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Anacardic acid induces mitochondrial-mediated apoptosis
in the A549 human lung adenocarcinoma cells
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Abstract. Anacardic acid (AA) is a constituent of the cashew
nut shell and is known as an inhibitor of nuclear factor-xB
(NF-«B). We investigated the cytotoxicity of AA on cancer
cells and more experiments to reveal the cell death mechanism
focused on A549 lung adenocarcinoma cells for our interest
in lung cancer. To examine the molecular mechanism of cell
death in AA treated A549 cells, we performed experiments
such as transmission electron microscopy (TEM), western blot
analysis, fluorescence-activated cell sorting (FACS), genomic
DNA extraction and staining with 4',6-diamidino-2-phenyl-
indole (DAPI). For the first time we revealed that AA induces
caspase-independent apoptosis with no inhibition of cytotox-
icity by pan-caspase inhibitor, Z-VAD-fmk, in A549 cells.
Our results showed the possibility of mitochondrial-mediated
apoptosis through the activation of apoptosis-inducing factor
(AIF) and an intrinsic pathway executioner such as cyto-
chrome c. This study will be helpful in revealing the cell
death mechanisms and in developing potential drugs for lung
cancer using AA.

Introduction

According to the 2009 annual report from the National Cancer
Institute (NCI), the rates of new diagnose and death from all
cancers combined have declined significantly for men and
women, but the incidence rate for lung cancer in women has
increased.

Anacardic acid (2-hydroxy-6-pentadecylbenzoic acid,
AA; Fig. 1) is a constituent of the shell of the cashew-nut
(Anacardium occidentale) (1) and has been discovered in many
plants including Ginkgo biloba (2). AA has a number of roles
including the inhibition of lipid synthesis, enzyme activity
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such as lipoxygenase, prostaglandin endoperoxide synthase
and histone acetyltransferase and the expression of nuclear
factor-xB (NF-«xB) as well as the activation of aurora kinase A
(2-6). Additionally, AA has an antibacterial and anticancer
effect (7.,8).

The name ‘apoptosis’ coined by Kerr et al is classified
as a type I programmed cell death (PCD) (9). Apoptosis is a
physiological process characterized by chromatin condensa-
tion, nuclear fragmentation, DNA fragmentation and final
removal by phagocytosis (10). Cell death is frequently thought
to be ‘caspase-independent’ when it is not suppressed by
broad-spectrum caspase inhibitors such as N-benzyloxycarbonyl-
Val-Ala-Asp-fluoromethylketone (Z-VAD-fmk). However, the
efficiency of Z-VAD-fmk is different from caspases and it also
inhibits calpains and cathepsins, especially at high concentra-
tions (10 uM) (10).

The main pathways of apoptosis are the death receptor
pathway (extrinsic) and the mitochondrial pathway (intrinsic).
When the apoptotic ligands bind to death receptors, the
extrinsic pathway occurs through the activation of initiators
such as caspases 8 and 10, and the activation of executioners,
caspases 3, 6, and 7 resulting in DNA fragmentation (11-13).
The mitochondrion is an essential mediator of the intrinsic
pathway. The arrival of signals leading to changes in perme-
ability of the outer mitochondrial membrane is the cause of
the releasing intermitochondrial apoptotic molecules into the
cytosol (14,15). Cytochrome c, one of the best characterized
pro-apoptotic molecules, leads to activation of caspases via
the formation of the apoptosome (16). AIF, a phylogenetically
conserved mitochondrial flavoprotein, also has a key role in
apoptosis. When apoptosis is induced, AIF relocates from
the mitochondria to the nucleus where it mediates chromatin
condensation and large-scale DNA fragmentation (17,18).

The experiments reported in this research were designed
to investigate the cytotoxic effect on cancer cells and to find
the potential cell signaling pathways leading to cell death on
AA treated human lung adenocarcinoma A549 cells.

Materials and methods
Cell culture and reagents. A549 (human lung adenocarci-

noma), HEK293 (human embryonic kidney cell), HepG2 and
SK-Hepl (human hepatocarcinoma) were purchased from the
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Figure 1. The structure of anacardic acid (AA, MW: 348.5).

