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1. Introduction

Colorectal cancer (CRC) ranks among the third most frequent
cancer in the world, affecting both men and women [1]. There is a
tremendous clinical interest in improving therapeutic manage-
ment of primary CRC, as well as advanced, metastatic cancers
after surgery or chemotherapy, since ~50% of cases develop
chemoresistance to standard of care chemotherapeutic drugs
such as 5-fluorouracil (5-FU) [1,2]. Metastasis of tumor cells
presents a malignant event that leads to spreading of cancer cells
to other tissues, and often results in increased mortality [3].
In addition, conventional chemotherapies associate with
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severe side effects, including abdominal pain mucositis, as well as
high expense [4]. These limitations highlight the need for
development of novel anti-tumor agents that may
enhance chemosensitivity of tumor cells and suppression of
metastasis.

It has been reported that intercellular communication through
junctional complexes, such as desmosomes, tight and gap
junctions increases intercellular adhesion, thereby stabilizing
tissue homeostasis [5,6]. In contrast, loss of such intercellular
communication closely correlates with increased metastatic
potential, acts as a promotor for tumor cell proliferation,
detachment and invasion [5,7]. Epithelial cells in the intestine
form a barrier separating the external environment from the inside
of the body. Adherence junctions and desmosomes play a critical
role in cell-cell adhesion in enterocytes and provide an adhesive
force to ensure the integrity of the cellular layer, whereas tight
junctions seal off these compartments [8]. These functional
structures have a similar organization, whereby transmembrane
adhesive components are bound to cytosolic adapter proteins
providing a link to the cytoskeleton [9]. Tight junctions are
composed of proteins from the claudin, occludin and IgG-like
family of junctional adhesion molecules [10,11]. However, claudins
are the determining structures for barrier properties [12]. Claudins
are transmembrane proteins that contain two extracellular
domains and one intracellular domain with N- and C-termini
facing the cytoplasm [13]. Expression of claudin -1, -2, —3, —4, -7,
—8, —12 and —15 have been identified in the colon, whereby in
human colorectal cancer, claudin-1, -2, —3, —4, —7 expression
levels have been found to be significantly upregulated [12,14-16].
Moreover, the expression of claudins is regulated by many factors,
including epithelial-mesenchymal transition (EMT)-related tran-
scription factors such as Snail, hormones and various cytokines
[17-19]. In general, most claudins are epithelial tight junction
proteins that are down-regulated by EMT factors such as Snail and
Slug [3]. Recently, it has been recognized that cytoskeletal
reorganization, acts as a mediator of physiological and pathophys-
iological tight junction regulation [8].

A hallmark for EMT is the functional loss of E-cadherin, which is
associated with loss of adherence between the epithelial cells
converting them to become more motile, invasive and acquire
more mesenchymal characteristics [20,21]. Loss of polarity during
EMT is associated with loss of tight junctions, a process which is
thought to be mediated by Snail and Slug independently of E-
cadherin regulation [22,23]. Indeed, enhanced tight junction
formation has been observed only in weakly metastatic tumor
cells, whereas highly metastatic cancer cells have markedly poor
expression of tight junctions [5].

It is well recognized that the majority of solid and hematopoi-
etic cancer cells have constitutively active NF-kB [24]. NF-kB plays
an important role in cell proliferation and malignant transforma-
tion in different cells, through its binding to DNA target sites as
homo- or heterodimers and by influencing downstream gene
expression [25,26]. Pro-inflammatory cytokines, chemotherapeu-
tic agents and radiation therapy, which induce apoptosis, also
activate NF-kB and thus may mediate chemoresistance and
radioresistance of cancer cells [27].

The natural polyphenol Resveratrol (trans-3,5,4’-Trihydroxys-
tilben) is found in the skin of grapes, various berries and nuts, and
possesses a wide spectrum of pharmacological properties,
including anti-tumor metastasis activities [28,29]. Resveratrol is
a potent natural activator of Sirtuin-1 (SIRT1), a nucleus related
histone deacetylase class Il [30]. Resveratrol further inhibits IkB
kinase (beta)-mediated NF-kB activation [31-33]. In addition,
several studies have shown that in cancer, resveratrol induces cell
cycle arrest and apoptosis [34-36], inhibits EMT-associated cancer
cell migration and invasion through the inhibition of the

PI-3K/Akt/NF-kB signaling pathway, inhibition of TGF-B1 and
inhibition of hedgehog signaling pathway [29,37,38].

In the present study, we investigated the effect of resveratrol
individually, and in combination with 5-FU on various growth
regulatory parameters and extensive characterization of underly-
ing mechanisms in a series of CRC cell lines. Our data firstly reveal
that the up-regulation of intercellular junctions and MET by
resveratrol, via down-regulation of NF-kB activation is one of the
principle mechanisms of inhibition of tumor growth and invasion,
thereby sensitizing CRC cells to 5-FU and potentiating apoptosis.
These findings highlight the potential possibility of using such
natural, safe and relatively inexpensive compounds as potential
adjunctive treatments in improving the overall treatment response
of patients with CRC in future.

2. Material and methods
2.1. Antibodies

Polyclonal anti-claudin-2 was obtained from Abcam PLC
(Cambridge, UK). Polyclonal antibodies to active caspase-3 were
from R&D Systems, Inc., (Heidelberg, Germany). Monoclonal anti-
pan-IkBa, anti-E-cadherin, anti-vimentin and anti-Slug were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Monoclonal poly(ADP-ribose) polymerase (PARP) antibodies were
purchased from Becton Dickinson (Heidelberg, Germany). Mono-
clonal anti-B-actin antibody was purchased from Sigma-Aldrich
Chemie (Munich, Germany). Anti-phospho-specific p65 (NF-kB)
/(Ser536), anti-phospho-specific p50 (NF-kB) and anti-phospho-
specific IkBa (Ser-32/36) were obtained from Cell Technology
(Beverly, MA, USA). Anti-IKK-o and anti-IKK-8 antibodies were
obtained from Imgenex (Hamburg, Germany). Alkaline
phosphatase-linked sheep anti-mouse and sheep anti-rabbit
secondary antibodies for immunoblotting were purchased from
EMD Millipore (Schwalbach, Germany). Secondary antibodies used
for fluorescence labelling were purchased from Dianova (Ham-
burg, Germany). Gold particle-conjugated secondary antibodies
were purchased from Amersham (Braunschweig, Germany).

2.2. Growth media, chemicals and cytokines

Cell culture growth medium consisting of Dulbecco’s modified
Eagle’s medium/Ham’s F-12 (1:1), 10% fetal bovine serum (FBS), 1%
amphotericin B solution, 1% penicillin streptomycin solution
(10,000 1U/10,000 IU), 75 p.g/ml ascorbic acid, 1% essential amino
acids and 1% glutamine was obtained from Seromed (Munich,
Germany). Epon was obtained from Plano (Marburg, Germany).
Alginate and 5-Fluorouracil (5-FU) were purchased from Sigma
(Munich, Germany). Resveratrol with purity greater than 98% was
purchased from Sigma. A 100 mM stock solution of resveratrol
(molecular weight 228.2) was prepared in ethanol and further
diluted in cell culture medium to prepare working concentrations.
The maximum final content of ethanol in cultures was less than
0.1%. This concentration was also used as a control. A 100 mM stock
of 5-FU was prepared in absolute DMSO and stored at —20°C. For
treatment, the 5-FU stock solution was diluted in DMEM/F12 and
added to cultures to achieve the desired concentration. The final
concentration of DMSO was less than 1% of drug treatment. For
treatment, 5-FU was diluted in DMEM and added to cultures to give
the desired final concentration.

2.3. Cell lines and cell culture
Human HCT116 CRC cells were obtained from the European

Collection of Cell Cultures (Salisbury, UK). SW480 CRC cells were
purchased from ATCC. We also generated 5-FU resistant derivatives



of these cell lines, referred to as HCT116R and SWA480R
respectively, which were established through repetitive treatment
of the parental cell lines to increasing concentrations of 5-FU over a
10-12 month period, as described previously [39]. Both the
parental and 5-FU resistant derivative cell lines were used to
investigate the efficacy of individual and combined 5-FU and
resveratrol treatments. The cells were maintained in tissue culture
flasks in growth medium and in a humidified incubator at 37°C in
an atmosphere of 95% air and 5% CO,. The medium was changed
every three days, and cells were passaged using Trypsin/EDTA.

2.4. Alginate culture and Experimental design

A detailed description of the cell cultivation in alginate is given
by Shakibaei and de Souza [40] and [41]. Briefly, the pellet of
HCT116, HCT116R, SW480 and SWA480R cells (1 x10°/ml) was
resuspended in alginate (2% in 0.15M NaCl) and drop wise added
into a solution containing 100 mM CacCl, at ambient temperature
(AT). The alginate beads polymerized in the presence of CaCl, after
10 min. Subsequently, the CaCl, solution was removed and the
alginate beads washed three times with 0.15 M NaCl solution and
twice with serum-starved medium (3% FBS). In this study, the
experiments were performed on human CRC cells and were
specifically designed to mimic cellular events that occur in the
clinical condition of colorectal cancer. Alginate beads were left
untreated, treated with various concentrations of resveratrol (0.1, 1,
5, 10, 20 M), 5-FU (0.01, 0.1, 1, 10nM) or the combinatorial
treatment with resveratrol/5-FU (5 wM/0.01 nM or 5 wM/0.1 nM)
in serum-starved medium.

Additionally, in another set of experiments, for investigation of
claudin-2, E-cadherin, slug and vimentin expression, NF-kB
translocation and IkBa phosphorylation, alginate cultures of
HCT116 and HCT116R cells were either left untreated, treated
with resveratrol (5 wM) or treated with 5-FU (0.01, 0.1, 1 nM) alone
or co-treated with 5 M resveratrol and with 5-FU (1nM) for
10 days. Whole cell lysate and nuclear extracts were prepared.
These experiments were performed in triplicate, and the results
are provided as mean values from three independent experiments.
The medium was changed every 3 days.

