
Abstract. Several studies have shown that curcumin can
induce apoptosis and inhibit growth in human tumor cell
lines. However, the mechanism is not completely understood
yet. The present studies were designed to investigate the
effects of curcumin on human A549 lung adenocarcinoma
cells lines to better understand its effect on apoptosis and
apoptosis-related genes in vitro. Apoptosis induction, mito-
chondria membrane potential, mitochondria structure, and
apoptotic associated gene expression were examined by flow
cytometric assay, confocal microscopy, Western blotting
and electron microscopy. After treatment with curcumin,
percentage of apoptotic cells increased dose- and time-
dependently, and morphology observation revealed typical
apoptotic features. Our data further indicated that the
expression of Bax proteins in A549 cells was increased in a
dose-dependent manner, whereas the expression of Bcl-2
was significantly decreased, thus the ratio of Bax/Bcl-2 was
increased. The apoptotic process was accompanied by the
change of mitochondrial function and structure which led to
release of the cytochrome c, and activation of caspase-9 and

caspase-3. Furthermore, curcumin also induced a dose-
dependent cleavage of PARP. Caspases activation during
the course of curcumin-induced apoptosis was additionally
confirmed by using a broad-spectrum caspases inhibitor, Z-
VAD-fmk. As expected, the inhibitor was able to decrease
curcumin-induced apoptosis on A549 cells. These results
suggested that mitochondria played an important role in the
curcumin-induced apoptosis, and mitochondria membrane
potential loss initiated apoptosis via the activation of caspases.

Introduction

Curcumin-[1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-hepta-
diene-3,5-dione(diferuloyl methane)], a natural and crystalline
compound isolated from the plant Curcuma longa, has been
recognized as a promising anticancer drug due to its multiple
properties including anti-inflammatory, anti-oxidant and anti-
carcinogenic activities (1). Although the precise mode of
action of this compound is not yet elucidated, Several studies
have shown that curcumin induces apoptosis more potently
in cancer cells than in normal cells (2,3). Furthermore,
selective anticancer activity of curcumin has been demon-
strated for several types of tumor. The anticancer activity of
curcumin has been attributed to the inhibition of cell prolife-
ration, induction of apoptosis (4,5), and inhibition of angio-
genesis and metalloproteinases (1,6). Modulation of several
target genes have been implicated in the anticancer activity
of curcumin, including inhibition of nitric oxide synthase,
receptor tyrosine kinase and protein kinase C activities (7,8)
and the alteration of transcriptional factors c-jun/AP-1, nuclear
factor κB and p53 by curcumin have been suggested (9,10).
Recently it has also been suggested that production of reactive
oxygen intermediates the release of cytochrome c causing
tumor cell apoptosis as a result of curcumin treatment (11).
Curcumin also has been reported to induce mitochondrial
abnormalities and promote p53-dependent apoptosis and the
activation of caspase-8 and caspase-3 (12-16). However,
little is known about the effect of curcumin at molecular
level on human A549 lung adenocarcinoma cells.

To gain a better understanding of the effects of curcumin
on lung cancer cells, the present investigation was designed
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to explore its molecular mechanism of action by induced
apoptosis in A549 cells in vitro. Our results showed that
curcumin was able to induce apoptosis in human A549 cells
through caspase-dependent mitochondria pathway and the
regulation of apoptosis-related proteins, which suggested that
such a multi-marker analysis of apoptosis pathways, could be
useful for individualization of therapeutic strategies.

Materials and methods

Regants and cells culture. Curcumin, annexin V-FITC and
propidium iodide (PI) were purchased from Sigma Chemical
(St. Louis, MO, USA). Fetal bovine serum (FBS), RPMI-1640,
and penicillin-streptomycin were obtained from Gibco-BRL
(Gaithersburg, MD, USA). Caspase-3, PARP, caspase-9,
Bcl-2, Bax and cytochrome c antibodies were purchased
from Santa Cruz Biotechnology, USA. 5,5',6,6'-Tetrachloro-
1,1',3,3'-tetraethylbenzimidazolylcarbo-cyanine iodide (JC-1),
and Mitotracker Red CMXRos were purchased from Molecular
Probes, Inc. (Eugene, OR, USA). Human A549 lung carci-
noma cells were cultured using previously described methods
(17).

