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Abstract
Emodin, a natural anthraquinone derivative isolated from Rheum palmatum L., has been reported to exhibit anti-cancer effect on several

human cancers such as liver cancers and lung cancers. However, the molecular mechanisms of emodin-mediated tumor regression have

not been fully defined. In this study, we show that treatment with 50 mM emodin resulted in a pronounced release of cytochrome c,

activation of caspase-2, -3, and -9, and apoptosis in human lung adenocarcinoma A549 cells. These events were accompanied by the

inactivation of ERK and AKT, generation of reactive oxygen species (ROS), disruption of mitochondrial membrane potential (Dcm),

decrease of mitochondrial Bcl-2, and increase of mitochondrial Bax content. Ectopic expression of Bcl-2, or treatment with

aurintricarboxylic acid, furosemide or caspase inhibitors markedly blocked emodin-induced apoptosis. Conversely, pharmacologic

ERK and AKT inhibition promoted emodin-induced apoptosis. Furthermore, the free radical scavenger ascorbic acid and N-acetylcysteine

attenuated emodin-mediated ROS production, ERK and AKT inactivation, mitochondrial dysfunction, Bcl-2/Bax modulation, and

apoptosis. Take together, these findings suggest that in A549 cells, emodin-mediated oxidative injury acts as an early and upstream change

in the cell death cascade to antagonize cytoprotective ERK and AKT signaling, triggers mitochondrial dysfunction, Bcl-2 and Bax

modulation, mitochondrial cytochrome c release, caspase activation, and consequent leading to apoptosis.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Lung cancer is the leading cause of male and female

cancer death worldwide. Every year, about 7000 people die

of lung carcinoma, and the number is increasing rapidly in
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Taiwan. Lung cancers are classified into small cell lung

cancer (SCLC) and non-small cell lung cancer (NSCLC,

including adenocarcinoma, squamous cell carcinoma, and

large cell carcinoma). NSCLC is the more common variant

(�80% of lung cancers) and, unlike SCLC, is less sensitive
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to chemotherapeutic agents. Survival statistics are dismal

with an average 5-year survival of 10–15% [1]. Thus, it is

crucially important to develop better therapeutic strategies

for the management of NSCLC. It is well known both

growth inhibition and apoptosis are the important deter-

minants of the response of cancers to chemotherapeutic

agent [2–4]. Therefore, compounds that induce cell-cycle

arrest and apoptosis may provide potent anti-cancer effect

for cancer treatment.

Natural herbal medicines such as Rheum palmatum L.

(Polygonaceae) is traditionally applied in cancer therapy in

Chinese medicine. Emodin (1,3,8-trihydroxy-6-methylan-

thraquinone) is an active constituent isolated from the root

of R. palmatum L. [5]. Pharmacological studies have

demonstrated that emodin possesses anti-bacterial [6],

anti-inflammatory [7], immunosuppressive [8], vasorelax-

ant [9], anti-ulcerogenic [10], and anti-cancer effects.

Previous studies have demonstrated that emodin inhibits

cell growth in several type of tumor cells [3,11–16].

Relevant to its anti-proliferative activity, emodin is a potent

inhibitor of the protein tyrosine kinase [17], was shown to

suppress HER-2/neu tyrosine kinase activity in HER-2/

neu-overexpressing human breast and lung cancer cells in

vitro and inhibition of malignant transformation and

metastasis-associated properties of HER-2/neu-overex-

pression breast cancer cells in vivo. It has also been

reported that emodin can enhance the sensitivity of cancer

cells to chemotherapeutic agents [13,18,19]. However, the

molecular mechanism of emodin-mediated chemothera-

peutic effect on cancer cells remains unclear. The clarifica-

tion of the mode of action of emodin may be important in

developing its application. In this study, we found that

emodin-induced apoptosis was via a ROS- and Bcl-2/Bax-

dependent mitochondrial signaling pathway in human lung

adenocarcinoma A549 cells.
2. Materials and methods

2.1. Reagents

Emodin (1,3,8-trihydroxy-6-methylanthraquinone),

furosemide (Furo), and aurintricarboxylic acid (ATA),

40,6-diamindino-2-phenylindole (DAPI), ascorbic acid

(Asc), and N-acetylcysteine (NAC) were purchased from

Sigma, St. Louis, MO. Anti-Bcl-2, anti-Bcl-XL–S, anti-

Bad, anti-phospho-ERK, anti-AKT, and anti-Bax, were

purchased from Santa Cruz Biotechnology (Santa Cruz,

CA); anti-Bak, anti-Bid, anti-caspase-8, and anti-cyto-

chrome c were purchased from PharMingen (San Diego,

CA). Anti-phospho-AKT and U0126 (1,4-diamino-2,3-

dicyano-1,4-bis(2-aminophenylthio) butadiene) were

purchased from Cell Signaling Technology, Inc. (Beverly,

MA, USA). Anti-b-Actin was purchased from Oncogene

Science, Inc. (Uniondale, NY). Anti-ERK was purchased

from Calbiochem Chemical Company (CN Biosciences
Notts, UK). Anti-cytochrome oxidase IV was obtained

