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Abstract Breast cancer is one of the most common cancers
and is the second leading cause of cancer mortality in women
worldwide. Novel therapies and chemo-therapeutic drugs are
urgently needed to be developed for the treatment of breast
cancer. Increasing evidence suggests that fatty acid synthase
(FAS) plays an important role in breast cancer, for the expres-
sion of FAS is significantly higher in human breast cancer
cells than in normal cells. Tannic acid (TA), a natural poly-
phenol, possesses significant biological functions, including
bacteriostasis, hemostasis, and anti-oxidant. Our previous
studies demonstrated that TA is a natural FAS inhibitor whose
inhibitory activity is stronger than that of classical FAS inhib-
itors, such as C75 and cerulenin. This study further assessed
the effect and therapeutic potential of TA on FAS over-
expressed breast cancer cells, and as a result, TA had been
proven to possess the functions of inhibiting intracellular
FAS activity, down-regulating FAS expression in human
breast cancer MDA-MB-231 and MCF-7 cells, and inducing
cancer cell apoptosis. Since high-expressed FAS is recognized
as a molecular marker for breast cancer and plays an important
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role in cancer prognosis, these findings suggest that TA is a
potential drug candidate for treatment of breast cancer.
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Introduction

Worldwide, breast cancer accounts for 22.9 % of all cancers
(excluding non-melanoma skin cancers) in women [1]. In ear-
ly 2012, there were nearly three million breast cancer patients
in the United States, with more than two hundred thousand
additional women estimated to develop breast cancer in that
same year [2]. Precaution and improved adjuvant treatments
have increased breast cancer survival rates since the 1970s,
with current 5-year survival rates at nearly 90 % [2]. Despite
these significant improvements, the chances of recurrent or
relapsed disease are sobering. In women at increased risk of
breast cancer, drugs such as tamoxifen and raloxifene have
been shown to reduce the risk, but with their own toxicity
and side effects. Consequently, increasing attention has been
paid on the naturally occurring chemopreventive agents, par-
ticularly those present in dietary and medicinal plants due to
their bioactive substances and relative low toxicity [3].
Tannic acid (TA) exists widely in fruits, cereals, legumes,
herbs, and vegetable drinks, including tea, red wine, coffee,
etc. With a chemical formula of C;4Hs5,046, TA is a mixture of
polygalloyl glucoses and can be hydrolyzed to glucose and
gallic acid. The application of TA on human is restricted be-
cause it can form insoluble complexes with precipitate pro-
teins, alkaloids, glycosides, and heavy metals. However, re-
searchers have proved that TA has many biological functions
which are applied to improve human health, including treat-
ments of ulcers, burns, hemorrhoids, stomatitis, tonsillitis, and
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pharyngitis. In recent years, extensive researches had focused
on the anti-cancer potential of TA. Experiments have demon-
strated that TA and related polyphenols inhibited the mouse
mammary tumor virus promoter [4, 5]. In addition, TA also
inhibits the proliferation of various cancer cell lines [6—8] and
induced cancer cell apoptosis [9-12].

Fatty acid synthase (FAS, EC 2.3.1.85), a metabolic en-
zyme that catalyzes the synthesis of long-chain fatty acids
from acetyl-CoA, malonyl-CoA, and NADPH, is expressed
at high levels in a variety of human cancer cells, including
breast [13, 14], prostate [15, 16], endometrium [17], ovary
[18], colon [19], lung [20, 21], and pancreas cancer cells
[22]. However, it does not express or expressed at a very
low level in normal cells. This expression differential between
cancer and normal cells makes FAS a potential diagnostic
tumor marker [23], and FAS as a therapeutic target for treating
cancer has been identified by various studies with FAS inhib-
itors [24].

In our previous study, TA was found inhibitory activity on
pure FAS in vitro, with a half inhibitory concentration (ICsg)
value of 0.13 uM [25], which was generally more potent
compared with the classical known FAS inhibitors, C75 and
EGCG [26]. In this study, we provide evidence for that TA
inhibits intracellular FAS activity, down-regulates FAS ex-
pression, reduces the amount of intracellular fatty acids and
induces apoptosis of breast cancer cells, which contribute a
series of mechanism information to its known anti-cancer
activities.

