in vivo and
in vitro but has little or no effect on normal cells (Havell et al.,
1988). A deficiency of TRAIL in mice has been shown to
accelerate malignant tumours, indicating its critical role in
cancer (Zerafa et al., 2005). This cytokine has been shown to
bind to four membrane-bound death receptors [DR4
(TNFRSF10A), DR5 (TNFRSF10B), DcR1 and DcR2) and a
soluble receptor, called osteoprotegrin. Both DR4 and DR5
contain a conserved cytoplasmic region called the death
domain that is required for TRAIL-induced apoptosis (Ash-
kenazi et al., 1999; Bhardwaj and Aggarwal, 2003). In con-
trast, DcR1 and DcR2 either lack an intracellular domain or
have a truncated death domain that negatively controls apo-
ptosis by sequestering the cytokine (Pan et al., 1997; Sheridan
et al., 1997). Differential sensitivity of tumour cells to the
cytokine may be caused by the higher expression of DR5 in
cancer cells than in normal cells (Ichikawa et al., 2001;
Koornstra et al., 2003).

Both TRAIL and its receptor agonistic antibodies are cur-
rently in clinical trials for treatment of various cancers
because of their ability to kill a wide variety of tumour cells
specifically, and without activating NF-kB, the transcription
factor that controls the expression of cell survival proteins,
(Duiker et al., 2006). However, not all human colon cancer
cell lines are sensitive to TRAIL due to intrinsic or acquired
TRAIL resistance. This is a major obstacle in its presumptive
journey to the clinic (Ozoren et al., 2000). The resistance may
be due to overexpression of cell survival proteins such as
B-cell lymphoma 2 (Bcl-2), B-cell lymphoma extra large (Bcl-
xL), X-linked inhibitor of apoptosis protein (XIAP), cellular
inhibitor of apoptosis protein (cIAP)-1, cIAP-2 and cellular
(FLICE)-like inhibitory protein (cFLIP) or to overexpression of
decoy receptors (DcRs) or to limited expression of cell signal-
ling DRs on the cell surface (Nam et al., 2003; Zhang et al.,
2005). An agent that can up-regulate the pro-apoptotic
mechanisms and down-regulate the anti-apoptotic mecha-
nisms, yet is safe and affordable, is urgently needed if TRAIL
is to be an effective therapy.

In the present report, we describe a chalcone, cardamonin
(2′,4′-dihydroxy-6′-methoxychalcone), which was first iso-
lated in 1976 from large black cardamom (fruit of Amomum
subulatum) (Bheemasankara Rao et al., 1976). Cardamonin
has been shown to affect cell growth by modulation of a
variety of cell signalling pathways, including mammalian
target of rapamycin (Liao et al., 2010), NF-kB (Hatziieremia
et al., 2006; Lee et al., 2006; Israf et al., 2007; Kim et al., 2010),
cell surface receptors (Ohtsuki et al., 2009), and Wnt/b
catenin (Cho et al., 2009). This chalcone has also been shown
to bind to lysozyme (He et al., 2006) and human serum
albumin (He et al., 2005). Pretreatment with cardamomin has
also been shown to protect mice from LPS-induced mortality
in conjunction with decreased serum levels of TNF-a, IL-6
and IL-1b secretion (Lee et al., 2006; Kim et al., 2010).

Because resistance to TRAIL has been demonstrated in
colorectal cancer (Van Geelen et al., 2004), in the present
study we investigated whether cardamonin can affect TRAIL-
mediated apoptosis in these tumour cells. The results

obtained show that cardamonin can potentiate TRAIL-
induced apoptosis through down-regulation of cell survival
proteins, down-regulation of DcR, and up-regulation of DRs,
which is mediated through the reactive oxygen species (ROS)-
mediated CCAAT/enhancer binding protein homologous
protein (CHOP) activation.