2.5. Cell proliferation and viability assay (MTT assay)

HCT116, HCT116R, SW480 and SW48O0R cell lines (1 x 10%/ml)
were cultured in alginate beads in petri dishes, treated with or
without different concentrations of individual resveratrol or 5-FU
to obtain ICsq value of each drug after 21 days culture. In a separate
set of experiments, CRC cells were co-treated with 5uM
resveratrol and with different concentrations of 5-FU (0, 0.01,
0.1nM) for 21 days. To examine the cell viability of colorectal
cancer cells in alginate bead culture, cells were retrieved from
alginate and measured using MTT assay (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide). To release the CRC cells
from the alginate, alginate beads were washed two times with PBS
and dissolved in 55 mM sodium citrate solution. To remove excess
alginate, cells were centrifuged, washed twice with sterile PBS and
re-suspended in 320 wl modified cell culture medium (DMEM
without phenol red, without ascorbic acid and only 3% FBS).
Subsequently, in triplicate, 100 .l of cell suspension was distrib-
uted in each well of a 96-well-plate, and in each well 10 wl MTT
solution (5mg/ml) was immediately added and the plate was
incubated for 4 h at 37 °C. Finally, 100 I of the MTT solubilization
solution (10% Triton x -100/acidic isopropanol) was added per
well, and the cells incubated overnight at 37 °C. Metabolically
active cells were evaluated by measuring the Optical Density at
550 nm (OD550) using revelation 96-well multiscanner plate ELISA
reader (Bio-Rad Laboratories Inc. Munich, Germany). The results

obtained were represented as surviving cells relative to controls.
Effects of drugs combination used in this investigation were
calculated using the combination index (CI) by Chou-Talalay
equation: CI=(D) 1/(Dx) 1+(D) 2/(Dx) 2 [42,43] at 50% inhibitory
concentration to show synergism between resveratrol and 5-FU.
Based on the theory of Chou-Talalay, Cl is defined additive effect as
Cl=1, synergism as Cl< 1, and antagonism as CI>1 in two drugs
combination. This experiment was repeated 3 times independent-
ly, and statistical analysis was done to obtain the final values.

2.6. Cell invasion and migration assay

The cell invasion and migration ability was evaluated using
alginate beads. For invasion assay, 1 x 108/ml cells were cultured in
alginate beads in petri dishes, treated with or without different
concentrations of individual resveratrol (5 wM) or 5-FU (0.01, 0.1,
1 nM) or combined (5 wM/0.01 nM) treatment. After incubation for
1, 8, 11, 15, 18 and 22 days, noninvasive cells and alginate beads
were removed from the petri dishes, and migrated cells adhered
and formed colonies on the bottom of the petri dish were stained
with toluidine blue for 5 min and carefully washed two times with
PBS and photographed under the light microscope (Zeiss,
Germany). The number of migrated and positive stained adhered
colonies were quantified and evaluated manually by counting all
colonies.

2.7. Transmission Electron Microscopy

The alginate cultures were fixed for 1 h in Karnovsky’s fixative
followed by post-fixation in a 1% Os04 solution in phosphate buffer,
as previously described [40]. After rinsing and dehydration in
ascending alcohol series, the samples were embedded in Epon and
ultrathin sections prepared with a Reichert-Jung Ultracut E (Leica,
Darmstadt, Germany). Ultrathin sections were contrasted with 2%
uranyl acetate/lead citrate and examined under FEI Tecnail2
transmission electron microscope operated at 120kV. Digital
images were taken with an OSIS Megaview III CCD camera or Carl
Zeiss Microscopy TEM 902, operated at 80KkV, images were
digitized using a slow-scan charge-coupled-device camera (Pro
Scan; Scheuring, Germany) or Jeol 1200 EXII, operated at 80kV,
Akishima Tokyo, Japan (Department of Anatomy and Cell Biology,
Munich, Germany).

2.8. Immunoelectron microscopy (pre-embedding technique)

Detection of E-cadherin and claudin-2 expression on
HCT116 and HCT116R cells by pre-embedding immunogold
labeling was performed as previously described [44]. Cells were
treated with anti-E-cadherin or -claudin-2 for 10min at a
concentration of 1:50 in cell culture medium, followed
by treatment with 10 nanometer goat anti-rabbit/anti-mouse
gold-conjugated secondary antibodies for additional 10 min at AT
(diluted 1:50 in growth medium). Cells were fixed with
2% glutaraldehyde for 5min and postfixed in 1% 0s04 solution
for 5min. After washing with PBS and dehydration in a series of
ethanol, pellets were embedded in Epon and ultrathin
sections were contrasted with a mixture of 2% uranyl acetate/
lead citrate. Sections were examined under a Zeiss 10 transmission
electron microscope (Institute of Pharmacology, Berlin,
Germany).

2.9. Quantification of apoptotic cell death
Ultrathin sections of the alginate samples were prepared and

evaluated with a TEM. To quantify the apoptotic CRC cells, the
number of cells with typical and specific morphological features of



apoptotic cell death was determined by scoring 200 cells from
35 microscopic fields.

2.10. Western Blot Analysis

For Western blot analysis proteins were extracted from the
alginate cultures with lysis buffer (50 mM Tris-HCI, pH 7.2,150 mM
NaCl, 1% (v/v) Triton X-100, 1 mM sodium orthovanadate, 50 mM
sodium pyrophosphate, 100mM sodium fluoride, 0.01% (v/v)
aprotinin, 4 pg/ml of pepstatin A, 10 pg/ml of leupeptin, 1 mM
phenyl methyl sulfonylfluoride, PMSF) on ice for 30min as
previously described [45,46]. Total protein concentration was
measured with the bicinchonic acid assay system (Uptima,
Monlucon, France) using bovine serum albumin as a standard.
Samples were further reduced with 2-mercaptoethanol and equal
quantities of protein (500ng/lane), separated under reducing
conditions by SDS-PAGE and transferred onto nitrocellulose
membranes using a transblot apparatus (Bio-Rad). After pre-
incubation in blocking buffer (5% skimmed milk powder in PBS,
0.1% Tween 20) for 1 h, membranes were incubated with primary
antibodies at 4°C overnight, washed three times with blocking
buffer, and then further incubated with alkaline phosphatase-
conjugated secondary antibodies for 2h at AT. After further
washing in 0.1 M Tris, pH 9.5, containing 0.05M MgCl, and 0.1 M
NaCl, specific antigen-antibody complexes were detected using
nitro blue tetrazolium and 5-bromo-4-chloro-3-indoylphosphate
(p-toluidine salt; Pierce). Specific B-actin antibody was used for
the internal control to normalize the sample amounts.

2.11. Isolation of CRC cytoplasmic and nuclear extracts

Cell nuclear extracts were isolated as previously described [47].
Briefly, cells were trypsinized and washed twice in 1 ml of ice-cold
PBS. The supernatant was carefully removed. The cell pellet was re-
suspended in hypotonic lysis buffer containing protease inhibitors
and was incubated on ice for 15 min. Then, 12.5 pl of 10% Nonidet
P-40 was added and the cell suspension was vigorously mixed. The
extracts were centrifuged for 1.5min. The supernatants (cyto-
plasmic extracts) were frozen at —70°C. 25 pl of ice-cold nuclear
extraction buffer were added to the pellets and incubated for
30 min with intermittent mixing. Extracts were centrifuged and
the supernatant (nuclear extracts) was transferred to pre-chilled
tubes for storage at —70°C.

2.12. Immune complex kinase assay

To examine the effect of resveratrol on 5-FU-induced IKK
activation, immune complex kinase assays were performed as
previously described [48]. The IKK complex was immunoprecipi-
tated from whole cell lysates with antibodies against IKK-a and

IKK-[3 and subsequently incubated with protein A/G-agarose beads
(Pierce, Germany). After 2 h incubation, the beads were washed
with lysis buffer and resuspended in a kinase assay solution
containing 50 mM HEPES (pH 7.4), 20mM MgCl,, 2 mM dithio-
threitol, 10 mM unlabeled ATP and 2 mg substrate IkBa (amino
acid 1-54), incubated at 30°C for 30 min and boiled in SDS-PAGE
sample buffer for 5min. SDS-polyacrylamide gel electrophoresis
was performed under reduced conditions as described above.
Phosphorylation of IkBa was assessed using a specific antibody
against phosphorylated IkBa (Ser 32/36). To demonstrate the total
amounts of IKK-a and IKK-8 in each sample, whole-cell lysates
were transferred to a nitrocellulose membrane after SDS-PAGE
electrophoresis was performed as described above. Detection of
phosphorylated-IkBa, IKK-o and IKK-B was performed by
immunoblotting.

2.13. Immunofluorescence microscopy analysis of alginate tumor
microenvironment cultures

HCT116 and HCT116R cells in tumor microenvironment alginate
cultures were either left untreated, treated with resveratrol (5 wM)
or 5-FU (1 nM). Alginate beads of HCT116 and HCT116R cells were
evaluated after 10 days. Cultures were embedded in Tissue-Tek
(Sakura Finetek Europe, The Netherlands) and immediately frozen
in liquid nitrogen. Glass plates bearing 10-pm-thick sections
through alginate beads were fixed with acetone (10 min) and
washed twice (5 min) in PBS/BSA at AT. The slides were incubated
first with serum (diluted 1:20 in PBS/BSA), for 10 min at AT, and
then with the primary antibodies (diluted 1:30 in PBS/BSA), in a
humid chamber overnight at 4°C. Cells were rinsed as described
above, followed by incubation with rhodamine- or FITC-coupled
secondary antibodies (diluted 1:80 in PBS/BSA) for 1h at AT and
finally washed again three times with aqua destilled. Slides were
covered with fluormount and examined under a fluorescent
microscope (Leica, Germany).

2.14. Statistical analysis

Each experiment was performed three times as individual
experiments with three replicates. Parameters are expressed as the
mean values (+/—SD). Results were analyzed by unpaired Student’s
t-test and by one-way ANOVA followed by a post-hoc test to
compare the parameters of each group. Differences were consid-
ered to be statistically significant for p < 0.05.

3. Results
The aim of this study was to examine whether resveratrol might

have a role in the treatment of CRC either alone or in combination
with 5-FU, and what specific mechanisms are involved. We used

Fig.1. A-B. Resveratrol blocks the proliferation of CRC cell lines. MTT assay showed inhibition of cell proliferation and viability in 4 CRC cell lines (HCT116, HCT116R, SW480,
SWA480R) treated with different concentrations of resveratrol (1, 2, 5,10, 20 and 50 uM) cultured in alginate beads for 21 days. Data shown are representative of 3 independent
sets of experiments. Values were compared with the control and statistically significant values with p<0.05 were designated by an asterisk (*) and p < 0.01 were designated by

two asterisks (**).



