
Abstract. The natural antioxidant gallic acid (GA) has
demonstrated a significant inhibition of cell proliferation and
induction of apoptosis in a series of cancer cell lines. However,
there is no available information to show whether GA
induces apoptosis in human skin cancer cells. In the present
study, we report GA-induced apoptosis in A375.S2 human
melanoma cells. GA affected morphological changes,
decreased the percentage of viable cells and induced apoptosis
in A375.S2 cells in a dose- and time-dependent manner.
Observation of the molecular mechanism of apoptosis in
A375.S2 cells showed that GA up-regulated the proapoptotic
proteins such as Bax, and induced caspase cascade activity,
but down-regulated antiapoptotic proteins such as Bcl-2.
GA induced reactive oxygen species (ROS) and intracellular
Ca2+ productions and decreased the level of mitochondrial
membrane potential (Δæm) in A375.S2 cells in a time-
dependent manner. GA triggered cytosolic release of
apoptotic molecules, cytochrome c, promoted activation of
caspase-9 and caspase-3, and ultimately apoptotic cell death.
In addition, GA also promoted cytosolic release of apoptosis-
inducing factor (AIF) and endonuclease G (Endo G).
Therefore, GA may also induce apoptosis through a caspase-
independent pathway. Our results suggest that GA might be a

potential anticancer compound; however, in depth in vivo
studies are needed to elucidate the exact mechanism.

Introduction

In the world human population, skin cancer causes death (1).
The treatment of skin cancer includes surgery, radiation,
chemotherapy, or a combination of radiotherapy and
chemotherapy, however, the treatment is rather unsatis-
factory. Melanoma is highly resistant to conventional chemo-
therapy and it preferentially metastasize to the brain, lung,
liver, and skin (2). It is well-documented that chemoprevention
and chemotherapy are the use of pharmacological or natural
agents for inhibiting the development, and for cure of cancer.
Chemoprevention can prevent a wide variety of cancers in
multiple animal models (3) and naturally occurring substances
are recognized to be antioxidants and cancer-preventative
agents, or even cancer therapy drugs (4).

Gallic acid (3,4,5-trihydroxybenzoic acid, GA), an inter-
mediate component of plant metabolism from the hydrolysis
of tannins (5), has been associated with a wide variety of
biological actions including antioxidant (6), antibacterial (7),
antifungal and antimalarial (8), and antiherpetic action (5).
The main interest in GA is related to its antitumoral activity.
GA induced apoptosis in human leukemia HL-60RG cells
(9), human lung cancer cell lines (10), human stomach cancer
KATO III, colon adenocarcinoma COLO 205 cell line (11)
and PC12 rat pheochromocytoma cells (12). It was also
reported that GA plays an important role in the prevention of
malignant transformation (13) and GA prevents amyloid
ß-induced apoptotic neuronal death by interfering with the
increase of Ca2+ levels and then by inhibiting glutamate
release and generation of ROS (14). GA was shown to have
antitumor effects on LL-2 lung cancer cells transplanted in
mice (15) and NCI-H460 human lung cancer cells in vitro
and in vivo (10). However, there is no study to show that GA
affected A375.S2 human melanoma cells. Therefore, it is
important to clarify the in vitro anti-skin cancer effect of GA
and also to find the possible signaling pathway. In the present
study, the effects of GA were investigated in the growth and
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apoptotic cells death of A375.S2 human melanoma cells
in vitro.

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,
USA). RPMI-1640, penicillin-streptomycin, trypsin-EDTA,
fetal bovine serum (FBS) and L-glutamine were obtained from
Gibco®/Invitrogen (Carlsbad, CA, USA). DCFH-DA, Fluo-3/
AM and DiOC6 were purchased from Molecular Probes/
Invitrogen (Eugene, OR, USA). Caspase-3, caspase-8 and
caspase-9 activity assay kits were from OncoImmunin, Inc.
(Gaithersburg, MD, USA). Caspase-3 inhibitor (z-DEVD-
fmk), caspase-8 inhibitor (z-IETD-fmk) and caspase-9 inhi-
bitor (z-LEHD-fmk) were obtained from R&D Systems
(Minneapolis, MN, USA).

