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Anthocyanidins Inhibit Epithelial-Mesenchymal
Transition Through a TGF-/Smad2 Signaling Pathway
in Glioblastoma Cells
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Epidemiological studies have convincingly demonstrated that diets rich in fruits and vegetables play an important
role in preventing cancer due to their polyphenol content. Among polyphenols, the anthocyanidins are known to
possess anti-inflammatory, cardioprotective, anti-angiogenic, and anti-carcinogenic properties. Despite the well-
known role of transforming growth factor-g (TGF-B) in high grade gliomas, the impact of anthocyanidins on TGF-B-
induced epithelial-mesenchymal transition (EMT), a process that allows benign tumor cells to infiltrate surrounding
tissues, remains poorly understood. The objective of this study is to investigate the impact of anthocyanidins such as
cyanidin (Cy), delphinidin (Dp), malvidin (Mv), pelargonidin (Pg), and petunidin (Pt) on TGF-B-induced EMT and to
determine the mechanism(s) underlying such action. Human U-87 glioblastoma (U-87 MG) cells were treated with
anthocyanidins prior to, along with or following the addition of TGF-B. We found that anthocyanidins differently
affected TGF-B-induced EMT, depending on the treatment conditions. Dp was the most potent EMT inhibitor through
its inhibitory effect on the TGF-B Smad and non-Smad signaling pathways. These effects altered expression of the EMT
mesenchymal markers fibronectin and Snail, as well as markedly reducing U-87 MG cell migration. Our study
highlights a new action of anthocyanidins against EMT that supports their beneficial health and chemopreventive

effects in dietary-based strategies against cancer. © 2016 Wiley Periodicals, Inc.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most com-
mon aggressive brain cancer [1]. Patients with GBM
have a median survival time of less than 15 months
even with an aggressive therapy consisting of a
combined tumor resection, irradiation, and temozo-
lomide administration [2,3]. Despite advances in our
understanding of tumor biology, the invasiveness
that characterizes GBM makes it resistant to standard
treatments [4,5]. Therefore, better understanding of
the mechanisms that promote cancer cell progression
in GBM are of great clinical importance.

Carcinoma invasion is driven by a cellular process
called epithelial-mesenchymal transition (EMT) [6].
EMT was first described as a distinct cell differentia-
tion process in the late 70s, but has received
increasing attention since it not only occurs in
embryonic development but also contributes to
pathological conditions [7]. During EMT, epithelial
cells lose epithelial markers such as the adherens
junction proteins E-cadherin and cytokeratin, and
acquire mesenchymal markers including N-cadherin,
fibronectin, vimentin, and some soluble metallopro-
teinases [8]. Consequently, epithelial cells lose their
polarity (apical-basal) and undergo changes in mor-
phology and cytoskeletal organization, generating
mesenchymal-like cells with increased migratory
properties [8]. EMT can be induced by several growth
factors produced by tumor-associated stroma, such as
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heparin-binding growth factor, hepatocyte growth
factor, epidermal growth factor, platelet-derived
growth factor, and transforming growth factor B
(TGF-B) [9]. TGF-B is known to act as a tumor
suppressor in normal tissues as well as a tumor
promoter during tumorigenesis [10]. This growth
factor represents the most potent inducer of EMT
through the activation of types I and II serine-
threonine kinase receptors, TbRI and TbRII, which
activate receptor-regulated Smads (R-Smads) [11]. The
activated R-Smads form complexes with co-Smads,
translocate to the nucleus and regulate EMT target
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genes by interacting with various transcription factors
(Snail, Slug, and Twist) [11]. Aside from the Smad
signaling pathway, TGF-B also activates non-Smad
signaling pathways such as extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinase
(JNK), and p38 MAP Kkinases, Racl, RhoA, and
Cdc42 GTPases [12]. Therefore, preventing EMT by
affecting TGF-B signaling pathways may prove
efficient in preventing tumor progression.

Approaches to preventing tumor progression can
involve several different approaches, including
changes to the patient’s diet to include more foods
derived from plants [13]. The cancer preventive effects
of fruits and vegetables are widely supported by results
from several in vitro, in vivo, and epidemiological
studies [14-16]. This property has been mainly
attributed to the presence of phytochemicals, such
as polyphenols, which interfere with several processes
involved in cancer and metastasis. A number of these
polyphenols, for example, a-mangostin, curcumin,
epigallocatechin gallate, resveratrol, and gallic acid,
are known to target EMT [17].

