
Abstract. Background/Aim: Gastric cancer is one of the
most common malignant cancers with a poor prognosis and
high mortality rate worldwide. Current treatment of gastric
cancer includes surgery and chemotherapy as the main
modalities, but the potentially severe side-effects of
chemotherapy present a considerable challenge. Gallic acid
is a trihydroxybenzoic acid found to exert an anticancer
effect against a variety of cancer cells. The purpose of this
study was to determine the anti-cancer activity of Galla
chinensis and its main component gallic acid on human
gastric adenocarcinoma cells. Materials and Methods: MTT
assay and cell death ELISA were used to determine the
apoptotic effect of Gallic Chinensis and gallic acid on
human gastric adenocarcinoma cells. To determine the
pathway and relevant components by which gallic acid-
induced apoptosis is mediated through, cells were
transfected with siRNA (Fas, FasL, DR5, p53) using

Lipofectamine 2000. Reults: Gallic Chinensis and gallic
acid induced apoptosis of human gastric adenocarcinoma
cells. Gallic acid induced up-regulation of Fas, FasL, and
DR5 expression in AGS cells. Transfection of cells with Fas,
FasL, or DR5 siRNA reduced gallic acid-induced cell death.
In addition, p53 was shown to be involved in gallic acid-
mediated Fas, FasL, and DR5 expression as well as cell
apoptosis in AGS cells. Conclusion: These results suggest
that gallic acid has a potential role in the treatment of
gastric cancer.

Gastric cancer is the fifth most common cancer and is the
third leading cause of cancer death worldwide (1). Standard
treatment for advanced gastric cancer is hemotherapy based
on fluoropyrimidines, administered alone or in combination,
such as with 5-fluorouracil (FU), capecitabine, and S-1 (2).
Although use of chemotherapy together with two targeted
agents trastuzumab and ramucirumab have contributed to
prolongation, overall survival for patients with advanced-
stage disease remains poor (2). Recently, several biomarkers
of gastric cancer have also been studied in Taiwan, including
critical protein cyclin D1 (CCND1) (3), interleukin-10 (4),
DNA double strand break gene Ku70 (5), and DNA repair
gene xeroderma pigmentosum group D (XPD) (6). However,
these mechanisms still need further exploration and
confirmatory research. Therefore, it is urgent to design novel
therapeutic candidates to improve the efficacy of gastric
cancer treatment. 
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Chinese traditional herbal medicines are increasingly
being used in the clinical setting and a number of promising
plant-derived medicines for the treatment of cancer have
emerged in recent years (7). In this study we investigated the
application of a naturally-occurring substance as an adjuvant
therapy in the treatment of gastric cancer. 

Apoptosis is an intracellular suicide program possessing
morphologic characteristics and biochemical features, including
chromatin condensation, nuclear DNA fragmentation, cell
shrinkage, membrane blebbing, and the formation of apoptotic
bodies (8, 9). Apoptosis is a physiological mechanism for
eliminating malignant cells or cancer cells without causing
damage to normal cells or surrounding tissues. Thus, the
induction of apoptosis in target cells is a key mechanism by
which anticancer therapy works. Two major apoptotic
pathways have been described, which are the extrinsic death
receptor-mediated pathway and the intrinsic mitochondrion-
initiated pathway. The extrinsic apoptotic pathway originates
at membrane death receptors (DRs) such as Fas, DR4, and
DR5, and then engages the intracellular apoptotic machinery
involving adaptor molecules and proximal caspase-8 as well as
distal executioner caspases (10). 

p53 is a proapoptotic gene (11). It has been reported that
p53 triggers apoptosis through both DR and mitochondrial
apoptotic pathways (12). DRs such as DR4, DR5, and Fas
are increased by p53-dependent transcriptional activation
(13). Interaction of tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL), a member of the tumor necrosis
factor family, with DR4 and DR5 leads to recruitment of the
adaptor protein FADD and initiator caspase-8 to the death
inducing signaling complex (14). This results in enzymatic
activation of caspase-8, which in turn activates a downstream
caspase cascade in the presence or absence of mitochondrial
amplification machinery (14).