Malignant human melanoma cell line (A375.S2). The
A375.S2 cell line was purchased from the Food Industry
Research and Development Institute (Hsinchu, Taiwan). About
1x106 cells/ml were cultured in 75 cm2 tissue culture flasks
with minimum essential media (MEM) supplemented with
10% fetal bovine serum, penicillin-streptomycin (100 U/ml
penicillin and 100 μg/ml streptomycin) and 2 mM L-gluta-
mine and grown at 37˚C in humidified 5% CO2 and 95% air.

Assessment of cell viability. Approximately 2x105 cells/well
of A375.S2 cells were plated onto 12-well plates and incu-
bated at 37˚C for 24 and 48 h before being treated with 0, 50,
100, 200 and 300 μM GA then incubated for 24 and 48 h. A
0.5% of DMSO (solvent) was used for the control regimen.
The cells were treated with 200 and 250 μM GA for 0, 12,
24, 48 and 72 h. Cells (1x105 cells per sample) were
centrifuged at 1000 x g for 5 min, cell pellets were dissolved
with 0.5 ml of PBS containing 5 μg/ml PI and viable cells
were deter-mined by using FACSCalibur utilizing CellQuest
software (Becton-Dickinson, San Jose, CA, USA) for
determination of viable cells as previously described (14-16).

Determinations of sub-G1 (apoptosis) by flow cytometry.
Approximately 2x105 cells/well of A375.S2 cells were grown
in a 12-well plate for 24 h after 0, 50, 100, 200 and 300 μM
of GA were added and cells were incubated at 37˚C, 5% CO2

and 95% air for 48 h. Cells from each treatment were
isolated, then fixed with 70% ethanol at 4˚C overnight and
re-suspended in PBS containing 40 μg/ml PI and 0.1 mg/ml
RNase and 0.1% Triton X-100 in dark room for 30 min at
room temperature. Those cells were analyzed with a flow
cytometer equipped with an argon ion laser at 488 nm wave-
length. The cell cycle with sub-G1 was then determined and
analyzed that was conducted with flow cytometry (Beckton-
Dickinson) (16,17).

4,6-diamidino-2-phenylindole dihydrochloride (DAPI)
staining for apoptotic cells. A375.S2 cells at a density of
1x105 cells/well were plated onto 6-well plates and treated
with GA (0, 50, 100, 250 and 300 μM) and incubated for 24
and 48 h before cells from each treatment were isolated for

DAPI staining, as described previously (14,16). After staining,
the cells were examined and photographed using a fluore-
scence microscope (18).

Reactive oxygen species (ROS), intracellular Ca2+ release and
mitochondrial membrane potential (Δæm) determinations.
A375.S2 cells at a density of 1x105 cells/well were plated
onto 12-well plates and treated with 250 μM GA for 0, 0.5,
1, 3 and 6 h to changes in ROS, intracellular Ca2+ release and
0, 12, 24, 48 and 72 h for Δæm. Cells were harvested from
each treatment, then re-suspended in 500 μl of DCFH-DA
(10 μM) for ROS (H2O2) determination, re-suspended in
500 μl of Fluo-3/AM (2.5 μg/ml) for intracellular Ca2+ concen-
trations and suspended in 500 μl of DiOC6 (4 μmol/l) for
Δæm, incubated at 37˚C for 30 min and analyzed by flow
cytometry (19-21). Cells were pretreated with 15 mM NAC
for 3 h then treated with 250 μM GA for 24 h. The % of cell
viability was determined by flow cytometry. All fluorescence
intensities were obtained from the mean intensity of the
histogram constructed from 10,000 cells.