Anthocyanidins, and their glycosylated forms the
anthocyanins, are abundant flavonoids present in
berries, red grapes, red cabbages, and other pigmented
fruits and vegetables [18,19]. Consumption of antho-
cyanidins is known to lower the carcinogenic activity
of multiple cancer cell types in vitro and tumor types
in vivo [20]. These molecules have been shown to
reduce cell proliferation, inflammation, angiogenesis,
and invasion. It was reported that anthocyanins also
modulate the expression of some genes involved in
EMT processes, such as Snail, by inhibiting NF-«B or
Akt signaling pathways [17,21]. Since the effects of
anthocyanidins on EMT have never been studied,
we have investigated whether molecules such as
cyanidin (Cy), delphinidin (Dp), malvidin (Mv),
pelargonidin (Pg), and petunidin (Pt) could abrogate
TGF-B-induced EMT in U-87 glioblastoma (U-87 MG)
cells.

MATERIALS AND METHODS

Materials

Anthocyanidin compounds Cy (purity > 96%), Dp,
Pg, Mv (purity >97%), and Pt (purity >95%) were
purchased from Extrasynthese (Lyon, France).
Recombinant human TGF-B1 was obtained from R&D
Systems (Minneapolis, MN). Electrophoresis reagents
were purchased from Bio-Rad (Mississauga, ON). The
anti-ERK-1/2 (K-23) polyclonal antibody and the
anti-Twistl monoclonal antibody were from Santa
Cruz Biotechnologies (Santa Cruz, CA). Antibodies
against Snail, Slug, phospho-Smad2, Smad2, GAPDH
(glyceraldehyde-3-phosphate  dehydrogenase), and
phospho-p44/42 MAPK were from Cell Signaling
Technology (Beverly, MA). The anti-fibronectin anti-
body was from Sigma-Aldrich (Oakville, ON). Anti-
mouse and anti-rabbit horseradish peroxidase (HRP)-
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linked secondary antibodies were purchased from
Jackson ImmunoResearch Laboratories (West Grove,
PA) and enhanced chemiluminescence (ECL) reagents
were from Denville Scientific Inc. (Metuchen, NJ). Micro
bicinchoninic acid protein assay reagents were from
Thermo Scientific (Rockford, IL).

Cell Culture

The human U-87 MG cell line was purchased from
American Type Culture Collection (Manassas, VA).
Cells were maintained in Eagle’s Minimum Essential
Medium (Wisent, 320-036-CL) supplemented with
10% calf serum (HyClone Laboratories, SH30541.03),
1mM sodium pyruvate (Sigma-Aldrich, P2256),
2mM 1-glutamine, 100 units/mL penicillin, and
100 mg/mL streptomycin (Wisent, 450-202-EL), and
cultured at 37°C under a humidified 95-5% (v/v)
mixture of air and CO,. Cells were treated with vehicle
(0.1% ethanol) or with anthocyanidins in the absence
of serum prior to (pre-treatment), along with (co-
treatment) or following (post-treatment) addition of
10ng/mL TGF-B.

Western Blot Analysis

To study the expression of EMT markers during
TGEF-B treatment as well as the effect of anthocyani-
dins, TGF-B (10ng/mL) and/or anthocyanidins were
added to the cells as described below. U-87 MG cells
were pre-treated with anthocyanidins for 24 h, fol-
lowed by TGF-B for 48 h, or serum starved for 24 h and
co-treated with anthocyanidins and TGF-B for 48 h, or
serum starved for 24 h followed by the addition of
TGEF-B for 48 h and post-treated with anthocyanidins
for the last 24 h. Cells were then washed with ice-cold
phosphate-buffered saline (PBS) containing 1mM
each of sodium fluoride (NaF) and sodium orthova-
nadate (Na3VO,) and incubated in the same medium
for 30min at 4°C. The cells were solubilized in lysis
buffer [150 mM NaCl, 10 mM Tris-HCI, pH 7.4, 1 mM
EDTA, 1 mM ethyleneglycol-O, O’-bis(2-aminoethyl)-
N, N, N/, N'-tetraacetic acid (EGTA), 0.5% (vol/vol)
Nonidet P-40 and 1% (vol/vol) Triton X-100]. The
resulting lysates were solubilized in Laemmli sample
buffer [125 mM Tris-HCl (pH 6.8), 20% glycerol, 4%
SDS, 10% B-mercaptoethanol, and 0.00125% bromo-
phenol blue], boiled for 4min, and separated by
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). After electrophoresis, proteins
(25 png) were transferred to polyvinylidene difluoride
(PVDF) membranes, which were then blocked 1h at
room temperature (RT) with 5% nonfat dry milk in
Tris-buffered saline/Tween 20 (TBS-T; 147 mM NaCl,
20mM Tris-HCIl, pH 7.5, and 0.1% Tween 20).
Membranes were further washed three times in TBS-
T and incubated with the primary antibody in TBS-T
containing 3% bovine serum albumin (BSA) and
0.01% sodium azide, followed by a 1h incubation
with HRP-conjugated anti-mouse or anti-rabbit anti-
bodies in TBS-T containing 5% nonfat dry milk.
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Immunoreactive material was visualized with an ECL
detection system. The immunoreactive bands were
quantified with ImageJ software (NIH).