4 different well-characterized CRC cell lines to address various
questions. We evaluated the effects of resveratrol signaling on tight
junction, adhesion molecules, EMT/MET, apoptosis and invasive-
ness in CRC cells in 3D alginate-based tumor microenvironment.

3.1. Resveratrol blocks proliferation of human colorectal cancer cells in
alginate tumor microenvironment

To determine the 50% cell growth inhibitory concentrations
(ICso) and to understand the cytotoxic effect of resveratrol in
4 different cell lines (HCT116, HCT116R, SW480 and SW480R cells)
in alginate culture, MTT cell viability assays were performed. Cells
were treated with different concentrations of resveratrol (0, 1, 2, 5,
10, 20 and 50 M) in serum-starved medium for 21 days and cell
viability was measured using the MTT assay. Resveratrol blocked
the proliferation of all 4 human CRC cell lines in a dose-dependent
manner (Fig. 1A-B). The ICsq value of individual resveratrol was
approximately 5 uM in all 4 CRC cell lines (p < 0.05).

3.2. Resveratrol synergizes the effect of 5-FU on colorectal cancer cells
in alginate tumor microenvironment

We next examined the effect on cellular proliferation following
incubation with resveratrol or 5-FU alone or in combination with
increasing concentrations of 5-FU in 2 CRC cell lines (parental

HCT116 and chemoresistant HCT116R) using phase contrast
microscopy and MTT assay. Whether resveratrol can potentiate
the anti-proliferation effect of 5-FU against these 2 cell lines were
also examined by phase contrast microscopy. As shownin Fig. 2A, the
individual dose of resveratrol (5uM) or 5-FU (0.01, 0.1 nM)
themselves had a minimum inhibitory effect on cell proliferation,
but showed a strong synergistic, anti-proliferative effect when used
in combination in both cell lines. To confirm these morphological
results, we performed MTT assay in long-term cultures. Our results
revealed that after 21 day treatment resveratrol (5uwM) caused
growth inhibition of parental HCT116 by 56%, but much more
effectively in HCT116R cells (up to 34%). In contrast, 5-FU treatment
resulted in 27-62% proliferation inhibition of parental HCT116 in a
concentration-dependent manner, but no growth inhibition was
observed in HCT116R cells (Fig. 2B-C). Interestingly, combined
treatment withresveratrol (5 wM)and 5-FU(0.01,0.1 nM)resulted in
amuch greater inhibition in cellular growth of parental HCT116 cells
(73.5%, 85.3%) and of 5-FU-chemoresistant cells HCT116R (57.6%,
74.5%) (Fig. 2B-C). Chou-Talalay Cl values indicate that the combined
effect of resveratrol (5 wM) with 5-FU (0.1 nM) was found to be
significant synergistic in cytotoxicity in both cell lines (Cl < 1) witha
CI value of 0.507 (parental HCT116 cells), 0.302 (HCT116R cells).
Doses that show synergistic effect were used for further studies.
These findings indicate that a very low amount of 5-FU, when
combined with a moderate dose of resveratrol, can produce

Fig. 2. A-C. Resveratrol synergizes the anti-tumor effects of 5-FU on CRC cells in alginate tumor microenvironment. (A) Serum-starved HCT116 and HCT116R cell lines in
alginate culture (1 x 10%/ml) were either left untreated (a) or treated with resveratrol alone (5 M) (b), 5-FU alone (0.01, 0.1, 1 nM) (c, d, e) or were treated with resveratrol
(5 M) followed by treatment with 5-FU (0.01, 0.1 nM) (f, g). After 21 days of culture, phase-contrast microscopic observations of HCT116 cells and HCT116R cells in alginate
showed the formation or inhibition of spheroids (arrowheads) and viability of cells by resveratrol, 5-FU alone and in combination of them. B-C: Cell viability was determined
in alginate beads by MTT assay in HCT116 (B) and HCT116R (C) over a period of 21 days. Values were compared with the control and statistically significant values with
p <0.05 were designated by an asterisk (*). Samples from 3 experiments were analyzed and representative data are shown. Scale bar=0.2 mm in all cases.



synergistic cytotoxicity and chemosensitizes HCT116R cells to 5-FU-
based chemotherapy.

3.3. Resveratrol potentiates the 5-FU-mediated anti-invasion effect
against CRC cells in alginate tumor microenvironment

To examine the combined effect of resveratrol and 5-FU on cell
motility and invasion through 3D alginate-based tumor microen-
vironment, HCT116 and HCT116R cells (1 x 10%/ml) were cultured
in alginate beads, treated as described above and the capacity of
migration and invasion was determined with toluidine blue
staining as described in detail in material and methods. As shown
in Fig. 3, treatment of the CRC cells with resveratrol (5 wM) alone
significantly blocked (p < 0.05) the migration rate of HCT116 and
HCT116R cells through the alginate-based matrix after an
incubation time of 22 days by 77% and 61%, respectively compared
to untreated cells. Treatment of the cells with 5-FU (0.01, 0.1, 1 nM)
alone inhibited migration of HCT116 cells through the alginate-
based matrix by 19%, 33%, 61.5%, respectively (Fig. 3B). Interest-
ingly, it should also be stated here that there was little or no effect
of 5-FU on HCT116R cells, even after treatment with 1nM dose
(Fig. 3C), suggesting that HCT116R cells are resistant to 5-FU.
Furthermore, the combined treatment of resveratrol and 5-FU was
much more effective in comparison to the individual compound.
Treatment of the cells with resveratrol (5 wM) and co-treatment

with 5-FU (0.01 nM) synergistically enhanced inhibition of the
invasion ability of HCT116 cells by 90% (CI values=0.643) and of
HCT116R by 89% (CI values =0.492) (Fig. 3B-C).

3.4. Distribution profile of cell-cell-contacts in CRC cells in tumor
microenvironment alginate in the presence of 5-FU or/and resveratrol
revealed by transmission electron microscopy

Toinvestigate whether the growth-inhibitory effect of resveratrol
and 5-FU in HCT116 and HCT116R colonosphere formation in 3D
alginate culture microenvironment correlates with the changes in
ultrastructural cell morphology, cell-cell behavior and the induction
of apoptosis, transmission electron microscopic evaluations were
performed. After 10 days culture period, untreated alginate cultures
of HCT116 and HCT116R (not shown) showed typical morphological
and ultrastructural features of viable cell proliferation and aggrega-
tion formation embedded in alginate structure. Cells were mainly
round to oval, contained a well-developed rough endoplasmic
reticulum, a large golgi apparatus and other organelles, such as
mitochondria, small vacuoles and granules, all of which indicate
maintenance of metabolic functions (Fig. 4A: a). CRC cells contained
numerous abundant microvilli and cell surface processes and
showed numerous requisite intercellular junctions on the planar
surface. Contrariwise, in the presence of 5-FU, cells exhibited a
mesenchymal-like morphology associated with increased abundant

Fig. 3. A-C. Resveratrol inhibits the invasive phenotype of CRC cells in alginate. (A) Serum-starved HCT116 and HCT116R cell lines in alginate culture (1 x 10%/ml) were either
left untreated or treated with resveratrol alone (5 wM), 5-FU alone (0.01, 0.1, 1 nM) or were treated with resveratrol (5 wM) followed by treatment with 5-FU (0.01 nM). The
invasive properties of HCT116 and HCT116R cells were analyzed after an incubation time of 22 days. (B-C) Resveratrol suppressed colony formation in both CRC cell lines. The
values given are the means + standard errors of the mean of three replicates. One of three independent experiments is shown. Values were compared with the control and

statistically significant values with p<0.05 were designated by an asterisk (*).



Fig. 4. A-D. Transmission electron microscopic evaluation of cell-cell-contacts in CRC cells in alginate beads after treatment with resveratrol or/and 5-FU. (A) Serum-starved
HCT116 cells in alginate culture (1x10%/ml) were either left untreated (a) or treated with 5-FU alone (0.01,0.1,1 nM) (b, ¢, d) or were treated with resveratrol (5 uM) and with
5-FU (0.01 nM) (e). After 10 days of culture, transmission electron microscopic observations of HCT116 cells in alginate showed in control cultures, tumor cells with planar
surface and microvilli on their surface (a). 5-FU-treated tumor cells contained abundant microvilli on their surface, multiple cytoplasmic vacuolization (stars) and apoptosis
(white arrows) (d). Co-treated tumor cells showed only few microvilli but they had contact planar surface with numerous desmosomes (black arrows) and tight- and
adherence junctions (black arrowheads) (a-e) and gap junctions (white arrowheads)(e) (insets, arrows and black and white arrowheads). Magnification: Scale bar=1 pwm,
Insets: Scale bar=0.075 wm. (B) To quantify degenerative changes, alginate cultures of A were examined for apoptosis by counting 200 HCT116 and HCT116R cells from
35 microscopic fields. The examination was performed in triplicate, and the results are provided as the mean values with S.D. from three independent experiments. Values
were compared with the control and statistically significant values with p <0.05 were designated by an asterisk and p <0.01 were designated by two asterisks. (C)
Resveratrol-induced tight-, adherence junctions and desmosomes between tumor cells. Serum-starved CRC cell lines in alginate culture (1 x10%/ml) were either left
untreated (a) or treated with different concentrations (1, 5, 10 wM) of resveratrol (Res) for 10 days (b,c,d). After 10 days of culture, ultrathin sections were prepared and
evaluated by transmission electron microscopy. Micrographs shown are representative of all the cultures evaluated. In the presence of resveratrol, the tumor cells showed
abundant planar cell surface and this was associated with increase of tight- and adherence junctions (black arrowheads), gap junctions (white arrowheads), desmosomes
(black arrows), multiple cytoplasmic vacuolization (stars) and apoptosis (white arrows). These morphological changes were dose dependent. Scale bar=1 pm, Insets: Scale
bar=0.1 wm. (D) Serum-starved CRC cell lines in alginate culture (1 x 10%/ml) were either left untreated or treated with different concentrations (1, 5,10, 20 WM) of resveratrol
(Res), or with 5-FU alone (0.01, 0.1, 1 nM) or were co-treated with resveratrol (5 wM) and 5-FU (0.01, 0.1, 1 nM). After 10 days of culture, apoptosis was quantified by counting
200 cells with morphological features of apoptotic cell death from 35 different microscopic fields and results presented are mean values with standard deviations from three
independent experiments. Values were compared with the control and statistically significant values with p < 0.05 were designated by an (*) and p < 0.01 were designated by
two (**).



