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Several studies have shown that gallic acid (GA) induces apoptosis in different cancer cell lines,

whereas the mechanism of action of GA-induced apoptosis at the molecular level in human non-

small-cell lung cancer NCI-H460 cells is not well-known. Here, GA decreasing the percentage of

viable NCI-H460 cells was investigated; GA-induced apoptosis involved G2/M phase arrest and

intracellular Ca2þ production, the loss of mitochondrial membrane potential (ΔΨm), and caspase-3

activation. The efficacious induction of apoptosis and DNA damage was observed at 50-500 μM for

24 and/or 48 h as examined by flow cytometry, DAPI staining, and Comet assay methods. Western

blotting and flow cytometric analysis also demonstrated that GA increased protein levels of

GADD153 and GRP78, activation of caspase-8, -9, and -3, loss of ΔΨm and cytochrome c, and

AIF release from mitochondria. Moreover, apoptosome formation and activation of caspase cascade

were associated with apoptotic cell death. GA increased Bax and Bad protein levels and decreased

Bcl-2 and Bcl-xL levels. GA may also induce apoptosis through a caspase-independent AIF

pathway. In nude mice bearing NCI-H460 xenograft tumors, GA inhibited tumor growth in vivo.

The data suggest that GA induced apoptosis in NCI-H460 lung cancer cells via a caspase-3 and

mitochondrion-dependent pathway and inhibited the in vivo tumor growth of NCI-H460 cells in

xenograft models.
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INTRODUCTION

Cancer is a major cause of death throughout the world. In the
United States and western Europe, lung cancer is the leading
cause of cancer death in men and women (1-3). In Taiwan, lung
cancer also is the major cause of cancer-related deaths (4,5), and
about 34.9 persons per 100000 die annually from lung cancer on
the basis of reports from the Department of Health, Executive
Yuan, ROC (Taiwan). The treatment of lung cancer includes
surgery, radiation, chemotherapy, or a combination of radio-
therapy and chemotherapy; however, mortality remains high
after those treatments. It is recognized that chemoprevention is
the use of pharmacological or natural agents to inhibit the

development of cancer, and it is also well-known that chemopre-
vention can prevent a wide variety of cancers in multiple animal
models (6). Moreover, many naturally occurring substances are
thought to act as antioxidants and cancer preventative agents or
even as cancer therapy drugs (7).

Gallic acid (3,4,5-trihydroxybenzoic acid, GA), a naturally
occurring plant phenol, comes from the hydrolysis of tannins, and
it has been shown to induce apoptosis in human leukemia HL-
60RGcells (8) andmany human cancer cell lines aswell as human
stomach cancer KATO III and colon adenocarcinoma COLO
205 cell lines (8). GA has been reported to play an important role
in the prevention of malignant transformation (9), and GA was
shown to have antitumor effects on LL-2 lung cancer cells
transplanted in mice (10). GA induces apoptosis in human lung
cancer cells (11), but the possible molecular mechanism of
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apoptosis in human lung cancer NCI-H460 cells still is not clear.
Therefore, it is important to clarify the in vitro anti-lung cancer
activity of GA and also to find the possible signaling pathway. In
the present study, the effects of GA were investigated using the
growth of human lung cancerNCI-H460 cells in vitro and in vivo.

MATERIALS AND METHODS

Chemicals and Reagents. Gallic acid (GA), dimethyl sulfoxide
(DMSO), propidium iodide (PI), RNase A, and Triton X-100 were
obtained from Sigma Chemical Co. (St. Louis, MO). RPMI-1640,
penicillin-streptomycin, trypsin-EDTA, fetal bovine serum (FBS), and
L-glutamine were obtained from Gibco BRL (Grand Island, NY).
Caspase-3, caspase-8, and caspase-9 activity assay kits were from
OncoImmunin, Inc. (Gaithersburg, MD).

Human Lung Carcinoma Cell Line (NCI-H460). NCI-H460 cell
line was obtained from the Food Industry Research and Development
Institute (Hsinchu, Taiwan). The cells were plated in 75 cm2 tissue culture
flasks in RPMI-1640 medium supplemented with 10% FBS, 2 mM
L-glutamine, 100 units/mL penicillin, and 100 μg/mL streptomycin. Cells
were grown at 37 �C under humidified 5% CO2 and 95% air at 1 atm
(12-14).

