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a b s t r a c t

Andrographolide (Andro), a diterpenoid lactone isolated from a traditional herbal medicine

Andrographis paniculata, is known to possess potent anti-inflammatory activity. In this study,

Andro induced apoptosis in human cancer cells via activation of caspase 8 in the extrinsic

death receptor pathway and subsequently with the participation of mitochondria. Andro

triggered a caspase 8-dependent Bid cleavage, followed by a series of sequential events

including Bax conformational change and mitochondrial translocation, cytochrome c

release from mitochondria, and activation of caspase 9 and 3. Inhibition of caspase 8

blocked Bid cleavage and Bax conformational change. Consistently, knockdown of Bid

protein using small interfering RNA (siRNA) technique suppressed Andro-induced Bax

conformational change and apoptosis. In conclusion, the pro-apoptotic Bcl-2 family mem-

bers (Bid and Bax) are the key mediators in relaying the cell death signaling initiated by

Andro from caspase 8 to mitochondria and then to downstream effector caspases, and

eventually leading to apoptotic cell death.
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1. Introduction

Andrographis paniculata is a traditional medicinal herb which

grows widely in many Asian countries such as China,

Thailand, India and Sri Lanka. For centuries, it has been

widely prescribed for the treatments of various diseases, such

as respiratory infection, fever, bacterial dysentery and

diarrhea [1,2]. The major bioactive constituent extracted from

the aerial parts of the plant is Andrographolide (Andro), a

bicyclic diterpenoid lactone. As shown below, it contains an a-

alkylidene g-butyrolactone moiety and three hydroxyls at C-3,

C-19 and C-14 which are responsible for the bioactivities of

Andro [3]. In the last decade, various bioactivities of Andro

have been described, including anti-inflammatory [4,5], anti-

viral [6], and anti-hypertensive activities [7,8]. The underlying

molecular mechanisms have also been investigated. For

instance, nuclear transcription factor kappaB (NF-kB) is the

molecular target for the anti-inflammatory activity of Andro

[5,9]. Andro effectively inhibited the nuclear activation of NF-

kB by covalent modification of reduced cysteine 62 of p50, to

exert its potent anti-inflammatory activity [5].

Andro’s potent anti-inflammatory property implies the

anti-cancer potential of this natural product, and such a

notion is supported by a number of recent studies. For
instance, Andro has been shown to inhibit cancer cell growth

and its GI50 (50% growth inhibition) ranges from 10 to 28 mM,

depending on the type of cancer cell tested [8]. Andro was also

found to cause G0/G1 cell-cycle arrest through induction of p27

and decreased expression of cyclin-dependent kinase (CDK) 4

in some human cancer cells [10,11]. The anticancer activity of

this compound is further substantiated by findings using in

vivo B16F0 melanoma syngenic and HT-29 xenograft models

[11]. The effect of Andro on apoptosis is controversial. Andro is

capable of protecting immune cells (thymocytes) or endothe-

lial cells against apoptosis [12,13]. On the other hand, a couple

of very recent reports showed that Andro at relatively high

concentrations (from 40 to 100 mM) could induce apoptosis in

human prostatic adenocarcinoma PC-3 cells [14] or human

leukemic HL-60 cells [15]. In both studies, Andro was shown to

activate the caspase cascade; however, the detailed molecular

mechanisms of Andro-induced apoptosis are still largely

unknown.

Apoptosis is a cell death process that plays a critical role in

development, tissue homeostasis and development of various

human diseases [16]. Lack of apoptotic induction and

inappropriate-controlled apoptosis process have been impli-

cated in tumor development and progression as well as

chemoresistance [17]. Two major apoptotic pathways have

been identified, namely the extrinsic and the intrinsic
apoptotic pathways. The extrinsic pathway is initiated via

death receptors on cell membrane, leading to sequential

activation of initiator caspases (caspase 8 or 2, 12) and effector

caspases (caspase 3 and 7) [18]. In certain cell types (type I),

activation of caspase 8 is sufficient for activation of caspase 3,

but in great majority of cells (type II), the effector caspases

activation need the amplification through mitochondria

which is initiated by the cleavage of Bid by caspase 8. Among

many apoptotic regulatory proteins, the Bcl-2 family, includ-

ing both anti-apoptotic (Bcl-2, Bcl-XL, Mcl-1) and pro-apoptotic

members (Bid, Bax, Bad), is particularly important [19].

Moreover, it has been well established that there is a cross-

talk between the death inducing signaling complex (DISC) and

mitochondria via Bid, an important member of the Bcl-2

family proteins [20]. In this study, we attempted to elucidate

the mechanisms involved in Andro-induced apoptosis by

focusing on the functional role of the Bcl-2 family members.