Methods
Reagents

Acetyl-CoA, malonyl-CoA, NADPH, DMSO, Hoechst
33258, and TA were purchased from Sigma-Aldrich (St.
Louis, MO, USA). FAS antibody for immunoblotting was
obtained from BD Biosciences Pharmingen (Shanghai,
China). GAPDH antibody was purchased from Cell signaling
technology, Inc (Shanghai, China). Dulbecco’s modified
Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco BRL (Beijing, China). 3-4,5-dimethyl-
thiazol-2-yl-2,3-diphenyl tetrazolium bromide (MTT), PBS,
and the Trizol reagent were purchased from Invitrogen
(Beijing, China). Annexin V-FITC/PI Apoptosis Detection
Kit was purchased from Mbchem (Shanghai, China).
Hematoxylin and eosin (HE) was purchased from Beyotime
(Beijing, China).

Cell lines and culture

Human breast cancer MDA-MB-231 and MCF-7 cell lines
were purchased from the American Type Culture Collection
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(ATCC; Rockville, MD, USA). Cells were cultured in DMEM
containing 10 % FBS at 37 °C in a humidified atmosphere
containing 5 % CO,.

HE staining

MDA-MB-231 and MCF-7 cells were seeded in 6-well cul-
ture dishes (2.5x 10° cells/well). After treated with TA (0, 2, 4,
8 uM), cells were fixed with paraformaldehyde, washed with
distilled water for 2 min and stained with Hematoxylin for
10 min and Eosin for 1.5 min after washing excess dye, and
followed by extensive washes with 70 % ethanol.
Extracellular matrix was examined under the microscope,
and images were captured through ImagePro Plus software
(Media Cybernetics, Silver spring, MD).

MTT assay

MDA-MB-231 and MCF-7 cells were cultured in the 96-
well plates until over 90 % of them were confluenced, and
then were incubated with increasing concentrations of TA
for 24 h (37 °C, 5 % CO,), when the medium was changed
to a fresh one within 0.5 mg/ml MTT. After 2-h incubation
at 37 °C, the plates were again decanted, and 200 pl
DMSO was added to solubilize the formazan crystals pres-
ent in viable cells. The plate was analyzed at the wave-
length of 492 nm by a microplate spectrophotometer
(Multiskan, MK3). And wells containing no cells were
served as background for the assay. Data were obtained
from the average of five experiment wells, and each assay
was repeated three times.

Hoechst 33258 staining

MDA-MB-231 and MCF-7 cells were seeded in 6-well cul-
ture dishes (2.5 x 10° cells/well). After treatment with TA (0, 2,
4, 8 uM), cells were washed twice with cold PBS, and stained
with Hoechst 33258 (5 pg/ml) for 5 min in the dark, then
followed by extensive washes. Nuclear staining was examined
under the fluorescence microscope and images were captured
using ImagePro Plus software.

Western blotting

MDA-MB-231 and MCF-7 cells were cultured in D-10-cm
dishes until 90 % confluence and then treated with TA (0, 1,
2,4 uM) for 24 h. Cells were washed with cold PBS and lysed
by incubation in lysis buffer, incubated on ice for 1 min, col-
lected with cell scraper, then were centrifuged at 12,000 rpm
for 10 min at 4 °C. Total protein concentrations were deter-
mined by using bicinchoninic acid (BCA) assay (Pierce).
Proteins were separated by SDS-PAGE and then transferred
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to PVDF membrane and finally analyzed by Western blot
according to standard procedures.

Intracellular FAS activity assay

After treating with TA for 24 h, cells were harvested by
treatment with trypsin-EDTA solution, pelleted by centri-
fugation, washed twice, and resuspended in cold PBS.
Cells were sonicated at 4 °C and centrifuged at 13,
000 rpm for 30 min at 4 °C to obtain particle-free superna-
tants. F. 50 ul particle-free supernatant, 25 mM KH,PO,-
K,HPO, buffer, 0.25 mM EDTA, 0.25 mM dithiothreitol,
30 uM acetyl-CoA, 350 uM NADPH (pH 7.0) in a total
volume of 500 pl were monitored at 340 nm for 100 s to
measure background NADPH oxidation. After the addition
of 100 uM malonyl-CoA, the reaction was assayed for an
additional 1 min to determine FAS dependent oxidation of
NADPH. FAS activity was expressed in nmoles NADPH

oxidized min~' mg protein .