Assessment of Cell Morphology and Viability. Approximately
2�105 cells/well of NCI-H460 cells were plated onto 12-well plates and
incubated at 37 �C for 24 h before being treated with 0, 100, 200, 300, 400,
and 500 μMGAand then incubated for 24 and 48 h. DMSO (solvent) was
used for the control regimen. For cell morphology, cells were examined
and photographed under a phase-contrast microscope. For percentage of
cell viability, cells (1�105 cells per sample) were centrifuged at 1000g for
5min, cell pellets were dissolvedwith 0.5mLof PBS containing 100 μg/mL
RNase, and 5 μg/mL propidium iodide, and viable cells were determined
by using a flow cytometer (Becton-Dickinson, San Jose, CA) as previously
described (15, 16).

Determinations of Cell Cycle and Apoptosis by Flow Cytometry.
Approximately 2�105 cells/well of NCI-H460 cells were grown on a
12-well plate for 24 h after which different concentrations of GA (0, 50,
100, 150, and 200 μM)were added, and cells were incubated at 37 �C in 5%
CO2 and 95% air for 48 h. For cell cycle arrest with sub-G1 (apoptosis),
isolated cells were fixed by 70% ethanol in 4 �C overnight and then
resuspended in PBS containing 40 μg/mL PI and 0.1 mg/mL RNase and
0.1% Triton X-100 in a dark room for 30 min at 37 �C. Those cells were
analyzedwith a flow cytometer equippedwith an argon ion laser at 488 nm
wavelength. The cell cycle with sub-G1 (apoptotic cells) was then
determined, and analysis was conducted with FACScalibur utilizing
CellQuest software (Beckton Dickinson) (15-17).

Comet Assay for DNA Damage. The Comet assay was done
according to the procedures of Wang et al. with some modifications (18).
TheNCI-H460 cells were incubatedwith 0, 100, 200, 300, 400, and 500 μM
GA, 0.5% H2O2, and vehicle (DMSO) for 24 h. Cells were harvested for
the examination of DNA damage using the Comet assay as described
elsewhere. Comets of cells on slides acquired DNA damage by using the
CometScore Freeware analysis (TriTek Corporation, Sumerduck, VA).
Comet tail length was calculated, quantified, and expressed as the mean(
SD (16, 18, 19).

DAPI Staining for Apoptotic Cells. NCI-H460 cells at a density of
2�105 cells/well were plated onto 6-well plates and incubated for 48 h
before cells from each sample were isolated for 4,6-diamidino-2-pheny-
lindole dihydrochloride (DAPI) staining, as described previously (15, 16).
After staining, the cells were examined and photographed using a
fluorescence microscope (15).

CDK1 Activity Assay. CDK1kinase activity was analyzed according
to the protocol of the Medical and Biological Laboratories CDK1 kinase
assay kit (MBL). In brief, NCI-H460 cells at a density of 2� 106 cells/well
were plated onto 6-well plates and were incubated with 250 μMGA for 0,
3, 6, 12, and 24 h. About 1�106 cells were suspended in a buffer of 0.2 mL
(50 mM Tris-HC1, pH 7.5, 1 mM phenylmethanesulfonyl fluoride,
50 pg/mL leupeptin, 10 mM 2-mercaptoethanol, 1 mM MgCl, 2 mM
EGTA, 0.5 mM dithiothreitol, 0.01% Brij35, 25 mM glycerophosphate,
and 0.5MNaCl). Cell suspensions were then sonicated and centrifuged at
100000g for 30 min. To determine the adequate cdc2 kinase assay
condition using vimentin MV55 peptide, cdc2 kinase assays were done

with varying concentrations of vimentinMV55 peptides (0.1-5 mM) and
purified cdc2 kinase (20).