from Molecular Probes (Eugene, OR, USA). Anti-mouse

and anti-rabbit IgG peroxidase-conjugated secondary

antibody were purchased from Amersham (Buckin-

ghamshire, UK). The recombination Bcl-2-adenoviral

vector and control adenoviral vector were provided by

Dr. Song-Kun Shyue at the Institute of Biomedical

Sciences, Academia Sinica (Taipei, Taiwan). TUNEL

assay kit was obtained from Roche Diagnostics (Man-

nheim, Germany). Caspase-2 inhibitor (z-VDVAD-fmk),

caspase-3 inhibitor (z-DEVD-fmk), caspase-8 inhibitor

(z-IETD-fmk), and caspase-9 inhibitor (z-LEHD-

fmk) were purchased from KAMIYA. Caspase activity

assay kits, including the fluorogenic substrates of

caspase-1 (YVAD-AFC), caspase-2 (VDVAD-AFC), cas-

pase-3 (DEVD-AFC), caspase-6 (VEID-AFC), caspase-8

(IETD-AFC) and caspase-9 (LEHD-AFC), were pur-

chased from R&D systems (Minneapolis, MN, USA).

20,70-Dichlorofluorescensin diacetate (DCF-DA), dihy-

droethidine (HE), and 3,3-dihexyloxacarbocyanine iodide

(DiOC6) were purchased from Molecular Probes (Eugene,

OR, USA).

2.2. Cell culture and cytotoxicity assay

Human lung adenocarcinoma cell line A549, human

non-small cell cancer line H460, human squamous car-

cinoma cell line CH27, human fibroblast-like lung cell

line (WI-38), endothelial cells (prepared from 4-day-old

neonatal Sprague–Dawley rat hearts as described else-

where) [20], hepatic stelle cells and hepatocytes (pre-

pared from adult Sprague–Dawley rat liver as described

elsewhere) [21] were cultured in Dulbecco’s modified

Eagle’s medium (Flow Laboratories), containing 10%

fetal calf serum, antibiotics 100 U/ml penicillin and

100 mg/ml stretomycin, and 2 mM glutamine, at 37 8C
in a humidified atmosphere comprising 95% air and 5%

CO2. Culture medium was changed every 2 days. For

growth inhibition assay, cells were seeded into 12-well

plates at a density of 1 � 105 cells/well. After 24 h, cells

were treated with various concentrations of emodin for

the indicated time points. After treatment, the number of

viable cells was determined by Trypan blue dye exclusion

method.

2.3. Clonogenic assay

Clonogenic assay was performed by seeding 250 cells

per well into 6-well plastic dishes. After 24-h incubation,

cells were treated with various concentrations (0, 1, 5, 10,

and 25 mM) of emodin for 72 h. After treatment, cells were

washed twice with PBS to remove any remaining emodin

and fresh medium was added. The cells were incubated for

another 14 days. The colonies were stained using crystal

violet [22]. Colonies of greater than 50 cells were counted

as surviving, and the percent survival was determined using
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the following equation: percentage of survival = (colonies

of drug treatment/colonies of control) � 100.

2.4. Apoptotic cell determination

A549 cells were treated with 50 mM emodin for 48 h,

then washed with phosphate-buffered saline (PBS) twice,

fixed in 2% paraformaldehyde for 30 min and then per-

meabilized with 0.1% Triton X-100/PBS for 30 min at

room temperature. After washing with PBS, terminal

transferase-mediated dUTP-fluorescensin nick end-label-

ing (TUNEL) assay was performed according to the man-

ufacturer’s instructions (Boehringer Mannheim). Cells

were incubated in TUNEL reaction buffer in a 37 8C
humidified chamber for 1 h in the dark, then rinsed twice

with PBS and incubated with DAPI (1 mg/ml) at 37 8C for

10 min, stained cells were visualized using a fluorescence

microscope. Fluorescence intensity changes were detected

under a fluorescence microscope or analyzed by flow

cytometry. TUNEL-positive cells were counted as apop-

totic cells.

2.5. Caspase activity assay

Cells lysates obtained from emodin-treated or untreated

A549 cells were tested for caspase-2, -3, -6, -8, and -9

activities by addition of a caspase-specific peptide sub-

strate conjugated with the fluorescent reporter molecule 7-

amino-4-trifluoromethyl coumarin (R&D System Minnea-

polis, USA). The cleavage of the peptide by the caspase

releases the fluorochrome that when excited by light at

400 nm emits fluorescence at 505 nm. The level of caspase

enzymatic activity in the cell lysate is directly proportional

to the fluorescence signal detected with a fluorescent

microplate reader (Fluoroskan Ascent; Labsystems, Fin-

land).