Detection of cell apoptotic rates by flow cytometry

Apoptosis was determined by staining cells with annexin
V-FITC and PI labeling. Briefly, 1.5x10° cells/ml were
incubated with or without TA (0, 2, 4, 8 uM) for 24 h.
Afterwards, the cells were washed twice with ice-cold
PBS, and then annexin V-FITC and PI were then applied
to stain cells as the kit directions. The status of cell staining
was analyzed by using flow cytometer (Becton Dickinson).
Viable cells were negative for both PI and annexin V-
FITC; apoptotic cells were positive for annexin V-FITC
and negative for PI, whereas late apoptotic dead cells
displayed strong annexin V-FITC and PI labeling. Non-
viable cells, which underwent necrosis, were positive for
PI but negative for annexin V-FITC.

Fig. 1 TA induced morphologic
changes in MDA-MB-231 and
MCE-7 cells. A representative HE
staining of MDA-MB-231 and
MCE-7 cells after treating with
TA (0, 2, 4, 8 uM) for 24 h. After
TA treatment, cells became
shrinkage and loose. Original
magnification, X100

MDA-MB-231

Results

TA caused MDA-MB-231 and MCF-7 cells morphological
changes

The morphological changes of MDA-MB-231 and MCF-7
cells were examined by HE staining. As shown in Fig. 1, cells
adhered well and displayed normal morphology in the control
cells, whereas shrinkage and loose were observed in TA treated
cells. Moreover, the shrinkage became progressively larger
with increasing concentrations of TA. After treated with 4
and 8 uM TA, the majority of cells became shrunken, and were
observed to float in the culture medium, demonstrating that TA
inhibited cancer cell growth in a dose-dependent manner. Since
TA is an inhibitor of FAS, the important enzyme to catalyze the
synthesis of fatty acids which are essential for cell membranes
establishment, the cell morphological changes caused by TA
may be related to the permeability of cell membranes, mem-
brane protein distribution, and apoptosis or necrosis. Based on
these speculations, we conducted the next experiments.

TA showed time- and dose-dependent reduction
on the viability of MDA-MB-231 and MCF-7 cells

Cells were incubated with MTT for 2 h at 37 °C, and reaction
was stopped by adding 150 ul DMSO. The absorbance was
then measured after the MTT formazan extracted from the
cells and thoroughly solubilized. The MTT assay showed that
TA reduced cell viability in a dose- and time-dependent man-
ner (Fig. 2). In MDA-MB-231 cells when treated with TA for
6, 12, 18, and 24 h, the ICs, values were 5.8, 5.0, 3.5, and
2.5 uM, respectively. While for MCF-7 cells, when treated
with TA for 6, 12, 18, and 24 h, the ICs, values were >10,
8.0, 6.0, and 4.0 uM, respectively. These results indicated that
TA had a similar effect on both MDA-MB-231 and MCF-7
cells, although the inhibitory strengths on them were different.

MCF-7
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Fig. 2 Inhibitory effect of TA on the viability of MDA-MB-231 and
MCEF-7 cells. MDA-MB-231 and MCF-7 cells were pretreated with
0.1 % DMSO or various concentrations of TA for 6, 12, 18, and 24 h,
and cell viability assays were performed using the MTT method. Results

TA induced MDA-MB-231 and MCF-7 cells apoptosis

In order to verify whether TA induced cell apoptosis or necro-
sis, we used Hoechst 33258 staining and flow cytometry with
annexin V and PI staining. As shown in Fig. 3a, Hoechst
33258 stained cells exhibited more fluorescence as the con-
centration of added TA increased which implied that cell
membrane permeability was enhanced. According to the con-
centrations of TA, treated cells were cultured separately, and

Fig. 3 TA induced apoptosis in A
MDA-MB-231 and MCF-7 cells.

a Cell culture was performed as
described in “Methods™ section.
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clei, which is a sign of apoptosis.

The concentrations of TA were 0,

2,4, and 8 pM. Original magni-
fication, X100. b Apoptosis was
evaluated using an annexin V-

FITC apoptosis detection kit and

flow cytometry. The x- and y-axes
represent annexin V-FITC stain-
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were expressed as relative cell viability as compared with untreated con-
trol. The data were expressed as the mean+SD of three independent
experiments

then cell apoptosis was detected by flow cytometry. As shown
in Fig. 3b, when treated with different concentration of TA
(2.5, 5, 10 uM), the ratio of early apoptosis was 17.25, 20.60,
and 28.00 % and late apoptosis was 18.23,37.35, and 48.21 %
in MDA-MB-231 cells. As for MCF-7 cells, the ratio was
6.70, 21.48, and 22.58 % in early apoptosis and 27.85,
44.36, and 54.05 % in late apoptosis. These results indicated
that TA induced MDA-MB-231 and MCF-7 cells apoptosis in
a dose-dependent manner.