Immunofluorescence

U-87 MG cells were seeded on cover slips and
treated with ethanol (0.1%) or TGF-B (10ng/mL) for
48 h. Cells were washed twice with cold PBS, fixed in
4% formaldehyde for 20 min at room temperature
and permeabilized with 0.5 % Triton X-100 for 5 min.
After three washes with ice-cold PBS for 15 min (total),
non-specific binding was blocked with 1% BSA in PBS
for 1h at RT. Cells were then incubated with the
primary antibody (anti-fibronectin or anti-Slug;
1:200) for 1h at RT, washed twice with cold PBS
and incubated with Alexa Fluor-488 conjugated anti-
rabbit IgG (Invitrogen, Eugene, OR) at 1:200 for 1 h at
RT. The cell nuclei were visualized with 1 pg/mL 4/, 6-
diamidino-2-phenylindole (DAPI) staining for 5 min
at RT. Slides were then dried, mounted with the
ProLong Gold antifade reagent (FisherScientific,
Ottawa, ON) and the fluorescence examined by
microscopy.

Real-Time PCR Analysis

U-87 MG cells were incubated in 6-well plates for 48 h
then TGF-8 (10ng/mL) was added for another 48h.
Following treatment, total RNA was isolated using TRIzol
reagent (Life technologies, Gaithersburg, MD) and cDNA
was synthesized using the high capacity cDNA reverse
transcription kit (Applied Biosystems, Foster City, CA)
according to the manufacturer’s instructions. Quantita-
tive PCR was performed using SsoFast EvaGreen Super-
mix (Bio-Rad, Hercules, CA). DNA amplification was
carried out using a CFX Connect Real-Time System (Bio-
Rad) and product detection was performed by measuring
binding of the fluorescent dye EvaGreen to double
stranded DNA. The QuantiTect primers sets were from
Qiagen: Snail (Hs_SNAI1_1_SGQT00010010), fibronec-
tin (Hs_FN1_1_SGQT00038024), Slug (Hs_SNAI2_1_SG
QT00044128), Twist (Hs_TWIST1_1_SGQT00011956),
GAPDH (Hs_GAPDH_2_SG QT01192646), and B-actin
(Hs_Actb_2_SGQT01680476). The relative quantities of
target gene mMRNA compared against two internal
controls, GAPDH and B-actin RNA, were measured by
following a ACT method employing an amplification
plot (fluorescence signal vs. cycle number). The differ-
ence (ACr) between the mean values in the triplicate
samples of target gene and that of GAPDH and B-actin
mRNAs were calculated by CFX Manager software
version 2.1 (Bio-Rad) and the relative quantified value
(RQV) was expressed as 2~ ACL

Cell Viability Assay

U-87 MG cells were treated as described above with
anthocyanidins alone. After 72h of total treatment,
cells were washed twice with ice-cold PBS and viability
was evaluated by the incorporation of propidium
iodide (0.5 pg/mL, BD Biosciences, Mississauga, ON)
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using the BD Accuri C6 flow cytometer. 10 000 cells
per sample were counted, and the percentage of live
and dead cells was evaluated using the BD CSampler
software.

Real-Time Cell Migration Assay

Experiments were carried out using the Real-Time
Cell Analyser (RTCA), Dual-Plate (DP) Instrument,
and the xCELLigence system (Roche Diagnostics,
Laval, QC), following the instructions of the
supplier. The optimal seeding concentration of cells
and TGF-B concentration for migration assay were
first determined. U-87 MG cells were treated in pre-,
co-, or post-treatment conditions with anthocyani-
dins (25 pM) £ TGF-B as described above. After a
total treatment of 72h, 250 000 cells per well were
seeded in a CIM-plate 16 (Roche Diagnostics), and
incubated at 37°C under a humidified atmosphere
containing 5% CO,, for 24 h. Prior to cell seeding, the
underside of each well in the upper chamber was
coated with 0.15% gelatin in PBS and incubated for
1h at 37°C. The lower chamber was filled with
serum-free medium. The upper chamber of each well
was filled with 250 000 cells. After 30min of
adhesion, cell migration was monitored every
Smin for 24 h. The impedance value was measured
by the RTCA DP Instrument and expressed as an
arbitrary unit called the Cell Index. Each experiment
was performed in quadruplicate wells.

Statistical Analysis

Statistical analyses were generally performed using
one-way ANOVA with a post hoc Dunnett’s test.
Student’s unpaired t-test was used to determine the
statistical significance between the control and the
stimulated control for the EMT markers. Differences
with P<0.05 were considered significant. All
statistical analyses and graphs were performed
using the GraphPad Prism software version 5.0b
(San Diego, CA).