2.6. Preparation of subcellular fractions

Cell fractionation was performed as described pre-

viously with some modifications [23,24]. Briefly, cells

were collected at different time intervals and washed twice

in ice-cold PBS. Cell pellets were frozen at �80 8C,

thawed at 4 8C, and resuspended in cytosol extraction

buffer (50 mM Tris, pH 7.4, 4 mM EDTA, 2 mM EGTA,

1 mM sodium orthovanadate, 1 mM sodium fluoride, 5 mg/

ml leupeptin, 5 mg/ml aprotinin, 0.2 mM phenylmethyl-

sulfonylfluoride, 0.5 mM DTT) at 4 8C until more than

95% of the cells were Trypan blue positive. Cell lysates

was centrifugated at 100,000 � g for 30 min at 4 8C, the

supernatant was collected as the cytosolic fraction. The

pellet was resuspended in modified RIPA buffer (50 mM

Tris, pH 7.4, 150 mM NaCl, 1 mM EGTA, 5 mM EDTA,

0.5% Triton X-100, 0.25% sodium deoxycholate, 1 mM

sodium fluoride, 1 mM sodium orthovanadate, 5 mg/ml

leupeptin, 0.2 mM phenylmethyl-sulfonylfluorid, aproti-
nin, and 10 mg/ml, 0.5 mM DTT) at 4 8C overnight and

centrifuged. The supernatant was collected as the particu-

late fraction. Protein concentrations were determined using

the Bradford method and samples were frozen as aliquoted

at �80 8C for subsequent experiments. The particulate

fraction includes membrane-organelle proteins and

nuclear-associated proteins.

2.7. Protein preparation and immunoblotting

Cells were cultured without or with 50 mM emodin at

various times. After treatment, both adherent and floating

cells were harvested, washed twice with ice-cold PBS and

lysed in ice-cold modified RIPA buffer. After 30 min of

incubation on ice, cells were centrifuged at 100,000 � g

for 30 min at 4 8C, supernatants were collected. Protein

concentration was determined using the Bradford method.

For Western blot analysis, equal amounts of total protein

were loaded onto SDS-polyacrylamide gels and the pro-

teins electrophoretically transferred onto a PVDF mem-

brane (Millipore, Bedford, MA). Immunoblots were

analyzed using specific primary antibodies. After exposure

to horseradish peroxidase-conjugated secondary antibody

for 1 h, proteins were visualized using an enhanced che-

miluminescence detection kit (ECL Kits; Amersham Life

Science).

2.8. Measurement of intracellular ROS generation and

mitochondrial membrane potential (Dcm)

It is well documented that HE is a specific superoxide

tracing dye, and DCF-DA has been used frequently to

monitor H2O2 and hydroxyl radical levels in cells. The

cells were incubated with 50 mM emodin for the indicated

periods. For determination of mitochondrial membrane

potential, cells were treated with 10 mM HE, 5 mM

DCF-DA 30 min prior to harvesting, then washed with

PBS. The fluorescence intensity of the cells was deter-

mined by flow cytometry.

Changes of mitochondrial membrane potential (Dcm)

have been considered to be an indicator of mitochondrial

damage. Cells were treated with 50 mM emodin for the

indicated periods. Cells were incubated with DiOC6

(40 nM in culture medium) 30 min prior to harvesting,

then washed with PBS, cellular uptake of DiOC6 was

analyzed by flow cytometry.

2.9. Statistical analysis

All data are presented as mean � S.D. of at least nine

replicates from three separate experiments. Statistical dif-

ferences were evaluated using the Student’s t-test and

considered significant at the *P < 0.05, **P < 0.01, or
***P < 0.001 level. All the figures shown in this article

were obtained from at least three independent experiments

with similar results.
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3. Results

3.1. Emodin caused growth inhibition and apoptotic

cell death

The effect of emodin on cell growth and cell death were

examined in three human lung cancer cell lines. As shown

in Fig. 1A, treatment of lung cancer cells with low con-

centration of emodin (10 mM) resulted in growth inhibition

but not cell death, approximately 40, 60, and 90% growth

inhibition was detected after 72 h treatment of A549,

H460, and CH27 cells, respectively. However, emodin-

mediated cytotoxicity occurred at a concentration greater

than 25 mM. Clonogenic assays were used to confirm the

cytotoxic effect of various concentrations of emodin on
Fig. 1. Induction of apoptosis by emodin. (A) A549, CH27, and H460 cells were tr

Cell numbers were calculated by Trypan blue dye exclusion method using hemoc

independent experiments. (B) Effect of emodin on colony formation. A549, H460

25 mM) of emodin for 72 h. After treatment, cells were washed and cultured in drug

cells were treated with 50 mM emodin for 48 h, nuclei were characterized by D

Magnification 200�; scale bar, 20 mm. (D) The effect of emodin on several types

stellate cells (HSC) and rat hepatocytes (HC) were treated without or with 50 mM

method.
three tested cell lines. As shown in Fig. 1B, the clonogenic

survival of A549, H460, and CH27 cells were not sig-

nificantly affected by exposure to emodin for 48 h, com-

pared to that of the controls, at the concentrations between

1 and 10 mM. However, treatment with 25 mM emodin

markedly reduced long-term colony formation to 35 � 7%

(A549 cells), 37 � 6% (H460 cells), and 48 � 6% (CH27

cells), as compared to untreated controls (100%). These

data indicated that low concentrations (1–10 mM) of emo-

din treatments resulted in a cytostatic effect, but not

cytotoxic effect, in all three tested cell lines. Investigations

of high concentration (>25 mM) emodin-treated cells

under an inverted phase microscope revealed that cells

exhibited morphological features of apoptosis. To obtain

further support for the induction of apoptosis by emodin in
eated without or with 10, 25, and 50 mM of emodin, for 12, 24, 48, and 72 h.