Evaluation of apoptosis by flow cytometry. For detection of
apoptosis by FACS, A549 cells were treated with different
concentrations of curcumin. Harvested cells were double-
stained with FITC-conjugated Annexin V and PI for 5 min at
room temperature as previously described (17).

Electron microscopy. A549 cells treated with 20 μM curcumin
for 24 h were fixed in 2.0% glutaraldehyde in 0.1 M cacody-
late buffer (pH 7.4) supplemented with 0.1 M sucrose (Cac
buffer) for 6 h, rinsed in Cac buffer and post-fixed for 1.5 h.
Subsequently, the cells were dehydrated in ethanol, immersed
in propylene oxide and embedded in epoxy resin (Agar 100,
Agar Scientific, Stansted, UK). Ultra thin sections were
contrasted with 4% uranyl acetate in water for 30 min at
20˚C and Reynolds lead citrate for 5 min at 20˚C before
examination under an electron microscope.

Western blot analysis. Cells were lysed in a lysis buffer (50 mM
Tris-HCl, pH 7.8, 150 mM NaCl, 1% NP40, 0.1% SDS, 1 mM
phenylmethylsulfonyl fluoride). The lysates were resolved
on SDS-PAGE gels, and then transferred to polyvinylidine
difluoride membranes as previously described (17).

Measurement of the change of mitochondrial membrane
potential. Changes of mitochondrial membrane potential were
monitored by determination of the fluorescence of the lipo-
philic cationic probe JC-1. Cells were treated with or without
curcumin for the indicated time periods. Thirty minutes
before the termination of incubation, JC-1 dye (final concen-
tration 40 μM) was added to the media and incubated for
30 min at 37˚C in the dark. The cells were finally harvested
and re-suspended in PBS. The accumulation of JC-1 was
analyzed immediately by flow cytometry or confocal
microscopy.

Immunofluorescence analysis. Cells were incubated for 30 min
in normal growth medium containing 10 nM Mitotracker Red
CMXRos. Thereafter, cells were cyto-spinned on glass slides,

and washed once with PBS, fixed with 4% paraformal-
dehyde for 20 min, permeabilized with 0.2% Triton X-100
during 10 min and incubated with phosphate-buffered saline
(PBS) containing 4% BSA for 1 h at room temperature.
Primary antibodies diluted in PBS containing 1% BSA were
used in a dilution of 1/200 for anti-Bax and 1/100 for anti-
cytochrome c and incubated for 1 h at room temperature.
Afterwards, antigen-antibody complex was washed and
incubated with FITC conjugated secondary antibody.
Following the staining cells were washed twice in PBS.
Fluorescence images were collected on a Zeiss Axioplan
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Figure 1. Apoptotic cells detected by flow cytometry with Annexin V
conjugated with PI staining. A549 cells were treated without curcumin or
with curcumin at different concentrations for 6-48 h. The assay was
performed according to the Materials and methods. Viable cells, apoptotic
cells, and necrotic cells were analyzed.
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microscope and 10 sections of each preparation were
scanned.

Statistical analysis. All data are presented as means ± SD
with n=3 or more and independent experiments were repeated
at least 3 times. Student's t-test was used to determine the
significance of statistical differences between data at the level
of P<0.05.

Results

Curcumin induced apoptosis of A549 cells. To determine
whether curcumin induces apoptosis of A549 cells, A549
cells were exposed to various concentrations of curcumin
(5-40 μM), harvested at different time-points, and apoptosis
was investigated using Annexin V-FITC/PI assay. As shown
in Fig. 1, when cells were exposed to curcumin for 24 h, the
proportion of AV+/PI+ (necrotic cells) was increased from
0.59% of control cells to 8.79% of the 40 μM curcumin
group, and the number of AV+/PI- (apoptotic cells) increased
from 0.66 to 30.49%. After 48 h treatment, the proportion of
necrotic cells was increased from 0.62% of control cells to
19.42% of the 40 μM curcumin group, and apoptotic cells

were significantly elevated in curcumin treated cells from
0.71% in untreated cells to 53.21% after treatment with 40 μM
curcumin. The number of AV-/PI- (viable cells) decreased from
97.52 to 23.62%. These results suggested that both necrosis
and apoptosis contributed to the curcumin-induced death of
A549 cells and curcumin-induced apoptosis was the main
cause.

