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Gallic acid (GA) possesses potential antitumoral activity on
different types of malignancies. In this study, we aimed to
explore the antitumoral effects of GA on triple-negative
breast cancer (TNBC) cells, the breast cancer cells showing
resistance to hormonal therapy or HER2 receptor targeting
therapy. We observed that GA treatment significantly
decreased the cell viability of human TNBC cell line MDA-
MB-231 and HS578T in a dose-dependent manner. In
addition, GA exerted a relative lower cytotoxicity on
noncancer breast fibroblast MCF-10F. Next, we analyzed the
changes of cell-cycle distribution in response to GA
treatment and found that GA led to an increase of G0/G1
and sub-G1 phase ratio in MDA-MB-231 cells. We further
explored the crucial mediators controlling cell cycle and
inducing apoptotic signaling, and the findings showed that
GA downregulated cyclin D1/CDK4 and cyclin E/CDK2,
upregulated p21Cip1and p27Kip1, and induced activation of
caspase-9 and caspase-3. In addition, we demonstrated
that p38 mitogen-activated protein kinase was involved in
the GA-mediated cell-cycle arrest and apoptosis.

Collectively, our findings indicate that GA inhibits the
cell viability of TNBC cells, which may attribute to the G1
phase arrest and cellular apoptosis via p38 mitogen-
activated protein kinase/p21/p27 axis. Thus, we suggest
that GA could be beneficial to TNBC treatment. Anti-Cancer
Drugs 28:1150–1156 Copyright © 2017 Wolters Kluwer
Health, Inc. All rights reserved.
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Introduction
Breast cancer is an important life-threaten malignancy for

women in most countries in Asia, and the incidence is

increasing at a more rapid rate than in western countries,

which may be because of changes in lifestyle and diet [1].

Hormone replacement therapy, such as prolonged exposure

to estrogen and/or progesterone, and reproductive history

have been recognized as the major risk factors for breast

cancer [2]. Besides, significant changes in the expression of

estrogen receptors during breast cancer development and

progression have been widely observed, indicating that

estrogen plays a pivotal role in breast carcinogenesis [3–5].

Although surgical resection combined with radiotherapy

and/or chemotherapy has been widely applied for breast

cancer treatment, metastasis and recurrence still contribute

to high mortality from breast cancer [6].

Gallic acid (GA), also known as 3,4,5-triphydroxyl-benzoic

acid, is a polyhydroxyl phenolic compound and ubiqui-

tously present in fruits, gallnuts, green tea, and red wine

[7–9]. GA has been demonstrated to have a broad spec-

trum of biological activities, including antimicrobial [10,11]

and anti-inflammatory [12] activities. GA has been inves-

tigated as a potential anticancer agent in various human

cancer cell lines, such as TE-2 (esophageal cancer), MKN-

28 (gastric cancer), HT-29 and Colo201 (colon cancer),

MDA-MB-231 (breast cancer), and CaSki (cervix cancer)

[13]. In addition, previous studies have shown that GA

induces apoptosis in cancer cells in associations with

oxidative stresses derived from reactive oxygen species,

mitochondrial dysfunction, and an increase in intracellular

Ca2+ level [14,15]. However, GA also exhibits anti-

apoptotic activity in normal human lymphocytes [16] and

acts as strong natural antioxidant scavenging reactive

oxygen species [16–19]. Molecular mechanisms under-

lying induction of GA in aspect of cell fate remain sketchy.

The significance of cell-cycle mediators involved in carci-

nogenesis has been extensively reported. Critical genes that

regulate cell-cycle checkpoints have been found lost and/or

aberrant in different types of human cancers [20]. Cells

progress through the various phases of cell cycle through

the interactions of different cyclins with their specific

kinases, cyclin-dependent kinases (CDKs) [21], which can

be negatively regulated by two classes of CDK inhibitors,

inhibitors of CDK4 (INK4) and kinase inhibitor proteins

(KIPs). The latter includes p21Cip1 (p21) [22], p27Kip1 (p27)

[23,] and p57Kip2 [24,25].
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In the present study, we aimed to explore the antitumoral

activity of GA on triple-negative breast cancer (TNBC)

cells and the underlying mechanism. Effects of GA on

the cell growth and cell cycle proceeding of TNBC cells

were determined, and the resulting cellular signaling

cascades were subsequently investigated.