ytometer. Data are presented as mean � S.D. of nine replicates from three

, and CH27 cells were treated with various concentrations (0, 1, 5, 10, and

-free medium for another 14 days. Stained colonies were counted. (C) A549

API and TUNEL assay and investigated under a fluorescent microscopy.

of cells. A549, CH27, H460, WI-38, rat endothelial cells (EC), rat hepatic

emodin for 96 h. Cell number was measured by trypan blue dye exclusion
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A549 cells, DAPI staining and in situ TUNEL assay were

performed. As demonstrated in Fig. 1C, treatment with

50 mM emodin for 48 h significantly induced the apoptotic

cell death with condensed nuclei and increase of TUNEL

positive cells, suggesting that the DNA fragmentation was

occurring in these cells. Next, the cytotoxic effects of

emodin were examined in human fibroblast-like lung

WI-38 cells and three primary cultured rat normal cells,

including neonatal rat heart endothelial cells, rat hepato-

cytes, and rat hepatic stellate cells. Results showed that

emodin (50 mM) evoked a significant growth inhibitory

effect, but a less or no cytotoxic effect in four tested normal

cells after 96 h treatment (Fig. 1D). These data indicate

that normal cells were more resistance to emodin-mediated

cytotoxicity than lung cancer cells.

3.2. Emodin-induced apoptosis via caspase activation

Caspases are a family of cysteine proteases that plays a

central role during the executional phase of apoptosis [25].

To explore whether emodin induces apoptosis by activation

of caspases, fluorogenic peptide substrates were used to

detect specific caspase activity. The results shown in
Fig. 2. Involvement of caspase activation in emodin-induced apoptosis. A549 cel

from untreated or emodin-treated cells were assayed for (A) caspase activity using

inhibitors inhibited emodin-induced apoptosis. A549 cells were treated with 50 m

48 h incubation, apoptotic cells were calculated by TUNEL assay.
Fig. 2A, caspase-9, -2, and -3 were activated in A549

cells after 12 h emodin treatment. The marked activation of

caspase-2, -3, and -9 was observed after 24 h emodin

treatment. However, the caspase-8 and -6 were slightly

activated during late stage of emodin-induced apoptosis.

To further confirm the activation of caspase-2, -3, -8, and -

9, specific antibodies were used to detect the proteolyti-

cally activated fragments of each caspase (Fig. 2B).

Results showed that the active fragments of caspase-2,-

3, and -9 were observed at 12 h after emodin treatment

while cleaved caspase-8 fragment was detected after 24 h

emodin treatment. To explore whether the activation of

caspases was required for induction of apoptosis by emo-

din. A549 cells were co-treated with caspase inhibitors

and emodin. As depicted in Fig. 2C, incubation with

the inhibitor of caspase-9 (z-LEHD-fmk), caspase-2 (z-

VDVAD-fmk), or caspase-3 (z-DEVD-fmk) significantly

blocked emodin-triggered apoptosis in A549 cells.

Whereas, the caspase-8 inhibitor (z-IETD-FMK) was less

effective to inhibit emodin-triggered apoptosis. These

observations indicated that activation of caspase cascade

might play a crucial role in emodin-induced apoptotic

death in A549 cells.
ls were treated with 50 mM emodin for the indicated time periods. Extracts

fluorogenic peptide substrate or (B) by Western blot analysis. (C) Caspase

M emodin in the presence or absence of caspase inhibitors (100 mM). After
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3.3. Generation of ROS, disruption of mitochondrial

membrane potential (Dcm) and release of

mitochondrial cytochrome c

It is generally assumed that after the loss of the outer

mitochondrial membrane integrity and the release of cyto-

chrome c from the mitochondria to the cytosol, the cells are

committed to apoptosis [26]. It has also been reported that

production of reactive oxygen species (ROS) contribute to

mitochondrial damage that may facilitate the further release

of ROS into the cytoplasm [27]. To address the possibility

that the emodin-induced apoptosis could be related to con-

tributions from the mitochondrial pathway, A549 cells were

treated with 50 mM emodin for the indicated time periods,

the change in ROS production and Dcm were examined

using the specific fluorescence probes, DCF-DA, dihy-

droethidine and DiOC6 [3]. As indicated in Fig. 3A, expo-

sure to emodin induced a left shift of the DiOC6 fluorescence

curves. This is indicative that the emodin treatment induced

an disruption of Dcm. In contrast, administration of emodin

resulted in a right shift of the DCF-DA and dihydroethidine

fluorescence curves, indicating the increase in ROS genera-

tion. The relative levels of ROS were elevated as early as

0.5 h after emodin treatment and persistently increased with

exposure time. The levels of Dcm and ROS in untreated

control cells were unchanged over all of the incubation time

periods. Next, the effect of emodin on the cytochrome c

release from mitochondria into the cytosol was examined.