Results from our studies demonstrate a critical role of some

pro-apoptotic Bcl-2 proteins, especially Bid and Bax in Andro-

induced apoptosis. Understanding of the mechanisms of

Andro-induced apoptosis could provide valuable knowledge

for further investigation and development this compound into

a potential anticancer agent.
2. Materials and methods

2.1. Chemicals and reagents

Andrographolide (Andro), 40,6-diamidino-2-phenylindole

(DAPI) and anti-Bax 6A7 antibodies were purchased from

Sigma (St. Louis, MO, USA). Propidium iodide (PI) was

purchased from Molecular Probe (Eugene, OR, USA). Anti-

PARP, anti-MnSOD, anti-caspase 8, anti-caspase 3 and anti-

cytochrome c antibodies were obtained from BD Pharmingen

(San Diego, CA, USA). Anti-Bid antibody was purchased from

Cell Signaling (Beverly, MA, USA) and anti-caspase 9 and anti-

Bax antibodies were acquired from Chemicon (Temecula, CA,

USA). Anti-tubulin antibody was obtained from Santa Cruz

(Santa Cruz, CA, USA). Protease inhibitors cocktail was

provided by Roche (Mannheim, Germany) and Apo-OneTM

Caspase 3/7 Assay Kit was from Promega (Madison, WI, USA).

Bid small interfering RNA (siRNA) was purchased from

QIAGEN (Valencia, CA, USA). LipofectamineTM 2000 was

obtained from Invitrogen (Carlsbad, CA, USA). pDsRed-N1

was purchased from Clontech (Palo Alto, CA, USA). The

following reagents were all from BioMol (Plymouth meeting,

PA, USA): pan caspase inhibitor z-VAD-FMK, caspase 3

inhibitor z-DEVD-CHO, caspase 8 inhibitor z-IETD-FMK and

caspase 9 inhibitor z-LEHD-CHO.

2.2. Cell culture and treatments

Human cervical cancer cell line HeLa, human hepatoma cell

line HepG2 and human breast cancer cell line MDA-MB-231

were obtained from ATCC. HeLa, HepG2 and MDA-MB-231

were maintained in DMEM medium (Sigma) with 10% FBS

(Hyclone). Equal numbers of cells were seeded in DMEM

medium and switched to the medium supplemented with 1%

FBS for treatment. Same concentration of DMSO was always



b i o c h e m i c a l p h a r m a c o l o g y 7 2 ( 2 0 0 6 ) 1 3 2 – 1 4 4134
applied to control cells. All the inhibitors were added into the

wells 1 h before Andro treatment.

2.3. Detection of apoptosis

The cells undergoing apoptosis were evaluated by two

methods. First, using DAPI staining to examine chromatin

condensation, which are characteristics for apoptosis [21].

Briefly, after designated treatments, medium was removed

and cells were fixed with 70% ethanol at room temperature for

10 min. After staining with 0.3 mg/ml DAPI (in PBS) at room

temperature for 10 min, cell nuclei were visualized under an

inverted fluorescence microscope and photographed (Nikon

ECLIPSE TE2000-S, Nikon Instruments, Tokyo, Japan). Second,

apoptotic cells were quantified using the DNA content analysis

to determine the percentage of sub-G1 cells [22]. At the end of

designated treatments, cells were collected and washed with

PBS twice, then fixed and permeabilized in 70% ice-cold

ethanol for 2 h. Fixed cells were incubated with PI staining

buffer (0.1% TritonX-100, 200 mg/ml RNase A and 20 mg/ml PI in

PBS) for 15 min at 37 8C followed by flow cytometry analysis.

2.4. Caspase 3/7 activity assay

Caspase 3/7 activity was examined using Apo-OneTM Caspase

3/7 Assay Kit (Promega). Experiment was conducted follow-

ing manufacturer’s instruction. Briefly, cells were subcul-

tured into 96-well plate in the medium containing 1% FBS for

12 h before Andro treatment. At the end of designated

treatment, z-DEVD-rhodamine 110 substrate was added into

the wells directly. After 4 h incubation at room temperature,

the fluorescence intensity was measured by a plate reader

(Tecan Spectra Flour Plus) at excitation 492 nm and emission

535 nm.