Materials and methods
Chemicals

2-propanol, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT), 1-butanol, dimethyl sulfoxide

(DMSO), deoxycholic acid, dithiothreitol, EDTA, GA

(G7384), glycerol, Igepal CA-630, phenylmethylsulphonyl

fluoride, sodium chloride (NaCl), potassium chloride, SDS,

sodium phosphate, Tris-HCl and trypsin/EDTA were

purchased from Sigma (St Louis, Missouri, USA). Primary

antibodies against human cyclin D1, cyclin E, CDK2,

CDK4, p21, p27, p53, phosphothreonine180/phosphotyr-

osine182-p38 mitogen-activated protein kinase (pT180/

pY182-p38), p38, and β-tubulin, as well as peroxidase-

conjugated secondary antibodies were purchased from Cell

Signaling Technology (Beverly, Massachusetts, USA).

Cell culture and GA treatments

The breast cancer cell lines MDA-MB-231 and HS578T

were obtained from American Type Culture Collection

(Rockville, Maryland, USA) and maintained in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with

10% v/v fetal bovine serum, 1% nonessential amino acid, 1%

L-glutamine (Gibco BRL, Gaithersburg, Maryland, USA),

and 100 μg/ml penicillin/streptomycin (Sigma) at 37°C in a

humidified atmosphere with 5% CO2 as previously described

[26]. The noncancer breast fibroblast MCF-10F was obtained

from American Type Culture Collection and cultured in

DMEM/F-12 (1 : 1) medium supplemented with 5% horse

serum (Gibco BRL), 0.5 μg/ml hydrocortisone (Sigma), 10 μg/
ml insulin (Gibco BRL), and 20 ng/ml epidermal growth

factor (Gibco BRL) as previously described [27]. Cells were

seeded in six-well culture plates at an initial density of

2×105 cells/ml and grown to ∼80% confluence. For GA

treatments, cells were starved for 16 h in serum-free medium,

and then treated with different concentrations of GA in

DMEM (15, 30, and 60 μmol/l) for 24 h. After the GA treat-

ments, the cells were washed with PBS (25mmol/l sodium

phosphate, 150mmol/l NaCl, pH 7.2) and then collected by

centrifugation (800g×5min) for subsequent analyses.

Cell viability assay

Cell viability was determined by MTT assay as previously

described [28]. Briefly, cells were seeded at a density of

4×104 cells/well in a 24-well plate and cultured for 24 h.

Then, the cells were treated with GA at various concentra-

tions (5, 25, and 50 μmol/l) for 24 h. Each concentration was

performed in triplicate. After the treatments, the mediumwas

removed and the cells were washed with PBS. Then, the

washed cells were incubated with MTT solution (5mg/ml)

per well for 4 h. After removing the supernatant, isopropanol

was added to solubilize formazan for the determination of

absorbance at 563 nm. The percentage of viable cells was

estimated by comparing with untreated cells.

Cell-cycle distribution analysis

Cells synchronized at G0 phase by serum starvation for

24 h were incubated in fresh serum-containing medium

to allow cell-cycle progression. At various time points

after release from G0 arrest, cells were analyzed by flow

cytometry to determine cell-cycle distribution [29]. At

the end of GA treatment, cells were collected, fixed with

1 ml of ice-cold 70% ethanol, incubated at − 20°C for at

least 24 h, and centrifuged at 380g for 5 min at room

temperature. Cell pellets were treated with l ml of cold

staining solution containing 20 μg/ml propidium iodide,

20 μg/ml RNase A, and 1% Triton X-100 and incubated

for 15 min in dark at room temperature. Subsequently,

the samples were analyzed in a FACS Calibur system

(version 2.0; BD Biosciences, Franklin Lakes, New

Jersey, USA) using CellQuest software. Results were

representative of at least three independent experiments.

Protein extraction

Crude proteins were extracted as previously describe [30].

