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Recent studies have indicated that non-steroidal anti-inflammatory
drug (NSAID), particularly tolfenamic acid, can inhibit proliferation
and induce apoptosis invarious cancer cells. Breast cancer repre-
sents one-third of all cancers diagnosed in women and is the
second leading cause of cancer death in Western European and
North American women. In the present study, we investigated the
apoptotic effect of tolfenamic acid in MDA-MB-231 estrogen
receptor-negative human breast carcinoma cells and in a xeno-
graft tumor model. Treatment of cells with tolfenamic acid signif-
icantly decreased cell viability in a concentration-dependent
manner. Notably, tolfenamic acid increased apoptosis-related
proteins, such as p53 and p21, within 48 h. Furthermore, in vivo
experiments showed that tolfenamic acid treatment resulted in a
significant reduction in tumor volume over 5 weeks. Immuno-
histochemistry results showed that apoptosis-related protein
induction by tolfenamic acid was significantly higher in the
50 mg/kg-treated group compared to the control group. Together,
these results indicate that tolfenamic acid induces apoptosis in
MDA-MB-231 breast cancer cells and tumor xenograft model and
it may be a potential chemotherapeutic agent against breast
cancer.
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olfenamic acid (TA) is a non-steroidal anti-inflammatory
drug (NSAID) that is related structurally to drugs such as
mefenamic acid, flufenamic acid, and meclofenamic acid. The
compound has modest anti-inflammatory activity and is mainly
used as a short-term analgesic.” However, recent studies have
indicated that NSAIDs, particularly TA, can inhibit proliferation
and induce apoptosis of various cancer cells.? For example, in
oral cancer cells, TA induces apoptotic cell death and inhibits
cancer growth by activating the p38 MAPK pathway.® TA also
stimulates activating transcription factor 3 (ATF3) expression
and subsequently induces apoptosis in colorectal cancer cells.® In
addition, it inhibits esophageal cancer through repression of
specificity proteins and c-Met.® These lines of evidence have
demonstrated the efficacy of this drug for cancer chemotherapy.
Breast cancer represents one-third of all cancers diagnosed in
women and is the second leading cause of cancer death in Western
European and North American women.® In addition, it is a major
cause of premature death in women.® However, no report exists
concerning the role and molecular basis of TA in apoptosis of
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human breast cancer cells. Thus, in the present study, we investi-
gated the mechanism of TA-induced apoptosis in MDA-MB-231
estrogen receptor (ER)-negative human breast carcinoma cells and
xenograft tumors.

Apoptosis is a physiologically programmed mechanism of cell
death that is involved in cellular stress responses; it contributes to
the anti-tumor activity of many chemotherapeutic drugs. Induction
of apoptosis is not only an important defense against cancer, but
has recently drawn attention as a novel target for cancer chemo-
prevention.” One potential molecular target for inducing apop-
tosis is the tumor suppressor protein p53.® It acts as a nuclear
transcription factor, binding to DNA to regulate the transcription
of p53-regulated genes, and it monitors DNA integrity, preventing
the division of genetically damaged cells. Approximately half of
all human cancers exhibit inactivating mutations of p53; most
others deactivate the p53 pathway by elevating its inhibitors,
reducing its activators, or inactivating its downstream targets.
Thus, p53 is a central protein in tumorigenesis due to its apoptosis-
regulating properties.®

The mitochondrial membrane constitutes the battlefield on
which pro- and anti-apoptotic factors induce or prevent a poten-
tially lethal permeabilization step.'® Under various cell death-
inducing conditions, p53 rapidly moves to the mitochondria. Once
at the mitochondrion, p53 induces mitochondrial outer membrane
permeabilization (MOMP), thereby triggering the release of pro-
apoptotic factors from the mitochondrial intermembrane space.?
MOMP is usually inhibited by anti-apoptotic multidomain pro-
teins of the Bcl-2 family (such as Bcl-2, Bel-XL, and Mcl-1),
and is conditional on pro-apoptotic multidomain proteins from
the same family (in particular Bax and Bak) that can homo-
oligomerize within the outer mitochondrial membrane to form
MOMP-mediating supramolecular structures.!)