After administration of A549 cells to 50 mM emodin, a

gradual increase of cytosolic cytochrome c starting at 1 h, a

reduction at 6 h, whereas at 48 h, there was a 8-fold increase

in their levels in the cytosol (Fig. 3B), suggesting the

cytochrome c release was biphasic.

3.4. Involvement of Bcl-2 family proteins in

emodin-induced apoptosis

Because the disruption of Dcm was not correlated with

the peak release of cytochrome c into the cytosol after

exposure of A549 cells to emodin, we examined other

possible mechanism for the cytochrome c release into the

cytosol at later time points. Previous report indicated that

the Bcl-2 family molecules regulate the release of cyto-

chrome c from the mitochindria [28]. The levels of Bcl-2

family members were detected by Western blot analysis.

As shown in Fig. 4A, exposure of A549 cells with 50 mM

emodin caused in a significant decrease in Bcl-2 while

increase in Bax protein levels after 24 h treatment. How-

ever, the expression levels of Bak, Bcl-XL, Bcl-XS, Bid,

and Bad proteins were not affected by emodin. Bcl-2 has

been shown to localize to mitochondrial membrane and

stabilize mitochondrial functions, thereby suppressing the

release of pro-apoptotic effector molecules. Conversely,

Bax translocation to the mitochondria induces cytochrome

c release from mitochindria [29]. Next, cell fractionation

study was done, the levels of Bcl-2 and Bax in the cytosol
and particulate were monitored by Western blotting after

treatment with emodin. As depicted in Fig. 4B, a signifi-

cant increase in the levels of Bax and decrease of Bcl-2 in

the mitochondrial membrane at later time points of emodin

treatment (24 and 48 h). To define the role of Bcl-2 and Bax

in emodin-induced apoptosis, A549 cells were transduced

with 50 moi (multiplicity of infection) of adeno-Bcl-2 and

control adenoviral vectors. As shown in Fig. 4C, infection

with adeno-Bcl-2 viral vector increased the intracellular

Bcl-2 levels by 2.5-fold. Overexpression of Bcl-2 protein

in A549 cell significantly protected against emodin-

induced apoptotic death. In addition, treatment of A549

cells with furosemide (an inhibitor of Bax translocation)

[30] resulted in a markedly attenuated the emodin-induced

apoptosis in a dose-dependent manner (Fig. 4D).

3.5. Inactivation of AKT or ERK affected the

sensitivity of emodin-induced apoptosis

It has been shown that AKT modulates cell survival and

apoptosis at a premitochondiral stage by preventing Bax

conformation change and its translocation to the mitochon-

dria [31]. To address the effect of emodin on AKT, cells were

treated with emodin for various time periods, Western blot

analysis was done to detect the levels of phosphorylated

AKT. As shown in Fig. 5A, exposure of A549 cells to

emodin caused in a marked decrease in phosphorylated

AKT (Thr 308 and Ser 473) after 24 and 48 h treatment.

Growing evidence show that MAPK (mitogen-activated

protein kinase) plays pleiotrophic role in cell proliferation,

differentiation and apoptosis [32]. We further analyzed the

effect of emodin on MAPK members in A549 cells. Emodin

specifically reduced the levels of phosphorylated ERK,

whereas the levels of phosphorylated p38 and JNK did

not change (data not shown). To further examine the effect

of phosphorylation status of AKT or ERK on emodin-

induced apoptosis, inhibitors of PI3K (LY294002 and Wor-

tamain), ERK inhibitor (U0126 and PD98059) or activator

(aurintricarboxylic acid; ATA) were used. As indicated in

Fig. 5B, cells grown in the presence of LY294002 or

Wortamain, or U0126 were more sensitive to emodin-

induced apoptosis. In contrast, the ERK pathway specific

activator aurintricarboxylic acid (ATA) significantly

blocked the emodin-triggered apoptosis in A549 cells

(Fig. 5C).

3.6. Antioxidants block emodin-mediated ROS

generation, mitochondrial dysfunction, ERK and AKT

inactivation, Bcl-2 increase, Bax decrease, and

apoptosis in A549 cells

Finally, an attempt was made to address the hierarchy

that might exist between emodin-mediated ROS generation

and emodin-induced mitochondrial dysfunction, and per-

turbations in pro- and anti-apoptotic signaling cascades.

A549 cells were treated with emodin in the presence or
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Fig. 3. ROS generation, Dcm alteration, and cytochrome c release. (A) A549 cells were treated without or with 50 mM emodin for 0.5, 1, 2, 4, and 6 h. Thirty

minutes prior to harvesting, cells were incubated with 10 mM HE, 5 mM DCF-DA, or 40 nM DiOC6. After incubation, cell were harvested, and change in

fluorescence was measured. (B) Mitochondrial cytochrome c release. A549 cells were treated with 50 mM emodin for indicated time points. Cytosolic fraction

was isolated, the content of cytochrome c was examined by Western blot analysis using anti-cytochrome c antibody.
absence of ascorbic acid or NAC. As shown in Fig. 6 with