Experimental procedures

Reagents
A 20 mM solution of cardamonin (from Tocris Bioscience,
Ellisville, MO, USA) was prepared in dimethyl sulphoxide,
stored at -20°C, and then diluted as needed in cell culture
medium. Soluble recombinant human TRAIL was purchased
from PeproTech (Rocky Hill, NJ, USA). Penicillin, streptomy-
cin, Roswell Park Memorial Institute medium (RPMI) 1640,
FBS and dichlorodihydrofluorescein diacetate (DCF-DA) were
purchased from Invitrogen (Carlsbad, CA, USA). Anti-b-actin
antibody was obtained from Sigma-Aldrich (St Louis, MO,
USA). Antibodies against Bcl-xL, Bcl-2, B-cell lymphoma-2-
associated X protein (Bax), cFLIP, PARP, JNK-1, CHOP,
phospho-AKT1/2, and annexin V staining kit were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell lines
HCT116 (human colon adenocarcinoma), PC3 and DU145
(human prostate cancer cells), U266 (human multiple
myeloma), MIA PaCa-2 (human pancreatic carcinoma cell
line) and KBM-5 (human chronic leukemic cells) were
obtained from American Type Culture Collection (Manassas,
VA, USA). HCT116 and MIA PaCa-2 were cultured in Dulbec-
co’s modified Eagle’s medium; PC3, DU145, and U266 were
cultured in RPMI1640; and KBM-5 cells were cultured in
Iscove’s modified Dulbecco’s medium (IMDM). All the media
were supplemented with 10% FBS, 100 U·mL-1 penicillin, and
100 mg·mL-1 streptomycin except IMDM which contains
15% FBS.

Live/dead assay
To measure apoptosis, we used Live/Dead assay kit (Invitro-
gen). We stained the cells according to the manufacturer’s
instructions. In this assay, calcein-AM, a nonfluorescent
polyanionic dye, is retained by live cells, in which it produces
intense green fluorescence through enzymatic (esterase) con-
version. In addition, the ethidium homodimer enters cells
with damaged membranes and binds to nucleic acids, thereby
producing a bright red fluorescence in dead cells. Cells were
analysed under a fluorescence microscope (Labophot-2;
Nikon, Tokyo, Japan).

Cytotoxicity assay
The effects of cardamonin on TRAIL-induced cytotoxicity
were determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) uptake method (Yadav
et al., 2010a).

Annexin V and propidium iodide
The early indicator of apoptosis was detected by using annexin
V/propidium iodide binding kit (Santa Cruz Biotechnology)
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and then analysed with a flow cytometer (FACS Calibur, BD
Biosciences, San Jose, CA, USA) (Yadav et al., 2010a).

Flow cytometry for cell cycle distribution
To determine the effect of cardamonin on the cell cycle,
treated and untreated cells were stained with propidium
iodide as described previously (Yadav et al., 2010a).

RNA analysis and reverse transcription
(RT)-PCR
Total RNA was extracted from the treated cells according to
the manufacturer’s instructions (Invitrogen), and RT-PCR was
performed as described previously (Yadav et al., 2010b).

Analysis of cell surface expression of DR4
and DR5
Treated and untreated cells were stained with phycoerythrin-
conjugated mouse monoclonal anti-human DR5 or DR4
(R&D Systems, Minneapolis, MN, USA) for 45 min at 4°C
according to the manufacturer’s instructions and analysed by
flow cytometry with phycoerythrin-conjugated mouse IgG2B
as an isotype control (Prasad et al., 2011).

Western blot analysis
To determine the levels of protein expression in the cyto-
plasm and nucleus, we prepared extracts (Yadav et al., 2010b)
and fractionated them by 10% SDS-PAGE. After electrophore-
sis, the proteins were electro-transferred to nitrocellulose
membranes, blotted with each antibody, and detected with a
chemiluminescence reagent (GE Healthcare, Piscataway, NJ,
USA).

Transfection with siRNA
HCT116 cells were plated in each well of six-well plates and
allowed to adhere for 24 h. On the day of transfection, 12 mL
Hiperfect transfection reagent (Qiagen, Hilden, Germany)
was added to 50 nM siRNA in a final volume of 100 mL culture
medium. After 48 h of transfection, cells were treated with
cardamonin for 12 h and then exposed to TRAIL for 24 h
(Yadav et al., 2010b).

Measurement of ROS
To detect intracellular ROS, cells were pre-incubated with
20 mM DCF-DA for 15 min at 37°C before being treated with
20 mM cardamonin. After 30 min of incubation, the increase
in fluorescence resulting from oxidation of DCF-DA to DCF
was measured by flow cytometry. The mean fluorescence
intensity at 530 nm was calculated. Data were collected from
at least 10 000 cells at a flow rate of 250–300 cells·s-1.

Statistical analysis
The data were analysed for mean values and SEM for all
treated and vehicle controls. Values were compared using
Student’s paired t-test; P < 0.05 was considered significant.