RESULTS

TGF-B Induces EMT in U-87 MG Cells

It has been reported that TGF-B plays an important
rolein GBM tumorigenesis [4,22]. In order to use the U-
87 MG cell line as a model for epithelial-mesenchymal
transition, we examined morphological changes as
well as the expression levels of EMT markers such as
fibronectin, Snail, Slug, and Twist by immunoblotting
and quantitative PCR (Figure 1) after stimulation of
U-87 MG cells with 10ng/mL TGF-B for 48 h. In the
absence of TGF-B, U-87 MG cells showed their standard
morphology while, in the presence of TGF-8, U-87 MG
cells adopted a more elongated, grouped and star-
shaped mesenchymal-like morphology (Figure 1A).
Western blot analysis showed that TGF-B increased the
expression of the mesenchymal markers Slug, fibro-
nectin, and Snail by 2.5-, 5-, and 220-fold, respectively
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Figure 1. TGF-B-induced EMT in U-87 MG cells. U-87 MG cells
were exposed to 10 ng/mL TGF-B for 48 h. (A) Cell morphology was
compared between unstimulated and stimulated cells. (B) Western
blot analysis demonstrated levels of protein expression for EMT
markers fibronectin, Snail, Slug, and Twist. (C) Photomicrographs
show the immunostaining of fibronectin (green), Slug (green), and
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nuclei (blue) using fluorescence microscopy. (D) The effect of TGF-B
on EMT markers was evaluated by real-time PCR. Densitometric
analysis is representative of three independent experiments.
Statistically significant differences were calculated by unpaired
Student's t-test (B) and one-way ANOVA followed by Dunnett's
test (A, D) (*P<0.05, **P<0.01, and ***P < 0.001 vs. control cells).
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(Figure 1B). Interestingly, we observed a 77% decrease
in the expression of the transcription factor Twist. Two
of these markers were analyzed by immunofluores-
cence and we found that TGF-B increased the nuclear
translocation of Slug and the expression of the
extracellular matrix protein fibronectin in the cyto-
plasm (Figure 1C). Finally, transcripts levels of the EMT
markers were evaluated by real-time PCR which
showed that TGF-B increased Slug, fibronectin, and
Snail significantly (Figure 1D). As was seen for the
protein level, the transcript levels of Twist decreased by
58% (Figure 1D). Taken together, these results indicate
that TGF-B induced EMT in our U-87 MG cell model.

Pre-, Co-, and Post-Treatment With Anthocyanidins
Affects the Expression of TGF-B-Induced EMT Markers

U-87 MG cells were incubated with serum-free
medium, then pre-, co-, and post-treatments were
performed with vehicle (0.1% ethanol) or 50 uM
anthocyanidins for 24 h as described in the Materials
and Methods section. After 48 h of stimulation with
TGF-B, the expression of fibronectin, Snail, and
Twist were determined using Western blot analysis
(Figure 2). The TGF-B-induced Snail expression was
inhibited by all five anthocyanidins tested in pre-
(Figure 2A), co- (Figure 2B), and post-treatment
(Figure 2C) with percentage inhibition ranging from
40% to 100%. Fibronectin expression was also down
regulated by Dp via pre- and post-treatment by 92%
and 60%, respectively (Fig. 2A,C), by Cy in co-
treatment by 50% (Figure 2B) and by Mv in post-
treatment by 45% (Figure 2C). However, the inhibi-
tion of Twist expression after TGF-B stimulation was
not significantly reversed by the five anthocyanidins
in either pre-, co-, or post-treatment at 50 uM.
Overall, these results indicate that anthocyanidins
can effectively reverse changes in the expression of
selective mesenchymal markers such as Snail and
fibronectin induced by TGF-B and appear to be
effective whether used under pre-, co-, or post-
treatment conditions.

Anthocyanidins Alter the Expression of TGF-B-Induced
EMT Markers in a Dose-Dependent Manner

Prior to assessing different concentrations of
anthocyanidins, we first determined whether these
molecules were cytotoxic to U-87 MG cells (Table 1).
Cell viability was evaluated by propidium iodide
staining and flow cytometry. Since TGF-B alone did
not change the viability of U-87 MG cells (data not
shown), cells were incubated in serum-free medium in
pre-, co-, and post-treatment with 35 uM or 50 uM of
each anthocyanidin tested in the absence of TGF-B.
Following these treatments, the percentage of living
cells ranged from 90% to 100%, except for the pre-
treatment with 50 uM Dp, which caused ~21 % of
cells to die (Table 1).