Gallic acid (3,4,5-trihydroxybenzoic acid) is widely used
as an antioxidant in the food industry and has been shown to
exhibit a variety of pharmacological and biological activities,
including anti-cancer, anti-bacterial, anti-viral, anti-
inflammatory, and antioxidant properties (15-25). Gallic acid
is abundant in natural plants such as grapes, green tea,
strawberries, pineapples, bananas, lemons, witch hazel, tea
leaves, oak bark, and Galla chinensis, which is a traditional
Chinese herb (24, 26-29). Gallic acid induces apoptosis in
various cancer cell lines (22, 30-32) and helps to protect
human cells against oxidative damage by exerting anti-
cancer activity without harming healthy cells (33, 34).
Although the anti-cancer properties of gallic acid have been
demonstrated, its effects on human gastric adenocarcinoma
remain largely undefined. This study is the first to attempt
to determine the apoptotic activity of gallic acid in human
gastric adenocarcinoma cell line. Our data provide evidence
that gallic acid reduced cell survival via apoptosis when
applied to human gastric adenocarcinoma cells.

Materials and Methods

Plant materials. The Galla chinensis used in this study was
purchased from a local traditional Chinese medicine apothecary in
Taichung, Taiwan. The plant material was identified by Nien-Yung
Chiu, a technical specialist at the Institute of Chinese Pharmaceutical
Sciences, and was subjected to thin-layer chromatography (TLC)
analysis according to the protocol provided by the Pharmacopoeia
Commission of the People’s Republic of China (ChPC, 2000). The
voucher specimen has been deposited in the Institute of Chinese
Pharmaceutical Sciences, China Medical University.

Extraction and fractionation of Galla chinensis. Dried Galla
chinensis (100 g) was extracted with 70% acetone by percolation
until complete exhaustion. The Galla chinensis extract (GCE) was
concentrated under reduced pressure at a temperature of less than
40˚C, divided into small aliquots, and kept at −30˚C until further
use. The dry Galla chinensis yield was 68.9% (w/w). The GCE was
suspended in distilled water and then partitioned with three different
solvents (chloroform, ethyl acetate, n-butanol) to yield chloroform,
ethyl acetate, n-butanol, and aqueous fractions, respectively. Each
fraction was concentrated under reduced pressure at a temperature
of less than 40˚C, and the solid mass was then dissolved in acetone,
divided into small aliquots, and kept at −30˚C until use. 

Antibodies and chemicals. Horseradish peroxidase-conjugated anti-
mouse and anti-rabbit IgG, and rabbit polyclonal antibodies specific
for Fas, FasL, TRAIL, DR4, DR5, p53, caspase-8, caspase-3,
caspase-7, caspase-9, and PARP were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). All other chemicals were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture. We used human peripheral blood mononuclear cells
(PBMCs) and human gastric adenocarcinoma cell model system,
AGS cells (ATCC CRL 1739). PBMCs were isolated using a
modification of a previously described technique (35).

Western blot. For immunoblotting, proteins were boiled for 5 min in
SDS sampling buffer (100 mM Tris-HCl, pH6.8, 4% SDS, 0.2%
bromophenol blue, 20% glycerol), separated by 12%~15% SDS-
PAGE, then transferred to a nitrocellulose membrane. The membrane
was blocked with 5% milk in TBS (10 mM Tris-HCl, pH7.6, 150
mM NaCl) for at least 1 h. After washing with TBST (10 mM Tris-
HCl, pH7.4, 0.9% NaCl, 0.2% Tween20) twice, the membrane was
incubated with indicated primary Abs at 4˚C overnight. Unbound
Abs were washed away by TBST three times for 5 min each time.
Bound Abs were revealed with horseradish peroxidase (HRP)-
conjugated secondary Abs (anti-mouse or rabbit IgG) diluted in
blocking buffer (1:5,000 dilution) for 1 h at room temperature.
Following washing in TBST three times for 10 min each time, the
membrane was developed using the ECLTM system (Amersham
Biosciences, Arlington Heights, IL, USA).