Results

The objective of this study was to determine whether carda-
monin (see Figure 1A; 2′,4′-dihydroxy-6′-methoxychalcone)

potentiates TRAIL-induced apoptosis in human colorectal
HCT-116 cells and, if so, to determine the mechanisms by
which this chalcone might enhance the effect of this cytokine.

Cardamonin potentiates TRAIL-mediated
cytotoxic effects in colon cancer cells
Whether cardamonin enhances TRAIL-induced cytotoxicity
effect was investigated by Live/Dead assay. We found that
cardamonin induced up to 15% cytotoxicity while TRAIL
alone produced 9% cytotoxicity in HCT116 cells. Interest-
ingly, the combination of cardamonin and TRAIL increased
cytotoxicity to 45% (Figure 1B).

Cardamonin potentiates TRAIL-mediated
cytotoxicity
To confirm the Live/Dead assay results, we measured the
viability and proliferation of the cells by the MTT method.
The HCT116 cells were moderately sensitive to either carda-
monin or TRAIL. However, pretreatment with cardamonin
significantly enhanced TRAIL-induced cytotoxicity, and
when TRAIL was added at different doses it potentiated the
dose-dependent effect of TRAIL (Figure 1C).

Cardamonin potentiates TRAIL-mediated
apoptosis
Next, we examined the effect of cardamonin on TRAIL-
induced apoptosis in HCT116 cells by phosphatidylserine
externalization using the annexin V/propidium iodide assay.
The results shown in Figure 1D (upper panel) indicate that
cardamonin enhanced TRAIL-induced apoptosis (including
early, late and necrosis) from 7 to 81%. To further determine
the effect of cardamonin on TRAIL-induced cytotoxicity, we
also investigated the distribution of cells by propidium iodide
staining. We found that pretreatment with cardamonin
enhanced TRAIL-induced apoptosis from 5 to 26%
(Figure 1E). Because activation of caspases is a hallmark of
apoptosis, we examined the effect of cardamonin on TRAIL-
induced activation of caspase-8, -9, and -3 and on cleavage of
PARP. We found that cardamonin enhanced TRAIL-induced
activation of all three caspases, thus, leading to enhanced
PARP cleavage (Figure 1F). Taken together, the results in
Figure 1 suggest that cardamonin enhances TRAIL-induced
cytotoxicity and apoptosis in colon cancer cells.

Cardamonin up-regulates the expression
of DRs
As TRAIL mediates its activity through the receptors DR4
and DR5, we investigated whether up-regulation of TRAIL-
induced apoptosis by cardamonin occurs through modula-
tion of DR5 and DR4 expression. Treatment of HCT116 cells
with various concentrations of cardamonin for 24 h
increased the expression of TRAIL-R2/DR5 and TRAIL-R1/
DR4 in a dose-dependent manner (Figure 2A, left panel).

Next we determined the time at which cardamonin shows
optimum induction of DR5 and DR4. Cardamonin induced
the expression of DR5 and DR4 in a time-dependent manner
(Figure 2A, right panel). The maximum induction was
observed 24 h after cardamonin treatment.

To determine whether the induction of TRAIL receptors by
cardamonin occurs at the transcriptional level, we measured
the expression of mRNA for DR5 and DR4 by RT-PCR after cells