Briefly, cells were harvested by using trypsin/EDTA and

homogenized in ice-cold lysis buffer [50mmol/l Tris-HCl, pH

7.5, 150mmol/l NaCl, 0.1% (v/v) Igepal CA-630, 0.5% (w/v)

sodium deoxycholate, 0.1% (w/v) SDS, 1mmol/l dithio-

threitol, 0.1mmol/l EDTA, and 1mmol/l phenylmethylsul-

phonyl fluoride]. After sonication at 4°C for 30min, the

homogenate was centrifuged at 14 000g for 10min, and then

the supernatant was transferred into a new 1.5ml Eppendorf

tube and stored at −70°C for subsequent analysis. Protein

concentration was quantitated by BCAmethod (BCA Protein

assay kit; Pierce Biotechnology Inc., Rockford, Illinois, USA)

according to manufacturer’s instruction.

Immunoblotting

Cell lysate (50 μg of protein) was subjected to a 12.5% SDS-

polyacrylamide gel and transferred onto a nitrocellulose

membrane as previously described [30]. The blot was

subsequently incubated with 5% nonfat milk in PBS for 1 h,

probed with a primary antibody against cyclin D1, cyclin E,

CDK2, CDK4, p53, p21, p27, or β-tubulin for 2 h, and then

reacted with an appropriate peroxidase-conjugated sec-

ondary antibody for 1 h. All incubations were carried out at

30°C, and intensive PBS washing was performed between

each incubation. After the final PBS wash, the signal was

developed by enhanced chemiluminescence, and the rela-

tive photographic density was quantitated by image analysis

system (Fuji Film, Tokyo, Japan).

Statistical analysis

Data were expressed as mean ±SD of the three inde-

pendent experiments. Statistical significance analysis was

determined by using one-way analysis of variance fol-

lowed by Dunnett’s for multiple comparisons with the
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control. The differences were considered significant for P
values less than 0.05.

Results
GA reduced cell growth of TNBC cell MDA-MB-231 and

Hs578T

We first investigated the cytotoxic effects of GA on

human TNBC cells, MDA-MB-231 and Hs578T, by

using MTT assay. As shown in Fig. 1, we observed that

24-h GA treatments dose-dependently and significantly

decreased the cell viability of Hs578T and MDA-MB-

231 to 34.7 ± 2.8 and 37.6 ± 2.9% of control, respectively

(50 μmol/l, P< 0.005), whereas the low dose of GA

treatment (5 μmol/l) showed nonsignificant influence on

cell viability of Hs578T and MDA-MB-231 (P= 0.065

and 0.174, respectively). In addition, we found that

48-h GA treatments were able to further lower the

cell viability of Hs578T and MDA-MB-231 to 23.1 ± 1.8
and 22.6 ± 2.0% of control, respectively (50 μmol/l,

P< 0.005). Cytotoxicity of GA on human noncancer

breast fibroblast MCF-10F was also performed, and the

findings showed that 24-h GA treatments insignificantly

affected cell viability of MCF-10F but the 48-h GA

treatment at high dose (50 μmol/l) reduced the

cell viability of MCF-10F to 68.8 ± 3.2% (P= 0.011).

Collectively, these findings showed that GA exerted

significant cytotoxic effects on TNBC cell lines Hs578T

and MDA-MB-231.

GA induced G1 phase arrest and apoptosis of MDA-MB-

231 cells

Next, we examined the effects of GA on cell-cycle dis-

tribution of MDA-MB-231 cell. By using flow cytometric

analysis, we found that GA treatment dose-dependently

increased ratio of G0/G1 phase from 67.8 ± 4.6 to

88.1 ± 3.9%, and the increase of G0/G1 phase ratio in

response to GA treatments was significant (25 and 50

μmol/l, P< 0.05) as compared with the DMSO control

(Fig. 2). In parallel to the increased G0/G1 phase, sub-G1

phase ratio was also increased up to 8.9 ± 1.6% in the

presence of GA (P< 0.01) as compared with the DMSO

control (Fig. 2).

To further investigate the GA-inducing apoptosis, we

then determined the activation of caspase cascades. As

shown in Fig. 3, we found that GA treatments obviously

promoted cleavage of poly (ADP-ribose) polymerase,

caspase-3, and caspase-9. Taken together, these findings

showed that GA treatments were able to induce the G1

phase arrest and the caspase-mediated apoptosis of

MDA-MB-231 cell.