Fig. 4. (Continued)

membrane extensions, microvilli and long filaments resembling
filopodia (Fig. 4A: b—d). These ultrastructural alterations occurred in
a 5-FU dose-dependent manner. When treated with higher 5-FU
concentrations (1nM), apoptosis was observed (Fig. 4A: d).
Interestingly, through co-treatment with 5-FU and resveratrol, a
dramatic conversion to an epithelial ultrastructural morphology was
observed. CRC cells were observed to grow in close clusters
expressing numerous intercellular junctions including desmosomes,
tight- gap- and adherence junctions (Fig. 4A: e). By quantification, we
confirmed that the number of intercellular junctions (desmosomes,
tight- gap- and adherence junctions) decreased in the presence of 5-

FU in a dose-dependent manner, but significantly increased when
given combined treatment with resveratrol, particularly on the cell
surface of HCT116 and HCT116R cells compared to control tumor
cultures (Fig. 4B).

3.5. Resveratrol induces an epithelial conversion in CRC cells in
alginate tumor microenvironment culture

To extend our studies and gain further insight into the role of
resveratrol in ultrastructural cell morphology and cell-cell behavior
and its involvement in MET (mesenchymal-to-epithelial transition)



in alginate microenvironment, CRC cells were treated with different
concentrations of resveratrol (1, 5, 10 wM) and cultured in alginate
beads for 10 days. In control cultures, within the colonosphere, cells
contain microvilli and cell membrane processes and partial planar
intercellular junctions (Fig. 4C: a). In the presence of 1uM
resveratrol, we observed that the CRC cells gained planar cell-cell
contacts, retained typical epithelial morphology and continued to
grow as groups of colonospheres. Furthermore, the cells became
more round and lost their cell surface processes, microvilli and the
surface became planar with intensive cell-cell contact. Surprisingly,
these ultrastructural morphological changes induced by resveratrol
were accompanied by high expression of junctional intercellular
communication, suggesting evidence of a EMT (epithelial-to-
mesenchymal transition) (Fig. 4C: b). Similar morphological changes
on the ultrastructural level were observed in CRC cells in the
presence of 5 or 10 wM resveratrol, but were much more
pronounced. In these cells additional degeneration of tumor cells,
including areas of condensed heterochromatin within the nuclei,
chromatin aggregation and multiple cytoplasmic vacuolization,
signs of apoptosis were noticed (Fig. 4C: c-d). These ultrastructural
morphological results were not quantitative in nature, but they
qualitatively supported the observations that CRC cells and their
morphology and behavior were relatively well-maintained in this
tumor microenvironment.

3.6. Resveratrol enhances 5-FU-mediated apoptosis of HCT116 cells
and their 5-FU-chemoresistant cells in alginate cultures

Treatment of HCT116 and HCT116R cells with 5-FU or resveratrol
alone resulted in degeneration of cell organelles, mitochondrial
swelling and appearance of multiple vacuoles, with prominent signs
of apoptosis. In contrast, such effects were not evident in 5-FU
treated HCT116R cells. However, a combinatorial treatment with 5-
FU andresveratrol for 10 days markedly enhanced degeneration of all
tumor cells. Statistical quantification of the ultrastructural sections
highlighted the prominent effects of combined 5-FU (0.01, 0.1,1 nM)
and resveratrol (5uM) treatment in inducing and significantly
synergistic enhancing apoptosis in a dose-dependent manner in
both HCT116 (CI values=0.850, 0.574, 0.576) and HCT116R (CI
values=0.352, 0.295, 0.462) cells compared to control tumor
cultures (Fig. 4D), indicating that resveratrol may sensitize 5-FU
in the chemoresistant cell line. However, it was noted that the above
mentioned degenerative changes were significantly more in 5-FU
resistant cells compared with the parental HCT116 cells (Fig. 4D).
Thus, the findings indicate that 5-FU chemoresistant cells are
sensitive to chemotherapeutic agents, such as resveratrol and the
resveratrol and 5-FU combination represents a potential treatment
option for 5-FU resistant colon cancer cells.

3.7. Resveratrol induces the expression of E-cadherin and claudin-2 in
CRC cells in alginate beads: E-cadherin co-localizes with claudin-2

It has been suggested that down-regulation of intercellular
adhesive molecules leads to disruption of adherent cell-cell
junctions leading to ultrastructural morphological changes related
to EMT [49]. Moreover, loss of cell-cell adhesion is a central process
that reduces tumor cell adhesion leading to tumor cell growth,
invasion and metastasis [50]. We therefore, investigated the status of
known tight junction and EMT markers in CRC cells by immunoflu-
orescence analysis. The alginate cultures of HCT116 (Fig. 5A) and
HCT116R (Fig. 5B) cells were either left untreated or treated with
1nM5-FUor 5 pM resveratrol for 10 days. The alginate cultures were
subjected to immunofluorescence labeling with primary antibodies
for claudin-2 and E-cadherin followed by incubation with rhoda-
mine- or FITC-coupled secondary antibodies. As shown in Fig. 5, in
untreated cultures the expression of claudin-2 and E-cadherin was

found diffusely distributed on the round HCT116 and HCT116R cells
cultured inbasal control alginate cultures (Fig. 5A, B). Interestingly, in
contrast, treatment of CRC cells with 1nM 5-FU led to down-
regulation of E-cadherin and claudin-2 proteins, concomitant with
the apparent loss of cell-cell junctions in both cells (Fig. 5A, B). Cells
showed a weak punctuate staining of the two proteins on the cell
membrane. However, treatment of CRC cells with 5 M resveratrol
over 10 days markedly enhanced the expression of both tight
junction and adhesion molecules (Fig. 5A, B). More interestingly,
immunolabeling of both molecules showed that they were co-
localized on the cell surface. Our results demonstrate that resveratrol
induces the central hallmarks of tight junctions and a MET
phenotype in CRC cells in alginate tumor microenvironment.

To confirm electron microscopic and immune-cytochemical
observations, we performed western blot analysis. As shown in
Fig. 6A, when the HCT116 cells (I-1I) and their respective 5-FU
resistant cells (III-IV) were treated with resveratrol (0.1, 1, 5,10 M)
in alginate cultures for 10 days, the expression of claudin-2 and E-
cadherin was significantly increased in a concentration-dependent
manner. In contrast, 5-FU (0.01, 0.1, 1nM) treatment caused a
decrease of the claudin-2 and E-cadherin expression in a
concentration-dependent manner (Fig. 6B). Interestingly, co-
treatment of HCT116 cells (I-1I) and their respective 5-FU resistant
cells (I1I-1V) with resveratrol (5 wM) and 5-FU (0.01, 0.1 nM) clearly
caused an up-regulation in claudin-2 and E-cadherin expression in
both cell types (Fig. 6B: I-IV). Quantitative western-blot analyses
by densitometric evaluation of the representative experiment
performed in triplicate confirmed the transmission electron
microcopy and immunofluorescence results (Fig. 6A-B).

3.8. Resveratrol-induced up-regulation of E-cadherin and claudin-
2 protein expression in CRC cells revealed by immunoelectron
microscopy

To further visualize the precise localization of E-cadherin and
claudin-2 proteins on an ultrastructural level during treatment
with resveratrol, we employed immunoelectron microscopy to
study cell surface expression of E-cadherin (7A) and claudin-2
(7B) proteins. HCT116 and HCT116R (not shown) were either left
untreated (Fig. 7:A, B: a) or treated with 1 wM (Fig. 7A, B: b), 5 uM
(Fig. 7A, B: c) or 10 uM (Fig. 7A, B: d) resveratrol for 10 days in
alginate tumor microenvironment. Immunoelectron microscopic
images show low basal expression of E-cadherin and claudin-
2 diffusely distributed on the round HCT116 and HCT116R cells
cultured in control alginate cultures (Fig. 7A, B: a). Surprisingly,
the treatment with resveratrol induced a round shape with high
expression of E-cadherin, claudin-2 and this was localized
predominantly on the planar cell body between the cells
(Fig. 7A, B: b-d). Taken together, our result showed that
resveratrol significantly stimulated E-cadherin and claudin-
2 expression in a dose-dependent manner. Moreover, immunoe-
lectron microscopic results confirmed the observations in
Figs. 5 and 6 that resveratrol induces expression of adhesion
and tight junction molecules in HCT116 colon cancer cells in the
microenvironment and stimulation of these interactions by
resveratrol induces biochemical and functional changes towards
MET. Indeed, E-cadherin and claudin-2 are important compo-
nents of adherence junctions, tight junctions and regulate cancer
cell progression, invasion and metastasis through maintenance of
cell-cell contacts.