Morphological features of apoptosis. We next examined the
cell morphologic characteristics by electron microscope. The
results found that curcumin treated A549 cells showed
morphological changes characteristics of apoptosis, including
disappearance of microvilli, cell shrinkage, chromatin conden-
sation containing a half-moon of condensed chromatin and
appearance of membrance blebbing and many apoptotic bodies
when compared with untreated cells (Fig. 2).

Effect of curcumin on the expression of the Bcl-2 family of
proteins. There are several lines of evidence suggesting that
Bcl-2 family of proteins plays a crucial role in mitochondria-
mediated apoptosis, we next examined the effect of curcumin
on the constitutive levels of several Bcl-2 family protein
members. The data showed that curcumin modified the level
of Bax and Bcl-2 expression, induced a profound increase of
Bax protein and decrease of Bcl-2 protein, thus the ratio of
Bax/Bcl-2 was increased (Fig. 3). Furthermore, the trans-
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Figure 2. Effect of curcumin on the cellular ultrastructure. Cells treated with
20 μM curcumin for 24 h were fixed with 2% glutaraldehyde for 15 min.
Following several rinses in PBS, cells were post-fixed and dehydrated as
described in Materials and methods. (A) Control A549 cells exposed to
0.1% DMSO. (B) A549 cells exposed to curcumin (20 μM).

Figure 3. Effects of curcumin on the expression of Bcl-2 family of proteins.
A549 cells were treated with or without curcumin (5-40 μM) for 24 h, and
then cells were harvested and prepared for the detection of protein expres-
sion of Bax and Bcl-2 using Western blots. Densitometric analysis shows:
Bax, Bcl-2 ratio. Data are representative of three independent experiments.
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location of Bax from the cytosol into mitochondria has been
reported to facilitate the release of mitochondria inter-
membrane proteins following induction of apoptosis (18).
Accordingly, we monitored the localization of endogenous
Bax in A549 cells. Indirect immunofluorescence staining
revealed that the Bax protein is predominantly distributed in
the cytosol under control conditions, but is no dramatically
translocated into the mitochondria of cells after treated with
curcumin (data no shown). These results showed that the
increase in Bax/Bcl-2 ratio due to curcumin treatments
indicated involvement of mitochondrial events in A549 cells
for apoptosis.

Curcumin caused release of cytochrome c from mitochondria.
Cytochrome c is localized in mitochondrial inter-membrane
space and released into the cytosol upon apoptotic stimu-
lation due to collapse of mitochondrial membrane potential.
Upon release from mitochondria to the cytosol, cytochrome c
complexes with procaspase-9 and Apaf -1 to form the
apoptosome, which initiates cleavage and activation of
initiator (e.g., caspase-9) and executioner caspases (e.g.,
caspase-3). Therefore, we examined the cytochrome c levels
by indirect immunofluorescence staining. In DMSO-treated
control A549 cells, cytochrome c was mainly localized in the
mitochondria as evidenced by yellow-orange staining due to
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Figure 4. A and B, Effect of curcumin on the mitochondria pathway. 
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merging of red (Mitotracker Red) and cytochrome c-
associated green fluorescence. On the other hand, the yellow-
orange staining was markedly abolished in A549 cells upon
treatment with curcumin. Instead, a large fraction of
curcumin-treated A549 cells exhibited green fluorescence
indicating release of cytochrome c from mitochondria into
the cytosol. These data revealed that a treatment of A549 cells
with curcumin increased cytochrome c level in the cytosol
due to a concomitant decreased cytochrome c level in the
mitochondria (Fig. 4A).