BJPCardamonin potentiates TRAIL-induced apoptosis

British Journal of Pharmacology (2012) 165 741–753 743



Figure 1
Cardamonin potentiates TRAIL-induced apoptosis of HCT116 cells. (A) Chemical structure of cardamonin. (B) Effect of cardamonin on TRAIL-
induced apoptosis by the Live/Dead assay. Cells were pretreated with 20 mM cardamonin for 12 h, the medium was removed, and the cells then
exposed to TRAIL for 24 h. Dead cells as a percentage of the number plated is indicated below the photo. (C) Effect of cardamonin on
TRAIL-induced apoptosis by the MTT method. Cells were pretreated with indicated concentration of cardamonin for 12 h, the medium was
removed, and the cells then exposed to TRAIL for 24 h. Cell viability was then analysed by the MTT method (left panel). Cells were pretreated with
20 mM of cardamonin for 12 h, the medium was removed, and the cells then exposed with indicated concentration of TRAIL for 24 h. Cell viability
was then analysed by the MTT method (right panel). (D) Effect of cardamonin on TRAIL-induced apoptosis by the annexin method. Cells were
treated with 20 mM cardamonin and TRAIL as described above. Cells were stained with annexin V and analysed by FACS. (E) Effect of cardamonin
on TRAIL-induced apoptosis by the propidium iodide method. Cells were treated with 20 mM cardamonin and TRAIL as described above. Cells
were stained with propidium iodide and analysed by FACS. (F) Effect of cardamonin on TRAIL-induced apoptosis by the caspase activation method.
Whole-cell extracts were prepared and analysed by Western blotting using antibodies against caspase-8, caspase-9, caspase-3 and PARP.
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Figure 2
Cardamonin induces the expression of DRs and down-regulates DcRs. (A) Cardamonin induces the expression of DR protein. HCT116 cells (1 ¥
106 cells per well) were treated with the indicated dose of cardamonin for 24 h (left panel). HCT116 cells (1 ¥ 106 cells per well) were treated at
indicated time with 20 mM cardamonin (right panel). Whole-cell extracts were then prepared and analysed for DR expression by Western blotting.
(B) Cardamonin induces DR5 gene mRNA expression. Cells (1 ¥ 106 mL-1) were treated with 20 mM cardamonin for indicated times, and total RNA
was extracted and examined for expression of DR4 and DR5 by RT-PCR. Glyceraldehyde 3-phosphate dehydrogenase was used as an internal
control to equalize RNA loading. (C) Cardamonin induces cell surface expression of DRs. HCT116 cells were treated with 20 mM cardamonin for
24 h and analysed for cell surface DR4 and DR5 by immunofluorescent staining and subsequent flow cytometry. Filled greyish peaks: cells stained
with a matched control phycoerythrin-conjugated IgG isotype antibody. (D) Cardamonin down-regulates the cell surface expression of DcR1.
HCT116 cells were pretreated with indicated dose of cardamonin for 24 h. Whole-cell extracts were prepared and subjected to Western blotting
using antibodies specific to DcR1 and DcR2. (E) Cardamonin up-regulates DR5, DR4 and down-regulates DcR1 in various types of cancer cells. Cells
(1 ¥ 106 cells) were treated with 20 mM cardamonin for 24 h, after which whole-cell extracts were prepared and analysed by Western blotting.
The same blots were stripped and reprobed with b-actin antibody to verify equal protein loading. Cells were pretreated with 20 mM cardamonin
for 24 h and cell viability measured. Cell viability was found to be 91, 93, 90, 88 and 89%, respectively for KBB-5, U266, MiaPaCa, DU145 and
PC-3 cell lines.
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had been treated with cardamonin for different periods of
time. As shown in Figure 2B, cardamonin increased the tran-
script for DR5 and DR4 in a time-dependent manner, thus
suggesting that cardamonin acts at the transcriptional level.

Whether cardamonin enhances the expression of DRs on
the cell surface was also examined. For this, we analysed cell
surface expression of DR5 and DR4 in cells exposed to carda-
monin. We found that cardamonin increased the cell surface
levels of DR5 and DR4 (Figure 2C). The level of DR5 cell surface
expression induced by cardamonin was higher than that of
DR4. Collectively, these results indicate that cardamonin
up-regulates the expression of both DRs on the cell surface.

These data suggest cardamonin also enhances the pro-
apoptotic effects of TRAIL in colon cancer cells by
up-regulating the expression of DR4 and/or DR5.

Cardamonin down-regulates DcR
Decoy molecules compete with the DRs for ligand binding
and thereby inhibit ligand-induced apoptosis (Meng et al.,
2000; Merino et al., 2006), so we determined whether carda-
monin modulates DcR expression. We found that, indeed,
cardamonin decreased the expression of DcR1, but it did not
influence the level of DcR2 (Figure 2D) (Prasad et al., 2011).
Therefore, cardamonin may also potentiate TRAIL-induced
apoptosis by inhibiting DcR1.

Cardamonin-induced up-regulation of DRs is
not cell type specific
Whether up-regulation of TRAIL receptors by cardamonin
was specific to HCT116 was investigated. We found that car-
damonin (20 mM for 24 h) induced the expression of both
DR5 and DR4 in all the cell lines examined: leukaemia (KBM-
5), myeloma (U266), prostate carcinoma (Mia PaCa-2) and
prostate cancer (DU145 and PC3) cells (Figure 2E). Thus the
up-regulation of TRAIL receptors by cardamonin was not
cell-type specific.