2.5. Cell subfractionation

Cell subfractionation was performed as described previously

[23]. Cells were first collected and washed with cold PBS once,

then resuspended in isotonic homogenization buffer (250 mM

sucrose, 10 mM KCl, 1.5 mM MgCl2, 1 mM Na–EDTA, 1 mM

DTT, 0.1 mM PMSF, 10 mM Tris–HCl, pH 7.4) containing

protease inhibitor cocktail (Roche). Cells were incubated on

ice for 10 min and then passed through gauge #27 needle for 20

times to break the cell membrane. The cell homogenates were

applied to a series of centrifugation at 50 � g for 10 min,

500 � g for 20 min and 15,000 � g for 20 min to fractionate

unbroken cells, heavy nuclear fraction and mitochondria

fraction, respectively. After the final centrifugation at

100,000 � g for 30 min, the supernatant was collected as the

cytosol fraction. Equal amount of mitochondrial and cytosolic

proteins were subjected to Western blot.

2.6. Immunoprecipitation and Western blot

For immunoprecipitation experiments, cells were lysed in

CHAPS lysis buffer (10 mM Hepes, pH 7.4, 150 mM NaCl, 1%

CHAPS) containing protease inhibitors [24]. The cell lysates

were normalized for protein content and 500 mg of total

protein were incubated with 2 mg of anti-Bax 6A7 monoclonal
antibody (Sigma) in 500 ml of CHAPS lysis buffer overnight at

4 8C. Then, 25 ml of protein G-agarose were added into the

reactions and incubated at 4 8C for an additional 3 h. After

three washings in CHAPS lysis buffer, beads were boiled in

loading buffer containing 5% b-mercaptoethanol and the

conformational changed Bax proteins in the immunoprecipi-

tates were subjected to Western blot analysis with anti-Bax

polyclonal antibody. For Western blot, cells were first lysed in

cell lysis buffer (50 mM Tris–HCl pH 8.0, 150 mM EDTA, 1%

TritonX-100, 0.5% SDS and protease inhibitor cocktail) and

equal amount of proteins were fractionated on SDS-PAGE gel

in the Mini-PROTEAN II system (Bio-RAD) and blotted onto

PVDF membrane (Millipore). After blocked with 5% nonfat

milk in TBST (10 mM Tris–HCl, pH 7.5, 100 mM NaCl and 0.1%

Tween-20), the membrane was probed with various antibodies

and developed with enhanced chemiluminescence (Pierce)

using a Kodak Image Station 440CF (Kodak). The density of the

various bands in Western blot was quantified using the Kodak

Image Station 440CF software (Kodak).

2.7. Transient transfection and small interfering RNA-
mediated protein knockdown

HeLa cells were seeded in 12-well plate overnight before the

transfection. Cells were co-transfected with pcDNA3.1 control

vector, Bcl-2 expression vector or CrmA expression vector (a

kind gift from Dr. Z.G. Liu, NCI, USA) together with the pDsRed-

N1 vector (Clontech) using LipofectamineTM 2000 (Invitrogen)

according to manufacture’s recommendations. For siRNA

experiments, negative control siRNA, and validated siRNA

duplex targeting human Bid and Lamin A/C were purchased

from QIAGEN. The cellular delivery of siRNA was carried out by

using LipofectamineTM 2000 and optimized with various doses

and post-transfection time and evaluated by Western blot.

HeLa cells were first seeded in DMEM medium without

antibiotics in a 24-well plate overnight before transfection.

Ready-to-use siRNA was mixed with 50 ml medium containing

appropriate amount of LipofectamineTM 2000 (1 ml/well) to

achieve a final concentration of siRNA at 10 nM. The mixture

was incubated at room temperature for 20 min to allow the

formation of transfection complexes. The formed mixture was

then added into the well and incubated for 4 h before it was

replaced by fresh DMEM medium. The transfected cells were

treated with Andro 72 h after transfection, and apoptotic cell

death was evaluated by DAPI staining.

2.8. Immunofluorescence and confocal microscopy

HepG2 cells were seeded in eight-well chamber slides 24 h

before treatment. At the end of treatments, cells were washed

with PBS and fixed in 3% paraformaldehyde for 1 h. After

permeablized for 2 min with 0.2% CHAPS in PBS, cells were

blocked in 2% BSA with 0.2% Tween-20 for 30 min and further

incubated with anti-Bax 6A7 antibody overnight at 4 8C. After

washed with PBS (+0.2% Tween-20), cells were incubated with

anti-mouse Alexa 633 secondary antibody for another 1 h.

Cover slips were mounted onto slides using ProLong anti-fade

mounting reagent (Molecular Probes). Cells were visualized

under Olympus FLOVIEW V500 confocal microscope. The

intensity of Bax 6A7 staining was measured in 10 randomly
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selected fields with Image-Pro-Plus (Media Cybernetics) and

the relative fluorescence intensities (arbitrary unit) were

presented as means � S.D.