Reactive Oxygen Species (ROS), Intracellular Ca2þ Concentra-

tions, and Mitochondrial Membrane Potential (ΔΨm) Determina-

tions. NCI-H460 cells at a density of 2�105 cells/well were plated onto
12-well plates and treated with or without 250 μMGA for 0, 3, 6, 12, and
24 h to determine changes in ROS, intracellular Ca2þ concentrations, and
ΔΨm. The endogenous ROS level, Ca2þ, and ΔΨm were detected by flow
cytometry using DCHF-DA, Fluo-3/AM, and DiOC6. Cells were har-
vested and then resuspended in 500 μL of DCFH-DA (10 μM) for ROS
(H2O2) determination, resuspended in 500 μL of Fluo-3/AM (2.5 μg/mL)
for intracellular Ca2þ concentrations, and suspended in 500 μL of DiOC6

(4 μmol/L) for ΔΨm and incubated at 37 �C for 30 min and analyzed by
flow cytometry (21-23). ROS levels, intracellular Ca2þ, and ΔΨm were
detectable in the FL-1 channel (a BD instrument with emission at 525 nm).
All fluorescence intensities were obtained from the mean intensity of the
histogram constructed from 10000 cells (21-23).

Caspase- 3, -8, and -9 Activity Determinations by Flow Cyto-

metry. NCI-H460 cells at a density of 2 � 105 cells/well were plated onto
12-well plates, then pretreated with or without caspase-8 inhibitor
(Z-IETD-FMK), caspase-9 inhibitor (Z-LEHD-FMK), or caspase-3 in-
hibitor (Z-DEVD-FMK) (R&D Systems, Minneapolis, MN), and then
treated with 250 μM GA for 0, 6, 12, and 24 h. Cells were harvested by
centrifugation, and the cell pellets were added to 50-75 μL of 10 mM
caspase-3, -8, or -9 substrate solution (PhiPhiLux-G1D2, CaspaLux9-
M1D2, CaspaLux8-L1D2). The samples were incubated in a 5% CO2

Figure 1. Effects of GA on the morphological changes and percentage of
viable NCI-H460 cells. Cells were plated onto RPMI-1640 mediumþ 10%
FBS with various concentrations of GA for 24 and 48 h, and the
morphological changes were examined and photographed under phase-
contrast microscope (A) (200�); total percentage of viable cells was
determined by flow cytometry (B) as described under Materials and
Methods. Each point is the mean ( SD of three experiments: a,
P < 0.05, significantly different compared with DMSO-treated control; b,
P < 0.05, significantly different compared with 200 μM GA treatment; c,
P < 0.05, significantly different compared with 300 μM GA treatment by
one-way ANOVA followed by Bonferroni’s multiple-comparison test.
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incubator at 37 �C for 60 min before flow cytometric analysis. Caspase-
3, -8, and -9 activities were detectable in the FL-1 channel (a BD
instrument with emission at 525 nm) (24-26).

Apoptotic-Associated Proteins Examined byWestern Blotting.A
total of 5�105 NCI-H460 cells/mL cells were treated with 250 μM GA
for 0, 6, 12, 24, and 48 h. Cells were then harvested from each sample by
centrifugation for the total protein determination for Western blotting.
Cytochrome c, Apaf-1, AIF, caspase-9, caspase-3, GADD153, GRP78,
Fas, FasL, FADD, caspase-8, Bad, Bax, Bcl-2, andBcl-xL expressionswere
examined using sodiumdodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting as described previously (17, 27, 28).

Real-Time PCR of Caspase-3 and -8. Total RNA was extracted
from theNCI-H460 cells after treatment with 250 μMGA for 24 and 48 h,
using the Qiagen RNeasy Mini Kit as described previously (16). RNA
samples were reverse-transcribed for 30 min at 42 �C with the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Quan-
titative PCRwas performed using the following conditions: 2min at 50 �C,
10min at 95 �C, and 40 cycles at 15 s at 95 �C, 1 min at 60 �C using 1 μL of
the cDNA reverse-transcribed as described above, 2� SYBRGreen PCR
Master Mix (Applied Biosystems) and 200 nM forward (F) and reverse
primers (R): caspase-3-F, CAGTGGAGGCCGACTTCTTG; caspase-
3-R, TGGCACAAAGCGA CTGGAT; caspase-8-F, GGATGGCCAC-

TGTGAATAACTG; caspase-8-R, TCGAGGACATCGCTCTCTCA;
GAPDH-F, ACACCCACTCCTCCACCTTT; GAPDH-R, TAGCCA-
AATTCGTTGTCATACC. Each assay was run on an Applied Biosys-
tems 7300 Real-Time PCR system in triplicate, and expression fold-
changes were derived using the comparative CT method (16).