American Tissue Culture Collection (Manassas, VA, USA).
Cells were cultured in RPMI-1640 (A549), DMEM (HEK293),
EMEM (HepG2 and SK-Hep1) (HyClone Laboratories, Logan,
UT, USA) medium supplemented with 10% heat inactivated
fetal bovine serum (FBS; HyClone Laboratories), 100 U/
ml penicillin and 10 gxg/ml streptomycin (PAA Laboratories
GmbH, Pasching, Austria) in a humidified atmosphere
containing 5% CO, at 37°C. Except the cells were used in the
cell viability, A549 cells were investigated, after incubation
in the FBS-free RPMI-1640 medium for 24 h, anacardic acid
(AA), Calbiochem (San Diego, CA, USA) was added to the
medium. Pan-caspase inhibitor, N-benzyloxycarbonyl-Val-
Ala-Asp-fluoromethylketone (Z-VAD-fmk) was purchased
from Sigma-Aldrich (St. Louis, MO, USA).

Cell cytoxicity. The exponential phase of cells were seeded
into the wells of 96-well plates at an initial density of 0.5x10%-
1x10° cells in medium containing 10% FBS per well of 100 pul.
Following 24 h of incubation, AA, dissolved in 100% dimethyl
sulfoxide (DMSO; Sigma-Aldrich), was added to the culture
medium at various concentrations. Cells were incubated for 24 h
and 10 pl of EZ-Cytox Cell Viability Assay Solution (WST-1™;
Daeil Lab Service, Seoul, Korea) was added and incubated for
4 h at 37°C. The intensity was measured at 450 nm using an
ELISA reader (Molecular Devices, Sunnyvale, CA, USA).

Western blot analysis. A549 cell lysates were prepared in a
Radioimmunoprecipitation assay buffer (RIPA, Cell Signaling
Technology, Danvers, MA, USA) and proteins were visualized
using enhanced chemiluminescent (ECL) detection solution
(Pierce Biotechnology, Rockford, IL, USA). Antibodies include
anti-cleaved caspase 3, anti-cleaved caspase 7, anti-cytochrome c,
anti-Bax, anti-Bad, anti-Bak, anti-Bcl-XL, anti-cleaved PARP,
anti-FoxOl, anti-FoxO3a, anti-FoxO4, anti-f3-actin, secondary
rabbit and mouse antibodies conjugated with HRP were
purchased from Cell Signaling Technology. Anti-AIF, anti-
Hsp70, anti-polyclonal Hsp27, anti-Noxa, anti-STRAP, anti-Bim
and secondary antibodies conjugated with HRP rabbit goat were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA).

DAPI staining. 4',6-diamidino-2-phenylindole (DAPI) staining
was used for the morphological observation of apoptosome.
A549 cells were seeded in plates, and the cells were treated with
or without AA (3 pug/ml) for 24 h, then the cells were washed
with PBS. Two-to-three milliliters of diluted DAPI was added to
the cells and incubated for 15 min at 37°C. The cells were rinsed
once with methanol and the result was analyzed by fluorescence
microscopy using an Eclipse 50i microscope.
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TEM. For observation of more detailed morphological features,
transmission electron microscopy (TEM) was used. Cultured
A549 cells were pre-fixed in pellets at 4°C with 2.5% glutar-
aldehyde in 0.1 M phosphate buffer and then post-fixed with
1% osmium tetraoxide (OsO,) in 0.1 M phosphate buffer, pH 7.4.
After fixing, cells were embedded in Epon 812 using routine
procedures. Approximately 70 ym ultrasected specimens by
Ultracut Reichert-jung were stained using uranyl acetate and lead
citrate, and examined with Hitachi H600 TEM (Tokyo, Japan).
All reagents used in the TEM experiment were purchased from
Electron Microscopy Science (EMS).

FACS analysis. A549 cells were harvested by trypsinization
and fixed with ice-cold ethanol (70%) for 5 h at 4°C. Followed
resuspending with PBS containing RNase A (0.2 yg/ml) and
incubation for 1 h at 37°C. Cells were stained with propidium
iodide (40 ug/ml) for 30 min. The distribution of sub-Gl
DNA content was analyzed using the FACS Calibur apparatus
(Becton-Dickinson, Mountain View, CA, USA).

Genomic DNA extraction. For analyzing DNA fragmentation,
genomic DNA was extracted using DNeasy Blood and Tissue
kit purchased from Qiagen Inc. (Valencia, CA, USA) to the
manufacturer's protocol.