Curcumin induces apoptosis is through a mitochondria-
dependent pathway. Mitochondria play a major role in
apoptosis triggered by many stimuli. The early loss of mito-
chondrial membrane potential is a hallmark of apoptosis. We
examined the effect of curcumin on mitochondrial membrane
potential by means of the sensitive dye JC-1. Confocal
microscopy showed a dose-dependent increase in cells with
green fluorescence (from JC-1 dye in the cytosol) as
compared with red fluorescence (from JC-1 dye in the
mitochondria) after a 24-h treatment of curcumin (Fig. 4B).
We next quantified the extent of mitochondrial membrane
potential by flow cytometric analysis of curcumin-treated
cells. Consistent with the confocal microscopy data, flow
cytometry revealed that treatment of A549 cells with curcumin
resulted in a dose-dependent reduction of mitochondrial
membrane potential (Fig. 4C). In addition, electron micro-
scopy was used to examine the mitochondrial features of
A549 cells treated with the vehicle DMSO or 20 μM curcumin
for 24 h. The mitochondria in a DMSO-treated cell appeared
to be electron dense with condensed, well-organized cristae
(Fig. 4D). Conversely, the mitochondria in the curcumin-
treated cells looked abnormally enlarged or swollen, revealing

shredded cristae and the disruption of outer membrane
integrity (Fig. 4E). The data demonstrated that curcumin
induced a lost of mitochondrial membrane potential or a
visible change in mitochondrial morphology that correlates
well with the apoptotic cell death.

Involvement of caspases activation in curcumin-induced
apoptotic effect. The activation of caspases is a critical event
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Figure 4. Effect of curcumin on the mitochondria pathway. After 24 h of culturing, the control and curcumin treated cells were incubated for 30 min with 10 nm
Mitotracker (red), and then cells were cytospinned on glass slides, fixed and stained with cytochrome c antibody (green). The slides were analyzed by a
confocal laser scanning microscope (A). Cells were stained with 10 μg/ml of JC-1 and observed under confocal microscope (B) and flow cytometry (C).
Representative transmission electron micrographs of A549 cells following a 24-h treatment with DMSO (D) or 20 μM curcumin (E).

Figure 5. Effect of curcumin on the caspase activation in A549 cells. Cells
were incubated in the absence or presence of curcumin (5-40 μM) for 24 h.
Then, the cells were harvested and lysed for the detection of protein expres-
sions of caspase-9 (A), caspase-3 (B) and PARP cleavage (C) by Western
blot analysis.
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in the proteolytic cascade elicited by apoptotic stimuli; in
particular caspase-3 is an effector caspase that plays a role in
cell death induced by a variety of stimuli. We further investi-
gated the involvement of caspases activation in the curcumin-
induced apoptosis in the A549 cells by Western blot analyses.
Consistent with an induction of apoptosis, we found that
caspase-3 and caspase-9 were activated in curcumin-treated
A549 cells (Fig. 5A, B) in a dose-dependent manner. During
the process of apoptosis, poly-ADP-ribose polymerase (PARP)
is inactivated due to specific cleavage of the protein into two
fragments. The active form of caspase-3 is responsible for
the cleavage of PARP through the recognition of a specific
site. Thus, it was of interest to examine whether curcumin
was also capable of inducing cleavage of PARP. As expected,
treatment of A549 cells with curcumin results in a dose-
dependent cleavage of PARP (Fig. 5C).

Previous studies have shown that curcumin exposure led
to the activation of caspases at the initiation and the
execution phase (19), thus we tested whether the change in
mitochondrial membrane potential was tied to the processes
in the caspase-dependent pathway. The results showed that
50 μM Z-VAD-fmk did not affect the curcumin-induced
reduction of mitochondrial membrane potential and release
of cytochrome c (data no shown). Under the same experi-
mental conditions, we found that curcumin-induced PARP
protein cleavage and cell death were significantly inhibited
by 50 μM Z-VAD-fmk (Fig. 6). These data suggested that
the disruption of mitochondrial functions was not through the
caspases-dependent pathway, and the change in mitochondrial
membrane potential comprised an upstream event resulting
from caspase activity in the curcumin-induced apoptosis.