2.9. Statistical analysis

All numerical data were presented as means � S.D. from at

least three independent experiments. Student’s t-test was

used to analyze statistical difference. p-Values less than 0.05

were considered significant.
3. Results

3.1. Andrographolide induces apoptosis in human cancer
cells

To explore anti-cancer potential of Andro, three types of

human cancer cell lines (human hepatoma cancer cell HepG2,

human cervical cancer cell HeLa and human breast cancer cell

MDA-MB-231) were treated with different concentrations of

Andro. After 24 h treatment, the apoptotic cell death induced

by Andro was identified by typical nuclear condensation

visualized with DAPI staining. Fig. 1A demonstrated a dose-

dependent pattern of Andro-induced apoptotic cell death in

three cancer cell lines. Andro-induced apoptosis was further

examined using DNA content analysis. As shown in Fig. 1B, in

HepG2 cells the dose-dependent increase of sub-G1 cells was

basically consistent with the results in Fig. 1A. Furthermore, a

typical 87 kDa PARP cleavage product, a hallmark of apoptosis

[25], was observed in HepG2 cells upon Andro treatment in a

time- and dose-dependent manner (Fig. 1C). Similar results

were also found in HeLa cells (data not shown).

3.2. A caspase cascade in Andro-induced apoptosis

To determine the involvement of caspase cascade in Andro-

induced apoptosis, we first examined the caspase activation

by performing Apo-OneTM Caspase 3/7 assay. As shown in

Fig. 2A, around eight-fold increases of caspase 3/7 activity

were observed after treatment with Andro for 12 h. Cells

treated with TNFa were used as a positive control. Consistent

with this observation, the cleavage of caspase 3 from proform

into its active form (p17) was detected by Western blot after

Andro treatments (Fig. 2B). In order to determine the

involvement of the initiator caspases upstream of caspase

3, we measured the activation of the two initiator caspases:

caspase 8 in the death receptor pathway and caspase 9 in the

mitochondrial pathway. A dose-dependent cleavage of cas-

pase 8 and decrease of proform of caspase 9 were detected

(Fig. 2B). The involvement of the caspase cascade in Andro-

induced apoptosis was further studied by applying different

caspase inhibitors in Andro-treated cells. Both pan-caspase

inhibitor z-VAD-FMK and the specific inhibitors for caspases 8,

9 and 3 could effectively block the PARP cleavage (Fig. 2C) as

well as Andro-induced apoptotic cell death as detected by

DAPI staining (Fig. 2D). All these findings demonstrated that

Andro-induced apoptosis involves key caspases in both the

extrinsic death receptor pathway and the mitochondria-

dependent pathway.
3.3. Andro induces Bid cleavage following caspase 8
activation

It has been well established that Bcl-2 family proteins play

pivotal roles in regulation of apoptotic pathways [26]. Among

these proteins, Bid, a pro-apoptotic Bcl-2 family member,

provides a critical step cross-linking the extrinsic cell death

receptor signaling pathway to mitochondria upon caspase 8-

mediated cleavage [20]. In this study, activation of the two

initiator caspase 8 and 9 prompted us to examine the

involvement of Bid and other Bcl-2 family members in

Andro-induced apoptosis. After the treatment with Andro,

we first observed a dose- and time-dependent decrease of full

length Bid protein (Fig. 3A). More importantly, as shown in

Fig. 3B, when cells were pretreated with pan-caspase inhibitor

(z-VAD-FMK) or caspase 8 inhibitor (z-IETD-FMK), the decrease

of full length of Bid caused by Andro was prevented,

suggesting that Bid cleavage is mediated by caspase 8

activation.

3.4. Andro induces Bax conformational change

It has been reported that pro-apoptotic Bax is closely related

with Bid and undergoes a conformational change and

consequent mitochondrial translocation during apoptosis

[27]. In this study, we examined the Bax changes induced by

Andro treatment. By using the Bax (6A7) monoclonal antibody,

which specifically recognizes the Bax protein with conforma-

tional change but not the native form [28], there was a time-

dependent increase of Bax staining in Andro-treated cells,

suggesting the conformational change of Bax (Fig. 4A). Being

consistent with this observation, we also detected the increase

of Bax protein with conformational changes using immuno-

precipitation with the Bax (6A7) antibody (Fig. 4B). Further-

more, as shown in Fig. 4C, Bax conformational changes were

proven to be caspase 8-dependent, as pretreatment with

caspase 8 inhibitor (z-IETD-FMK) almost completely abolished

the Andro-induced conformational changes of Bax.

3.5. Andro induces Bax translocation and cytochrome c
release

To further examine the effect of Andro on mitochondria, we

studied the mitochondrial translocation of Bax (Fig. 5A) and

the release of cytochrome c from the mitochondria (Fig. 5B).