Results

Cytotoxicity of AA. In order to investigate the cytotoxicity,
we used a normal cells (HEK?293), and lung (A549) and liver
(HepG2, SK-Hepl) cancer cells were treated with AA in a dose-
dependent manner. After 24 h of exposure, the results of cell
viability assay showed that AA inhibits the proliferation of all
cells used. Although AA inhibited cellular proliferation of HEK
cells, the cytotoxicity was less than cancer cells (Fig. 2A). To
study the effect of the caspase inhibitor, cells were pretreated for
2 h with the cell-permeable and irreversible pan-caspase inhib-
itor Z-VAD-fmk (100 M) and then exposed to AA for 24 h
in the continued presence of Z-VAD-fmk. Viability was then
assessed by MTT assay using WST-1™ and the result showed
Z-VAD-fmk did not inhibit the cell viability in AA treated A549
cells (Fig. 2B). Considering our interest in lung cancer, we used
AS549 cells for further research and the ICs, value of AA treated
A549 cells was 2.75+0.25 ug/ml. Therefore, we used 3.0 pg/ml
of AA for investigating the molecular mechanism of cell death
in A549. Cellular morphology of AA treated A549 cells were
shown under a microscope and cytotoxicity was increased dose-
dependently (Fig. 2C).

Induction of apoptosis in AA treated A549 cells. In order to
further elucidate the nature of AA induced cell death in A549,
we investigated the nuclear morphology of AA treated cells
by using 4',6-diamidino-2-phenylindole (DAPI) staining.
The results showed totally different patterns between the
AA-treated and -untreated cells. AA treated cells exhibited
formations of apoptosome (Fig. 3A-b), indicating that AA
induces apoptosis in A549 cells. For further evidence of
apoptosis, we analyzed the fragmentation of chromosomal
DNA by using agarose gel electrophoresis (Fig. 3B). The
fragmentation of chromosomal DNA by AA increased to the
exposure time (Fig. 3B-b, ¢ and d), while it was not observed



INTERNATIONAL JOURNAL OF ONCOLOGY 42: 1045-1051, 2013

1047

A 120+
o 100-
P OHEK293
i BHepG2
> 80 -
= mSK-Hep1
% 50 - OA549
>
E 40 -
®]
20 4
0 T T : :
0 1 2 3 4 5
Concentration of AA (pg/ml)
B 120,
2 100]
S
2 801
=
© 60
: 40 4
@ -—
O 20/
0-
- + - 4 + - & Z-\VVAD-fmk (100 pM)
0 2 3 4 AA (pg/ml)

Figure 2. Cell viability in AA treated cell lines. (A) Cell viability was examined with a WST-1 assay. Cell growth was inhibited on a dose-dependent manner in
AA treated cells. (B) The A549 cells were pretreated for 2 h with the cell-permeable, irreversible pancaspase inhibitor Z-VAD-fmk (100 zM) and then 3.0 zzg/ml
of AA for 24 h in the continued presence of Z-VAD-fmk. Viability was then assessed by WST-1 assay. (C) A549 cells were incubated with AA for the indicated
concentrations and analyzed under a microscope: (a) control cells; (b-f) 1.0,2.0,3.0,4.0 and 5.0 pg/ml of AA, respectively.

in the untreated cells (Fig. 3B-a). In addition, to study the cell
death induced by AA, we quantified the sub-G1 DNA content
by fluorescence activated cell sorting (FACS) analysis. The
sub-G1 genomic DNA content was gradually increased
after 6, 12 and 24 h to 7.58, 14.01 and 38.79%, respectively
(Fig. 3C). TEM also showed apoptotic features such as chro-
matin condensation and nuclear fragmentation (Fig. 3D-b).

These results support the view that AA plays a major role in
apoptosis induction in A549 cells.