Whether down-regulation of DcRs by cardamonin was
specific to HCT116, was also investigated. We found that the
down-regulation of DcR1 receptors by cardamonin was also
not cell-type specific (Figure 2E).

Cardamonin-induced DR are needed for
TRAIL-induced apoptosis
To confirm the roles of DR5 and DR4 in TRAIL-induced apo-
ptosis, we used siRNA specific to DR5 and DR4 to down-
regulate the expression of these receptors. Transfection of
cells with siRNA for DR5 but not with the control siRNA
reduced cardamonin-induced DR5 expression (Figure 3A).
Similarly, transfection of cells with siRNA for DR4 reduced
the cardamonin-induced DR4 expression (Figure 3A). DR4
siRNA had minimal effect on the cardamonin-induced
up-regulation of DR5, and vice versa.

We next examined whether the suppression of DR5 or DR4
by siRNA could attenuate the sensitizing effects of cardamonin
on TRAIL-induced apoptosis using Live/Dead assay. TRAIL-
induced apoptosis was effectively abolished in cells transfected
with either DR5 or DR4 siRNA (Figure 3B), whereas treatment
with control siRNA had no effect. Silencing of DR4 and DR5
reduced the apoptosis from 59 to 29 and 28%, respectively;
whereas silencing of both reduced it to 13%.

Cardamonin downregulates the expression of
cell survival proteins
Various anti-apoptotic proteins (cIAP-1, cIAP-2, cFLIP, XIAP,
Bcl-2, Bcl-xL and survivin), have been shown to induce resis-
tance to TRAIL-induced apoptosis. Therefore, we examined
whether cardamonin sensitized the cells to TRAIL through
down-regulation of the expression of these cell survival pro-
teins. We found that cardamonin inhibited the expression of
cIAP-1, cFLIP, XIAP, Bcl-2 and survivin but had little effect on
the expression of Bcl-xL and cIAP-2 (Figure 4). Thus our
results suggest that down-regulation of cell survival proteins
is one of the mechanisms by which cardamonin potentiates
TRAIL-induced apoptosis.

Cardamonin up-regulates the expression of
pro-apoptotic proteins
In our next set of experiments, we found that cardamonin
cleaved the pro-apoptotic protein BH3 interacting domain
death agonist (Bid) and induced the expression of pro-
apoptotic Bax (Figure 4B). These two effects are additional
ways cardamonin could enhance the apoptotic effects of
TRAIL.

Cardamonin-induced up-regulation of TRAIL
receptors is p53-independent
There are reports that suggest that p53 can induce DRs (Wu
et al., 1997; Burns et al., 2001), therefore, whether cardamo-
nin induction of TRAIL receptors is mediated through p53
was examined using HCT116 cell lines that lack p53. Carda-
monin induced DR5 and DR4 in p53 parental as well as p53
knockout HCT116 cells in a dose-dependent manner
(Figure 4C). These results indicate that induction of TRAIL
receptors is independent of p53 expression.

Cardamonin induces TRAIL receptors through
ROS-dependent mechanism
Induction of DRs by certain agents has been shown to be
ROS-dependent (Prasad et al., 2011). Whether cardamonin
generates ROS was examined by treating HCT116 cells with
cardamonin and measuring ROS by FACS. We found that
cardamonin induced ROS in a dose-dependent manner
(Figure 5A).

Whether cardamonin induction of TRAIL receptors is also
regulated by ROS was examined. As shown in the Figure 5B,
pretreatment of HCT116 cells with the ROS scavenger
N-acetylcysteine (NAC) reduced the cardamonin-induced
up-regulation of DR5 and DR4 expression. This suggests ROS
plays a critical role in the induction of TRAIL receptors by
cardamonin (Figure 5B).

Cardamonin potentiates TRAIL-induced
apoptosis through ROS generation
Whether ROS is needed for potentiation of TRAIL-induced
apoptosis by cardamonin was examined. As shown in
Figure 5C, pretreatment of cells with NAC markedly inhibited
the effect of cardamonin on TRAIL-induced cell death from
68 to 18%.

We also found that NAC reversed the effect of cardamo-
nin on TRAIL-induced cleavage of procaspases and PARP
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(Figure 5D), again suggesting the critical role of ROS in car-
damonin’s effects on TRAIL.

Cardamonin-induced up-regulation of CHOP
and specificity protein 1 (SP1)
It has been shown that the induction of DR by various agents
is mediated through activation of CHOP (Yamaguchi and

Wang, 2004; Su et al., 2008; Lee et al., 2009; Lim et al., 2009)
and SP1 (Moon et al., 2010).