To gain further insight into the inhibitory effects
of anthocyanidins (Figure 2), we treated U-87 MG
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cells with various concentrations of anthocyani-
dins in order to determine the half-maximal
inhibition concentrations (ICsg) values on the
expression of TGF-B-induced EMT markers (Fig-
ure 3). Cy attenuated the up-regulation of Snail
induced by TGF-B in a dose-dependent manner
with ICsq values of 22, 30, and 32 pM (Table 2) for
pre-, co-, and post-treatment, respectively. Dp was
more potent and inhibited the up-regulation of
both fibronectin and Snail for the three different
treatments with ICso values ranging from 24 to
49 uM for fibronectin, and from 4 to 16.5 puM for
Snail. Pg decreased the expression of Snail in pre-
and co-treatment with ICsy, values of 2.2 and
32 uM, respectively, and decreased the expression
of fibronectin only in co-treatment with an ICsg
value of 23 uM. Pt was effective at decreasing the
up-regulation of Snail in pre- and co-treatment
with an ICsq values of 9.5 and 22 uM, respectively.
Finally, the inhibition of Twist expression by TGF-B
was inversed by Cy in co-, and by Dp in post-
treatment with concentrations of 35 and 25 uM,
respectively (Figure 3B,C). Interestingly, Mv has no
dose-response effect on the three EMT markers
whether in pre-, co-, or post-treatment, even
though we observed a light downward trend for
Snail in co- and post-treatment (data not shown).
Overall, Dp was the most potent inhibitor of TGF-B-
induced EMT markers under pre-, co-, and post-
treatment conditions.

The Impact of Anthocyanidins on TGF-B-Induced EMT Is
Associated With an Inhibition of Smad2 and ERK Signaling
Pathways in U-87 MG Cells

We next investigated whether anthocyanidins
could modulate TGF-B-mediated Smad and non-
Smad signaling pathways. Since Mv had no effect
on EMT markers, we only tested the four other
anthocyanidins under the same conditions as in
Figure 3. Levels of phosphorylated and total Smad2,
as well as phosphorylated and total ERK, which are
associated with the TGF-B pathways [23], were
analyzed by Western blotting (Figure 4). Compared
to the stimulated control (cells treated with TGF-3
only), the pre-treatment of U-87 MG cells with Cy,
Dp, and Pt decreased the ratio of pSmad2/Smad2 in
a dose-dependent manner with I1Cso values of 44,
33.5, and 435 pM, respectively (Table 2). Co-treat-
ment of U-87 MG cells with TGF-B and Cy or Dp
significantly decreased Smad2 phosphorylation
with an ICsg value being observed at concentrations
of 43.5 and 24 uM, respectively (Table 2). When Dp
was added after stimulation with TGF-B, it was able
to attenuate the phosphorylation of Smad2 in a
dose-dependant manner (Figure 4C). ERK phos-
phorylation was decreased by Dp in pre- and by Pg
in post-treatment with ICso values of 3 and 40 uM,
respectively. These results indicate that anthocya-
nidins preferentially affect Smad2 and to a lesser
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Figure 2. Pre-, co-, and post-treatment with anthocyanidins
affects the changes in expression of EMT markers induced by TGF-
B. U-87 MG cells were incubated in serum-free medium containing
(or lacking) 50 wM of the indicated anthocyanidin. Cells were pre-
treated with (A) anthocyanidins for 24 h, followed by TGF-8 (10 ng/
mL) for 48h, or (B) serum starved for 24h and co-treated with
anthocyanidins and TGF-B for 48h, or (C) serum starved for 24 h
followed by the addition of TGF-B for 48 h and post-treated with
anthocyanidins for the last 24h. Cells were lysed and the
expression levels of EMT markers monitored by immunoblotting

extend ERK signaling pathways associated with
TGF-B induced EMT.

Anthocyanidins Inhibit TGF-B-Induced U-87 MG Cell
Migration

During the process of EMT, U-87 MG cells adopt
mesenchymal properties including increased migra-
tion activity [24]. In this part of the study, we evaluated
the impact of anthocyanidins on cell migration. Prior
to the cell migration assay, cells were treated with
anthocyanidins at 25puM in pre-, co-, and post-
treatment with TGF-B. In order to discern the
inhibitory action of each compound to one of the
other, our rationale was based on the ICsy, values
obtained for the inhibition of EMT marker expression
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using specific antibodies. The immunoreactive band intensities
were analyzed by densitometry using Imagel software and
expressed in arbitrary units as a ratio of levels of marker proteins
to housekeeping protein to correct for variations in the amount of
protein loaded. The relative levels of proteins were also normalized
to stimulated or unstimulated controls (value = 100%). Statistically
significant differences were calculated by one-way ANOVA
followed by Dunnett's test (*P < 0.05, **P<0.01, and ***P < 0.001
vs. stimulated or unstimulated control). Data are representative of
three or more independent experiments.

levels and of Smad- and non-Smad signaling pathways
(Table 2) to choose this concentration. Upon treat-
ment, cell migration was analyzed by the real-time
system xCELLigence (Figure 5). TGF-B enhanced the
migration of U-87 MG cells in a dose-dependent
manner peaking at 10ng/mL of TGF-B (Figure 5A).
At higher concentrations of TGF-B (25-100ng/mL),
cell migration gradually decreased, reaching a basal
level (Figure 5B). Incubation of cells using pre-, co-, or
post-treatment with anthocyanidins significantly in-
hibited TGF-B-induced cell migration (Figure 5C). For
each molecule, we next calculated inhibition percen-
tages at t=4h under pre-, co-, and post-treatment
conditions (Table 3). We found that Pt was the most
potent molecule, inhibiting U-87 MG cell migration by



1094

OUANOUKI ET AL.