The cell lysate of cells exposed at different time points was run
on SDS-PAGE and western blotting transferred to nitrocellulose
membranes. Activation of caspase-3, caspase-8, caspase-9, Bcl-2,
PARP, Cyt c, Bad, Bak, p53, Fas stimulation was detected with
specific Antibodies (all from Santa Cruz, BioLegend, Cell
Signaling Thermo, BD Pharmingen, and Cell Signaling) to
identify the activation of these apoptotic family members by
western blotting.
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Apoptosis assay. An ELISA (Cell Death Detection ELISAPLUS;
Roche Mannheim Biochemicals, Mannheim Germany) which detects
cytoplasmic histone-associated DNA fragments was performed as
previously described (36). Briefly, 1×104 AGS cells were cultured in
a 96-well plate overnight, then treated with gallic acid, harvested by
centrifugation at 200 g after 0, 24, 48, 72 h. The cells were lysed and
the supernatant was collected and incubated with immunoreagent pre-
prepared for 2 h. After washed gently, the supernatant was pipetted
into each well with a substrate solution and kept in the dark until
development of the color was sufficient for photometric analysis. The
reaction was determined in a spectrophotometer at 405 nm.

MTT assay. Cell viability was determined by 3-[4,5-dimethylthiazol-
2-yl]-2,5 diphenyltetrazoliumbromide (MTT) assay. After treatment
with gallic acid for 48 h, cultures were treated with MTT 
(0.5 mg/ml) to each well and incubated for 2 h at 37˚C. Culture
medium was then replaced with an equal volume of DMSO to
dissolve formazan crystals. After shaking at room temperature for
5 min, absorbance of each well was determined at 570 nm using a
microplate reader (Bio-Tek, Winooski, VT, USA)

Histology. Cells were fixed with 95% alcohol for 30 min. Then 1-2
ml of Wright-Giemsa stain was added. After 1 min, an equal volume
of deionized water or phosphate buffer, pH 6.8-7.2, was added.
After 1-3 min, cells were thoroughly rinsed with deionized water
and air-dried. Morphologic changes and changes in cell number
were observed by bright-field microscopy. 

siRNA transfection. siRNA against human Fas, FasL, DR5, p53, and
control siRNA was purchased from Santa Cruz Biotechnology. Cells
were transfected with siRNA (at a final concentration of 2 μg/ml)
using Lipofectamine 2000 (Invitrogen Life, Carlsbad, CA, USA)
according to the manufacturer's instructions.

Statistical analysis. Statistical analyses of the data were performed
with the SPSS 12.0 software. Data were analyzed using one-way
analysis of variance (ANOVA) with PRISM 4.0 (GraphPad
Software Inc., San Diego, CA, USA). p<0.05 was considered
statistically significant in all comparisons.

Results 
Galla chinensis induced apoptosis of human gastric
adenocarcinoma cells. To investigate the potential of
Chinese herb Galla chinensis (Figure 1A) to induce cell
death, we first examined the effect of Galla chinensis on cell
survival in human gastric adenocarcinoma cells (AGS cells)
using the MTT assay. Treatment of cells with 0.4 mg/ml
Galla chinensis for 48 or 72 h induced cell death in AGS
cells, but not human peripheral blood mononuclear cells
(PBMCs) (Figure 1B and C). According to a previous study,
Galla chinensis inhibits the growth of k562 cells (37), which
was verified consistent with our findings, as seen in Figure
1D. We next investigated whether Galla chinensis induces
cell death through an apoptotic mechanism using cell death
ELISA. Treatment resulted in an increased concentration of
apoptotic fragments over time, indicating the occurrence of
apoptosis (Figure 1E).