MCF-7

resentative pictures were from MDA-MB-231 MCF-7
MDA-MB-231 and MCF-7 cells
incubated with different concen- con 2.5uM con 2.5uM
trations of TA (0, 2.5, 5, 10 uM) 563% 18.23% B 1620% [ [ 27.85%)
| | ; .:.:rfa Ell . ..‘:‘”
1 o ] ji: .
| 83.68% 1057% 54.35% 17.25%) i_a'oT 231% > ]| 6464 670%
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TA suppressed FAS expression and inhibited intracellular
FAS activity

We already proved that TA had a potent inhibition to FAS
in vitro; however, the effect of TA on intracellular FAS has
not been clarified yet. So, we designed the experiment to de-
termine the effect of TA on intracellular FAS. Compared with
control, TA not only down-regulated FAS expression (Fig. 4a)
but also inhibited intracellular FAS activity with a dose-
dependent manner (Fig. 4b). After treating with 1, 2, and
4 uM TA separately for 24 h, the intracellular FAS activities
of MDA-MB-231 cells were reduced by 64.04, 48.98, and
36.73 %, correspondingly. And similarly, the intracellular
FAS activities of MCF-7 cells were reduced by 91.11, 62.22,
and 53.33 %, respectively.

TA reduced the amount of fatty acids in MDA-MB-231
and MCF-7 cells

The amount of intracellular fatty acids in MDA-MB-231 and
MCF-7 cells treated with 2, 4, and 8 uM TA were measured,
and results (Fig. 4c) showed that the amount of intracellular
fatty acids in treated cells decreased dose-dependently. As
intracellular fatty acids were synthesized by FAS, these results
further indicated that TA indeed had an impact on intracellular
FAS. Above results demonstrated that TA induced cell apo-
ptosis via targeting FAS.

MDA-MB-231
TA (UM)

MCE-7
TA (M)

] 1 2 4 0 1 2 4

MDA-MB-231 MCF-7

relative intracellar FFA
relative intracellar FFA

TA (uM) TA (M)

Fig. 4 Effects of TA on FAS expression, intracellular FAS activity, and
the amount of fatty acids in MDA-MB-231 and MCF-7 cells. a Repre-
sentative pictures and density analysis of protein bands for FAS protein
expression by Western blot analysis. Cells were treated with 0, 1, 2, and
4 uM TA. GAPDH was used as a control. TA down-regulated FAS
expression in a dose-dependent manner. b FAS activity assay was de-
scribed in “Methods” section. Cells were treated with 0, 1, 2, and 4 uM
TA. Data were normalized to control cells without TA (0 uM). Relative

relative

Discussion

Breast cancer is a main malignancy and a leading cause of
cancer deaths among women worldwide [1, 2], though there
are some therapies including surgery, chemotherapy, radiolo-
gy, and biological therapy. As effective drugs with low side
effect are badly needed, herbs and dietary supplements are
being studied to find out if they might help to reduce the risk.
However, few has been shown to have satisfied activity.

FAS is a key enzyme participating in de novo lipogenesis
and plays an important role in converting excess carbon intake
into fatty acids for energy storage [14, 27]. Compared with
normal tissue, FAS expression levels are significantly high in
rapidly proliferating cells, such as breast, liver, prostate, ovar-
ian, endometrial, thyroid cancer cells [24, 28], which suggests
that tumors need more fatty acids for growth than can be
acquired from the circulation. The anti-cancer potential of
FAS inhibitors was recognized as early as 2000 when C75, a
well-known FAS inhibitor, has been shown to possess potent
anti-cancer activity both in vitro and in vivo. It is necessary to
search for more FAS inhibitors that may be applied practically
in treatment of cancer.

TA is a common tannin existed in tea, coffee, immature
fruits, etc. and has also been used as a food additive. Through
our previous screening, TA was found to be a potent FAS in-
hibitor. Based on the evidence that FAS is over-expressed in
cancer cells and TA is a novel FAS inhibitor, we hypothesize
that TA is a potential targeted drug for cancer treatment.