NCI-H460 Xenograft Models. Eighteen female athymic
BALB/cnu/nu nude mice (4-6 weeks of age) were obtained from the
Laboratory Animal Center of National Applied Research Laboratories
(Taipei, Taiwan). All mice were fed commercial diet and water ad libitum.
NCI-H460 cells were resuspended in serum-free RPMI-1640mediumwith
Matrigel basement membrane matrix at a 5:1 ratio. The cell suspension
(1�107 cells; total volume, 0.2 mL) was subcutaneously injected into the
flanks ofmice. Bodyweight and tumormasswere determined every 4 days.
Animals with tumors were randomly assigned to one of three treatment
groups [injected intraperitoneally every 4 days with 20 μL of DMSO
control vehicle; GA (20 mg/kg); and doxorubicin (8 mg/kg)]. Treatment
was initiated when xenografts reached volumes of about 100 mm3. The
tumor volume was estimated according to the following formula: tumor
volume (mm3)= L�W2/2 (L, length;W, width). At the end of the study,
animals were sacrificed. Tumors were removed, measured, and weighed
individually as described previously, and caspase-3, -8, and -9 activities
were determined individually as described previously (29, 30).

Figure 2. Effects of GA on the cell cycle and sub-G1 group of NCI-H460 cells. Cells were plated in RPMI-1640 mediumþ 10% FBS with various
concentrations of gallic acid for 48 h, and the cells were analyzed for cell cycle (A, representative profiles; B, percentage of cells in phase) by flow cytometry.
Each point is the mean( SD of three experiments: a, P < 0.05, significantly different compared with DMSO-treated control; b, P < 0.05, significantly different
compared with 150 μM GA treatment by one-way ANOVA followed by Bonferroni’s multiple-comparison test.
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Statistical Analysis. One-way ANOVA was used to examine the
significance of differences in measured variables between control and
treated groups followed by Bonferroni’s test for multiple comparisons.
Significance was declared at P<0.05.

RESULTS

Effects of GA on Morphological Changes and Percent Cell

Death. To examine the biological effects of GA, NCI-H460 cells
were treated with various doses of GA (0, 100, 200, 300, 400, and
500 μM) for 24 and 48 h, and cell morphological changes and cell
death were assayed. GA caused both cell morphological changes
and cell death at a concentration of 100 μMor higher, which was
dose-dependent (Figure 1). According to these results, we selected
the 250 μMdose and next assessedwhether the growth-inhibitory
and cell death effects of GA are accompanied by its effect on cell
cycle progression and/or apoptotic cell death.

Effects of GA on Cell Cycle and Sub-G1 Group of NCI-H460

Cells.GA induced significant cell cycle arrest at 50-200 μMafter
incubation for 24 h (Figure 2). Compared with DMSO controls,
GA caused an arrest atG2-M (2 versus 26.98-36.06%P<0.001,
respectively) phase, which was at the expense of a strong decrease

in the S-phase cell population (Figure 2B). GA at concentrations
of 50-200 μM for 24 h caused significant apoptotic cell death.
The increase in the percentage of sub-G1 indicated an increase in
the percentage of apoptotic cells (Figure 2B), and this effect was
dose-dependent.

GA-Induced DNA Damage and Apoptotic Cell Death in NCI-

H460 Cells. To examine whether or not GA induced DNA
damage in NCI-H460 cells, the Comet assay was used. GA
induced DNA damage on the basis of the DNA damage tail
production shown in Figure 3A. Further support for the role of
apoptosis is that DAPI staining assays revealed that apoptotic
cells were observed inGA-treatedNCI-H460 cells comparedwith
intact control cells, and this effect was dose-dependent
(Figure 3B).

GA Affected the Levels of CDK1 Activity, Reactive Oxygen

Species (ROS), Intracellular Ca2þ, and Mitochondria Membrane

Potential (ΔΨm) in NCI-H460 Cells. To examine whether GA
inducedG2/Marrest, DNAdamage, and apoptosis inNCI-H460
cells due to the effects of CDK1 activity, ROS, intracellular Ca2þ,
and ΔΨm, NCI-H460 cells were exposed to 250 μM GA for
various time periods. Our data demonstrated that GA induced