To determine whether cardamonin can induce the expres-
sion of CHOP and SP1, we pretreated cells with cardamonin
(20 mM) for different times and assayed for CHOP and SP1
expression. We found that cardamonin increased the expres-
sion of both CHOP and SP1 (Figure 6A).

Figure 3
Induction of DRs by cardamonin is needed for sensitization of cells to TRAIL. (A) siRNA down-regulates the expression of TRAIL receptor protein.
HCT116 cells were transfected with DR5 siRNA, DR4 siRNA, both siRNAs or control siRNA. After 48 h, cells were treated with 20 mM cardamonin
for 24 h, and whole-cell extracts were prepared for Western blotting for DR5 and DR4. (B) Silencing of DRs inhibits the effect of cardamonin on
TRAIL. Cells were seeded in a chamber slide and transfected with siRNAs. After 48 h, cells were pretreated with 20 mM cardamonin for 12 h, the
medium was removed, and the cells then exposed to TRAIL (25 ng·mL-1) for 24 h. Cell death was determined by the Live/Dead assay.
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Cardamonin-induced up-regulation of TRAIL
receptors is mediated through activation
of CHOP
We determined whether up-regulation of DR5 and DR4 were
dependent on CHOP activation. We used siRNA specific to
CHOP to down-regulate its expression. Transfection of cells
with siRNA for CHOP down-regulated cardamonin-induced
DR5 and DR4 expression (Figure 6B).

We next examined whether the suppression of CHOP by
siRNA could attenuate the sensitizing effects of cardamonin
on TRAIL-induced apoptosis using Live/Dead assay. TRAIL-
induced apoptosis was effectively abolished in cells trans-
fected with CHOP siRNA (Figure 6C), whereas treatment with
control siRNA had no effect. Silencing of CHOP reduced the
apoptosis from 46 to 15%.

Up-regulation of DRs by cardamonin is
mediated through activation of SP1
We also determined whether up-regulation of DR5 and DR4
were dependent on SP1 activation. We used siRNA specific to
SP1 to down-regulate its expression. Transfection of cells with
siRNA for SP1 down-regulated cardamonin-induced DR5 and
DR4 expression (Figure 6D).

We next examined whether the suppression of SP1 by
siRNA could inhibit the effects of cardamonin on TRAIL-
induced apoptosis using Live/Dead assay. TRAIL-induced apo-
ptosis was effectively suppressed in cells transfected with SP1
siRNA (Figure 6E), whereas treatment with control siRNA had
no effect. Silencing of SP1 reduced the apoptosis from 49 to
17%.

Discussion and conclusions

Among 18 different members of the TNF superfamily, TRAIL
is the only cytokine from all these apoptosis-inducing cytok-
ines that is being pursued for its anticancer properties in the
clinic. However, many human cancer cell types are resistant
to apoptosis by this ligand, including chronic lymphocytic
leukaemia, astrocytoma, meningioma and medulloblastoma
(Ozoren et al., 2000). Thus agents that can sensitize tumour
cells to this ligand have a great potential for making cancer
therapy more effective. Such agents would exploit the wide
variety of mechanisms that have been outlined for the resis-
tance of tumour cells to TRAIL, including overexpression of
anti-apoptotic proteins, suboptimal expression of DRs, and
overexpression of DcRs.

In the present study, we showed that cardamonin, a com-
ponent derived from large black cardamom can enhance the
apoptotic effects of TRAIL against colon cancer cells. We also
demonstrated that cardamonin enhances TRAIL-induced
apoptosis through a variety of mechanisms that include
down-regulation of survivin, cFLIP, XIAP and Bcl-2, sup-
pression of expression of DcR1, induction of Bax and
up-regulation of DRs through regulation of ROS-CHOP-
mediated pathway.