Gallic acid induced apoptosis of human gastric
adenocarcinoma cells. The main component of Galla
chinensis is gallic acid (38), therefore we set out to
investigate the potential for gallic acid (Figure 2A) to induce
cell death of human gastric adenocarcinoma cells. Treatment
of cells with 5 μM gallic acid for 48 or 72 h induced cell
death in AGS cells but not PBMCs (Figure 2B and C). In
order to confirm a previous finding that showed gallic acid
inhibiting the growth of k562 cells (37), we treated k562
cells with gallic acid and assessed cell survival via MTT
(Figure 2D). The cell survival rate dropped to below 30%
after 24 h of treatment, which was in line with the previous
finding (37). We next investigated whether gallic acid
induces cell death through an apoptotic mechanism using cell
death ELISA. Treatment with a low concentration (5 μM) of
gallic acid resulted in an increased concentration of apoptotic
fragments over time, indicating the occurrence of apoptosis
(Figure 2E). We also observed the change in cell morphology
and number via brightfield microscopy. As shown in Figure
2F, AGS cells decreased in number and became smaller and
rounder over time. These data suggest that gallic acid
induces cell death in gastric adenocarcinoma cells via an
apoptotic mechanism.

Gallic acid-induced apoptosis in human gastric
adenocarcinoma cells is mediated through the intrinsic
pathway. We next assessed the pathway by which gallic acid
mediates apoptosis in gastric adenocarcinoma cells. Figure
3A shows that caspase-8 expression increased in a time-
dependent manner, while the activation of pro-caspase-8 was
significantly reduced. In contrast, expression of caspase-3
and caspase-9 increased with time as shown in Figure 3B
and C. The preliminary results show that the apoptosis of
AGS cells caused by gallic acid is mediated by the caspase
family. PARP, which is a known hallmark of cell death
through an apoptotic pathway, also significantly increased,
as shown in Figure 3B. In addition, expression of anti-
apoptotic proteins in the Bcl-2 family were reduced and
expression of mitochondrial small protein molecules such as
Bad, Bak, and cyt c increased in AGS cells (Figure 3C).
These results indicate that gallic acid mediates apoptosis of
gastric adenocarcinoma cells through the intrinsic pathway.
Based on the results of the above experiments (Figure 3A-
C), we verified this finding by treating AGS cells with a pan-
caspase inhibitor (Figure 3D). Gallic acid was not capable of
causing death of AGS cells following the addition of a pan-
caspase inhibitor. 

Fas, FasL, and DR5 up-regulation are mediated by gallic
acid-induced cell apoptosis in human gastric adenocarcinoma
cells. Because gallic acid induced the cleavage of initiator
caspase-8, we speculated that its proapoptotic response could
be mediated via the death receptor-signaling pathway. As
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Figure 1. The influence of Chinese herbal medicine Galla chinensis on the growth of human gastric adenocarcinoma cells. (A) Galla chinensis
contains 50% to 70% hydrolysable tannin which yields gallic acid. (B) Cytotoxicity of Galla chinensis in AGS cells. Cells were exposed to the
compound (0.4 mg/ml and 0.8 mg/ml) for various lengths of time (0, 24, 48, 72 h) followed by analysis using an MTT assay. All assays were
performed in triplicate. *p<0.05; **p<0.01 compared to control. (C) Cytotoxicities of Galla chinensis in PBMCs. Cells were exposed to the
compound (0.4 mg/ml and 0.8 mg/ml) for various lengths of time (0, 24, 48, 72 h) followed by analysis using an MTT assay. All assays were done
in triplicate. *p<0.05; **p<0.01 compared to control. (D) Effect of Galla chinensis on cell survival of K562. The cells were incubated with Galla
chinensis (0, 24, 48, 72 h) and the cell viability was examined by MTT assay. All assays were done in triplicate. *p<0.05; **p<0.01 compared to
control. (E) Induction of apoptosis in AGS cells by Galla chinensis treatment. Cells were exposed to gallic acid for various lengths of time: 0, 24,
48, 72 h by cell death ELISA. All assays were done in triplicate. **p<0.01 compared to control.
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Figure 2. Induction of apoptosis in human gastric adenocarcinoma cells by gallic acid treatment. (A) Chemical structure of gallic acid. (B)
Cytotoxicities of gallic acid in AGS cells. Cells were exposed to the compound (0 μM and 5 μM) for various lengths of time (0, 24, 48, 72 h) followed
by analysis using an MTT assay. All assays were performed in triplicate. *p<0.05; **p<0.01 compared to control. (C) Cytotoxicities of gallic acid
in PBMCs. Cells were exposed to the compound (0 μM and 5 μM) for various lengths of time (0, 24, 48, 72 h) followed by analysis using an MTT
assay. All assays were done in triplicate. *p<0.05; **p<0.01 compared to control. (D) Effect of gallic acid on the proliferation of K562 cells. The
cells were incubated with gallic acid (0, 24, 48, 72 h) and the cell viability was examined by MTT assay. *p<0.05; **p<0.01 compared to control.
(E) Induction of apoptosis in AGS cells by gallic acid treatment. Cells were exposed to gallic acid for various lengths of time: 0, 24, 48, 72 h by
cell death ELISA. All assays were performed in triplicate. **p<0.01 compared to control. (F) The morphological changes of AGS cells after gallic
acid treatment. Cells were treated with various concentrations of gallic acid for 0, 24, 48, and 72 h. Images were captured at 400× magnification.