GA downregulated levels of cyclins and CDKs in MDA-

MB-231 cells

On the basis of the observation of GA inducing G0/G1

arrest, we then examined whether GA treatments regu-

lated levels of cyclins and CDKs, the important regulators

Fig. 1

Gallic acid (GA) treatments lowered viability of triple-negative breast cancer cell lines HS578T and MDA-MB-231 but not noncancer breast fibroblast
MCF-10F. Cells were treated with indicated concentration of GA for 24 or 48 h, and then subjected to MTT assay for determination of cell viability.
Data were presented as the mean ±SD. Three independent experiments were performed for statistical analysis. *P<0.05 and ***P<0.0005 as
compared with dimethyl sulfoxide (DMSO) control, respectively.
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mediating cell-cycle progress. Protein levels of cyclin D1,

CDK4, cyclin E, and CDK2 were determined by immu-

noblotting and semiquantitated by densitometric analysis.

We found that 24-h GA treatments (5, 25, and 50 μmol/l)

dose-dependently decreased the protein levels of cyclin

D1, CDK4, cyclin E, and CDK2 (Fig. 4). With 50 μmol/l

GA treatment, the mean levels of cyclin D1, CDK4, cyclin

E, and CDK2 were reduced to 11, 41, 55, and 38% of

DMSO control, respectively (Fig. 4). These findings

showed that GA treatments downregulated the levels of

cyclin D1, CDK4, cyclin E, and CDK2 in MDA-MB-

231 cells.

GA induced p38 MAPK activation and subsequently

upregulated levels of p21 and p27 in MDA-MB-231 cells

p38 mitogen-activated protein kinase (MAPK) can upre-

gulate CDK inhibitors p21 and p27, and subsequently

inhibits the downstream cell-cycle regulators that interfere

with cell-cycle progress [31–34]. Thus, we investigated

the effects of GA treatments on p38 MAPK, p21, and p27.

Fig. 2

Gallic acid (GA) treatments induced G1 arrest and increased sub-G1 phase of MDA-MB-231 cells. Representative cell-cycle distribution of MDA-
MB-231 exposed to a serial concentrations of GA for 24 h was shown. Percentage of different cell-cycle phases, including sub-G1, G0/G1, sub-G1,
S, and G2/M, were presented. Data were presented as the mean±SD. Three independent experiments were performed for statistical analysis.
*P<0.05 and **P<0.005 as compared with the same cell cycle phase of dimethyl sulfoxide (DMSO) control, respectively.
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As shown in Fig. 5a, we observed that GA treatments

dose-dependently promoted phosphorylation of p38 at

threonine180 (T180) and tyrosine182 (T182) up to

3.22-fold as compared with DMSO control. In parallel, GA

treatments also increased levels of p21 and p27 up to 2.13-

and 3.16-fold, respectively, as compared with the DMSO

control. Next, we explored the involvement of p38 MAPK

in GA-inducing upregulation of p21 and p27. We observed

that the upregulation of p21 and p27 in response to GA

treatment was significantly diminished to 1.24- and

0.99-fold, respectively, in the presence of SB203580 (SB),

a selective inhibitor of p38 MAPK (Fig. 5b). Collectively,

these results showed that GA treatment induced p38

activation and subsequently upregulated the negative cell-

cycle regulators p21 and p27.

Discussion
In the present study, we examined the antitumoral activity

of GA onmalignant human TNBC cell MDA-MB-231 and

provided evidence of the possible antitumoral activity of

Fig. 3

Gallic acid (GA) treatments induced activation of proapoptotic proteins
in MDA-MB-231 cells. Cells were treated with the indicated
concentrations of GA for 24 h, and then the cells were lysed for
immunodetection of proapoptotic proteins. Level of β-tubulin was used
as internal control. Relative molecular weights were indicated. DMSO,
dimethyl sulfoxide; PARP, poly (ADP-ribose) polymerase.

Fig. 4

Gallic acid (GA) treatments downregulated levels of cell-cycle
regulators, cyclin D1, CDK4, cyclin E, and CDK4, in MDA-MB-231
cells. Cells were treated with the indicated concentration of GA for 24 h,
and then the cells were lysed for immunodetection of the indicated
proteins. Protein levels were semiquantitated by densitometric analysis
using level of β-tubulin as internal control. DMSO, dimethyl sulfoxide.