Using human colon cancer cells (HCT-116), we demon-
strated that cardamonin significantly enhances TRAIL-
induced apoptosis and one of the mechanisms involved is

Figure 4
Effects of cardamonin on anti-apoptotic and pro-apoptotic protein
expression. (A) Effects of cardamonin on anti-apoptotic protein
expression. HCT116 cells were pretreated with indicated dose of
cardamonin for 24 h. Whole-cell extracts were prepared and analy-
sed by Western blotting using the antibodies against anti-apoptotic
proteins. (B) Effects of cardamonin on pro-apoptotic protein expres-
sion. HCT116 cells were pretreated with indicated dose of cardamo-
nin for 24 h. Whole-cell extracts were prepared and analysed by
Western blotting using the antibodies against Bid and Bax proteins.
(C) Induction of DRs by cardamonin is p53-independent. HCT116
cells that express p53 and those with p53 knockout were pretreated
with indicated dose of cardamonin for 24 h. Whole-cell extracts were
prepared and analysed by Western blotting using the antibodies
against DR5 and p53 proteins. The same blots were stripped and
reprobed with b-actin antibody to verify equal protein loading.
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down-regulation of anti-apoptotic proteins. Overexpression
of cFLIP, an inhibitor of caspase-8, has been linked with
resistance to DR-mediated apoptosis (Irmler et al., 1997; Nam
et al., 2003). We found that cardamonin down-regulated
cFLIP expression. These results are in agreement with the
down-regulation of cFLIP by the PPARg agonist rosiglitazone
and sensitization to TRAIL (Kim et al., 2008). We also found

that cardamonin down-regulated the expression of survivin.
These results are also similar to that noted with TRAIL-
sensitization by PPAR-g agonists (Ma et al., 2009). Resistance
to TRAIL-induced apoptosis has been reported to be associ-
ated with the overexpression of anti-apoptotic proteins. This
chalcone also significantly down-regulated the expression of
Bcl-2, which has been linked to the suppression of apoptosis

Figure 5
The effect of cardamonin on TRAIL-induced apoptosis is dependent on ROS. (A) Cardamonin induces ROS production. HCT116 (1 ¥ 106 cells) cells
were labelled with DCF-DA, treated with indicated concentration of cardamonin for 1 h, and examined for ROS production by flow cytometer.
(B) Cardamonin-induced up-regulation of DR5 and DR4 is mediated by ROS. HCT116 cells (1 ¥ 106 cells) were pretreated with various
concentrations of NAC for 1 h and then the cells were treated with 20 mM cardamonin for 24 h. Whole-cell extracts were prepared and analysed
by Western blotting for DR5 and DR4. (C) NAC reverses cell death induced by combination of cardamonin and TRAIL. HCT116 cells were
pretreated with NAC (10 mM) for 1 h and then treated with 20 mM cardamonin for 12 h. After being washed with PBS, cells were treated with
TRAIL (25 ng·mL-1) for 24 h. Cell death was determined by the Live/Dead assay. (D) NAC inhibits caspase activation and PARP cleavage induced
by combination of TRAIL and cardamonin. HCT116 cells were treated with NAC, 20 mM cardamonin and TRAIL as indicated above. Whole-cell
extracts were prepared and analysed by Western blotting using the relevant antibodies. b-actin was used as a loading control.
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by TRAIL (Fulda et al., 2002). In addition we found that IAP-1
and XIAP were down-regulated by cardamonin, although to a
lesser degree. All these proteins have been linked to TRAIL
resistance (Nam et al., 2003; Zhang et al., 2005) but how these
survival proteins are down-regulated by cardamonin is less
clear. One of the potential mechanisms may involve NF-kB

(Aggarwal et al., 2006). Israf et al. (2007) showed that carda-
monin inhibits NF-kB activation through inhibition of IkBa
phosphorylation and this could be the mechanism whereby
it down-regulates the expression of cell survival proteins.

Our results also indicate that cardamonin significantly
up-regulates the expression of Bax and down-regulates Bid

Figure 6
Induction of DRs by cardamonin requires the expression of CHOP and SP1. (A) Time-dependent up-regulation of CHOP and SP1 protein by
cardamonin. HCT116 cells (1 ¥ 106 cells per well) were treated with 20 mM cardamonin for the indicated times. Whole-cell extracts were then
prepared and analysed by Western blotting for CHOP and SP1. The same blots were stripped and reprobed with b-actin antibody to verify equal
protein loading. (B) Silencing of CHOP inhibits the effect of cardamonin on induction of DRs. HCT116 cells were transfected with CHOP siRNA
and control siRNA. After 48 h, cells were treated with 20 mM cardamonin for 24 h, and whole-cell extracts were subjected to Western blotting.
(C) Silencing of CHOP inhibits the effect of cardamonin on TRAIL. Cells were seeded in a chamber slide and transfected with CHOP siRNAs. After
48 h, cells were pretreated with 20 mM cardamonin for 12 h, the medium was removed, and the cells then exposed to TRAIL (25 ng·mL-1) for 24 h.
Cell death was determined by the Live/Dead assay. (D) Silencing of SP1 inhibits the effect of cardamonin on induction of DRs. HCT116 cells were
transfected with SP1 siRNA and control siRNA. After 48 h, cells were treated with 20 mM cardamonin for 24 h, and whole-cell extracts were
subjected to Western blotting. (E) Silencing of SP1 inhibits the effect of cardamonin on TRAIL. Cells were seeded in a chamber slide and transfected
with SP1 siRNAs. After 48 h, cells were pretreated with 20 mM cardamonin for 12 h, the medium was removed, and the cells then exposed to TRAIL
(25 ng·mL-1) for 24 h. Cell death was determined by the Live/Dead assay.