Discussion

Apoptosis results from the action of a genetically encoded
suicide program that leads to cellular, morphological, and

biochemical changes that include cell volume loss, mito-
chondrial depolarization, caspases activation, chromatin
condensation and nuclear fragment. In the present study,
curcumin remarkably induced lung cancer A549 cell
apoptosis in dose- and time-dependent manner, which was
confirmed by PI and Annexin V staining. The morphological
changes characteristic of apoptotic cell death was also investi-
gated by electron microscopy. As evidence of apoptosis, the
morphologic changes characteristic of apoptosis nuclei of
A549 cells incubated with 20 μM curcumin was the dis-
appearance of microvilli, cell shrinkage, nuclear fragments
containing a half-moon of condensed chromatin and
appearance of membrance blebbing when compared with
untreated cells.

The anti-apoptotic proteins (e.g., Bcl-2 and Bcl-xL)
prevent cytochrome c release by forming heterodimer
complexes with pro-apoptotic Bcl-2 family proteins (e.g.,
Bax and Bak). The pro-apoptotic Bcl-2 proteins including
Bax and Bak facilitate release of apoptogenic molecules from
mitochondria to the cytosol (20,21). To investigate the
mitochondrial apoptotic events involved in curcumin-induced
apoptosis, we first analyzed the changes in the levels of pro-
apoptotic proteins Bax and anti-apoptotic proteins Bcl-2.
Immunoblot analysis showed that treatment of A549 cells
with curcumin increased Bax protein levels. In contrast,
curcumin decreased Bcl-2 levels, which led to an increase in
the pro-apoptotic/anti-apoptotic Bcl-2 ratio. However, some
studies found that Bax protein is translocated to mitochondria
from the cytoplasm and then insert itself into the outer
mitochondrial membrane, permeabilizing the membrane,
triggering the release of mitochondria-related apoptotic
factors, and inducing cell apoptosis (22,23). In this study, our
indirect immunofluorescence staining analysis showed that
Bax protein is no translocated to mitochondria from the cyto-
plasm, suggesting that curcumin induced cytochrome c
release may occur by a mechanism independent of Bax
translocation to the mitochondria. Our current observation is
well-correlated with the earlier studies demonstrating that
curcumin induced apoptosis due to increased Bax and
decreased Bcl-2 in other tumor cells (24-26). The increase in
Bax/Bcl-2 ratio indicated a commitment of the A549 cells to
apoptosis via the mitochondria-dependent pathway.

Furthermore, it has been shown that the increase in
Bax/Bcl-2 ratio caused caspase activation, a decline of
mitochondrial membrane potential and subsequent
cytochrome c release (24,27). Mitochondrial cytochrome c
release is a well-known pre-condition for formation of the
apoptosome and activation of caspases for apoptosis (28,29).
Our data showed that curcumin induced increase in Bax/Bcl-2
ratio due to curcumin treatments concomitant with release of
cytochrome c from mitochondria to the cytosol as evidenced
by immunofluorescence studies. These data are in agreement
with previous studies where curcumin induced mito-
chondrial release of cytochrome c leading to apoptosis in
other tumor cells (25,30,31). Thus, it seems that curcumin
decreases mitochondrial membrane potential, at least in part,
through a Bcl-2 family-mediated pathway.