The main goal of the present study was to determine the
mechanism of TA-induced apoptosis in breast cancer cells. The
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) assay was used to measure the survival rate of MDA-MB
231 cells in vitro. To evaluate whether the growth-inhibitory effect
of TA was due to apoptotic death, we assayed cells using annexin
V/propidium iodide (PI) staining. In addition, we used Western
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blot analysis to determine the relevance of each marker in apop-
tosis. In vivo studies were used to evaluate TA-induced apoptosis.
It is not known what effects might occur if TA were administered
on the day of tumor implantation. Accordingly, tumor size was
measured every 2 days after implantation of a tumor fragment
into nude mice for up to 5 weeks, and examined by immunohisto-
chemical (p21, p53) and terminal deoxynucleotidyl transferase
dUTP-biotin nick end labeling (TUNEL) assays to detect TA-
induced apoptosis.

Materials and Methods

Chemicals. Dimethyl sulfoxide (DMSO) and TA were pur-
chased from Sigma-Aldrich (St. Louis, MO). RPMI1640, fetal
bovine serum (FBS), and trypsin-EDTA solution (1x) were pur-
chased from HyClone Laboratories (Logan, UT). Anti-cleaved
PARP, anti-B-actin, anti-Bcl-2, and anti-Bax were purchased
from Cell Signaling Biotechnology (Danvers, MA). Anti-p53
and secondary antibodies were purchased from Abcam (Cam-
bridge, England). The TUNEL kit was purchased from Promega
(Madison, WI).

Cell culture. ER-negative human breast adenocarcinoma
MDA-MB-231 cells were obtained from the Korean Cell Line
Bank. MDA-MB-231 cells were maintained in RPMI-1640 sup-
plemented with 10% FBS, 100 units/ml penicillin, and 100 pg/ml
streptomycin (HyClone Laboratories) at 37°C in a humidified
atmosphere with 5% CO..

MTT cell viability assay. The effect of TA on the cell via-
bility of MDA-MB-231 cells was determined using the MTT
assay. The viability of cultured cells was determined by reduction
of MTT (Sigma-Aldrich) to formazan. Briefly, 5 x 10* cells/well
were seeded on a 12-well plate, and then treated with TA at
various concentrations. After incubation for 48 h, cells were
washed twice with phosphate-buffered saline (PBS). MTT (1 mg/
500 ul PBS) was then added to each well, cells were incubated at
37°C for 4h, and DMSO (1 ml) was added to dissolve the
formazan crystals. Optical densities of the solutions were deter-
mined using a spectrophotometer (Ultrospec 2100 pro; Amersham
Biosciences, Uppsala, Sweden) at 570 nm. Cell viability was ex-
pressed as the optical density ratio of the treatment to the control.

Western blot assay. Cells were treated with various concen-
trations of TA for 48 h, and then protein concentrations were
determined using the Bradford protein assay (Bio-Rad Laborato-
ries, Hercules, CA). Total proteins (20 pg) in each cell lysate were
resolved on various concentrations (6—14%) of sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels, and
then were electro-transferred onto nitrocellulose membranes. The
membranes were incubated with blocking buffer (5% non-fat dry
milk in Tris-buffered saline with Tween 20 (TBS-T)) for 1 h at
room temperature, and then were further incubated with specific
antibodies diluted in blocking solution overnight at 4°C. After
washing with TBS-T, membranes were incubated with horse-
radish peroxidase (HRP)-conjugated secondary antibodies for 1 h
at room temperature. After washing, bands were visualized using
enhanced chemiluminescence (ECL) detection reagents (Pierce
Biotechnology, Rockford, IL) according to the manufacturer’s
instructions.

Nuclear morphology. To assess apoptosis, the nuclei of
MDA-MB-231 cells were stained with 4',6-diamidino-2-
phenylindole (DAPI). Cells were seeded on 12-well micro plates
at 4 x 10* cells/well, and then were incubated with 0, 50, or
100 uM TA for 48 h. After treatment with TA, cells were
harvested, washed with PBS, and fixed with 4% paraformalde-
hyde in PBS for 20 min at room temperature. Fixed cells were
washed with PBS and stained with 2 ml DAPI solution (1:9
dilution) in the dark for 1h at room temperature. Cells were
washed twice with PBS, and analyzed under a fluorescent micro-
scope (x400).