Effect of AA on the intrinsic pathway of apoptosis in A549
cells. To determine the apoptosis signaling pathway induced by
AA, we analyzed the expression of several genes using western
blot analysis. Cleaved caspase 3, cleaved caspase 7 and cyto-
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Figure 3. Induction of apoptosis in AA treated A549 cells. (A) The formation of apoptosome by AA was investigated by DAPI staining; (a) untreated cells;
(b) apoptosome was seen in the cells treated with 3.0 yg/ml of AA for 24 h. (B) DNA fragmentation assay; (a), untreated cells; (b-d) AA treated cells for 6, 12 and
24 h, respectively. The results were obtained by 1.5% agarose gel electrophoresis. (C) Quantification of sub-G1 DNA content in A549 cells treated with 3.0 pg/ml
of AA for 0, 6, 12 and 24 h were analyzed by FACS. (D) The induction of chromatin condensation and nuclear cleavage by AA were analyzed under TEM;
(a) untreated cells; (b) cells treated with 3.0 sg/ml of AA for 24 h; n, nuclear. Bars: a, b, 1 ym.

chrome c, known as the executioners of the intrinsic pathway,
showed gradual increase in a time dependent manner on AA
treated A549 cells. Caspase 9 was also analyzed (Fig. 4A). In
addition, the expression of pro- and anti-apoptotic Bcl-2 family
was determined. Pro-apoptotic members of the Bcl-2 family,
Bim, Bad, Bak and Noxa increased, and the anti-apoptotic
member Bcl-xL, decreased (Fig. 4B). The expression of Bak

and Bad showed gradual increase time-dependently with
AA-treatment and the expression of Bax and Noxa showed
further increased level at 12 h after AA exposure. Bim has three
isoforms (BimS, BimL and BimEL) with different intrinsic
toxicities and promotes apoptosis (19). The cleaved form of
Bim appeared at 6 h and the expression of Bcl-xI decreased
gradually to 18 h after AA exposure.
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Figure 4. Time-dependent expression of apoptotic proteins in AA treated A549 cells. Whole-cell extracts were prepared and analyzed by western blotting.
(A) Induction of intrinsic apoptosis pathway related proteins. (B) Expression of pro- and anti-apoptotic BCL-2 family proteins. (C) Expression of AIF and cleaved
PARP. (D) Decrease of anti-apoptotic chaperone protein, Hsp70 and cofactor. (E) Expression of FoxOs.

Effects of AA on AIF related pathway. Because the inhibition
of the pan-caspase inhibitor, Z-VAD-fmk, failed to prevent
cell death, we analyzed the possibility of a caspase-indepen-
dent pathway by apoptogenic molecules, apoptosis-inducing
factor (AIF). Poly (ADP-ribose) polymerase-1 (PARP-1), the
mediator of AIF release, was also investigated. The expression
of AIF showed gradual increase, as did the cleaved PARP-1
after 18 h (Fig. 4C).

Decrease of the chaperone genes. We examined the expres-
sion of several genes that encode proteins known as molecular
chaperones by assisting the correct folding of nascent and
stress-accumulated misfolded proteins (20). We investigated
the expression of Hsp70 and Strap, stress-responsive activator
of p300 and the results showed downregulation of Hsp70 and
Strap by AA (Fig. 4D).

Activation of forkhead transcription factors by AA. Members
of the non-phosphorylated mammalian forkhead transcription

factors (FoxOs) are involved in regulating the expression of
genes involved in apoptosis. FoxO1, FoxO4 and FoxO3a are
known as mammalian forkhead transcription factors that trigger
the up-regulation of proteins such as Bim and NOXA (21). The
expression of FoxOl, FoxO4 and FoxO3a in AA treated A549
cells increased with the optimal expression time being slightly
different depending on the subfamily (Fig. 4E).

Discussion

The current study focused on the findings of a cell signaling
pathway leading to death in A549 cells by AA. Our research
provides strong evidence to support the view that AA induces
apoptosis in a caspase-independent manner with no inhibi-
tion of cytotoxicity by pan-caspase inhibitor, Z-VAD-fmk,
in A549 cells. In addition to the morphological features by
TEM and microscopy and FACS analysis, the analysis of
gene expression by western blotting demonstrates the induc-
tion of apoptosis by AA.
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Figure 5. Potential apoptosis pathway of AA treated A549 cells. The release of
the intermembrane proapoptotic factors from the mitochondria by imbalances
between pro- and anti-apoptotic Bcl-2 family members, decrease of Hsp 70
and increase of AIF could have a key role in mitochondrial-mediated apop-
tosis in AA-treated A549 cells.