ascorbic acid or N-acetylcysteine essentially abrogated

emodin-mediated generation of ROS, disruption of mito-

chondrial membrane potential (Fig. 6A), and apoptosis

(Fig. 6B). The protective effects of NAC were not quite as

great as those of ascorbic acid. Interestingly, ascorbic acid

also blocked emodin-mediated ERK and AKT inactivation,

Bcl-2 reduction and Bax elevation (Fig. 6C). Our findings
suggest that these events represent downstream conse-

quences of oxidative stress induced by emodin.
4. Discussion

The poor prognostic outcome of lung cancer is due to its

resistance to current therapies, maintaining as the leading
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Fig. 4. Involvement of Bcl-2 family proteins in emodin-induced apoptosis. (A) A549 cells were treated with 50 mM emodin for 12, 24, and 48 h. After

treatment, cell lysates were extracted, and the levels of Bcl-2 family proteins were analyzed by Western blot analysis. (B) Subcellular distribution of Bcl-2 and

Bax proteins. A549 cells were treated with 50 mM emodin for 6, 12, 24 and 48 h. After treatment, cytosolic and particulate fraction were isolated, and analyzed

by Western blot for Bcl-2, and Bax. (C) Bcl-2 overexpression inhibited emodin-induced apoptosis. Cells were infected with or without adenovector or adeno-

Bcl-2 vector for 4 h, then cells were treated with 50 mM emodin, the levels of Bcl-2 were measured and the apoptotic cells were estimated. (D) Furosemide

attenuated emodin-induced apoptosis. A549 cells were treated without or with 50 mM emodin in the absence or presence of 0.02, 0.1, and 0.5 mM furosemide

(Furo) for 48 h. After treatment, number of apoptotic cells were determined. Data are presented as mean � S.D. of nine replicates from three independent

experiments.
cause of cancer related death. Successful treatment with

chemotherapeutic agents is largely dependent on their

ability to trigger cell death in tumor cells; therefore, novel

inducers of apoptosis provide a new therapeutic approach

for anti-cancer design. Several previous studies demon-

strate that certain phytochemicals present in medicinal

herbs exerts anti-tumorigenic activity by inducing apop-

tosis in cancer cells. Emodin has been reported to possess

anti-cancer effect on several human cancers in vitro

[3,11,12,14–16] and inhibition of malignant transforma-

tion and metastasis-associated properties of HER-2/neu

overexpression in breast cancer cells in vivo [19]. Emodin

also enhanced sensitivity to chemotherapeutic agents in
non-small cell lung cancer or breast cancer cells over-

expressing HER-2/neu [13,33]. Conversely, it has been

reported that emodin enhanced the proliferation of MCF-7

cells [34], and studies demonstrated that emodin had no

cytotoxic effect on MCF-7, Hepa-1, HM02, and HepG2

cell lines [5,35]. This report describes the selective in vitro

killing of human lung adenocarcinoma A549 cells by

emodin, the anti-cancer activity of which is based on

apoptotic cell death. The morphology changes of emo-

din-treated cells were typical of apoptosis, nuclear con-

densation, DNA fragmentation and caspase activation, all

hallmarks of apoptosis. Similar observations have been

reported in emodin-treated human cervical cancer cells



Y.-T. Su et al. / Biochemical Pharmacology 70 (2005) 229–241 237

Fig. 5. Inactivation of AKT and ERK were linked to emodin-induced

apoptosis. (A) A549 cells were treated without or with 50 mM emodin

for 12, 24, and 48 h. After treatment, phosphorylated AKT and ERK were

assayed by Western blot analysis. b-Actin was used as an internal control.

(B) A549 cells were treated without or with emodin following pretreatment

of LY294002, Wortamain, U0126 and (C) ATA for 4 h. After 48 h incuba-

tion, apoptotic cells were determined by TUNEL assay. Data are presented

as mean � S.D. of nine replicates from three independent experiments.
[11], human promyeloleukemic HL-60 cells [12], human

hepatocarcinoma cell lines [3], and human lung squamous

carcinoma cells [15,16]. In addition, our data showed that

non-tumor cells such as human fibroblast-like lung WI-38

cells, rat heart endothelial cells, rat hepatic stellate cells,

and rat hepatocytes were more resistant to emodin-induced
cytotoxic effect, approximately 5, 8, 6, and 10% growth

inhibition but not cell death was observed, respectively.

Accumulating evidence indicates that mitochondria play

a pivotal role in the apoptotic process in mammalian cells.

Disruption of mitochondrial membrane potential (Dcm) is

considered to be an indicator of mitochondria damage and

generally is defined as an early stage of apoptosis, pre-

ceding efflux of small molecules from the mitochondria

(including cytochrome c, apoptosis-inducing factor, cIAPs,

etc.) and followed by caspase-9/caspase-3 cascade activa-

tion [36]. Previous reports indicate that the emodin-

induced apoptosis is through a mitochondria-dependent

activation of caspase-3 and -9 in human cervical Bu 25 TK

cancer cells [11], in human lung squamous carcinoma CH

27 cells [16], and in cultured rat C611B cholangiocarci-

noma cells [37]. In the present study, we found that the

marked activation of caspases (caspase-2, -3, and -9) by

emodin depended on mitochondrial cytochrome c release

to cytosol, and that it follows the breakdown of Dcm,

suggesting that mitochondria-mediated pathway is

involved in emodin-triggered apoptosis. This observation

is consistent with the conclusion of a recent study about the

effect of emodin in human hepatocarcinoma cell lines [3].