Starting from 4 h, there was a time-dependent progressive

increase of Bax in the mitochondrial fraction and the

concurrent increase of cytochrome c release from mitochon-

dria to the cytosol in the Andro-treated cells. Such a finding is

consistent with the previous reports that the integration of

Bax in the outer membrane followed by cytochrome c release

is a possible prerequisite for mitochondrial apoptotic pathway

[29].

3.6. Knockdown of Bid expression protects cell from Andro-
induced cell death

In order to confirm the critical role of Bid in Andro-induced

apoptotic cell death, we manipulated Bid protein level by using

siRNA technology. Transient transfection of siRNA duplex
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Fig. 1 – Andro induces apoptosis in human cancer cell lines. (A) Nuclear condensation in apoptotic cells detected

by DAPI staining. HepG2, HeLa and MDA-MB-231 cells were treated with various concentrations of Andro for 24 h. The

result was presented as the percentage of cells with evident nuclear condensation in 200 randomly selected cells. Inserted

are representative images of HeLa cells photographed under a normal light microscope (upper panel) or cells with DAPI

staining visualized under an inverted fluorescence microscope (lower panel). (B) Flow cytometry analysis shows the

percentage of sub-G1 in HepG2 cells treated with Andro for 24 h. Inserted are typical histograms showing the sub-G1 peak

in Andro-treated cells. (C) Dose-dependent and time-dependent cleavage of PARP was induced by Andro. HepG2 cells

were treated with designated concentrations of Andro for 6, 12 or 24 h, and the PARP cleavage was detected by Western

blot. The 87 kDa band was quantified and the fold of increase was presented. In both (A and B), data were presented as

mean W S.D. from three independent experiments and analyzed by using Student’s t-test (**p < 0.01 when compared

to the control group).
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Fig. 2 – Involvement of caspase cascade in Andro-induced apoptosis in HepG2 cells. (A) Caspase 3/7 like activity was

measured by Apo-OneTM Caspase 3/7 Assay Kit. HepG2 cells were cultured in the 96-well plate and treated with Andro

(50 mM) for 6 h. TNFa (20 ng/ml + CHX 25 ng/ml) for 6 h was used as a positive control. (B) Andro-induced caspase 8, 9 and 3

cleavages were detected by Western blot. HepG2 cells were treated with Andro at indicated concentrations for 24 h.

Treatment with CHX + TNFa for 6 h was used as a positive control. (C) Inhibition of Andro-induced PARP cleavage by

caspase inhibitors. HepG2 cells were pretreated with z-VAD-FMK (25 mM), z-DEVD-CHO (50 mM), z-LETD-FMK (50 mM) or z-

LEHD-CHO (50 mM), respectively, for 1 h followed with Andro (50 mM) treatment for 24 h. PARP cleavage was detected by

Western blot. (D) Suppression of Andro-induced apoptosis by caspase inhibitors. Apoptotic cell death was evaluated by

DAPI staining as described in Fig. 1. The numeric data were presented as mean W S.D. from at least three independent

experiments (**p < 0.01 when compared to control group; ##p < 0.01 when compared to the Andro-treated only group). In (B

and C), the densities of the respective cleaved band of caspase 8, 3 and PARP and the proform of capsase 9 were quantified

and the folds of increase were presented accordingly. Tubulin was blotted as a loading control.
specifically targeting human Bid gene resulted in a significant

reduction of Bid protein level comparing to the negative

control siRNA transfection (Fig. 6A). As a result, there was no

pronounced Bax staining (by Bax 6A7 antibody) in Bid siRNA

transfected cells (Fig. 6B) different from the observation on the

negative control siRNA transfected cells, suggesting that the
Bax conformational changes were triggered by Bid cleavage

following Andro treatment. Moreover, knockdown of Bid

protein level also offered significant resistance to Andro-

induced apoptosis (Fig. 6C), which supports the notion that

Bid–Bax signaling plays a critical role in Andro-induced

apoptosis.
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Fig. 3 – Andro-induced Bid cleavage following caspase 8

activation in HepG2 cells. (A) Andro-induced Bid cleavage

detected by Western blot. HepG2 cells were treated with

Andro (50 mM) for indicated times (upper panel). In the

lower panel, HepG2 cells were treated with Andro in

designated concentrations for 6 h. (B) Andro-induced Bid

cleavage was blocked by caspase inhibitors. HepG2 cells

were pretreated with caspase 8 inhibitor (z-IETD-FMK) or

pan-caspase inhibitor (z-VAD-FMK) for 1 h, followed by

Andro (50 mM) treatment for another 6 h. The density of

the Bid band was quantified and the fold of increase was

presented. Tubulin was blotted as a loading control.
3.7. Bcl-2 and CrmA over-expression block Andro-induced
apoptosis

In addition to pro-apoptotic Bcl-2 family proteins, we further

examined the involvement of the anti-apoptotic Bcl-2 protein.