Previous research reported that the release of cytochrome ¢
from mitochondria is an early event during apoptosis, and
pro-apoptotic Bcl-2 family members induce the release
of cytochrome ¢ and anti-apoptotic Bcl-2 proteins inhibit
the release of cytochrome ¢ (22,23). The balance between
the pro-apoptotic (Bid, Bad, Bim, Bax, Bak and Noxa) and
anti-apoptotic (Bcl-2, Bcl-xL, Al and Bcl-w) Bcl-2 protein
families is an important factor contributing to cytochrome ¢
release, and in determining cell fate (24,25). Following
cytochrome c release, caspases are activated and the cell
undergoes apoptosis through the formation of apoptosomes,
Apaf-1/caspase 9 complex (25). Bax and Bak are also known
to promote apoptosis by modulating ER and mitochondrial
Ca?* stores (26). We are studying on the possibility of apop-
tosis by ER stress. The pro-apoptotic BH3-only protein Bim,
induces cell death by binding the anti-apoptotic Bcl-2 family
protein and Noxa is known as a mediator of p53-induced
apoptosis (27). The expression of Bim and Noxa is regu-
lated by the transcription factor of Forkhead (FKHR) in the
rhabdomyosarcoma family including FoxO (21). FoxO tran-
scription factors modulate the expression of genes involved
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in apoptosis, cell cycle, cell differentiation and other cellular
functions (28). In this study, AA induced the expression of
the pro-apoptotic Bcl-2 family proteins, Bim, Bad, Bak, Bax
and Noxa and cytochrome ¢, and reduced the expression of
the anti-apoptotic Bcl-2 family protein, Bcl-XL, in A549
cells. The expression of FoxOs increased on AA treated A549
cells. These results showed the possibility that the increase
of pro-apoptotic BH3-only protein, Bim and Noxa by FoxOs
and decrease of anti-apoptotic protein, Bcl-XL, induce the
outer membrane disruption of mitochondria in AA treated
A549. The disruption of mitochondria membrane may induce
the release of proapoptotic mediators such as AIF and cyto-
chrome ¢ from mitochondria.

Mitochondrial intermembrane flavoprotein AIF was
originally characterized as a cell death mediator (17) and
ATF has a potential role as a prognostic marker and a target
for radiochemotherapeutic intervention in CH27 human lung
carcinoma cells (29). AIF translocate from mitochondria to
the cytosol and then move to the nucleus to cause peripheral
chromatin condensation and large scale fragmentation of DNA
(17,18,30). AIF is an important mitochondrial protein involved
in caspase-dependent and -independent pathways (31). One
well-known mechanism to release AIF from mitochondria is
by the activation of poly (ADP-ribose) polymerase-1 (PARP-1)
which is a key molecule in AIF-induced cell death and medi-
ates the release and translocation of AIF (32).

While PARP-1 is involved in the release of AIF from
mitochondria (32), heat shock protein 70 (Hsp70) negatively
regulates the AIF function by inhibiting translocation to the
nucleus (33). Furthermore, Hsp70 inhibits apoptosis through
the inhibition of a downstream pathway of cytochrome ¢
release, upstream of caspase 3 activation and Apaf-1 apopto-
some formation (33-35). Hsps also block caspase-dependent
and -independent apoptosis in Jurkat T cells (36) and a deple-
tion of Hsp70 produces apoptosis-like death in various tumor
cell types, including human oral carcinoma cells (37). Heat
shock proteins are important prognostic factors in malignant
diseases due to their abundant expression in many cancer
cells. Strap is known as the Hsp70 transcription cofactor
(38). Current results show the possibility that the decrease of
Hsp70 and increase of proapoptotic protein AIF and PARP-1
promote chromatin condensation and DNA fragmentation
and induce apoptosis in AA treated A549 cells.

In conclusion, for the first time our research suggests that AA
induces caspase-independent apoptosis, that the pan-caspase
inhibitor z-VAD-fmk does not inhibit cell death, and the activa-
tion of a mitochondrial-mediated cell death signaling pathway
have a major role in apoptotic cell death in A549 cells. The
release of the intermembrane proapoptotic factors from the
mitochondria by imbalances between pro- and anti-apoptotic
Bcl-2 family members, decrease of Hsp70 and increase of AIF
could have a key role in apoptosis in AA treated A549 cells.
Based on our results, we suggest (Fig. 5) the possible signaling
pathway leading to apoptosis in AA treated A549.
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