Table 1. Percentage Values of U-87 MG Cell Viability Monitored by Flow Cytometry After Treatment With Anthocyanidins

(0, 35, and 50 pM)

Anthocyanidin (wM)

Anthocyanidin type of treatment

Pre-treatment

Co-treatment

Post-treatment

Ctl (vehicle) 0 100.0 100.0 100.0

Cy 35 99.10+£0.20 99.10£1.10 97.40+9.00
50 97.60+1.70 93.80+5.90 100.30+4.90

Dp 35 92.60+1.70 92.90+£9.60 100.70+£4.20
50 78.50+£12.8 98.90+£2.00 99.50+3.40

Pg 35 98.60+0.40 97.00+2.40 99.80+6.70
50 98.90+£1.70 98.60+4.30 101.10+£4.70

Pt 35 100.30+0.10 101.60+0.40 103.00+2.60
50 99.00+0.00 100.80 £ 1.40 96.80+11.00

Mv 35 100.90+0.40 102.90+0.10 99.00+£7.90
50 97.80+2.00 103.60+3.10 93.60+£15.70

Ouanouki et al. (2016).

73.3% and 42.6% in pre- and co-treatment, respec-
tively. When post-treated with TGF-B, Pg showed the
highest percentage of migratory inhibition (68%). Cy
and Dp were also highly effective with 71.6% in pre-
and 61.2% in post-treatment, respectively. Altogether,
the results indicate that the inhibition of EMT by
anthocyanidin (Cy, Dp, Pg, and Pt) treatment sup-
pressed the ability of U-87 MG cells to adopt a
mesenchymal behavior including migration.

DISCUSSION

In this study, we used U-87 MG cells as a model of
grade IV glioblastoma in order to investigate the
effects of five diet-derived anthocyanidins on TGF-§-
mediated EMT. It is widely accepted that EMT is
strongly involved in cancer cell invasion, dissemina-
tion, and metastasis [25], and that secretion of TGF-B
by the tumor is a potent signaling factor to induce
EMT [26]. Here, we confirm that, in response to TGF-
B, U-87 MG cells lose their epithelial morphology and
adopt a mesenchymal-like star-shaped morphology.
The expression of three mesenchymal markers (fibro-
nectin, Snail, Slug) increased while the expression of
Twist decreased, correlating with mRNA transcript
levels. These results were consistent with a previous
study except that those authors demonstrated no
effect of TGF-B on Twist expression according to their
described treatment [27]. It should be noted that
Twist is a transcriptional factor which is known to be
up-regulated in glioma and to enhance cell inva-
sion [6]. Also, it has been reported that the down-
regulation of Twist triggers dissemination of tumor
cells to proliferate and form metastases in a mouse
model of squamous cell carcinoma [28]. Here, we
demonstrate that Twist is expressed in U-87 MG cells,
and that TGF-B down-regulated its expression. Al-
though speculative, this mechanism may also be
involved in U-87 MG cells. Under our experimental
conditions, TGF-B reduced Twist expression and
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promoted a more invasive phenotype supporting
epithelial-mesenchymal plasticity during tumor me-
tastasis [28,29]. Thus, U-87 MG cells represent a
suitable model of GBM for studying the pharmaco-
logical effects of anthocyanidins on EMT.

It is thought that the inhibition of TGF-B signaling
leads to prevention of cancer metastasis through EMT
inhibition. Accordingly, several TGF-B antagonists
have been generated, such as TBRI inhibitors and
monoclonal antibodies to TGF-B [12]. However, these
antagonists represent an unsuitable option for pa-
tients because of their significant side effects and must
therefore be optimized [10]. It is, however, possible to
use these drugs in limited doses and in combination
with other inhibitors that are more selective in
targeting EMT [30]. Accordingly, we sought to
examine the effects of diet-derived molecules such
as anthocyanidins on EMT, and particularly the time
of administration.