It is known that Bcl-2 is a mitochondrial protein that inhibits

apoptotic process and promotes cell survival by heterodimer-

ization with pro-apoptotic Bcl-2 family members such as Bax

[30,31]. As shown in Fig. 7, over-expression of Bcl-2 effectively

inhibited the Andro-induced apoptotic death. This observa-

tion strongly supports the notion that Bcl-2 family members

including both the anti-apoptotic and pro-apoptotic proteins

are critical regulators in Andro-induced apoptosis. Finally, in

order to confirm the initiating function of caspase 8 activation
in the mitochondrial apoptotic pathway induced by Andro, we

overexpressed a specific caspase 8 inhibitor protein (CrmA) in

HeLa cells. In Fig. 7A, those successfully transfected cells were

marked in red and the living cells maintained the normal

morphology while the dead cells appeared rounded and

shrinked. It is evident that over-expression of CrmA protein

remarkably protected the cell from apoptotic death caused by

Andro. The above data were quantified by counting the

percentage of dead cells among the transfected cells (Fig. 7B).

Data from this part of the experiment further demonstrate

that Andro is capable of utilizing the death receptor pathway

in the induction of apoptotic cell death in human cancer cells.
4. Discussion

Although the medicinal herb Andrographis paniculata has been

used for centuries as an anti-inflammatory medicine, its anti-

cancer property has not been well studied. Recently, Andro,

the main active component of this herbal medicine, has been

found to be able to inhibit cancer cell proliferation [10], induce

cell-cycle arrest [10,11] and promote apoptosis [14,15] in

human cancer cells. For example, Andro caused apoptotic

morphological change and caspase 3, 8 activations in PC-3

cells [14]. In HL-60 cells, Andro treatment induced mitochon-

drial cytochrome c release, accompanied by increased expres-

sion level of Bax and decreased expression level of Bcl-2

protein [15]. However, there are a number of important issues

regarding the effect of Andro on apoptosis remaining to be

further elucidated. First, Andro may inhibit or promote

apoptosis depending on various factors such as the cell type

and the nature of the apoptotic stimuli. For instance, Andro is

capable of protecting endothelial cells against apoptosis

induced by growth factor deprivation via activation of the

PI3K-AKT pathway [12]. Second, the molecular mechanism

underlying Andro-induced apoptosis in cancer cells has not

been fully investigated. In this study, we examined the

mechanisms of Andro-induced apoptosis by focusing on the

caspase cascade and the regulatory role of the Bcl-2 family

members. The results from this study suggest that Andro-

induced apoptotic cell death by the receptor apoptotic path-

way leads to the apoptotic activation of mitochondria which

facilitates the release of apoptotic factors and thus amplifies

the caspase cascade. More importantly, Bid and Bax, two pro-

apoptotic Bcl-2 family members are critical mediators relaying

the death signal from the initiator caspase 8 to caspase 9 and

eventually the effector caspase 3 and apoptotic cell death in

cancer cells.

One intriguing finding from this study is that the apoptotic

cell death induced by Andro was initiated by the extrinsic

death receptor pathway, based on the observations that Andro

activated caspase 8 and both synthetic caspase 8 inhibitor (z-

IETD-fmk) (Fig. 2) and CrmA, a viral caspase 8 inhibitory

protein [32], were able to prevent Andro-induced apoptosis

(Fig. 7). Such a mechanism of action by Andro is indeed similar

to a number of other natural products that have been shown to

induce apoptotic via the death receptor apoptotic pathway. For

instance, ajoene, an extract from garlic, kills HL-60 cells via

activation of the initiator caspase 8 [33]. Prodelphinidin B-

2,3,30-di-O-gallate from Myrica rubra induces the apoptosis in
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Fig. 4 – Bax conformational change following caspase 8 activation in HepG2 cells. (A) Conformational changes of Bax

detected by immunofluorescence staining. Following treatment with Andro (50 mM) for indicated time, Bax conformational

changes were determined by immunofluorescence staining using a mouse anti-Bax 6A7 antibody. HepG2 cells were

counterstained with DAPI to visualize nuclei. Images are representatives of three individual experiments. (B)