22

Annexin V staining for analysis of apoptosis. After stim-
ulation of MDA-MB-231 cells with TA, cell apoptosis was
measured using an Annexin V staining kit (Becton Dickinson,
Franklin Lakes, NJ). MDA-MB-231 cells grown in a 25 cm?
flask were collected following mild trypsinization. According to
manufacturer’s instruction, trypsinized cells were washed once
with PBS, and then were resuspended in 100 pl Annexin binding
buffer and mixed with 5 pl fluorescein isothiocyanate (FITC)-
conjugated Annexin V and phycoerythrin (PE)-conjugated PI.
Resuspended cells were incubated at room temperature in the
dark for 15min. After incubation, 400 pl Annexin binding
buffer was added. Labeled cells were analyzed by FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ).

Breast tumor xenografts. Male athymic nude mice (NCI-
nu) were purchased from Orient BIO Inc. (Gyeonggi-do, Korea).
Mice were housed and maintained under specific pathogen-free
conditions. Mice were used in accordance with institutional
guidelines at ages 8 to 12 weeks. MDA-MB-231 cells (2.5 x 10/
ml) were implanted subcutaneously into the flank of each mouse
(two places, 200 pl). Two weeks after cell inoculation, when
palpable tumors were observed, mice were randomly assigned to
different groups to receive one of the following treatments. The
control group received oral administrations of vehicle corn oil.
The low-dose group received oral administrations of TA (25 mg/
kg/d body weight) in corn oil. The high-dose group received
oral administrations of TA (50 mg/kg/d body weight) in corn oil.
Treatments were continued for 5 weeks, and then the mice were
sacrificed by CO: asphyxiation, weighed, and subjected to
necropsy. The volume and weight of xenograft tumors were
recorded. Selected tissues were further examined by routine
hematoxylin and eosin (H&E) staining and immunohistochemical
analysis. Mice were monitored for up to 5 weeks after implanta-
tion, and the tumor size was measured in two dimensions for every
other day starting on day 1 up to 5 weeks with Vernier calipers
(Mitutoyo, Kawasaki, Japan) and calculated using the formula
[(length + width) x 0.5].

TUNEL assay. Paraffin-embedded tumor tissues were used
for TUNEL staining, which was performed using the DeadEnd
Colorimetric TUNEL system (Promega). Paraffin-embedded
sections (5 um thick) were processed according to the manufac-
turer’s protocol. Briefly, sections were deparaffinized in xylene,
and then treated with a graded series of alcohol (100%, 95%,
85%, 70%, and 50% ethanol [v/v] in double-distilled H20) and
rehydrated in PBS (pH 7.5). Then the tissues were treated with
proteinase K solution for permeabilization and refixed with 4%
paraformaldehyde solution. Slides were treated with the rTdT
reaction mix and incubated at 37°C for 1 h; reactions were
terminated by immersing the slides in 2 x SSC solution for 15 min
at room temperature. After blocking endogenous peroxidase
activity (with 0.3% hydrogen peroxide), slides were washed with
PBS, and then incubated with streptavidin-horseradish peroxidase
solution for 30 min at room temperature. After washing, slides
were incubated with 3,3-diaminobenzidine (substrate) solution
until a light brown background appeared (10 min), and then
rinsed several times in deionized water. Methyl green was used
for background staining. After mounting, slides were observed
using a light microscope.