Caspase-3, -8 and -9 activity determinations by flow cyto-
metry. A375.S2 cells at a density of 1x105 cells/well were
plated onto 12-well plates, pre-treated with or without
caspase inhibitors [caspase-3 inhibitor (15 μM z-DEVD-
fmk), caspase-8 inhibitor (15 μM z-IETD-fmk) and caspase-9
inhibitor (15 μM z-LEHD-fmk)] for 3 h and then treated
with 250 μM GA for 24 h or with 250 μM for 0, 12, 24, 48
and 72 h. Cells were harvested by centrifugation, and the cell
pellets were added 50 μl of 10 μM caspase-3, -8 and -9
substrate solution, PhiPhiLux®-G1D2 for caspase-3, CaspaLux®

8-L1D2 for caspase-8 and CaspaLux9-M1D2 for caspase-9.
The samples were incubated 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) (18,22).

Apoptotic-associated proteins examined by Western blotting.
A total of 1x106 A375.S2 cells/ml cells were treated with
250 μM GA for 0, 12, 24 and 48 h. Cells were harvested
from each treatment by centrifugation for the total protein
determination for Western blotting. The protein levels of Bcl-2,
Bid, tBid, Bax, cytochrome c, caspase-9 and caspase-3, Fas,
FasL, caspase-8, GRP78, GADD153 and caspase-4 were
examined by using sodium dodecylsulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting as
described previously (23,24).

Real-time PCR of caspase -8, Endo G and AIF. Total RNA
was extracted from the A375.S2 cells after treatment with
250 μM GA 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). Quanti-
tative PCR was performed using the following conditions:
2 min at 50˚C, 10 min at 95˚C, and 40 cycles at 15 sec at 95˚C,
1 min at 60˚C using 1 μl of the cDNA reverse-transcribed as
described above, 2X SYBR-Green PCR Master Mix (Applied
Biosystems) and 200 nM of forward (F) and reverse primers
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(R): caspase-8-F: GGATGGCCACTGTGAATAACTG;
caspase-8-R: TCGAGGACATCGCTCTCTCA; Endo G-F:
GTACCAGGTCATCGGCAAGAA, Endo G-R: CGTAGGT
GCGGAGCTCAATT; AIF-F: GGGAGGACTACGGCAAA
GGT, AIF-R: CTTCCTTGCTATTGGCATTCG, GAPDH-F:
ACACCCACTCCTCCACCTTT; GAPDH-R: TAGCCAAA
TTCGTTGTCATACC. Each assay was run on an Applied
Biosystems 7300 real-time PCR system in triplicate, and
expression fold-changes were derived using the comparative
CT method (16).

Immunofluorescence staining and confocal laser scanning
microscopy. A375.S2 cells (5x104 cells/well) were placed on
4-well chamber slides before being treated with 250 μM of
GA for 24 h. Then cells were fixed in 3% formaldehyde in
PBS for 15 min, permeabilized with 0.1% Triton X-100 in
PBS for 1 h with blocking of non-specific binding sites using
2% BSA as described previously (25). Fixed cells were
stained with primary antibodies to cytochrome c, GADD153
and GRP78 (1:100 dilution) overnight and then stained with
secondary antibody (FITC-conjugated goat anti-mouse IgG
at 1:100 dilution) (green fluorescence), followed by mito-
chondria and nuclei counterstaining which were individual
with MitoTracker® Red CMXRos and PI (Molecular Probes/
Invitrogen Corp.) (red fluorescence). Photomicrographs were
obtained using a Leica TCS SP2 confocal spectral micro-
scope (25).

Statistical analyses. The statistical differences between the
GA-treated and control samples were calculated by Student's
t-test. A value of p<0.05, p<0.01, or p<0.001 was considered
significant. The results from the in vitro studies are
representative of at least two or three independent experi-
ments. The quantitative data are shown as mean ± SD.

Results

Effects of GA on the percentage of cell death in A375.S2
cells. For examining the biological effects of GA, A375.S2

cells were treated with 0, 50, 100, 200 and 300 μM of GA for
24 and 48 h, and cell death was determined. GA caused cell
death (Fig. 1A and B) at concentrations of ≥50 μM which
was dose-dependent. Based on these results, we selected the
dose of 250 μM GA to assess whether the growth-inhibitory
and cell death effects of GA are accompanied by its effect on
apoptotic cell death.