3.9. Resveratrol blocks and synergizes 5-FU-induced EMT in CRC cells
in alginate tumor microenvironment cultures

To gain further insights into the functional inhibiting roles of
resveratrol and its synergistic effect with 5-FU during



Fig. 5. A-B. Resveratrol induces and 5-FU suppresses claudin-2 and E-cadherin expression in HCT116 and HCT116R cells in alginate tumor microenvironment. Alginate
cultures of HCT116 (A) and HCT116R (B) cells were left untreated, treated with 5-FU (1 nM) or treated with resveratrol (5 wM) for 10 days. The cultures were subjected to
immunofluorescence labeling with primary antibodies for claudin-2 (green) and E-cadherin (red) followed by incubation with rhodamine- or FITC-coupled secondary
antibodies. Images shown are representative of three different experiments. Scale bar = 12 wM.(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



Fig. 6. A-B.Effect of resveratrol or/and 5-FU on the expression of E-cadherin and claudin-2 in CRC cells in alginate tumor microenvironment. (A) Serum-starved HCT116 (I-1I)
and HCT116R (III-1V) cell lines in alginate culture (1 x 10%/ml) were either left untreated or treated with different concentrations (0.1, 1, 5, 10 uM) of resveratrol (Res) for 10
days. After 10 days of culture, whole cell lysates (500ng/lane) were fractionated and subjected to western blotting with antibodies against E-cadherin and claudin-2. (B)
Serum-starved HCT116 (I-I) and HCT116R (I1I-1V) cell lines in alginate culture (1 x 10%/ml) were either left untreated or treated with 5-FU alone (0.01, 0.1,1 nM) or co-treated
with resveratrol (5 wM) and 5-FU (0.01, 0.1 nM). After 10 days of culture, total cell lysates of HCT116 and HCT116R cultures were prepared and immunoblotting performed for
E-cadherin (I-III) or claudin-2 (II-IV). Housekeeping protein 3-actin served as a loading control in all experiments. Densitometric evaluation was performed for E-cadherin
and claudin-2 expression. Each experiment was performed in triplicate and mean values and standard deviation are indicated. Values were compared with the control and
statistically significant values with p < 0.05 were designated by an asterisk and p < 0.01 were designated by two asterisks.



carcinogenesis in alginate cultures in relation to EMT [51], we have
analyzed the expression of EMT-associated signaling molecules,
such as vimentin, E-cadherin and the transcription factor Slug. The
alginate cultures of HCT116 (Fig. 8A) and HCT116R (Fig. 8B) were
either left untreated or treated with resveratrol (5 wM), 5-FU (0.01,
0.1, 1nM) alone or co-treated with resveratrol (5uwM) and 5-FU
(1nM) for 10 days. Immunoblotting of cell lysates of the

HCT116 and HCT116R alginate tumor microenvironment cultures
showed basal expression of vimentin and E-cadherin (Fig. 8A-B:I-
I). Treatment of HCT116 or HCT116R tumor microenvironment
cultures with resveratrol down-regulated the expression of
mesenchymal marker vimentin, whereas it increased epithelial
marker E-cadherin expression (Fig. 8A-B:I-II). In contrast,
immunoblotting analysis of CRC tumor microenvironment cultures

Fig. 7. A-B: A-B Immunoelectron microscopic images showing E-cadherin (A) and claudin-2 (B) expression by immunogold labeling. Serum-starved HCT116 cells in alginate
culture (1 x 105/ml) were either left untreated or treated with different concentrations (1, 5,10 M) of resveratrol (Res) for 10 days. After 10 days of culture, HCT116 cells were
either left untreated without primary antibody (A, B: a) or with primary antibody (A, B: b, ¢, d). Immunogold labeling (arrows) is detected at the plasma membrane of tumor
cells with antibodies against E-cadherin (A) and claudin-2 (B). Images shown are representative of three different experiments. A: Scale bar=0.2 wm; Insets: Scale

bar=0.09 pm. B: Scale bar=0.08 pm.



treated with 5-FU showed marked dose dependent up-regulation
of vimentin, but down-regulation of E-cadherin (Fig. 8A-B). Taken
together, our data support the paradigm that EMT is linked with
down-regulation of tight junctions, and the development of
increased resistance to chemotherapeutic agents [3,21]. To
investigate this issue, we examined whether resveratrol can
modulate the effect of 5-FU-induced vimentin or E-cadherin
expression. Co-treatment of cultures with resveratrol and 5-FU,
showed to be most effective in down-regulation of vimentin or up-

regulation of E-cadherin in HCT116 (IC value=0.743) and HCT116R
(IC value=0.363) cells (Fig. 8A-B:I-II).

To date, the transcription factor Slug, a member of developmental
transcription factors, has been linked to cancer metastasis. Further-
more, Slug is associated with transcriptional activation of vimentin
and suppression of E-cadherin expression in the molecular EMT
program [52-54]. As shown in Fig. 8A-B, the basal expression of Slug
was inhibited by resveratrol, however the expression of Slug and
above mentioned proteins was significantly more in 5-FU resistant
cells compared with the parental HCT-116 cells (Fig. 8A-B:III). In

Fig. 8. A-B. Resveratrol induces MET with loss of mesenchymal markers and increase of epithelial markers. Serum-starved HCT116 (A) and HCT116R (B) cell lines in alginate
culture (1 x 10%/ml) were either left untreated or treated with resveratrol alone (5 wM), 5-FU alone (0.01, 0.1, 1 nM) or were treated with resveratrol (5 wM) and 5-FU (1 nM).
After 10 days of culture, total cell lysates of cells were prepared and immunoblotting performed for vimentin (I) or E-cadherin (II), Slug (IIl) or claudin-2 (IV). Housekeeping
protein (3-actin served as a loading control in all experiments. Densitometric evaluation was performed for E-cadherin and claudin-2 expression. Each experiment was
performed in triplicate and mean values and standard deviation are indicated. Values were compared with the control and statistically significant values with p<0.05 were

designated by an asterisk and p <0.01 were designated by two asterisks.



contrast, treatment of HCT116 or HCT116R with 5-FU induced a dose
dependent up-regulation of Slug expressionin both cell lines and this
response was considerably blocked by resveratrol (Fig. 8A-B:III). It
was noted that 5-FUresistant cells were more sensitive to resveratrol
compared to the parental HCT116 cells. Moreover, we also examined
in the same experimental model whether resveratrol up-regulates
the expression of claudin-2 and inhibits 5-FU-induced down-
regulation of claudin-2. The results (8A-B:IV) confirmed the
qualitative changes we observed in another set of experiments in
Figs. 6 and 7. Taken together, these results suggest that the alginate
cultures might provide an ideal microenvironment to study 5-FU-
induced malignancy and EMT in CRC cells, and inhibition of this effect
by resveratrol induces biochemical and functional changes towards
MET, thereby sensitizing CRC cells to 5-FU treatment.

3.10. Resveratrol blocks and synergizes the effect of 5-FU by down-
regulation of NF-«B activation and NF-«xB-regulated gene end-
products in CRC cells

To elucidate the underlying mechanism, how resveratrol
potentiates the effects of 5-FU in CRC cells, we analyzed whether
NF-kB signaling pathway was involved. Indeed, it has been
reported that NF-kB is a transcription factor that is expressed in
tumor cells, and causes resistance to apoptosis and acts as the key
mediator of tumorigenesis [55,56].

3.10.1. Resveratrol inhibits 5-FU-induced NF-«B activation in CRC cells
in alginate tumor microenvironment

Based on the observed data, we speculated that resveratrol
might inhibit the NF-kB pathway in CRC cells. The phosphorylation
of NF-kB subunits (p50/p65) play an important role in IkBa-
mediated activation of NF-«kB transcriptional activity [57].
Therefore we evaluated, nuclear protein extracts from CRC cells

for the phosphorylated form of NF-kB after treatment with
resveratrol and/or 5-FU, as described above (Fig. 8). The western
blot analysis showed (Fig. 9A-B: 1), the basal expression of NF-kB
subunits (p50/p65) was down-regulated by resveratrol, however,
treatment with 5-FU alone markedly induced a dose dependent
up-regulation of the NF-kB subunits (p50/p65) phosphorylation in
HCT116 and HCT116R cells. In contrast, co-treatment with
resveratrol blocked NF-kB phosphorylation in alginate tumor
microenvironment. Taken together, these results support a
functional role for the NF-kB pathway in 5-FU-induced signaling
pathway in HCT116 and HCT116R cells.

3.10.2. Resveratrol inhibits 5-FU-dependent IxBa degradation in CRC
cells

It was noted that the phosphorylation and degradation of IkBa,
the natural inhibitor of NF-kB is required for the activation of NF-
kB [58]. To investigate whether inhibition of 5-FU-induced NF-«B
activation occurs through inhibition of IkBa degradation,
HCT116 and HCT116R cells were either left untreated or treated
as described above (Fig. 8) and examined for IkBa activation in the
cytoplasm by western blot analysis. Treatment of HCT116 and
HCT116R cells with resveratrol (5wM) completely suppressed
IkBa degradation. Interestingly, treatment with 5-FU alone
markedly up-regulated IkBa subunit (p50/p65) phosphorylation
and this was blocked by co-treatment with resveratrol (Fig. 9A-B:
[I-III). These results indicated that resveratrol inhibits both 5-FU-
induced NF-kB activation and IkBa degradation.

3.10.3. Resveratrol suppresses IkBo Kinase activation induced by 5-FU
in CRC cells

Next, we examined the effect of 5-FU on IkBa kinase (IKK)
activation, which is required for phosphorylation of IkBa and
subsequently NF-«kB signaling pathway activation. HCT116 and

Fig. 9. A-D. Resveratrol inhibits 5-FU-induced phosphorylation and degradation of IkBa and phosphorylation and nuclear translocation of NF-kB In in CRC cells in alginate
tumor microenvironment. A-B: The effect of resveratrol on 5-FU-induced IkBa phosphorylation and degradation of NF-kB phosphorylation and nuclear translocalization
were investigated in HCT116 (A) and HCT116R (B) cell lines in alginate culture. Serum-starved HCT116 (A) and HCT116R (B) cell lines in alginate culture (1 x 10%/ml) were
either left untreated or treated with resveratrol alone (5 M), 5-FU alone (0.01, 0.1, 1 nM) or were treated with resveratrol (5 wM) and 5-FU (1 nM). After 10 days of culture,
nuclear extracts and cytoplasmic extracts were prepared, fractionated on 10% SDS-PAGE, and electrotransferred onto a nitrocellulose membrane. Western blot analysis was
performed with anti-phospho-specific NF-kB (I), anti-IkBa (II) and anti-phospho-specific-IkBa (III) antibodies. The results shown are representative of two or three
independent experiments. Housekeeping protein [3-actin served as a loading control in all experiments. C-D: The effect of resveratrol on the activation of IKK by 5-FU was
investigated in HCT116 (C) and HCT116R (D) cell lines in alginate culture. Cell extracts were immunoprecipitated with an antibody against IKK-o. and immune complex kinase
assays were performed as described in Materials and Methods. Equal amounts of total protein (500 ng protein/lane) were separated by SDS-PAGE under reducing conditions
and then analyzed by immunoblotting using antibodies against phosphor-specific IkBa (I), IKK-a (II), and IKK-f3 (IIT). The results shown are representative of two independent

experiments.