Immunohistochemistry. When tumors reached about
5000 mm? in size, animals were euthanized using an overdose
of inhalation anesthesia. For detection of p21 and p53, tumors
were excised and fixed in 10% buffered formalin for 7 days,
dehydrated in 50%, 70%, 95%, and 100% ethanol, 15 min each
time, and then submerged in xylene twice, 10 min each time.
Paraffin-embedded tissue blocks were prepared with a machine
(Shandon Embedding Center; Shandon Inc., Pittsburgh, PA) and
were cut with a microtome (Shandon Inc.). Next, 5-pum-thick
sections were placed on glass slides and stretched on a slide
heating plate at 43°C. The glass slides were incubated in a paraffin
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oven at 37°C for 1 day. The sections were deparaftinized with
two changes of xylene, 10 min each time, rehydrated with two
changes each of 100% ethanol and 95% ethanol for 1 min, and
then rinsed with tap water for 10 min. Sections were incubated at
4°C with anti-p21 (Cell Signaling Technology) and anti-p53
(Abcam) overnight, and then incubated for 1 h at room tempera-
ture with a peroxidase-conjugated goat anti-mouse antibody,
followed by incubation for 1h. Subsequently, sections were
stained with methyl green, and then sections on glass slides were
treated with a mounting reagent (O. Kindler GmbH, Freiburg,
Germany) and observed under a microscope.

Statistical analysis. All data are expressed as means * SE.
One-way analysis of variance (ANOVA) was used to analyze
statistical differences among multiple comparisons. A value of
p<0.05 was considered to be statistically significant.

Results

To test the effects of TA on proliferation of MDA-MB-231
cells, we treated cells with various concentrations of TA (0, 50, or
100 uM) for 24 or 48 h and analyzed the surviving cells using
MTT assay. As shown in Fig. 1B, TA induced cell death in a
concentration- and time-dependent manner. Treatment with
100 uM TA for 24 or 48 h resulted in significant decreases in
cell viability compared to the control group (p<0.05).

To evaluate the effects of TA on chromatin condensation, we
treated MDA-MB-231 cells with 50 or 100 uM TA for 48 h and
examined them for apoptosis using DAPI staining, which distin-
guishes live from apoptotic cells based on nuclear morphology.
The presence of chromatin condensation in TA-treated cells
was detected on a fluorescence microscope (x400). DAPI forms
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Fig. 1.

Effect of tolfenamic acid on viability and annexin-positive apoptotic cells. (A) Structure of naturally occurring tolfenamic acid. (B) MDA-MB-

231 cells were treated with tolfenamic acid (0, 50, or 100 uM) for 24 or 48 h, and cell viability was determined using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay as described in Materials and Methods. Each bar represents the mean + SE of three separate experi-
ments, and data are expressed as the percent relative to the control. *p<0.05 significantly different compared with the control group. (C) MDA-MB-
231 cells were treated with 0, 50, or 100 uM tolfenamic acid for 48 h and stained with 4',6-diamidino-2-phenylindole (DAPI). Chromatin condensa-
tion, representing apoptotic cell death, was examined using a fluorescence microscope (x400). (D) Cells were treated with tolfenamic acid (0, 50, or
100 uM) for 48 h. Cells positive for either annexin V or both annexin V and propidium (PI1) were considered to be early apoptotic and late apoptotic
cells, respectively. Labeled cells were analyzed by FACS analysis. The figure shows a representative staining profile for 10,000 cells per experiment.
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fluorescent complexes with double-I banded DNA, and stained
nuclei show a bright fluorescence with a DAPI filter. As shown
in Fig. 1C, cells treated with 100 uM TA fluoresced brightly,
indicating chromatin condensation. To further understand whether
TA-induced cell death is mediated by apoptosis or necrosis, we
evaluated apoptotic cell death using annexin V/PI double staining,
which specifically labels apoptotic cells. As shown in Fig. 1D,
treatment with TA at concentrations of 50 and 100 uM for 48 h in-
duced apoptosis in 18.45% and 31.90% of the cells, respectively.