Effects of GA sub-G1 (apoptosis) of A375.S2 cells. GA induced
significant cell cycle arrest at 50, 100, 200, 250 and 300 μM
after incubation for 48 h (Fig. 2A and B). Compared with
DMSO controls, GA at 50 μM caused an arrest at G0-G1
(61.85±1.93% versus 77.01±2.29%, p<0.001) phases. GA at
concentrations of 200 μM for 48 h caused significant
apoptotic cell death (3.62±0.21% versus 18.79±4.44%,
p<0.001) (Fig. 2A and B). 

DAPI staining for examining GA-induced apoptotic cell
death in A375.S2 cells. GA induced apoptosis in A375.S2
cells, and further support for the role of apoptosis is that
DAPI staining assays revealed apoptotic cells in GA-treated
A375.S2 cells in 24 and 48 h (Fig. 3A and B) compared with
intact control cells and this effect was dose-dependent.

GA affected the levels of reactive oxygen species (ROS) and
intracellular Ca2+ and mitochondria membrane potential
(Δæm) in A375.S2 cells. To further examine whether GA-
induced apoptosis in A375.S2 cells is due to the effects of
ROS, intracellular Ca2+ and Δæm, A375.S2 cells were
incubated with 250 μM GA for various time periods. ROS
and Ca2+ production and Δæm were measured by flow
cytometric assay. The data demonstrated that GA promoted
ROS and intracellular Ca2+ productions in a time-dependent
manner (Fig. 4A and B). The results also showed that GA
promoted the loss of Δæm in A375.S2 cells and this effect
also is time-dependent (Fig. 4C). Cells were pretreated with
an antioxidant N-acetyl cysteine (NAC), and then exposure
to GA led to increase the % of cell viability (Fig. 4D).
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Figure 1. The effects of GA on the percentage of viable A375.S2 cells. A375.S2 cells were plated onto MEM + 10% FBS with 0, 50, 100, 200 and 300 μM
GA for 24 and 48 h or after 200 or 250 μM of GA treatment for 12, 24, 48 and 72 h. Total percentage of viable cells were determined in dose- and time-
dependent response by flow cytometry (A and B) as described in Materials and methods. Each point is mean ± S.D. of three experiments, *p<0.05, **p<0.01,
and ***p<0.001 were significantly different from the control.
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GA activated caspase-3, -8 and -9 in A375.S2 cells. A375.S2
cells were pre-treated with or without inhibitors of caspase-3
-8 and -9, and then treated with GA. Cells were harvested for
examining the activation of caspase-3, -8 and -9 and the
percentage of viable cells after caspase inhibitors (z-DEVD-
fmk, z-IETD-fmk and z-LEHD-fmk, respectively) pre-
treatment. Data in Fig. 5A, B and C indicate that GA
promoted activation of caspase-3, -8 and -9 in A375.S2 cells

and these effects are time-dependent. Fig. 5D indicates that
caspase inhibitors pretreatment led to increase the percentage
of viable A375.S2 cells. These effects also showed that GA-
induced apoptosis in A375.S2 cells was via caspase cascade-
dependent pathway.

GA affects apoptotic-associated proteins in A375.S2 cells.
In order to further examine whether GA-induced apoptosis
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Figure 2. The effects of GA on sub-G1 group of A375.S2 cells. A375.S2 cells were plated in MEM + 10% FBS with 0, 50, 100, 200, 250 and 300 μM GA for
48 h and the cells were analyzed for cell cycle (A, representative profiles; B, the percentage of cells in phase) by flow cytometry. Each point is mean ± S.D. of
three experiments.
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Figure 3. GA-induced apoptosis in A375.S2 cells. Cells were incubated with 0, 50, 100, 250 and 300 μM GA for 24 (A) and 48 h (B). Apoptotic cells were
determined by DAPI staining and fluorescence microscopy as described in Materials and methods.