There is growing interest in dietary strategies to
prevent and inhibit EMT [31]. Several studies have
highlighted an important role for anthocyanidins as
anti-carcinogenic, anti-diabetic, anti-aging, anti-oxi-
dant, and anti-inflammatory molecules [32]. How-
ever, their effects on the EMT process remain
unknown. We established three different treatment
protocols in order to approximate conditions of EMT
prevention (pre-treatment with anthocyanidins fol-
lowed by exposure to TGF-B) or EMT inhibition (co-
and post-treatment). Interestingly, all five anthocya-
nidins tested (Cy, Dp, Pg, Pt, and Mv) altered the
expression of Snail whether used in pre-, co-, or post-
treatment conditions. These results are in line with
what is known about the anti-invasiveness effects of
anthocyanins [33]. Indeed, Snail expression has been
reported to be down-regulated by anthocyanins from
Vitis coignetiae Pulliat in A549 lung cancer cells and in
a human uterine cervical cancer HeLa cell model
resulting in inhibition of invasion induced by EGF
and TNF-q, respectively [21,34].
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Figure 3. Anthocyanidins affect the TGF-B-induced changes in
expression of EMT markers in a dose-dependent manner. U-87 MG
cells were treated with various concentrations of each anthocyanidin in
serum-free medium (A) prior to, (B) along with or (C) following addition
of TGF-B (10 ng/mL). Cells were lysed and the protein expression levels
of EMT markers monitored by immunoblotting using specific anti-
bodies. @fibronectin, MSnail, ATwist. The immunoreactive band
intensities were analyzed by densitometry using Image) software and

TGF-B can activate EMT in GBM via a Smad-
dependent and a Smad-independent pathway [35].
The most important of these, the Smad2/3 pathway,
plays a predominant role in TGF-B-induced EMT in
glioblastoma cell lines [36]. Here, we have shown that
Cy, Dp, Pg, and Pt attenuated TGF-B-induced phos-
phorylation of Smad2 in a dose-dependent manner.
Dp was the most potent molecule with an ICs, as low
as 12pM when used in a post-treatment protocol
with TGF-B and 24 pM under co-treatment condi-
tions. This result supports a previous study which
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expressed in arbitrary units as a ratio of levels of marker proteins to
those of the housekeeping protein to correct for variation in the
amount of protein loaded. The relative levels of proteins were also
normalized to stimulated or unstimulated or control (value = 100%).
Statistically significant differences were calculated by one-way ANOVA
followed by Dunnett's test (*P < 0.05, **P< 0.01, and ***P < 0.001 vs.
stimulated or unstimulated control). Data are representative of three or
more independent experiments.

demonstrated that anthocyanins from purple corn
inhibit TGF-B-induced Smad2 phosphorylation in
mesangial cells [37].

The non-Smad signaling pathways mediated by
TGF-B are also believed to be crucial in tumor
progression [38] and were also assessed in this study.
These include pathways such as ERK, JNK, and p38
MAPK [38]. Interestingly, TGF-B-mediated ERK phos-
phorylation was down-regulated in a dose dependant
manner by Dp with an ICsy as low as 3 uM in pre-
treatment. Pg also decreased ERK phosphorylation
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Table 2. Comparative Overview of ICso Values of Antho-
cyanidins on the Expression of EMT Markers and the TGF--
Dependent Signaling Pathways

Anthocyanidin type of treatment (ICsg in M)

Pre-treatment Co-treatment Post-treatment

Cy
Fibronectin — —
Snail
pSmad2 44
DERK — — —
Dp
Fibronectin 24 44 49
Snail 4 14
pSmad2
DERK 3 — —
Pg
Fibronectin —
Snail 2.2
pSmad2 — — —
DERK — — 40
Pt
Fibronectin — — —
Snail 9.5 22 —
pSmad2 45 — —
DERK — — —

Ouanouki et al. (2016).

but less efficiently. We also looked at the JNK and p38
MAPK phosphorylations but none of the anthocya-
nidins tested inhibited them (data not shown). It has
been reported that anthocyanins from black rice
suppressed the non-Smad MAPK pathway RAS/RAF in
the breast cancer cell line MDA-MB 453 resulting in
metastasis inhibition [39]. Also, Dp was able to block
the PI3K/AKT and MAPKs signal transduction cas-
cades of human ovarian clear cell carcinoma
(ES2) [40]. Our study therefore highlights the inhibi-
tory effects of anthocyanidins in targeting both
Smad2 and ERK signaling pathways.