shown in Figure 4A, gallic acid induced an increase in Fas,
FasL, and DR5, but not TRAIL or DR4 expression by Western
blot analysis. To further evaluate the roles of Fas, FasL, and
DR5 in gallic acid-induced apoptotic signaling in gastric
adenocarcinoma cells, Fas, FasL, and DR5 siRNA were used

(Figure 4B). Transfection of cells with Fas, FasL, or DR5
siRNA reduced gallic acid-induced cell apoptosis in AGS cells
(Figure 4C). The results suggested that Fas, FasL, and DR5
up-regulation play an important role in gallic acid-induced
apoptosis in human gastric adenocarcinoma cells.
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Figure 3. The path of gallic acid-induced apoptosis in human gastric adenocarcinoma cells. Effect of gallic acid on the expression of (A) caspase-8,
pro-caspase-8 proteins, (B) caspases-3, pro-caspases-3, PARP, Cleaved PARP, (C) Cyt c, Bad, Bak, Pro-capase-9, capase-9, and Bcl-2in AGS cells.
Cells were treated with gallic acid (0-72 h). Equal quantities of proteins were separated on a 12% SDS–PAGE and after electrophoresis, proteins on
the gel were transferred to nitrocellulose membrane and probed with their respective antibodies. β-actin was used as an internal control. (D) Gallic
acid influenced AGS cells apoptosis by pan-caspase inhibitors. AGS cells were treated with gallic acid (5 μM) in the presence or absence of the pan-
caspase inhibitor (Z-VAD-FMK). After 0–72 h of incubation, cells were subjected to the MTT assay. The data represent the mean±SD from at least
three independent experiments. *p<0.05; **p<0.01 compared to control.



p53 is involved in gallic acid-induced Fas, FasL, and DR5
up-regulation in human gastric adenocarcinoma cells. It has
been reported that p53, a transcriptional factor, could
activate the extrinsic death receptor (DR) signaling pathway.
We examined whether p53 was involved in gallic acid-
induced cell death in gastric adenocarcinoma cells.
Treatment of cells with gallic acid increased p53 protein
expression (Figure 5A). To further investigate whether gallic
acid induced apoptosis through p53, we transfected p53
siRNA into AGS cells (Figure 5B). p53 siRNA transfection
inhibited gallic acid-induced cell death in AGS cells (Figure
5C). In addition, transfection of cells with p53 siRNA also
decreased gallic acid-induced Fas, FasL, and DR5
expression (Figure 5D).

These results suggest that gallic acid inhibits tumor
growth by activating apoptosis in AGS cells through the
extrinsic pathway while also triggering the intrinsic pathway
(Figure 6). 

Discussion 

In the present study, we evaluated the anti-cancer activity of
Chinese herb Galla chinensis and its main component gallic
acid on human gastric adenocarcinoma cells. Among several
kinds of herbal extracts, Galla chinensis exerted the most
significant effect on the survivability of AGS cells, reducing
the survivability of AGS cells to 31.2% (Table I). We
determined that Galla chinensis treatment induces cell death
of AGS cells through an apoptotic mechanism. 