To confirm whether p53 protein was related to TA-induced
apoptosis, we treated MDA-MB-231 cells with various concentra-
tions of TA (0, 25, 50, 75, 100 uM) for 48 h and analyzed
apoptosis-related proteins using Western blotting. As shown in
Fig. 2A, p53 increased in a dose-dependent manner. In cells
treated with 100 uM TA, p53 protein was significantly increased
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Fig. 2. Effect of tolfenamic acid on p53 and p21 expression in MDA-MB

after 48 h, and up-regulation of p21 was also observed. As shown
in Fig. 2B, to determine the effect on apoptosis-related proteins
in TA-treated MDA-MB-231 breast tumors, we administered TA
(0, 25, or 50 mg/kg) to three groups of five mice each for 5 weeks.
When the control group tumors reached about 1000 mm? in size,
the animals were sacrificed and 5 um sections were prepared. The
expression of p53 was significantly greater in the 50 mg/kg-
treated group than in the control group (Fig. 2B, upper panel).
Similar results were observed for p21 (Fig. 2B, under panel). In
contrast, no significant change was apparent in non-treated control
cells after 48 h.

The expressions of p53 downstream effectors such as Bax and
Bcl-2 are critical for cell cycle arrest and apoptotic death. As
shown in Fig. 3, Bcl-2 protein decreased, and Bax protein
increased in TA-treated cells. In addition, a marked increase in

B Control Treatment
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-231 breast tumors. (A) Cells were treated with tolfenamic acid (0, 50, or

100 uM) for 48 h. Cell lysates were prepared as described in Materials and Methods and analyzed by 12% SDS-PAGE followed by Western blot
analysis. The membranes were incubated with anti-p53 and anti-p21 overnight. The blots were also probed with anti-B-actin to confirm equal
loading of samples. (B) Nude mice were administered tolfenamic acid (0, 25, or 50 mg/kg) for 5 weeks and assayed by immunohistochemistry using
p53 and p21 antibodies. Slides were observed under a microscope and photographed (x400). Paraffin-embedded tumors were sectioned (5 um).
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Fig. 3. Effect of tolfenamic acid on p53. Cells were treated with tolfenamic acid (0, 50, or 100 uM) for 48 h. Cell lysates were prepared as described
in Materials and Methods and analyzed by 12% SDS-PAGE followed by Western blot analysis. The membranes were incubated with anti-Bax, anti-
Bcl-2, anti-cleaved PARP, and anti-caspase-3. The blots were also probed with anti-B-actin to confirm equal loading of samples. Each graph
represents the mean + SE of three separate experiments, and data are expressed as percent relative to the control. *p<0.05 significantly different
compared with the control group.

doi: 10.3164/jcbn.12-78
©2013 JCBN

24



A 12000 —a—Control —a—Low —e—High

10000
8000
6000
4000

2000

Tumor volume (mm?3)

0

1 5 9
Day after oral administration

13 17 21 25 29 33

-2000

C Control

TUNEL

Fig. 4.

VY

5.0 7
4.5 A
a0 L
3.5 1
3.0 T

1.5 1
1.0 A
0.5 T
0.0

Tumor weight (g)
N
(6,1}
*

0 25 50
Tolfenamic acid (mg/kg)

Treatment

Effect of tolfenamic acid on MDA-MB-231 breast tumor growth and apoptosis. (A) To assess the effects of tolfenamic acid on MDA-MB-231

breast tumor growth, mice were treated with tolfenamic acid (0, 25, or 50 mg/kg) for 35 days and tumors were measured using Vernier calipers. (B)
Final tumor weights. Each value represents the mean + SE for five mice. *p<0.05 significantly different compared with the control group. (C) Nude
mice were administered tolfenamic acid (0, 25, or 50 mg/kg) for 5 weeks and subject to the TUNEL assay as described in Materials and Methods.
Slides were observed under a microscope and photographed (x400). Paraffin-embedded tumors were sectioned (5 um).

Table 1. Effect of tolfenamic acid on tumor inhibition rate in MBA-MB-
231 human breast cancer

Groups Pre-experiment Post-experiment Inhibition
n Size (mm?3) n Size (mm3)  Rate (%)

0 mg/kg 5 66.95 5 9814.43

25 mg/kg 5 62.2 5 5014.82 48.9

50 mg’kg 5 100.23 5 5277.13 46.23

Data are expressed as the percent relative to the control.

cleaved PARP was observed in TA-treated cells. These results
indicate that TA-induced apoptosis might be related to p53 and its
downstreams.