Fig. 10. A-B. Resveratrol blocks 5-FU-induced activation of NF-kB-regulated metastasis gene products (MMP-9) and enhances caspase-3-mediated apoptosis in CRC tumor
cells. Serum-starved HCT116 (A) and HCT116R (B) cell lines in alginate culture (1 x 10%/ml) were either left untreated or treated with resveratrol alone (5 M), 5-FU alone (0.01,
0.1, 1 nM) or were treated with resveratrol (5 wM) followed by treatment with 5-FU (1 nM). After 10 days of culture, whole cell lysates (500 ng of protein/lane) were prepared
and analyzed by western blotting for cleavage of caspase-3 (I) and expression of MMP-9 (II). The results shown are representative of two or three independent experiments.

Housekeeping protein (3-actin served as a loading control in all experiments.

HCT116R cells were either left untreated or treated as described
above (Fig. 8) and whole cell extracts were immunoprecipitated
with an antibody against IkBa kinase (IKK-a and IKK-3) and then
analyzed by an immune complex kinase assay for phosphorylation
of IkBa. No phosphorylated IkBa was found in basal control or
resveratrol-treated cultures. As shown in Fig. 9C-D:I, the immune
complex kinase assay showed that 5-FU induced the activation of
IKK in a time dependent manner. In contrast, co-treatment of CRC
cells with 5-FU followed by resveratrol resulted in an inhibition of
5-FU-induced effects on the activation of IKK (Fig. 9C-D:I). 5-FU
and resveratrol had no direct effect on the expression of IKK-o and
IKK- proteins (Fig. 9C-D:II-III). Taken together, these results
suggest that resveratrol suppressed IkBa phosphorylation/NF-kB
signaling pathway and highlights the important functional role of
resveratrol in inhibiting NF-kB pathway.

3.11. Resveratrol modulates 5-FU-induced NF-xB-dependent gene
end-products involved in apoptotic and metastasis of CRC tumor cells

We examined further, whether resveratrol might modulate NF-
kB-regulated gene products involved in apoptosis (cleavage of
caspase-3) and metastasis (MMP-9) of CRC cells in alginate tumor
microenvironment. HCT116 and HCT116R cells were either left
untreated or treated as described above (Fig. 8) and whole cell
extracts were examined by western blot analysis using specific
antibodies. As shown in Fig. 10A-B, 5-FU induced expression of
MMP-9 and blocked caspase-3 cleavage in a dose-dependent
manner, and resveratrol blocked substantially MMP and induced
caspase-3 cleavage in HCT116 (Fig. 10A:I-1I) and HCT116R (Fig. 10B:
I-1I). The combined treatment with resveratrol and 5-FU resulted
in significant synergistic enhancement in inducing caspase-3
cleavage in HCT116 (CI values=0.742) and HCT116R (CI values =
0.276) cells compared to control tumor cultures (Fig. 10A-B: I-1I),
indicating that resveratrol enhances 5-FU-induced caspase-de-
pendent cell death in CRC cells, rather than modulating 5-FU-
induced NF-kB-regulated apoptotic genes. Taken together, these
results further strengthen the role of resveratrol in modulating 5-
FU-induced NF-kB-regulated gene products.

4. Discussion

Human colorectal cancer is one of the most commonly
diagnosed cancers and one of the major causes of cancer-related
morbidity and mortality worldwide. 5-FU is routinely employed in
the management of colorectal cancer, but is toxic and ineffective in
a large majority of patients, as they frequently develop metastasis.
Furthermore, more than 50% of patients treated with 5-FU

demonstrate resistance to 5-FU in the clinical setting. Therefore,
there is a clear need for the development of novel therapeutic
agents to treat these resistant tumors. The aim of this study was to
determine whether resveratrol can individually, or in combination
with 5-FU, has enhanced anti-cancer activity in the treatment of
CRC cell lines in 3D-alginate tumor microenvironment.

The results of our study revealed that the proliferation of all 4
CRC cell lines (HCT116, HCT116R, SW480 and SW480R) was
suppressed by resveratrol and this finding is in agreement with
other studies showing that resveratrol can inhibit the growth of
diverse tumor cells [59,60]. We could also successfully demon-
strate that resveratrol in combination with 5-FU had significant
synergistic effect (CI values lower than 1), in increasing the anti-
cancer properties of 5-FU including suppression of proliferation,
invasion and enhancing apoptosis in CRC cells confirming that
resveratrol chemosensitizes to 5-FU-based drug regimens. Indeed,
it has been previously reported that suppression of proliferation on
cancer cells in mice by resveratrol is enhanced by 5-FU [61].

It is known that resveratrol inhibits tumor cell proliferation,
invasion, metastasis and stimulates apoptosis via modulation of a
wide range of signal transduction pathways [29,34-38]. However,
the molecular mechanism(s) of resveratrol on adhesion molecules
and cell-cell adhesion components has not been explored.
Moreover, direct cell-cell communications are mediated by
intercellular junction complexes, including adhesion molecules,
desmosomes, tight- and gap junctions, which enables adhesion
and communication between individual cells, suppress tumor
metastasis and retain the integrity of tissues [5,7]. Here, we
provide a comprehensive evidence with our ultrastructural
electron microscopic evaluations that in the presence of 5-FU
the CRC cells undergo ultrastructural changes that typify highly
metastatic cells e.g. the development of microvilli on nearly the
entire surface of the cells, microfilaments with high amount of
endoplasmic reticulum and golgi apparatus. More interestingly,
contrariwise, CRC cells treated with resveratrol and/or 5-FU
revealed ultrastructural changes that mirrored weakly metastatic
cells e.g. almost exclusively planar cell surface with tight cell-cell
contacts with desmosomes, adhesion molecules and tight- and gap
junctions, very small amount of microvilli. These effects man-
ifested in a dose-dependent manner, with higher concentration of
resveratrol accompanied with induction of apoptosis in CRC cells.
Moreover, following resveratrol treatment we observed a dose-
dependent increase of intracellular vesicles at or near intercellular
junctions, highlighting that resveratrol enhances specific, target-
orientated endo-/exocytosis controlled by intercellular junctions.
Indeed, it has been previously acknowledged that intercellular
junctions not only provide the cell with structural integrity, but



also function as landmarks, spatially confining signaling molecules
and polarity cues as well as serving as docking sites for vesicles
[62]. These results suggest that ultrastructural changes of CRC
tumor cells are required for the rapid growth and metastasis of
tumor cells. Indeed, tight junctions have been shown to be highly
dynamic, multimolecular and multifunctional complexes [63].
These findings are further in agreement with those, which have
shown that tumor cell surface morphological changes are closely
associated with aggressive growth and proliferation of tumors
[5,64]. Furthermore, it seems that the intercellular junction
interactions may directly manage on the quality and malignity
originating from tumor cells. Indeed, several lines of evidence have
shown that cell-cell junction complexes, such as desmosomes,
tight-, gap junctions and adherence molecules, may increase
intercellular adhesion in tumor, leading to cell aggregation and
stabilization of the tumor cells [5,6,65].

We also found a basal expression of claudin-2 and E-cadherin
on CRC cells and this expression was significantly increased in the
presence of resveratrol and decreased in the presence of 5-FU and
interestingly this was accompanied with a conversion of epithelial-
to-mesenchymal transition (EMT). Moreover, it has been reported
that claudin-2 and E-cadherin are expressed in CRC cells [66,67].
Our immunfluorescence, western blotting and immunoelectron
microscopy results showed that resveratrol, in opposite to 5-FU
up-regulates significantly the expression of claudin-2 and E-
cadherin. E-cadherin is an important component of cell surface
adherence junction and regulates tumor cell progression, migra-
tion and metastasis through maintenance of cell-cell contacts [50].
It has been reported that EMT causes higher invasive properties
and loss of cell-cell junctions is linked with highly metastatic
spread in aggressive tumor cells [7]. Furthermore, claudins are
epithelial tight junction components that are suppressed by EMT
transcriptions factors such as Snail and Slug [3]. We found further
in this study that 5-FU dose dependently increased mesenchymal
cell morphology and EMT markers, such as vimentin, slug and
decreased E-cadherin in CRC cells and in opposite to this,
resveratrol induced an epithelial conversion in CRC cells in
alginate tumor microenvironment with decreasing of vimentin
and slug and increasing of E-cadherin. Consistent with these
results, several studies have reported that in tumor cells an
increase of mesenchymal features (N-cadherin and vimentin) and
loss of epithelial features (E-cadherin) via EMT is proportional with
cancer proliferation, motility, drug resistance and metastasis [68—
71]. Recently, we have shown that up-regulation of TGF-[3 in the
tumor microenvironment by CRC cells and fibroblasts play an
active role in inducing EMT [67]. Interestingly, it has been
previously reported that TGF-3-signaling induces disassembly of
tight junctions during epithelial to mesenchymal transition [72].

These synergistic effects between resveratrol and 5-FU illus-
trate that different drugs mediate their ability to modulate
different signaling molecules in cancer cells. It has been reported
that resveratrol mediates its chemosensitization effects on cancer
cells by targeting proteins involved in cell proliferation, cell
survival, target transport and apoptosis [60,73]. In term of 5-FU, as
a substitute, has a related structure to uracil and incorporates in
DNA and RNA. This process inhibits cell proliferation by
suppressing DNA production [74]. Indeed, based on the CI values,
synergy between resveratrol and 5-FU by measuring CI values of
different drug combinations according to the Chou-Talalay
equation (CI values lower than 1), suggesting that the combination
of these drugs has a synergistic effect in decreasing cell
proliferation and invasion and resveratrol chemosensitizes to 5-
FU-based drug regimens.

To study the molecular mechanism, by which resveratrol or/and
5-FU execute their effects against HCT116 and its FU-resistant cells,
we found that resveratrol alone or in combination with 5-FU

showed suppression of NF-kB and NF-kB-regulated gene end-
products (caspase-3, MMP-9) that are involved in growth,
proliferation, invasion and apoptosis in CRC cells. Furthermore,
we could show that resveratrol down-regulates NF-«kB signaling
pathway through suppression of IkBa kinase activation and IkBa
phosphorylation in both CRC cell lines. Indeed, it has been further
reported that resveratrol blocks malignancy of tumor cells via
modulation, at least in part of transcription factor NF-kB. In our
earlier reports, we demonstrated clearly that resveratrol is a potent
inhibitor of the NF-kB signaling pathway [75-77], which has been
closely linked to inflammation and cancer [24] and was found to
promote EMT and metastasis [78]. Our findings are further in
agreement with studies that resveratrol down-regulates prolifera-
tion, invasion and metastasis in glioma, lung carcinoma and breast
tumors [79-82]. These results suggest that the synergistic effects
of resveratrol and 5-FU and chemosensitizing effect of resveratrol
on 5-FU resistant cells is, at least in part, through suppressing NF-
kB signaling in tumor cells.