Conformational changes of Bax detected by immunoprecipitation and Western blot. HepG2 cells were treated as panel A

and subjected to immunoprecipitation with anti-Bax 6A7 monoclonal antibody followed by Western blot analysis with

anti-Bax polyclonal antibody. Treatment with parthenolide (25 mM) for 8 h was used as positive control [23]. The density of

the Bax band was quantified and the fold of increase was presented. In addition, the total lysates (40 mg of protein per lane)

were blotted directly. (C) Bax conformational changes blocked by a caspase 8 inhibitor. HepG2 cells were treated with Andro

(50 mM) in the presence (+) or absence (S) of caspase 8 inhibitor (z-IETD-FMK), following the same protocol as in panel A for

Bax staining. In (A and C), the intensity of Bax 6A7 staining was measured in 10 randomly selected fields and the relative

fluorescence intensities (arbitrary unit) were presented as mean W S.D.
MCF-7 cells through the Fas/FasL system [34]. Similarly, the

apoptosis triggered by the water extract of Phyllanthus urinaria

is also mediated through Fas ligand/receptor [35]. The exact

mechanisms by which the extrinsic apoptosis pathway is

activated by those natural products are mostly elusive. One

possibility involves the enhanced expression of both the death

receptor and the ligand [35]. In this study, Andro did not alter
the expression of death receptor DR4 and DR5 in both HepG2

and HeLa cells (data not shown), thus it remains to be further

determined how Andro acts on the death receptor and the

ligand. Another possibility is that Andro may augment caspase

8 activation via its inhibitory effect on NF-kB activation, based

on an earlier observation that Andro is able to inhibit NF-kB by

covalent modification of reduced cysteine 62 of p50 in immuno
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Fig. 5 – Andro induces Bax mitochondrial translocation and

cytochrome c release in HepG2 cells. (A) Mitochondrial

translocation of Bax. HepG2 cells were exposed to Andro

(50 mM) for 0, 4, 8 or 12 h and subjected to subcellular

fractionation for mitochondria-rich fraction and cytosol.

(B) Cytochrome c release upon Andro treatments. HepG2

cells were treated with Andro (50 mM) for 4, 8 or 12 h,

respectively and cytosolic fraction was subject to Western

blot for detection of cytochrome c release. MnSOD and

tubulin were used as loading controls for the

mitochondrial and cytosolic fractions, respectively.
cells [5]. It has been well established that NF-kB is generally

acting as a powerful anti-apoptotic factor via up-regulation of

an array of anti-apoptotic genes [36]. One of such target genes

is cellular FLICE-inhibitory protein (c-FLIP) which is capable of

directly inhibiting caspase 8 activation [37]. Therefore,

suppression of NF-kB signaling pathway will lead to down-

regulation of c-FLIP and increased activation of caspase 8 [38].

In this study, Andro did not affect the basal level of NF-kB

activation in the cancer cells tested (data not shown).

Nevertheless, it remains to be further investigated whether

the inhibitory effect of Andro on NF-kB is involved in apoptosis

in cells with stimulated NF-kB pathway.

An earlier study by Kim and Milner on Andro provided

some preliminary evidence showing the activation of caspase

8 and caspase 3, without examining the detailed mechanism

contributing to Andro-induced apoptosis [14]. In this study,

we further examined the apoptotic cell death process

following the activation of the initiator caspase 8. It was
found that the protein level of full length Bid was significantly

decreased upon Andro treatment (Fig. 3A). As expected, such

a change was prevented by the pretreatment of the caspase 8

inhibitor z-IETD-FMK and the pan-caspase inhibitor z-VAD-

FMK (Fig. 3B), suggesting that caspase 8 was responsible for

Bid cleavage in Andro-treated cells. It has been well

established that caspase 8-mediated Bid cleavage and

subsequent Bid mitochondrial translocation mediate mito-

chondria alteration in response to activation of cell surface

death receptor [39,40]. One of the key molecules in response to

Bid cleavage and mitochondrial translocation is Bax: Bax

undergoes transformation and oligomerization to form pores

in the outer mitochondrial membrane, leading to the release

of pro-apoptotic proteins from mitochondria, such as

cytochrome c [19,27]. Therefore, we next focused on the

involvement of Bax in Andro-induced apoptosis, with the

following observations: first, there was a striking conforma-

tional change of Bax detected in Andro-treated cells with the

conformation-specific antibody 6A7 in both immunohisto-

chemistry staining (Fig. 4A) and immunoprecipitation assay

(Fig. 4B). Second, in the cell fractionation experiments,

significant amount of Bax accumulated in mitochondria

following Andro treatment (Fig. 5A). Different from an earlier

observation in which Andro enhanced Bax protein expression

[15], no change of the total Bax protein level was found in our

study (data not shown) suggesting that Andro-induced

apoptosis is mainly regulated via Bid cleavage-associated

Bax transformational alteration, but not via up-regulation of

Bax. At present the mechanisms underlying such discrepancy

are not known. It is possible that Andro is capable of

enhancing the pro-apoptotic function of Bax via multiple

mechanisms.