Figure 3. GA-induced DNA damage and apoptosis in NCI-H460 cells. Cells were incubated with various concentrations of gallic acid or 0.5% H2O2 for 24 h.
DNA damage was determined using Comet assay and thenmonitored and photographed by fluorescencemicroscope (A); apoptotic cells were determined by
DAPI staining and were photographed via fuorescencemicroscopy (B), which is described under Materials and Methods. (A) Each experiment was done with
triple sets: a, P < 0.05, significantly different compared with DMSO-treated control; b, P < 0.05, significantly different compared with 100 μM GA-treated; c,
P < 0.05, significantly different compared with 250 μM GA treatment by one-way ANOVA followed by Bonferroni’s multiple-comparison test. (B) Each
experiment was done with triple sets: a, P < 0.05, significantly different compared with DMSO-treated control; b, P < 0.05, significantly different compared with
200 μM GA treatment by one-way ANOVA followed by Bonferroni’s multiple-comparison test.
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CDK1 activity in a time-dependent manner (Figure 4A). GA did
not induce ROS production (Figure 4B); however, GA promoted
the loss ofΔΨm in NCI-H460 cells, and this effect also was time-
dependent (Figure 4C). The results also showed that GA-induced
levels of intracellular Ca2þ were slightly increased up to 12 h
treatment, leading to the production of high levels of intracellular
Ca2þ; after 24 h of treatment, the levels of Ca2þ started to
decrease (Figure 4D).

GAActivated Caspase-3, -8, and -9 in NCI-H460 Cells.Caspase
activation was examined in NCI-H460 cells, which were pre-
treated with or without inhibitors and then were treated with or
without GA. Data in Figure 5A-C indicate that GA promoted
activation of caspase-8, -9, and -3 in NCI-H460 cells, and these
effects were time-dependent. Figure 5D indicates that all inhibitor
pretreatments led to increase in the percentage of viable NCI-
H460 cells.

GA Effected on Apoptosis-Associated Proteins in NCI-H460

Cells.Results fromWestern blotting are present in Figure 6A-D.
GA stimulated levels of cytochrome c and AIF (Figure 6A),
GADD153 and GRP78 (Figure 6B), Fas, FasL, FADD, and
the active form of caspase-8 (Figure 6C), and Bad and Bax
(Figure 6D), but decreased levels of pro-caspae-9 and -3
(Figure 6A) and Bcl-2 and Bcl-xL (Figure 6D) in NCI-H460 cells.

GA Inhibited Tumor Size in a Xenograft Mouse Model. On the
basis of our in vitro studies, we next examined the in vivo
antitumor activities of GA in mouse NCI-H460 xenograft

models. When xenograft tumor mass reached a volume of about
100 mm3, mice were injected intraperitoneally with 20 mg/kg GA
and 8 mg/kg doxorubicin (positive control) or a vehicle control
every 4 days. Representative tumors in the xenograft mice treated
with or without GA are shown in Figure 7A; the treatments of
both compounds (GAanddoxorubicin) did not alter bodyweight
significantly (data not shown). GA also significantly ( p<0.01)
decreased by 40% the tumor weight compared to control
(Figure 2B) as shown in Figure 2C. The results indicate that
GA induced 16-35% inhibition of tumor growth compared to
control after treatment for from 22 to 38 days. In Figure 2C,
doxorubicin (8 mg/kg) also significantly reduced tumor mass by
∼75% after 38 days of treatment. Tumors in treatment groups
were significantly smaller than those in the control group.

GA Inhibited Tumor Size in a Xenograft Mouse Model. On the
basis of our in vitro studies, we next examined the in vivo
antitumor activities of GA in mouse NCI-H460 xenograft mod-
els. When xenograft tumor mass reached a volume of about 100
mm3, mice were injected intraperitoneally with 20mg/kg GA and
8 mg/kg doxorubicin (positive control) or a vehicle control every
4 days. Representative tumors in the xenograft mice treated with
or without GA are shown in Figure 7A, and the treatments of
both compounds (GAanddoxorubicin) did not alter bodyweight
significantly (data not shown). GA also significantly ( p<0.01)
decreased by 40% the tumor weight compared to control
(Figure 7B). As shown in Figure 7C, GA reduced tumor mass