In conclusion, for the first time, we describe herein that
resveratrol chemosensitizes CRC cells to chemotherapeutic agent
(5-FU), which has chemopreventive potential by affecting multiple
cell adhesion molecules, desmosomes, tight-, gap junctions and
signaling molecules involved in cell proliferation, invasion and
metastasis and potentiated the anti-cancer effects of 5-FU. Based
on these findings, further investigations are required to explore in
detail the potential of resveratrol as an anti-cancer agent in CRC.

Competing interests
The authors declare that they have no competing interests.
Acknowledgements

The authors gratefully acknowledge the excellent technical
assistance provided by Mrs. Gudrun Holland and Dr. Michael Laue
for additional support of the Robert Koch Institute in Berlin. Mrs.
Adriana Moldovan, Mrs. Sabine Miech and Dr. Andreas Eimanns-
berger from Ludwig Maximilian University of Munich are
gratefully acknowledged for their excellent technical assistance.

References

[1] A. Jemal, M.M. Center, E. Ward, M.]. Thun, Cancer occurrence, Methods Mol.
Biol. (Clifton, NJ) 471 (2009) 3-29.

[2] A.L. Pin, F. Houle, J. Huot, Recent advances in colorectal cancer research: the
microenvironment impact, Cancer Microenviron. 4 (2011) 127-131.

[3] T.A. Martin, W.G. Jiang, Loss of tight junction barrier function and its role in
cancer metastasis, Biochim. Biophys. Acta 1788 (2009) 872-891.

[4] N. Zhang, Y. Yin, S.J. Xu, W.S. Chen, 5-Fluorouracil: mechanisms of resistance
and reversal strategies, Mol. (Basel, Switzerland) 13 (2008) 1551-1569.

[5] J. Ren, J. Hamada, N. Takeichi, S. Fujikawa, H. Kobayashi, Ultrastructural
differences in junctional intercellular communication between highly and
weakly metastatic clones derived from rat mammary carcinoma, Cancer Res.
50 (1990) 358-362.

[6] L.A. Staehelin, Structure and function of intercellular junctions, Int. Rev. Cytol.
39 (1974) 191-283.

[7] G.L. Nicolson, K.M. Dulski, J.E. Trosko, Loss of intercellular junctional
communication correlates with metastatic potential in mammary
adenocarcinoma cells, Proc. Natl. Acad. Sci. U.S.A. 85 (1988) 473-476.

[8] L. Shen, Tight junctions on the move: molecular mechanisms for epithelial
barrier regulation, Ann. N.Y. Acad. Sci. 1258 (2012) 9-18.

[9] A.Hartsock, W.J. Nelson, Adherens and tight junctions: structure, function and
connections to the actin cytoskeleton, Biochim. Biophys. Acta 1778 (2008)
660-669.

[10] C.M. Niessen, Tight junctions/adherens junctions: basic structure and
function, J. Invest. Dermatol. 127 (2007) 2525-2532.

[11] L. Gonzalez-Mariscal, A. Betanzos, P. Nava, B.E. Jaramillo, Tight junction
proteins, Prog. Biophys. Mol. Biol. 81 (2003) 1-44.

[12] Z. Ly, L. Ding, Q. Lu, Y.H. Chen, Claudins in intestines: distribution and
functional significance in health and diseases, Tissue Barriers 1 (2013) e24978.

[13] L Van, C.M. tallie, ].M. Anderson, The molecular physiology of tight junction
pores, Physiology (Bethesda, Md) 19 (2004) 331-338.


http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0005
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0005
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0010
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0010
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0015
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0015
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0020
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0020
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0025
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0025
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0025
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0025
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0030
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0030
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0035
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0035
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0035
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0040
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0040
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0045
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0045
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0045
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0050
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0050
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0055
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0055
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0060
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0060
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0065
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0065

[14] Q. Huo, T. Kinugasa, L. Wang, J. Huang, J. Zhao, H. Shibaguchi, et al., Claudin-
1 protein is a major factor involved in the tumorigenesis of colorectal cancer,
Anticancer Res. 29 (2009) 851-857.

[15] P.P. Aung, Y. Mitani, Y. Sanada, H. Nakayama, K. Matsusaki, W. Yasui,
Differential expression of claudin-2 in normal human tissues and
gastrointestinal carcinomas, Virchows Arch. 448 (2006) 428-434.

[16] S.T. Mees, R. Mennigen, T. Spieker, E. Rijcken, N. Senninger, J. Haier, et al.,
Expression of tight and adherens junction proteins in ulcerative colitis
associated colorectal carcinoma: upregulation of claudin-1, claudin-3,
claudin-4, and beta-catenin, Int. J. Colorectal Dis. 24 (2009) 361-368.

[17] J.R. Turner, Intestinal mucosal barrier function in health and disease, Nat. Rev.
Immunol. 9 (2009) 799-809.

[18] J. Ikenouchi, M. Matsuda, M. Furuse, S. Tsukita, Regulation of tight junctions
during the epithelium-mesenchyme transition: direct repression of the gene
expression of claudins/occludin by Snail, J. Cell Sci. 116 (2003) 1959-1967.

[19] C.T. Capaldo, A. Nusrat, Cytokine regulation of tight junctions, Biochim.
Biophys. Acta 1788 (2009) 864-871.

[20] U. Tepass, K. Truong, D. Godt, M. Ikura, M. Peifer, Cadherins in embryonic and
neural morphogenesis, Nat. Rev. Mol. Cell Biol. 1 (2000) 91-100.

[21] J.P. Thiery, Epithelial-mesenchymal transitions in tumour progression, Nat.
Rev. Cancer 2 (2002) 442-454.

[22] T. Ohkubo, M. Ozawa, The transcription factor Snail downregulates the tight
junction components independently of E-cadherin downregulation, J. Cell Sci.
117 (2004) 1675-1685.

[23] L. Gonzalez-Mariscal, S. Lechuga, E. Garay, Role of tight junctions in cell
proliferation and cancer, Prog. Histochem. Cytochem. 42 (2007) 1-57.

[24] B.B. Aggarwal, Nuclear factor-kappaB: the enemy within, Cancer Cell 6 (2004)
203-208.

[25] P.A. Baeuerle, D. Baltimore, NF-kappa B: ten years after, Cell 87 (1996) 13-20.

[26] B. Rayet, C. Gelinas, Aberrant rel/nfkb genes and activity in human cancer,
Oncogene 18 (1999) 6938-6947.

[27] C.Y. Wang, ].C. Cusack Jr., R. Liu, A.S. Baldwin, Jr Control of inducible
chemoresistance: enhanced anti-tumor therapy through increased apoptosis
by inhibition of NF-kappaB, Nat. Med. 5 (1999) 412-417.

[28] L. Baolin, Y. Inami, H. Tanaka, N. Inagaki, M. linuma, H. Nagai, Resveratrol
inhibits the release of mediators from bone marrow-derived mouse mast cells
in vitro, Planta Med. 70 (2004) 305-309.

[29] W.Li,]J. Ma, Q. Ma, B. Li, L. Han, J. Liu, et al., Resveratrol inhibits the epithelial-
mesenchymal transition of pancreatic cancer cells via suppression of the PI-
3K/Akt/NF-kappaB pathway, Cur. Med. Chem. 20 (2013) 4185-4194.

[30] S.S. Kulkarni, C. Canto, The molecular targets of resveratrol, Biochim. Biophys.
Acta (2014) .

[31] Z. Ren, L. Wang, ]. Cui, Z. Huog, ]. Xue, H. Cui, et al., Resveratrol inhibits NF-kB
signaling through suppression of p65 and IkappaB kinase activities, Pharmazie
68 (2013) 689-694.

[32] L.Li,]J. Hai, Z. Li, Y. Zhang, H. Peng, K. Li, et al., Resveratrol modulates autophagy
and NF-kappaB activity in a murine model for treating non-alcoholic fatty liver
disease, Food Chem. Toxicol. 63 (2014) 166-173.

[33] C.Buhrmann, F. Busch, P. Shayan, M. Shakibaei, Sirtuin-1 (SIRT1) is required for
promoting chondrogenic differentiation of mesenchymal stem cells, J. Biol.
Chem. 289 (2014) 22048-22062.

[34] S. Temraz, D. Mukherji, A. Shamseddine, Potential targets for colorectal cancer
prevention, Int. J. Mol. Sci. 14 (2013) 17279-17303.

[35] Y. Shukla, R. Singh, Resveratrol and cellular mechanisms of cancer prevention,
Ann. N.Y. Acad. Sci. 1215 (2011) 1-8.

[36] M.E. Juan, I. Alfaras, ].M. Planas, Colorectal cancer chemoprevention by trans-
resveratrol, Pharmacological Res. 65 (2012) 584-591.

[37] H. Wang, H. Zhang, L. Tang, H. Chen, C. Wu, M. Zhao, et al., Resveratrol inhibits
TGF-betal-induced epithelial-to-mesenchymal transition and suppresses
lung cancer invasion and metastasis, Toxicology 303 (2013) 139-146.

[38] J. Li, T. Chong, Z. Wang, H. Chen, H. Li, J. Cao, et al., A novel anticancer effect of
resveratrol: reversal of epithelialmesenchymal transition in prostate cancer
cells, Mol. Med. Rep. 10 (2014) 1717-1724.

[39] Y. Yy, S.S. Kanwar, B.B. Patel, J. Nautiyal, F.H. Sarkar, A.P. Majumdar, Elimination
of Colon Cancer Stem-Like Cells by the Combination of Curcumin and FOLFOX,
Trans. Oncol. 2 (2009) 321-328.

[40] M. Shakibaei, S. De, P. ouza, Differentiation of mesenchymal limb bud cells to
chondrocytes in alginate beads, Cell Biol. Int. 21 (1997) 75-86.