Because curcumin treatment caused release of cyto-
chrome c from mitochondria into the cytosol, we proceeded
to determine its effect on mitochondrial membrane potential
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Figure 6. Effect of Z-VAD-fmk on curcumin-induced apoptosis. A549 cells
were treated with 20 μM curcumin in the presence or absence of caspase
inhibitors Z-VAD-fmk (50 μM). After 24-h incubation, cells were analyzed
to examine cell death by flow cytometry (A) and PARP cleavage detected
by Western blotting (B).
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using a mitochondrial-specific cationic dye JC-1 to confirm
loss of mitochondrial membrane potential by curcumin
exposure. The JC-1 dye bearing a delocalized positive charge
enters the mitochondrial matrix due to the negative charge
established by the intact mitochondrial membrane potential.
In cells with intact mitochondrial membrane potential, JC-1
predominantly exhibits red fluorescence due to formation of
J-aggregates. In cells with mitochondrial membrane potential
disruption, JC-1 dye accumulates in the cytoplasm in
monomeric form (green fluorescence). In the control group,
A549 cells predominantly exhibited red fluorescence
indicating intact mitochondrial membrane potential. However,
in curcumin-treated groups, A549 cells predominantly
exhibited green fluorescence indicating loss of mitochondrial
membrane potential. Consistent with the confocal micro-
scopy data, flow cytometry revealed that treatment of A549
cells with curcumin resulted in a dose-dependent reduction of
mitochondrial membrane potential. Because cytochrome c
release from mitochondria may be involved in the opening of
the permeability transition pore of the inner mitochondrial
membrane. This opening should result in swelling of the
mitochondria and the disruption of the outer mitochondrial
membrane. Thus, the reduction of mitochondrial membrane
potential by curcumin treatment evoked the notion of mito-
chondrial structure disruption in these cells. Electron micro-
scopy was used to examine the mitochondrial features of
A549 cells treated with the vehicle DMSO or 20 μM curcumin
for 24 h. The mitochondria in a DMSO-treated cell appeared
to be electron dense with condensed, well-organized cristae.
Conversely, the mitochondria in the curcumin-treated cells
looked abnormally enlarged or swollen, revealing shredded
cristae and the disruption of outer membrane integrity. These
results suggest that the decrease of mitochondrial membrane
potential and increase of cytochrome c release may be due to
the alteration in the mitochondria structure. In addition, the
mitochondrial swelling and disruption have also been reported
in various types of tumor cells exposed to other putative
cancer chemopreventive agents during apoptosis (32,33),
suggesting that the change of mitochondrial function and
structure observed during curcumin-induced apoptosis in
A549 cells was perhaps not an agent- or cell type-specific
phenomenon.

There is accumulating evidence indicating that mito-
chondria play a pivotal role in the apoptotic process in
mammalian cells. Disruption of mitochondrial membrane
potential is considered to be an indicator of mitochondria
damage and generally is defined as an early stage of
apoptosis, preceding efflux of small molecules from the
mitochondria (including cytochrome c, apoptosis-inducing
factor, cIAPs) and followed by caspase-9/caspase-3 cascade
activation (34). Previous reports indicated that curcumin
induced apoptosis is through a mitochondria-dependent
activation of caspase-3 and -9 in human in primary effusion
lymphoma (35) and in human prostate cancer (31). In the
present study, our results showed that the increased caspase-3
and caspase-9 activity in curcumin-treated cells is
accompanied by cleavage of PARP. Furthermore, pre-
treatment of A549 cells with 50 μM of Z-VAD-fmk, a
universal inhibitor of caspases, prevents the cleavage of
PARP and rescues cells from curcumin-induced apoptosis,

clearly indicating that caspases play a critical role in
curcumin induced apoptosis in A549 cells. However, Z-
VAD-fmk did not affect the curcumin-induced reduction of
mitochondrial membrane potential and release of cytochrome
c. These data showed that the activation of caspases
depended on mitochondrial cytochrome c release to cytosol,
and that it follows the change of mitochondrial function and
structure, suggesting that mitochondria-mediated pathway is
involved in curcumin-triggered apoptosis in A549 cells. This
observation is consistent with the conclusion of a recent
study on the effect of curcumin in human leukemia HL-60
cells (36).

In conclusion, the present study reveals that curcumin
treatment causes apoptosis in A549 cells is associated with a
change in the levels of Bcl-2 family proteins and release of
cytochrome c concomitant with lost of mitochondrial mem-
brane potential or a visible change in mitochondrial morpho-
logy; and curcumin induced cell death in our model is likely
caused by activation of intrinsic caspase pathways. The
ability of curcumin to induce apoptosis in lung cancer and
other cancer cells indicates the possibility of developing
curcumin as a potential cancer chemoprevention and
chemotherapeutic agent.
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