Gallic acid is the main component of Galla chinensis (38).
Galla chinensis contains 50% to 70% hydrolyzable tannin,
which yields gallic acid. In this study, we demonstrated that
gallic acid induces apoptosis in AGS cells, which is in
agreement with other studies conducted on other cell lines
(22, 30). 

The process of apoptosis is controlled by two diverse cell
signals, which can be initiated by two major pathways: the
intrinsic and extrinsic pathways (39). In this study, we
evaluated the pathway by which gallic acid mediates
apoptosis. Expression of caspase-3 and caspase-9 increased
with gallic acid treatment. Expression of anti-apoptosis
proteins in the Bcl-2 family was significantly decreased.
These results suggest that gallic acid-mediated apoptosis
occurs via the intrinsic pathway. This was verified by
treating AGS cells with a pan-caspase inhibitor, which
abolished gallic acid-induced apoptosis. 

Within the extrinsic apoptotic pathway, caspase-8 is the most
proximal caspase that transmits apoptotic signals originating at
the membrane death receptors (40). Our study revealed that
gallic acid increased the expression and activity of caspase-8.
This suggests that the extrinsic death receptor pathway is
involved in gallic acid-induced cell apoptosis. The extrinsic
pathway induces activation of caspase-8, and caspase-3 through
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Figure 4. Extrinsic pathway is involved in gallic acid-induced cell
apoptosis in human gastric adenocarcinoma cells. (A) AGS cells were
incubated with gallic acid for different time intervals, and the Fas,
FasL, TRAIL, DR4, and DR5 expression were examined by western blot
analysis. (B) AGS cells were transfected with Fas, FasL, DR5, or
control siRNA for 24 h, and Fas, FasL, or DR5 expression was
examined by Western blot analysis. (C) AGS cells were transfected with
Fas, FasL, DR5, or control siRNA for 24 h, followed by stimulation with
gallic acid for 24 h, and the percentage of apoptotic cells was analyzed
by flow cytometric analysis of PI-stained cells. Results are expressed as
means±SEM. *p<0.05 compared to control group. #p<0.05 compared
to gallic acid-treated group.
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Figure 5. p53 is involved in gallic acid-induced apoptosis in human gastric adenocarcinoma cells. (A) AGS cells were incubated with gallic acid for
different time intervals, and p53 expression was examined by western blot analysis. (B) AGS cells were transfected with p53 or control siRNA for 24 h,
and p53 expression was examined by western blot analysis. (C) AGS cells were transfected with p53 or control siRNA for 24 h, followed by stimulation
with gallic acid for 24 h, and the percentage of apoptotic cells was analyzed by flow cytometric analysis of PI-stained cells. (D) AGS cells were transfected
with p53 or control siRNA for 24 h, followed by stimulation with gallic acid for 24 h, and the Fas, FasL, and DR5 expression were examined by Western
blot analysis. Results are expressed as means±SEM. *p<0.05 compared to control; #, p<0.05 compared to the gallic acid-treated group. 

Table I. Inhibition of AGS growth by fifteen traditional Chinese herbal medicines. 

Chinese name               English name                                   Pharmaceutical name                                    Botanical name                    Survivability (%)

Da huang                       Rhubarb root                                 Radix et Rhizoma Rhei                        R.tanguticum Max.et Baill                    65.8%
Wu bei zi                     Galla Chinensis                               Gallae Rhois Chinensis                             Rhus potaninii Maxim                    31.2%* *
Tian ma                       Gastrodia Tuber                            Rhizoma Gastrodiae Elatae                             Gastrodia elata Bl                           63.6%
Yu xing cao             Houttuynia, pig thigh             Herba cum radice houttuyniae cordatae                         Tis chinesis                                72.2%
Huang lian                   Coptis rhizome                                    Rhizoma Coptidis                               Coptis chinensis Franch                    49.2%*
Di yu                         Official burnet root                      Radix Sanguisorbae officinalis                    Sanguisorba officinalis L.                    77.6%
Shan yao                    Chinese wild yam                         Radix Dioscoreae Oppositae                     Dioscorea opposita Thunb.                     78%
Xian he cao        Hairyvein Agrimonia Herb                          Herba Agrimoniae                                Agrimonia pilosa Ledeb                      67.7%
Dan shen                          Salvia root                                 Radix Salvia miltiorrhizae                          Salvia miltiorrhiza Bge                      71.4%
Mu xiang                         Costus root                                      Radix Aucklandiae                               Aucklandia lappa Deene                     70.9%
Jie geng                  Root of balloon flower                      Radix Platycodi grandiflori                        Platycodon grandiflorum                    74.7%
San qi                          Notoginseng root                                 Radix Notoginseng                                   Panax Notoginseng                        55.1%*
Ban lan Gen               Indago woad root                      Radix Isatidis seu Baphicacanthi           Baphicacanthus cusia(Nees)Brem              75.9%
Shan zhu yu     Asian Cornelian Cherry Fruit                   Fructus corni officinalis                     Cornus officinalis Sieb. et Zucc               80.3%
Shen qu                      Medicated leaven                Medicata Fermentita Fujianensis Massa                         Shinkyoku                                 87.7%