Figure 4. GA affects the levels of reactive oxygen species (ROS) and intracellular Ca2+ and mitochondria membrane potential (Δæm) in A375.S2 cells. Cells
were incubated with 250 μM GA for various time periods, before stained with DCFH-DA (2,7-dichlorodihydrofluorescein diacetate) for ROS level
determination (A), stained by Fluo-3/AM for the intracellular Ca2+ level determination (B), and stained with DiOC6 for the Δæm level determination (C) or
cells were pre-treated with NAC and then the cell viability was determined (D) by flow cytometric analysis as described in Materials and methods. Each
experiment was done with triple sets. *p<0.05 was significantly different from the control.
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Figure 5. GA affects the activities of caspase-3, -8 and -9 of A375.S2 cells. Cells were plated onto 12-well plate in MEM + 10% FBS which were pre-
incubated with or without inhibitors and then with 250 μM GA for various time periods. Cells were harvested from each sample for caspase-3 (A), -8 (B) and -9
(C) and for percentage of viable cells (D) were measured as described in Materials and methods. Each experiment was done with triple sets. *p<0.05 was
significantly different from the control.

Figure 6. GA affects the apoptotic relative proteins and gene expression in A375.S2 cells. A total of 5x105 A375.S2 cells/ml were treated with 250 μM GA for
0, 6, 12, 24 and 48 h. Cells were harvested from each sample and associated proteins were measured by Western blotting. The protein levels of Bcl-2, Bid,
t-Bid, Bax, cytochrome c, caspase-9 and caspase-3 (A), Fas, FasL and caspase-8 (B), GRP78, GADD153 and caspase-4 (C) expressions were examined by
using SDS-PAGE gel electrophoresis and Western blotting as described in Materials and methods. The total RNA was extracted from A375.S2 cells after
exposure to 250 μM GA for 0, 24 and 48 h and RNA samples were reverse-transcribed cDNA then for real-time PCR. The ratios of caspase -8, Endo G and
AIF mRNA/GAPDH are presented in panel (D). Data represent mean ± S.D. of three experiments. ***p<0.001, significantly different compared with 0 h GA
treatment.
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affected the associated protein levels in A375.S2 cells, cells
were treated with GA for various time periods and examined
by Western blotting. The results are presented in Fig. 6A, B
and C indicated that GA-stimulated levels of Bax, cyto-
chrome c, and active form of caspase-9 and -3 (Fig. 6A), Fas,
FasL and active form of caspase-8 (Fig. 6B), GADD153 and
GRP78 (Fig. 6C), but GA decreased levels of Bcl-2 (Fig. 6A)
in A375.S2 cells. Based on the real-time PCR result (Fig. 6D)
indicated that GA promoted the gene expression of mRNA
caspase-8, AIF and Endo G at 48 h of treatment.

GA stimulates apoptotic relative proteins and their translo-
cations. A375.S2 cells were exposed to 250 μM GA for 24 h
before being stained by primary antibodies of cytychrome c,

GADD153 and GRP78. These results from confocal laser
microscopic systems indicated that cytochrome c (Fig. 7A),
GADD153 (Fig. 7B) and GRP78 (Fig. 7C) were elevated in
A375.S2 cells after GA treatment. There results also show
that GA promoted cytochrome c release from mitochondria
then translocated to cytosol, and GADD153 and GRP78
translocated in the nuclei, when compared to the control.

Discussion

Numerous studies have established that GA inhibits cell
growth and induces apoptosis in many cancer cell lines
(10,26,27). It was also reported that GA induces apoptosis in
esophageal cancer cells (TE-2) but not in non-cancerous cells
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Figure 7. GA stimulates the translocations of apoptotic-associated proteins. A375.S2 cells (5x104 cells/well) were plated on 4-well chamber slides then treated
with or without 250 μM GA for 24 h before they were stained by antibodies as described in Material and methods. These results from confocal laser
microscopic systems are shown in (A-C). (A) cytochrome c; (B) GADD153; (C) GRP78.
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(CHEK-1) (27). In the present study, we found that GA caused
a significant decrease (p<0.05) in the cell population growth
of A375.S2 at 48 and 72 h (Fig. 1A and B). Apoptotic cells are
characterized by distinct morphological features including cell
shrinkage, chromatin condensation, membrane blebbing and
formation of apoptotic bodies (Fig. 3). Although many expe-
riments have shown that GA induces apoptosis in human
cancer cell lines, the molecular mechanism of apoptosis
induction in A375.S2 melanoma cells remains unclear. The
present study further investigated the effect of GA on the
intrinsic pathway of apoptosis in A375.S2 cancer cells.