Figure 4. GA affected the levels of CDK1 activity, reactive oxygen species (ROS), and intracellular Ca2þ and mitochondria membrane potential (ΔΨm) in
NCI-H460 cells. Cells were incubated with 250 μM GA for 0, 3, 6, 12, and 24 h for CDK1 activity (A), before staining by DCFH-DA for determination of ROS
levels (B), stained with DiOC6 for determination of theΔΨm levels (C), and stained by Fluo-3/AM for determination of the intracellular Ca2þ levels (D) by flow
cytometric analysis as described underMaterials andMethods. (A)Each experiment was donewith triple sets: a,P < 0.05, significantly different comparedwith
0 time treatment by one-wayANOVA followed byBonferroni’smultiple-comparison test. (B)Each experiment was donewith triple sets: a,P < 0.05, significantly
different compared with 0 time GA treatment by one-way ANOVA followed by Bonferroni’s multiple-comparison test. (C) Each experiment was done with triple
sets: a, P < 0.05, significantly different compared with 0 time treatment; b, P < 0.05, significantly different compared with 6 h GA treatment by one-way ANOVA
followed by Bonferroni’s multiple-comparison test.
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compared to control after treatment for from 22 to 38 days, and
doxorubicin (8 mg/kg) also significantly reduced tumor mass. In
Figure 7D, GA significantly induced caspase-3, -8, and -9 acti-
vities on tumors in the xenograft mice.

DISCUSSION

Gallic acid induced a strong cell growth inhibition, cell cycle
arrest, and apoptotic cell death in human prostate cancer DU145
cells in a dose- and time-dependent manner, together with a
decrease in cyclin-dependent kinases and cyclins, but strong
induction in Cip1/p21, and may go through a caspase-indepen-
dent pathway (31). There have been several studies supporting the
anticancer potential of GA (31-33); however, scientific evidence
concerning the mechanism of its active compound(s) is very
limited. Here, we showed that GA decreased the percentage of
viable NCI-H460 cells and that the effect is in a dose-dependent
manner (Figures 1 and 2). We also suggest that the anti-NCI-
H460 cells of GA were mediated through the regulation of
multiple signaling pathways. Our results suggest that GA caused
cell death extrinsically along with Fas-associated extrinsic path-
way and mitochondrially intrinsic pathways (Figures 5 and 6)
and, thus, executed cell death as shown by caspase-8, -9, and -3
activation in NCI-H460 cells (Figure 5D). Members of the
Bcl-2 family were affected, resulting in a pro-apoptotic cell
environment. GA may induce apoptosis also through AIF
(caspase-independent pathway). Other authors also did not find

mitochondria involved gallic acid-induced apoptosis in human
prostate carcinoma DU145 cells. Therefore, it may be cell type
dependent. Apparently, further investigations are needed.

Two major goals in cancer treatment are the inhibition of
survival signaling pathways and induction of apoptosis in cancer
cells. Here, our results indicated that GA induced G2/M arrest in
NCI-H460 cells, indicating that one of the mechanisms by which
GA acts is via inhibition of cell cycle progression. Suppression of
the cell cycle in cancer cells has been considered to be one of the
most effective strategies for the control of tumor growth (34). GA
has been reported to interfere with the G2/M phase in colon
adenocarcinoma cells (35), butGAdid not affect cell cycle in other
cancer lines (36,37). Therefore,GA induced cell death or cell cycle
arrest may differ depending on the type of cancer cell (38). Other
factors that may need to be considered are GA concentration and
incubation period, which differed in each study.

Our results revealed that GA-induced apoptosis was mainly
associated with G2/M phase of the cell cycle in NCI-H460 cells,
and it increased the number of apoptotic cells (sub-G1
population) in a dose-dependent manner (Figure 2B). We also
usedDAPI staining to confirm the appearance of apoptotic NCI-
H460 cells after exposure to GA (Figure 3B). Our results also
showed that GA promoted the level of intracellular Ca2þ and
decreased the levels of ΔΨm, which led to the release of cyto-
chrome c frommitochondria. This is in agreement with an earlier
study; GA induced apoptosis through generation, Ca2þ influx,
and activation of calmodulin (36).