To assess the effects of TA on MDA-MB-231 breast tumor
growth, we measured tumor size every 2 days after implantation
into mice for up to 5 weeks. As described in Fig. 4A, tumor
volume was significantly decreased in the 25 and 50 mg/kg TA-
treated groups compared to the control group (p<0.05). TA also
inhibited tumor weight in MDA-MB-231 cell xenografts
(Fig. 4B). As shown in Table 1, the groups that were given TA
showed a significant reduction in tumor volume at day 35, down to
48.90% in the 25 mg/kg group and 46.23% in the 50 mg/kg group
compared to the control group (0 mg/kg; p<0.05 for both). As
shown in Fig. 4C, a significant increase in TUNEL-positive cells
was observed in the 50 mg/kg-treated group compared to the
control group (p<0.05). These in vivo findings support the in vitro
findings that TA increases apoptosis in MDA-MB-231 breast
tumor cells.

H.-J. Kim et al.

Discussion

We demonstrated the effects of TA on apoptosis in MDA-MB-
231 ER-negative human breast cancer cells. ER-negative breast
cancer cells are known to have highly tumorigenic, invasive,
metastatic, and proliferative characteristics and to respond less
to current anticancer agents.(?

To test the effect of TA on proliferation of MDA-MB-231 cells,
we performed the MTT assay. As shown in Fig. 1B, TA signifi-
cantly decreased MDA-MB-231 cell viability in a dose-dependent
manner. It has similar effects on neuroblastoma, ovarian, muco-
epidermoid, and colorectal cancer cells.*'9 To further under-
stand whether this TA-induced inhibition of cell viability is due to
apoptosis, we performed annexin V and PI double staining assays.
As shown in Fig. 1D, treatment of TA at concentrations of 50
and 100 uM for 48 h induced apoptosis in 18.45% and 31.90% of
the cells, respectively. However, only 1.92% of the total cell
population showed necrotic cell death. These results indicate that
the cytotoxicity caused by TA is mediated by apoptosis.

Apoptosis is the result of a highly complex cascade of cellular
events characterized by chromatin condensation, DNA fragmenta-
tion, and cell shrinkage.('!® To evaluate the effect of TA on
chromatin condensation, we performed DAPI staining. DAPI
forms fluorescent complexes with double-stranded DNA, and
stained nuclei brightly fluoresce under a DAPI filter. As shown
in Fig. 1C, cells treated with 100 uM TA fluoresced brightly,
indicating chromatin condensation.

To confirm whether the p53 protein may be associated with
TA-induced apoptosis, we performed Western blot assays. As
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shown in Fig. 2A, p53 was induced following TA treatment. It
has also been shown to be associated with up-regulation of pro-
apoptotic Bax.("2? Pro-apoptotic Bax is one of the direct targets of
p53, an apoptotic protein, and Bcl-2, an anti-apoptotic protein."
Mitochondria-mediated apoptosis is regulated by the Bcl-2 family
of proteins, which can promote (pro-apoptotic Bax members) or
inhibit (anti-apoptotic Bcl-2 members) apoptosis. Bcl-2 preserves
the integrity of the outer mitochondrial membranes and thereby
prevents the release of pro-apoptotic factors from mitochondria.
Although the effects of Bcl-2 on the release of pro-apoptotic factor
are well described, other functions of Bcl-2 in the upstream and
downstream regulation of apoptosis remain poorly understood.
Bcl-2 seems to inhibit many agent-induced apoptosis through
inactivation of caspase-3. Western blot analysis revealed that TA
increased Bax levels and reduced the total levels of Bcl-2 protein
in MDA-MB-231 cells (Fig. 3).

The purpose of our in vivo experiments was to examine the
mechanism of TA-induced apoptosis via pS3-dependent apoptotic
cell death in nude mice. To assess the effects of TA in reducing
MDA-MB-231 breast tumor volume, we administered TA (0, 25,
or 50 mg/kg) to three groups of five mice each for 5 weeks. As
shown in Fig. 4A, the groups that were administered TA showed a
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