*p<0.05; **p<0.01.



DRs (40). The interaction between Fas and FasL results in the
formation of the death-inducing signaling complex, which
contains the FADD and caspase-8. We demonstrated that gallic
acid increased Fas and FasL expression. The transfection of
cells with Fas or FasL siRNA reduced gallic acid-increased cell
apoptosis. Therefore, Fas and FasL were shown to be involved
in gallic acid-induced cell death.

In this study, we also examined the expression of DR4 and
DR5 after gallic acid treatment. The data indicate that gallic
acid increased the expression of DR5, but not DR4 in human
gastric adenocarcinoma cells. TRAIL has been shown to
induce apoptosis by activating caspase-8 via its receptors
DR4 and/or DR5 (41). Recent studies indicate that DR levels
can be enhanced by endogenous induction or exogenous
overexpression. Several genotoxic and non-genotoxic agents
can induce apoptosis by increasing endogenous DR5 (42). We
demonstrated that gallic acid-induced apoptosis was coupled
with DR5 induction without changes in the expression of its
ligand, TRAIL. It is possible that gallic acid activated DR5
to induce cell death in a ligand-independent manner. The
transfection of cells with DR5 siRNA reduced gallic acid-

induced cell death. Therefore, DR5 also appears to be
involved in gallic acid-increased cell apoptosis in human
gastric adenocarcinoma cells. In this study, gallic acid
induced Fas, FasL, and DR5 beginning at around 6 h and
peaking at 24 h, while p53 was up-regulated at 1 to 3 h and
returned to the basal level by 6 h. The transfection of cells
with p53 siRNA decreased gallic acid-induced Fas, FasL, and
DR5 expression. Consequently, p53 expression is an upstream
molecule in gallic acid-induced Fas, FasL, and DR5
expression as well as cell apoptosis in adenocarcinoma cells.

Recently, several studies focused on advanced gastric
cancer with severe peritoneal metastasis. Nanoparticle
albumin-bound (nab)-paclitaxel, a new class of anticancer
agent that allows for a safe infusion of significantly higher
doses of paclitaxel, have been proven safe and beneficial for
advanced/recurrent gastric cancer patients (43). 5-FU/LV plus
oxaliplatin (FOLFOX) was found effective and manageable as
first-line treatment for advanced gastric cancer patients with
massive ascites and/or inadequate oral intake due to severe
peritoneal metastasis (44). The results of this study provide
evidence for the molecular basis of the apoptotic effect of
gallic acid in gastric cancer cells for the first time. The key
targets mediated by gallic acid could serve as potential
therapeutic targets. Also, gallic acid has been shown to exert
anti-metastasis effects on gastric cancer cells (45). Together,
these findings suggest that gallic acid may be a novel
anticancer agent against advanced gastric cancer with
peritoneal metastasis.

In conclusion, we demonstrated that gallic acid can induce
apoptosis via the extrinsic death receptor pathway/intrinsic
pathway. These data may be helpful in developing a regimen
with the potential to treat gastric cancer.
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Figure 6. Gallic acid activates apoptosis in human gastric adenocarcinoma
cells through the extrinsic pathway while also triggering the intrinsic
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