MDA-MB-231 MCF-7
1.5 1.5
F-d z
g 1.0 g 1.0
= * E * *
% 0.5 % 05
t g
0.0 0.0
0 1 2 4 0 1 2 4
TA (M) TA (uM)
C
MDA-MB-231 MCF-7
] g
2 i
3 €3
g :
E E

TA () TA ()

FAS activities were represented as the means+SD from three independent
experiments with similar results. **p<0.01 and ***p<0.001 compared to
the control (0 uM). ¢ MDA-MB-231 and MCF-7 cells were treated with
TA at various concentrations (0, 2, 4, 8 uM) for 24 h. And then, the
amount of intracellular fatty acid was determined by Fatty Acid Assay
Kit. Data were expressed as means+SD (n=3). *p<0.05, **p<0.01, and
**%p<0.001 significantly different from control (0 uM)

@ Springer



2142

Tumor Biol. (2016) 37:2137-2143

Researchers have previously reported that FAS was over-
expressed in MDA-MB-231 and MCF-7 cells [29, 30], so
these two breast cancer cell lines were selected to testify the
inhibitory capability of TA. Consistent with our expectations,
TA did inhibit intracellular FAS expression and activity in
breast cancer cells. However, we found that TA had a stronger
effect on intracellular FAS activity than on FAS expression,
the mechanism of which was worth further study. Whether TA
could pass smoothly through the cell membrane and exert an
effect onto intracellular FAS is also what we need to identify.

FAS is a multifunctional enzyme that catalyzes the synthe-
sis of long-chain saturated fatty acids from acetyl-CoA and
malonyl-CoA, in the presence of NADPH, so we measured
the amount of intracellular fatty acids. As a result, intracellular
fatty acids in TA treated cells dose-dependently decreased,
which implied that TA indeed affected the lipid metabolism.
Moreover, result of Hoechst staining showed that the perme-
ability of cell membranes increased. Based on these phenom-
ena, we hypothesized that the lipid metabolism disorder,
which related to the permeability of cell membranes and en-
ergy metabolism in cells, may lead to cell apoptosis.

Booth and colleagues have previously reported that TA-
crosslinked collagen Type I beads induced apoptosis in
MDA-MB-231 and MCF-7 cells [31]. They found that
MCF-7 cells were more sensitive to the effects of TA, as lower
concentrations of TA were able to induce elevated levels of the
activated caspases 9 and 3/7 compared to the triple negative
MDA-MB-231 breast cancer cells, which suggested that ER
positive breast cancer cells were more susceptible to the ef-
fects of TA. However, in the present work, we found that TA
showed apoptotic effect on both ER positive and ER negative
cells.

Although the detailed mechanism of TA induced apoptosis
has not been fully clarified, we proposed that a possible way
may be that TA inhibits FAS activity and reduces the amount
of free fatty acids, which are the main material for the synthe-
sis of membrane phospholipids of cancer cells. Interestingly,
compared with our previous results, TA showed stronger tox-
icity on MDA-MB-231 and MCF-7 cells than on FAS over-
expressed 3 T3-L1 adipocytes [25]. It revealed that in an ap-
propriate concentration, TA may induce cancer cells apoptosis
and have little cytotoxic to adipocytes. This result provided
the possibility for the utility of TA to be explored as an active
and low toxic drug candidate for preventing and treating
cancer.

Moreover, we have already proved that the FAS activity
inhibited by TA would not induce non-specific FAS sedimen-
tation [25]. In the present research, the highest concentration
of TA used was much lower than that could induce FAS sed-
imentation, which guaranteed that the inhibition of TA on
cancer cells have no relation to FAS non-specific sedimenta-
tion. While in chemotherapy, toxicity and drug-resistance are
main obstacles in achieving and maintaining a cancer-free
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status [32—34]. As a result, anti-cancer agents have evolved
to molecular-targeting agents that selectively and effectively
destroy cancer cells other than indiscriminately killing them.

In conclusion, TA could induce human breast cancer cells
apoptosis by inhibiting intracellular FAS activity and down-
regulating FAS expression. Our results suggest that TA can be
applied in treatment of breast cancer, and it may supply useful
ideas and new clues in developing target-directed anti-cancer
drugs for further studies.
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