Figure 5. GA affected the activities of caspase-3, -8, and -9 of NCI-H460 cells. Cells were plated onto a 12-well plate in RPMI 1640 medium þ 10% FBS,
whichwere preincubated with or without inhibitors and thenwere incubatedwith 250μMGA for 0, 3, 6, 12, and 24 h. Cells were harvested fromeach sample for
caspase-3 (A), -8 (B), and -9 (C), and for percentage of viable cells (D), it was determined as described under Materials and Methods. Caspase-3, -8, and -9
activities were determined and analyzed according to the manufacturer’s instructions. (A) Each experiment was done with triple sets: a, P < 0.05, significantly
different compared with 0 time treatment by one-way ANOVA. (B) Each experiment was done with triple sets: a, P < 0.05, significantly different compared with
0 time GA treatment by one-way ANOVA. (C) Each experiment was done with triple sets: a, P < 0.05, significantly different compared with 0 time treatment by
one-way ANOVA. (D) Each experiment was done with triple sets: a, P < 0.05, significantly different compared with GA treatment by one-way ANOVA.
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It is important to elucidate the mechanisms by which GA
induces apoptosis in NCI-H460 lung cancer cells to optimize its
activity. In the present study, we found that GA induced
apoptosis in NCI-H460 lung cancer cells and that this effect is
dose dependent. We investigated the contribution of Bcl-2 family
proteins to GA-induced apoptosis and found an increase in the
expressionofBax protein and adecrease in the expressionofBcl-2
in examined NCI-H460 cells. It is well-known that an increase in
the ratio of Bax/Bcl-2 stimulates the release of cytochrome c from

the mitochondria into the cytosol, promotes activation of cas-
pase-9, and then binds to Apaf-1, leading to the activation of
caspase-3 and PARP (39, 40). We found that NCI-H460 cells
treated withGAactivated caspase-3 in a time-dependentmanner,
which supports the role of caspase-3 in GA-induced apoptosis.
Western blotting also showed that GA promoted the levels of
AIF, which means that GAmay also induce apoptosis through a
caspase-independent pathway (mitochondria-AIF pathway).
It was reported that agents can induce apoptosis through

Figure 6. GAaffected the apoptotic relative proteins and gene expressions in NCI-H460 cells. A total of 5�105 NCI-H460 cells/mL cells were treated with 250
μMGA for 0, 6, 12, 24, and 48 h. Cells were harvested from each sample, and associated proteins were determined byWestern blotting. Cytochrome c, Apaf-1,
AIF, caspase-9, and caspase-3 (A), GADD153 andGRP78 (B), Fas, FasL, FADD, and caspase-8 (C), and Bad, Bax, Bcl-2, and Bcl-xL (D) expressions were
examined using SDS-PAGEandWestern blotting as described underMaterials andMethods. The total RNAwas extracted fromNCI-H460 cells after exposure
to GA for 0, 24, and 48 h, and RNA samples were reverse-transcribed cDNA then for real-time PCR. The ratios of caspase-3 and -8 mRNA/GAPDH are
presented in E. Data represent the mean ( SD of three experiments. (E) /, P < 0.05, significantly different compared with 0 h GA treatment by one-way
ANOVA.



Article J. Agric. Food Chem., Vol. 57, No. 16, 2009 7603

AIF-mediated caspase-independent mitochondria pathway (41).
Therefore, natural compounds might have multiple cellular
targets to achieve their biological beneficial effects such as tumor
growth inhibition (42).

In the current study, we showed that GA induces apoptosis in
NCI-H460 cells through a caspase-dependent mitochondrial
pathway. GA also decreased the weight and size of NCI-H460
cells in xenograft animal models in vivo. The most striking
findings are the consistency of effects seen in vitro and in vivo
in the present study. GA induced significantly the activities of

caspase-3, -8, and -9 in vitro and in vivo. It is well-known that
certain products from plants are known to induce apoptosis in
tumor cells but not in normal cells (43,44), and an understanding
of the mechanism of those compounds’ actions may provide
valuable information for their possible application in cancer
therapy and prevention. In conclusion, the findings of the present
study provide new perspectives for further research on toxicology
and pharmacology of GA as a possible candidate for the treat-
ment or prevention of lung cancer.

ABBREVIATIONS USED

ΔΨm, mitochondrial transmembrane potential; DAPI, 4,6-
diamidino-2-phenylindole dihydrochloride; DMSO, dimethyl
sulfoxide; FBS, fetal bovine serum; GA, gallic acid; PBS, phos-
phate-buffered saline; PI, propidium iodide; ROS, reactive
oxygen species.
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