In accordance with our results, Lee et al. reported that aloe-

emodin-induced apoptosis was accompanied by Bax upre-

gulation and caspases (caspase-3, -8, and -9) activation in

human squamous lung cancer CH27 cells [38]. In our

study, treatment of A549 cells with the inhibitor of cas-

pase-9 or caspase-3 drastically blocked apoptosis induced

by emodin (Fig. 2C). These results suggest that the intrinsic

mitochondria-mediated caspase activation signaling path-

way plays a crucial role in emodin-triggered apoptosis.

Furthermore, our results indicated that emodin-induced

cytochrome c release from mitochondria to cytosol is

biphasic. The initial release was preceded by produced

oxidative stress caused loss of Dcm, but the amount of

cytochrome c release did not commit the cells to the

apoptotic pathway. On the other hand, the second phase

of cytochrome c release, which was of a much greater

magnitude and committed the cells to apoptosis, occurred

after Bcl-2 and Bax subcellular translocation. Similarly,

other author had reported that a biphasic pattern of cyto-

chrome c release was seen in human breast cancer MDA-

MB 468 cells after exposure to NO [39]. Their results

indicate that the second and critical phase of cytochrome c

release was caused by the overexpression and integration

of Bax into mitochondrial membrane and this event was

responsible for the commitment of the cells to apoptosis.

Generation of ROS may contribute to mitochondrial

damage and lead to cell death by acting as an apoptotic

signaling molecules [26]. Several previous studies indicate

that emodin (1,3,8-trihydroxy-6-methylanthraquinone) is

an anthraquinone with structure similar to that of DMNQ

(2,3-dimethoxy-1,4-naphthoquinone) and mitochondrial

ubiquinone (Fig. 7), exhibited as a ROS generator to

increase the susceptibility of tumor cells to cytotoxic
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Fig. 6. Antioxidants prevented emodin-triggered ROS generation, Dcm disruption, ERK and AKT inactivation, Bcl-2 elevation, Bax reduction, and apoptosis.

(A) The effect on ROS and Dcm. A549 cells were pretreated with 1 mM N-acetylcysteine (NAC) or 300 mM of ascorbic acid (Asc) for 30 min, then treated with

or without 50 mM emodin for another 1 h. Thirty minute prior to harvesting, cells were incubated with 10 mM HE, 5 mM DCF-DA, and 40 nM DiOC6. After

incubation, cell were harvested, the change in fluorescence intensity was measured by flow cytometry. (B) Prevention of apoptosis. Cells were pretreated with

various concentrations of NAC or ascorbic acid for 2 h, then treated without or with 50 mM of emodin for another 48 h. After treatment, apoptotic cells were

measured using TUNEL assay by flow cytometry. Data are presented as mean � S.D. of nine replicates from three independent experiments. (C) Ascorbic acid

(Asc) reversed emodin-mediated anti- or pro-apoptotic signaling molecules. A549 cells were pretreatment of 300 mM ascorbic acid for 2 h, then incubated

without or with 50 mM emodin for 24 and 48 h. After treatment, cell lysates were extracted, the level of Bax, Bcl-2, phosphorylated AKT (AKT-P), and

phosphorylated ERK (ERK-P) were analyzed by Western blot analysis.
therapeutic agents [18,40–42]. Quinones are highly redox

active molecules, which can redox cycle with their semi-

quinone radicals, leading to the formation of reactive

oxygen species that include the superoxide anion radical,

the peroxyl radical, hydrogen peroxide and, ultimately, the

hydroxyl radical [43–45]. A previous study had been

demonstrated that the quinoid structure of emodin could

be activated to the semiquinone radical intermediate,

which in turn could react with oxygen to produce super-
oxide anion radical, hydrogen peroxide, and hydroxyl

radical [46]. Several studies indicate that emodin-induced

apoptosis is mediated by ROS generated from the semi-

quinone [8,46]. Here, we found that in addition to its effect

on mitochondrial membrane potential (Dcm), emodin

caused an increase in ROS production in A549 cells.

The emodin-mediated disruption of Dcm and apoptosis

in A549 cells is apparently dependent on ROS generation

because the emodin-mediated Dcm disruption and apop-
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Fig. 7. The chemical structures of emodin-related compounds.
tosis can be abolished or attenuated by the antioxidants,

ascorbic acid and N-acetylcysteine. However, the results

from Chen et al. demonstrate that emodin-induced apop-

tosis in human promyeloleukemic HL-60 cells is ROS

independent [12]. The discrepancies in Chen et al. and

ours may be due to different cell lines used. The present

study showed that an early and rapid generation of ROS by

emodin plays a central role in apoptotic process. Similarly,

a previous report demonstrated that MS-275 (a histone

deacetylase inhibitor)-induced ROS generation occurred at

very early intervals (�2 h) and clearly preceded other

hallmarks of apoptosis, such as release of mitochondrial

cytochrome c and activation of caspases (minimal changes

were observed at 24 h, peaked at 48 h) [47]. Moreover,

treatment of human melanoma SK-MEL-2 cells with

asiatic acid caused a ROS-mediated apoptosis. The asiatic

acid-induced generation of ROS was observed as early as

at 15 min, while upregulation of Bax was detected at 12 h,

and caspase-3 remained activated 48 h after addition of

asiatic acid [48]. These observations suggest that early and

rapid ROS generation can act as an important determinant

of apoptotic cell death induced by many different stimuli.