BJP VR Yadav et al.

750 British Journal of Pharmacology (2012) 165 741–753



expression; both have been shown to be critical for TRAIL-
induced apoptosis (Ravi and Bedi, 2002). Thus, up-regulation
of Bax by cardamonin could also contribute to TRAIL-
induced apoptosis.

Besides down-regulating cell survival proteins, we found
that cardamonin can up-regulate the expression of TRAIL
receptors. This effect of cardamonin was not cell-type specific,
as induction of receptors was also observed in pancreatic,
myeloid leukaemia, multiple myeloma and human prostate
adenocarcinoma cell lines. Cardamonin not only induced the
expression of protein but also mRNA for the DR. These results
are in agreement with those reported with other compounds
such as celastrol (Sung et al., 2010) and methyl-2-cyano-3,12-
dioxooleana-1,9-dien-28-oate (Zou et al., 2004). We further
found that silencing of DR induction abolished the effect of
cardamonin on TRAIL-induced apoptosis, thus suggesting
that these receptors play a critical role.

How cardamonin induces these receptors was also inves-
tigated in detail. Although several reports suggest that induc-
tion of DRs is mediated through expression of p53 (Wu et al.,
1997; Burns et al., 2001; Asakuma et al., 2003), we found that
these receptors are induced through a p53-independent
mechanism, in agreement with those reported previously
(Sung et al., 2010). We showed that ROS is the most impor-
tant upstream signal linked to modulation of TRAIL signal-
ling; firstly, cardamonin induced the expression of ROS in a
dose-dependent manner; secondly, quenching of ROS by
NAC abolished the cardamonin-induced expression of DRs;
and thirdly, quenching of ROS also attenuated the effect of
the cardamonin on TRAIL-induced cell death. Thus all these
results suggest that ROS has a role in the mechanism of action
of cardamonin. These results are also in agreement with those
reported previously on induction of DRs by curcumin (Jung
et al., 2006), 15-deoxy-Delta12,14-prostaglandin J2 (Su et al.,
2008), and celastrol (Sung et al., 2010).

The cell surface DcR proteins DcR1 and DcR2 have been
shown to inhibit apoptosis by sequestering TRAIL. Here we
demonstrated that cardamonin reduced the expression of
DcR1, which allows the availability of ligand for DR4 and DR5
for induction of apoptosis. In contrast, no change in DcR2
occurred. Why DcR1 was differentially down-regulated by
cardamonin is unclear. The expression of DcR2 but not DcR1
has shown to be regulated by p53 (Meng et al., 2000; Prasad
et al., 2011); cardamonin did not change the expression of p53
and this may explain its inability to down-regulate DcR2.

In addition to this, induction of TRAIL receptors has been
shown to be mediated through the induction of CHOP and
SP1 (Yoshida et al., 2001; 2005). Firstly, we showed that car-
damonin induced the expression of both CHOP and SP1
proteins. Secondly, silencing of the genes for CHOP and SP1
abolished the effect of cardamonin on induction of DRs.
Taken together, these results indicate that CHOP and SP1 play
an essential role in the action of cardamonin. Like cardamo-
nin, other a, b-unsaturated dienones such as PGJ2 (Su et al.,
2008) and curcumin (Jung et al., 2006) have been shown to
induce DRs through activation of CHOP.

Overall our studies provide strong evidence that cardamo-
nin potentiates TRAIL-induced apoptosis through the down-
modulation of cell survival gene products and up-regulation
of DRs. This suggests that it has great potential for making
cancer therapy with TRAIL more effective.
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