We also investigated the effects of anthocyanidins
on TGF-B-induced cell migration. It has been shown
that Dp reduced the migration of human ovarian
carcinoma cells (ES2) [40] and showed anti-invasive
effects on HGF-mediated invasion in an MCF-10A
breast cancer cell line [41]. Furthermore, Dp was
shown to affect TGF-B-induced U-87 MG cell migra-
tion [42]. Here, we demonstrated that each antho-
cyanidin tested was able to alter U-87 MG cell
migration, depending on the treatment protocol.
More precisely, the anthocyanidin pre-treatment
protocol showed better overall inhibition of TGF--
induced U-87 MG cell migration for Cy and Pt, while
Pg and Pt inhibition was seen with co-treatment
conditions. Finally, Pg was the most potent migration
inhibitor using post-treatment conditions. Depend-
ing on protocol treatment, there is a discrepancy
between inhibitory action on EMT marker expression
levels and that of cell migration by some anthocya-
nidins. For example, neither Pg nor Pt affected protein
expression of fibronectin and Snail in post-treatment.
However, these molecules were able to inhibit the
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migration of U-87 MG cells. This evidence indicates
the existence of another potential inhibitory mecha-
nism of action by which Pg and Pt alter TGF-B-
induced EMT. Several key proteins play an important
role in cell migration, such as proteins of the
extracellular matrix (fibronectin, tenascin, collagen),
integrins, cadherins or GTPases but also, migration
can be induced by phosphorylation of kinases, such
as, FAK, PYK2, PI3K, Smad, and ERK [43-46]. It is
possible that the inhibition observed by these
anthocyanidins is attributable to the inhibition of
one or more of these key proteins involved in cell
migration. Since Pg inhibited ERK phosphorylation in
our assays, this could partially explain its inhibitory
effect on cell migration. Moreover, it was reported
that the JAK/Stat3 signaling pathway is also involved
in cell migration and invasion of several cancer cell
types [47] as well as in TGF-B-induced EMT in lung
cancer cells [48]. It can therefore be envisioned that Pg
and Pt may affect the JAK/Stat3 pathway regulating U-
87 MG cell migration. It is noteworthy that the
structure-function relationship of anthocyanidins
may also be associated with their inhibitory action.
It was reported that Dp exhibited the highest
inhibitory potency in inhibiting migration of
glioblastoma cells as compared with other anthocya-
nidins, this effect being related to ortho-dihydrox-
yphenyl structure on the B-ring and the presence of a
free hydroxyl group at the position 3 [42]. Indeed, in
light of our results, Dp showed a better inhibition of
TGF-B-induced EMT in pre-, co-, and post-treatment
followed by Cy, Pg, and Pt. Interestingly, Dp has three
hydroxyl groups instead of two for Cy and Pt, and one
for Pg in the B-ring. Additionally, Pt has also one
methoxy group [49]. These observations suggest that
the number of hydroxyl groups may confer a higher
biological activity against TGF-B-induced EMT in our
glioblastoma model.

We have done the first comparative study of
anthocyanidin benefits using three different proto-
cols: pre-, co-, and post-treatment with the EMT-
inducer, TGF-B. The results show that whenever used
before or after the induction of EMT, anthocyanidins
are highly effective in inhibiting the EMT process.
They significantly reversed the changes in the
expression of mesenchymal markers induced by
TGF-B, whether used to model cancer prevention or
cancer treatment. This effect is associated with
alterations in the TGF-B Smad and non-Smad signal-
ing pathways, and is observed at low anthocyanidin
concentrations. It is relevant to note that anthocya-
nin plasma concentrations are in the nM to low uM
range [50-53], and that these molecules are able to
cross the blood-brain barrier in vivo [54]. Thus,
anthocyanidins could be promising pharmacologic
agents for the prevention of cancer progression by
affecting TGF-B-induced EMT. However, emerging
issues concerning the role of synergy and the use of
combinations of multiple anthocyanidins as natural
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Figure 4. The impact of anthocyanidins on TGF-B-induced EMT in
U-87 MG cells is associated with inhibition of the Smad2 and ERK
signaling pathways. U-87 MG cells were treated with various
concentrations of each anthocyanidin in (A) pre-, (B) co-, and (C)
post-treatment with TGF-B (10 ng/mL). After these treatments, the
levels of phosphorylated Smad2 and ERK, along with their respective
total protein level, were monitored by immunoblotting using specific
antibodies. epSmad2/Smad2, opERK/ERK. The immunoreactive
band intensities were analyzed by densitometry using Imagel
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software and expressed in arbitrary units as a ratio of levels of
phosphorylated protein to those of the total protein to correct for
variation in the amount of protein. The relative levels of
phosphorylated protein were also normalized to the TGF-B
stimulated control (value=100%). Statistically significant differ-
ences were calculated by one-way ANOVA followed by Dunnett's
test (*P<0.05, **P<0.01, and ***P<0.001 vs. stimulated or
unstimulated control). Data are representative of three or more
independent experiments.
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Figure 5. Anthocyanidins inhibit U-87 MG cell migration induced by
TGF-B. U-87 MG cells were (A, B) pre-starved for 24 h and then treated
with different concentrations of TGF-g for 48 h or (C) treated with
anthocyanidins (25 wM) in pre-, co-, and post-treatment with TGF-8
before adhesion onto CIM-Plates coated with 0.15% gelatin. (A, C)

Table 3. Percentage of U-87 MG Cell Migration Inhibition
by Anthocyanidins in Pre-, Co- and Post-Treatment With
TGF-B After 4 h of Migration on CIM-Plates

Pre-treatment Co-treatment Post-treatment

Cy 716 26.7 16.4
Dp 58.3 16.7 61.2
Pg 50.5 41.7 68.0
Pt 733 42.6 57.3

Ouanouki et al. (2016).

chemopreventive compounds against GBM remain to
be investigated.
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