Bcl-2 is localized in the mitochondria, endoplasmic

reticulum, and nuclear membranes, where most of the

oxygen-free radicals are generated and where the free

radicals exert their apoptotic effects. Bcl-2 probably acts

to prevent apoptosis by scavenging oxygen derived free

radicals inside the cells [49]. Treatment of A549 cells with

emodin decreased the Bcl-2 and increased the Bax protein

levels. The increase in the content of Bax was followed by

the translocation of this protein to the mitochondria. The

pro-apoptotic action of Bax is known to be mediated by its

insertion into the outer mitochondrial membrane. Upon its

translocation to the mitochondria, Bax can cause the

release of cytochrome c and induce cell death. Treatment

with the chloride inhibitor furosemide reduced the trans-

location of Bax to the mitochondria, consequently, furo-

semide prevented the release of cytochrome c from the

mitochondrial and reduced the extent of cell killing [30].

Moreover, our data demonstrated that antioxidant ascorbic
acid reversed the emodin-mediated Bcl-2 and Bax cellular

content and reduced the loss of viability. Similarly, ascor-

bic acid and a-tocopherol have been shown to prevent

lipopolysaccharide-induced apoptosis by modulation of

Bcl-2 and Bax proteins [50]. These results suggest that

ROS might modulate the cellular distribution and content

of Bcl-2 and Bax.

It is noteworthy that phosphorylation of AKT, a PI3-

kinase down stream molecules is anti-apoptotic [51]. Inhi-

bition of this kinase by LY294002 or wortmannin potenti-

ates apoptotic cell death [52]. Previous reports indicated

that translocation of Bax from the cytosol to the mitochon-

dria can be modulated by the PI3-kinase/AKT pathway

[31,53]. A recent report demonstrates that emodin-trig-

gered apoptosis is through a mechanism involving inacti-

vation of AKT [37]. Consistently, our observations showed

that exposure of A549 cells to emodin resulted in AKT

inactivation. Moreover, treatment with LY294002 or wort-

mannin acceleration of cell killing by emodin may be

reflecting inactivation of AKT involved in emodin-trig-

gered death process. However, whether the translocation of

Bax was regulated by AKT in emodin-treated A549 cells

remains to be defined. It has been reported that among the

three type of mitogen-activated protein kinase, p38 and c-

Jun-N-terminal protein kinase (JNK) are predominately

activated in response to cellular redox stress, but not

extracellular signal-regulated kinase (ERK) [54]. However,

the nature of the relationship that may exist between

MAPK pathways and oxidative stress has not yet been

completely defined in neoplastic cells undergoing apopto-

sis in response to emodin. The results presented here

indicated that emodin-induced ROS generation and apop-

tosis was associated with ERK inactivation. Moreover,

emodin lethality was potentiated by pharmacologic

MEK inhibitors (U0126 and PD98059). Conversely, sti-

mulation of ERK activation by ATA attenuated emodin

lethality in A549 cells. Consistently with our finding for

emodin, Huang [55] has previously presented data demon-

strating that inactivation of ERK but not p38 is an impor-

tant determinant of apoptotic cell death induced by emodin

in cultured human breast cancer MDA-MB-231 cells and

human skin squamous carcinoma HSC5 cells. At present, it

is still not clear how emodin affects MAPK signaling

pathways. Since emodin has been shown to display highly

selective activity against ras-oncogene [56], it is possible

that this suppression leads to inhibition of ERK phosphor-

ylation and activation. While the mechanism by which

ERK activation might protect cells from emodin-induced

lethal events is uncertain, several possibilities have been

proposed, including phosphorylation of Bad or procaspase-

9 [57,58]. Whether any of these events are involved in the

protective effects of ERK in emodin-treated cells remains

to be clarified.

In conclusion, the emodin-induced apoptotic events can

be summarized by the sequence presented in Fig. 8. In this

model, emodin-mediated ROS generation represents the
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Fig. 8. A model for summarizing emodin-induced apoptosis pathway in

human lung adenocarcinoma A549 cells.
central trigger for activation of the apoptotic cascade.

Exposure of A549 cells to emodin resulted in generation

of ROS and a decrease in Dcm, downregulation of the

cytoprotective ERK and AKT cascade, as well as in

elevation of Bax and reduction of Bcl-2 levels, the move-

ment of Bax to the mitochondria reduced the Dcm, an event

that results in the release of cytochrome c, subsequently

activation of caspase-2, -3, and -9, and consequently

cleaved specific substrates leading to apoptotic changes.

These findings may aid in the understanding of the mode of

actions of the emodin and provide a theoretical basis for the

therapeutic use of this compound.
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