Fig. 5

Gallic acid (GA) treatments promoted phosphorylation of p38 MAPK
and increased levels of p21 and p27 in MDA-MB-231 cells. Cells were
treated with the indicated concentration of GA for 24 h (a), or
pretreated with SB203580 (SB) or not and following treated with the
indicated concentration of GA for 24 h (b), and then the cells were lysed
and subjected to the immunodetection of phosphorylated p38 (pT180/
pY182-p38), p38, p21, and p27. Phosphorylation level and protein level
were semiquantitated by densitometric analysis using level of p38 and
β-tubulin as internal control, correspondingly. DMSO, dimethyl sulfoxide.
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GA. It is reported that GA treatment can inhibit the

growth of lung carcinoma cell A549 and HeLa cervical

cancer cell at a relative high dose (∼800 μmol/l) [35,36].

Interestingly, our previous study indicates that GA treat-

ments can also diminish the cell proliferation of human

breast cancer cell MCF-7 at a relative low dose (∼60 μmol/l)

[26]. In this study, our findings demonstrate that GA

significantly reduced the viability of TNBC cell lines

MDA-MB-231 and HS578T at relative low concentrations

of 25 and 50 μmol/l. Thus, we suggest that breast cancer

cells, compared with cervical cancer and lung cancer cells,

should be more sensitive to GA treatments.

Reduced cell viability can result from different cell death

and/or cell-cycle arrest. GA treatments have been repor-

ted to induce cell death through different mechanisms

including cell-cycle arrest, apoptosis, and necrosis [37].

For breast cancer cell line MCF-7, GA treatment is also

known to trigger cell-cycle arrest at G2/M phase but not

apoptosis. Here, our results indicate that GA treatment

effectively induced both G1 phase arrest and apoptosis of

MDA-MB-231 cells, suggesting that GA treatment may

possess a stronger cytotoxicity to malignant TNBC cells

as compared with relatively benign breast cancer cells.

Disrupting cell-cycle progression in cancer cells is known

as an effective strategy for the control of tumor growth

[38]. The transition from a dormant quiescent stage (G0)

into an actively growing state is a prerequisite for entry

into the cell cycle in most cells and a critical step for

cancer cells. Cell-cycle progression is modulated by

several negative regulators known as CDK inhibitors,

including p21 and p27. p21 is a universal cell-cycle

inhibitor, which binds to cyclin-CDK complexes and

proliferating cell nuclear antigen and thereby inducing

cell arrest at G1 phase. In addition, the upregulation of

both p21 and p27 enhances the formation of complexes

with the G1–S CDKs and cyclins, thereby inhibiting their

activities [39–41]. Our observation exhibits that GA

treatments upregulated levels of p21 and p27, whereas

downregulated levels of CDK4-cyclin D1 and cyclin

E-CDK2 complexes. Taken together, it suggests that

induction of G1 phase arrest of TNBC cells by GA

treatments may attribute to upregulation of p21 and p27,

and the consequent disrupting CDK4-cyclin D and

CDK2-cyclin E complexes.

Mounting evidences have indicated that cell-cycle arrest

and apoptosis may be linked. CDK inhibitors have been

suggested to be indirectly involved in apoptosis through

regulation of CDKs. p21 can be promoted by both

p53-dependent and p53-independent mechanisms fol-

lowing stress [42]. Moreover, overexpression of p21 has

been reported to trigger apoptosis [43]. Our findings

show that GA treatment increased ratio of sub-G1 phase

and number of apoptotic cells in MDA-MB-231 cells,

suggesting that GA treatment not only induced G1 phase

arrest but also triggered apoptosis of MDA-MB-231 cells.

Stress signals can activate p38 MAPK cascades and sub-

sequently mediate cellular responses such as cellular

apoptosis.

Conclusion

The present study demonstrates that GA treatment sig-

nificantly reduces cell viability of malignant human

breast cancer cell line MDA-MB-231 via induction of

both G1 phase arrest and apoptosis, which may attribute

to the increase of p21 and p27 by activation of p53. These

findings indicate that GA may provide potent therapeutic

effects against malignant human TNBCs.
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