As mentioned above, Bax has been considered as one of the

most important pro-apoptotic Bcl-2 members promoting

mitochondrial apoptotic pathway [27]. One important under-

lying mechanism of the pro-apoptotic function of Bax is to

promote the release of pro-apoptotic factors such as cyto-

chrome c from mitochondria [29,41]. It has been proposed that

Bax may stimulate the opening of the permeability transition

pore (PTP) through interaction with the adenine nucleotide

translocator. As a result of PTP opening, mitochondria would

swell, leading to rupture of the outer mitochondrial mem-

brane and release of cytochrome c [29]. In this study, Bax

mitochondrial translocation was accompanied by the con-

current release of cytochrome c in Andro-treated cells (Fig. 5B).

Furthermore, it is known that Bax’s proapoptotic activity is

subject to the regulation by other Bcl-2 family members. For

instance, the anti-apoptotic Bcl-2 protein is able to block

apoptosis by binding to Bax to form Bcl-2–Bax heterodimers

[31]. In our study, overexpression of Bcl-2 protein offered

significant protection against Andro-induced apoptosis

(Fig. 7). Andro has been shown to down-regulate the

expression of Bcl-2 protein [15]. It is thus believed that in

Andro-treated cells, the pro-apoptotic function of Bid and Bax

overruns the anti-apoptotic function of Bcl-2, leading to

apoptosis.

In order to further elucidate the role of Bid–Bax in Andro-

induced apoptosis, we manipulated the Bid protein level by

using the siRNA technology. It is clear that the knockdown of

Bid protein level gave rise to two important consequences:
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Fig. 6 – Knockdown of Bid expression protects cell from Andro-induced cell death in HeLa cells. (A) Reduction of

Bid protein level by siRNA. HeLa cells were transfected with various siRNA duplexes for 72 h and Bid protein level were

evaluated by Western blot. (B) Down-regulation of Bid inhibited the Bax conformational changes. HeLa cells were first

transfected with various siRNA duplexes as described above, followed by Andro (50 mM) treatment for 12 h. The

conformational changes of Bax were visualized by immunofluorescence as mentioned in Fig. 4. (C) Inhibition of Andro-

induced apoptosis by down-regulation of Bid. HeLa cells were transfected with different siRNA duplexes as described

above, and then subjected to Andro (50 mM) treatment for 24 h. Cells under apoptotic cell death were counted under an

inverted fluorescence microscope after DAPI staining (mean W S.D. from at least three independent experiments,
**p < 0.01 when compared to the control group).
reduction of Bax transformation (Fig. 6B) and protection from

apoptotic cell death (Fig. 6C). These results thus strengthen

our argument that Bid and Bax play key role in the apoptotic

signaling initiated by Andro. Although our data clearly suggest

that Bid is a critical upstream regulator of the pro-apoptosis

function of Bax, Bax activation and translocation also can be

initiated by other mechanisms: (i) direct activation of Bax by
Bim [27]; (ii) enhanced Bax expression induced by tumor

suppressor p53 [42,43]. Further studies are required to

elucidate the role of other Bcl-2 family members in Andro-

induced apoptosis.

Taking together, data from this study provide convincing

evidence that the pro-apoptotic Bcl-2 family members (Bid and

Bax) are the key mediators in relaying the cell death signaling
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Fig. 7 – Ectopic expression of Bcl-2 and CrmA blocks Andro-induced apoptosis in HeLa cells. (A) HeLa cells were transiently

transfected with pcDNA, CrmA or Bcl-2, together with pDsRed as a transfection marker. 48 h after transfection, cells were

treated with Andro (50 mM) for another 24 h. Cell death was then evaluated by morphological changes under a fluorescent

microscope and those successfully transfected cells were in bright red. (B) Quantification of cell death by counting the

percentage of dead cells in total of randomly selected 200 transfected cells. Data are presented as mean W S.D. from three

independent transfection experiments (**p < 0.01 when compared to control group). ‘‘For interpretation of the references to

color in this figure legend, the reader is referred to the web version of the article’’.
initiated by Andro from caspase 8 to mitochondria and then to

downstream effector caspase, and eventually leading to

apoptotic cell death. Understanding the molecular mechan-

isms underlying Andro-induced apoptosis in cancer cells may

provide new insights for further investigation and develop-

ment of Andro into a potential anticancer agent.
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