It is well-known that apoptosis (programmed cell death)
can be activated through two main pathways such as the
mitochondria-dependent pathway (intrinsic pathway) and the
death receptor-dependent pathway (extrinsic pathway) (28).
Fas and its receptor Fas ligand (FasL) and caspase-8 are part
of an important cellular pathway regulating the induction of
apoptosis in diverse cell types and tissues (29). Here, our
data indicated that treatment of GA markedly activated Fas,
FasL and caspase-8 proteins (Fig. 6B). The mitochondria-
dependent pathway and death receptor-dependent pathway
are both regulated by Bcl-2 family proteins. Bcl-2 family
proteins are involved in apoptosis including the pro-apoptotic
proteins Bax, Bak, Bad and Bcl-XS and the anti-apoptotic
proteins Bcl-2, Bcl-XL and Mcl-1 (30). In the present study,
the results from Western blotting indicated that GA promoted
Bax levels but decreased Bcl-2 levels (Fig. 6B). The ratio of
Bax/Bcl-2 plays an important role in determining whether
cells will undergo apoptosis under experimental conditions
that promote cell death (30). The ratio of Bax/Bcl-2 affects
the levels of mitochondrial membrane potential in cells after
exposure to inducer of apoptosis (30). Other investigators
(31) also reported that mitochondrial release of cytochrome c
can be controlled by the ratio of Bax/Bcl-2 proteins and may
be activated by proteolytic cleavage and heterodimerization.
The results from Western blotting indicated that the up-
regulation of Bax and the down-regulation of Bcl-2 could be
another molecular mechanism through which GA induced
apoptosis in A375.S2 cells.

The results also showed that GA induced the decrease of
Δæm in A375.S2 cells. The disruption of the Δæm is recog-

nized to be an early stage of apoptosis, where release of
cytochrome c from the mitochondria is followed by caspase-3/
caspase-9 cascade activation (32). Apoptosis can also be
divided into caspase-dependent and caspase-independent
pathways. The caspase-3 plays a pivotal role in the terminal
execution phase of apoptosis (33). The results from flow
cytometric assays indicated that GA promoted the activations
of caspase-8, -9 and -3 in A375.S2 cells (Fig. 5A, B and C).
The results also showed caspase-3 and -8 inhibitors signi-
ficantly reduced the inhibition of cell viability caused by GA
in A375.S2 cells (Fig. 5D). Furthermore, the pretreatment
with the caspase-8 and -3 inhibitors inhibited GA-induced
apoptosis, suggesting that GA-induced apoptosis also involves
caspase-8- and -3-mediated mechanisms. Caspase-independent
pathway was involved in dysfunction of mitochondria leding
to release of AIF and Endo G from mitochondria then to
apoptosis (34,35). Our results from the immuno-fluorescence
staining also showed that GA promoted the protein levels of
AIF and Endo G in A375.S2 cells, suggesting that GA-induced
apoptosis also involves caspase-independent mechanisms.
Furthermore, in order to examine whether GA promoted the
protein levels of caspase-3, AIF and Endo G through the
effects of mRNA levels of caspase-3, AIF and Endo G, real-
time PCR was used for examination of mRNA expression
and results indicated that GA promoted the levels of mRNA
expression in caspase-3, AIF and Endo G.

In conclusion, we propose the signaling pathway of GA-
induced apoptosis in A375.S2 cells as shown in Fig. 8. The
flow chart shows that GA triggers apoptosis through the
regulation of Fas/FasL, Bax and Bcl-2 and through activation
of the caspase cascade (caspase-3, -8 and -9) or through the
dysfunction of mitochondria leding to AIF and Endo G
release causing apoptosis. These results provide a potential
molecular mechanism for GA-induced apoptosis in A375.S2
cells.
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Figure 8. The proposed signaling pathways of GA-induced apoptosis in A375.S2 human melanoma cells.
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