[41] M. Shakibaei, P. Kraehe, B. Popper, P. Shayan, A. Goel, C. Buhrmann, Curcumin
potentiates antitumor activity of 5-fluorouracil in a 3D alginate tumor
microenvironment of colorectal cancer, BMC Cancer 15 (2015) 250.

[42] T.C. Chou, P. Talalay, Quantitative analysis of dose-effect relationships: the
combined effects of multiple drugs or enzyme inhibitors, Adv. Enzyme Regul.
22 (1984) 27-55.

[43] T.C.Chou, Drug combination studies and their synergy quantification using the
Chou-Talalay method, Cancer Res. 70 (2010) 440-446.

[44] PR. Schneider, C. Buhrmann, A. Mobasheri, U. Matis, M. Shakibaei, Three-
dimensional high-density co-culture with primary tenocytes induces
tenogenic differentiation in mesenchymal stem cells, J. Orthop. Res. 29 (2011)
1351-1360.

[45] M. Shakibaei, T. John, P. De Souza, R. Rahmanzadeh, H.J. Merker, Signal
transduction by betal integrin receptors in human chondrocytes in vitro:
collaboration with the insulin-like growth factor-I receptor, Biochem. J. 342 (Pt
3) (1999) 615-623.

[46] M. Shakibaei, G. Schulze-Tanzil, S. de, P. ouza, T. John, M. Rahmanzadeh, R.
Rahmanzadeh, et al., Inhibition of mitogen-activated protein kinase kinase

induces apoptosis of human chondrocytes, J. Biol. Chem. 276 (2001) 13289-
13294.

[47] M. Shakibaei, C. Csaki, S. Nebrich, A. Mobasheri, Resveratrol suppresses
interleukin-1beta-induced inflammatory signaling and apoptosis in human
articular chondrocytes: potential for use as a novel nutraceutical for the
treatment of osteoarthritis, Biochem. Pharmacol. 76 (2008) 1426-1439.

[48] C. Csaki, A. Mobasheri, M. Shakibaei, Synergistic chondroprotective effects of
curcumin and resveratrol in human articular chondrocytes: inhibition of IL-
1beta-induced NF-kappaB-mediated inflammation and apoptosis, Arthritis
Res. Ther. 11 (2009) R165.

[49] F. van Roy, G. Berx, The cell-cell adhesion molecule E-cadherin, Cell. Mol. Life
Sci. 65 (2008) 3756-3788.

[50] X. Chen, Y. Wang, H. Xia, Q. Wang, X. Jiang, Z. Lin, et al., Loss of E-cadherin
promotes the growth, invasion and drug resistance of colorectal cancer cells
and is associated with liver metastasis, Mol. Biol. Rep. 39 (2012) 6707-6714.

[51] J.M. Lee, S. Dedhar, R. Kalluri, E.W. Thompson, The epithelial-mesenchymal
transition: new insights in signaling, development, and disease, ]. Cell Biol. 172
(2006) 973-981.

[52] J. Yang, S.A. Mani, ].L. Donaher, S. Ramaswamy, R.A. Itzykson, C. Come, et al.,
Twist, a master regulator of morphogenesis, plays an essential role in tumor
metastasis, Cell 117 (2004) 927-939.

[53] A.Cano, M.A. Perez-Moreno, I. Rodrigo, A. Locascio, M.]. Blanco, M.G. del Barrio,
et al., The transcription factor snail controls epithelial-mesenchymal
transitions by repressing E-cadherin expression, Nat. Cell Biol. 2 (2000) 76-83.

[54] V. Bolos, H. Peinado, M.A. Perez-Moreno, M.F. Fraga, M. Esteller, A. Cano, The
transcription factor Slug represses E-cadherin expression and induces
epithelial to mesenchymal transitions: a comparison with Snail and
E47 repressors, J. Cell Sci. 116 (2003) 499-511.

[55] M. Karin, Nuclear factor-kappaB in cancer development and progression,
Nature 441 (2006) 431-436.

[56] R.Z. Orlowski, A.S. Baldwin ]Jr., NF-kappaB as a therapeutic target in cancer,
Trends Mol. Med. 8 (2002) 385-389.

[57] S. Miyamoto, M. Maki, M.J. Schmitt, M. Hatanaka, .M. Verma, Tumor necrosis
factor alpha-induced phosphorylation of I kappa B alpha is a signal for its
degradation but not dissociation from NF-kappa B, Proc. Natl. Acad. Sci. U.S.A.
91 (1994) 12740-12744.

[58] S. Ghosh, M. Karin, Missing pieces in the NF-kappaB puzzle, Cell 109 (Suppl)
(2002) S81-S96.

[59] X.Z. Ding, T.E. Adrian, Resveratrol inhibits proliferation and induces apoptosis
in human pancreatic cancer cells, Pancreas 25 (2002) e71-e76.

[60] K.B. Harikumar, A.B. Kunnumakkara, G. Sethi, P. Diagaradjane, P. Anand, M.K.
Pandey, et al., Resveratrol, a multitargeted agent, can enhance antitumor
activity of gemcitabine in vitro and in orthotopic mouse model of human
pancreatic cancer, Int. J. Cancer 127 (2010) 257-268.

[61] S.L. Wu, Z]. Sun, L. Yu, KW. Meng, X.L. Qin, C.E. Pan, Effect of resveratrol and in
combination with 5-FU on murine liver cancer, World J. Gastroenterol. 10
(2004) 3048-3052.

[62] W.J. Nelson, Adaptation of core mechanisms to generate cell polarity, Nature
422 (2003) 766-774.

[63] E.E. Schneeberger, R.D. Lynch, The tight junction: a multifunctional complex,
Am. ]. Physiol. Cell Physiol. 286 (2004) C1213-C1228.

[64] D.F. Wallach, Cellular membranes and tumor behavior: a new hypothesis, Proc.
Natl. Acad. Sci. U.S.A. 61 (1968) 868-874.

[65] W. Mueller-Klieser, Multicellular spheroids. A review on cellular aggregates in
cancer research, J. Cancer Res. Clin. Oncol. 113 (1987) 101-122.

[66] C. Rahner, L.L. Mitic, ].M. Anderson, Heterogeneity in expression and
subcellular localization of claudins 2, 3, 4, and 5 in the rat liver, pancreas, and
gut, Gastroenterology 120 (2001) 411-422.

[67] C. Buhrmann, P. Kraehe, C. Lueders, P. Shayan, A. Goel, M. Shakibaei, Curcumin
suppresses crosstalk between colon cancer stem cells and stromal fibroblasts in
the tumor microenvironment: potential role of EMT, PloS one 9 (2014) e107514.

[68] K. Polyak, R.A. Weinberg, Transitions between epithelial and mesenchymal
states: acquisition of malignant and stem cell traits, Nat. Rev. Cancer 9 (2009)
265-273.

[69] N.P. Gunasinghe, A. Wells, E.W. Thompson, H.J. Hugo, Mesenchymal-epithelial
transition (MET) as a mechanism for metastatic colonisation in breast cancer,
Cancer Metastasis Rev. 31 (2012) 469-478.

[70] A.Bonnomet, L. Syne, A. Brysse, E. Feyereisen, EW. Thompson, A. Noel, et al., A
dynamic in vivo model of epithelial-to-mesenchymal transitions in circulating
tumor cells and metastases of breast cancer, Oncogene 31 (2012) 3741-3753.

[71] M.T. Dimanche-Boitrel, L. Vakaet Jr., P. Pujuguet, B. Chauffert, M.S. Martin, A.
Hammann, et al., In vivo and in vitro invasiveness of a rat colon-cancer cell line
maintaining E-cadherin expression: an enhancing role of tumor-associated
myofibroblasts, Int. J. Cancer 56 (1994) 512-521.

[72] M. Barrios-Rodiles, K.R. Brown, B. Ozdamar, R. Bose, Z. Liu, R.S. Donovan, et al.,
High-throughput mapping of a dynamic signaling network in mammalian
cells, Science (New York, N.Y.) 307 (2005) 1621-1625.

[73] S.C. Gupta, R. Kannappan, S. Reuter, ].H. Kim, B.B. Aggarwal,
Chemosensitization of tumors by resveratrol, Ann. N.Y. Acad. Sci. 1215 (2011)
150-160.

[74] D.B. Longley, D.P. Harkin, ].P.G. ohnston, 5-fluorouracil: mechanisms of action
and clinical strategies, Nat. Rev. Cancer 3 (2003) 330-338.

[75] FE. Busch, A. Mobasheri, P. Shayan, C. Lueders, R. Stahlmann, M. Shakibaei,
Resveratrol modulates interleukin-1beta-induced phosphatidylinositol 3-
kinase and nuclear factor kappaB signaling pathways in human tenocytes, J.
Biol. Chem. 287 (2012) 38050-38063.


http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0070
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0070
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0070
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0075
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0075
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0075
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0080
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0080
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0080
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0080
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0085
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0085
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0090
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0090
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0090
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0095
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0095
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0100
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0100
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0105
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0105
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0110
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0110
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0110
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0115
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0115
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0120
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0120
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0125
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0130
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0130
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0135
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0135
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0135
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0140
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0140
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0140
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0145
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0145
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0145
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0150
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0150
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0155
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0155
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0155
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0160
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0160
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0160
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0165
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0165
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0165
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0170
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0170
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0175
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0175
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0180
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0180
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0185
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0185
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0185
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0190
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0190
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0190
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0195
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0195
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0195
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0200
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0200
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0205
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0205
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0205
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0210
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0210
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0210
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0215
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0215
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0220
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0220
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0220
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0220
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0225
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0225
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0225
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0225
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0230
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0230
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0230
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0230
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0235
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0235
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0235
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0235
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0240
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0240
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0240
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0240
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0245
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0245
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0250
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0250
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0250
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0255
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0255
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0255
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0260
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0260
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0260
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0265
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0265
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0265
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0270
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0270
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0270
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0270
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0275
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0275
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0280
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0280
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0285
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0285
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0285
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0285
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0290
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0290
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0295
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0295
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0300
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0300
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0300
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0300
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0305
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0305
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0305
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0310
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0310
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0315
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0315
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0320
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0320
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0325
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0325
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0330
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0330
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0330
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0335
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0335
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0335
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0340
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0340
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0340
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0345
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0345
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0345
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0350
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0350
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0350
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0355
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0355
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0355
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0355
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0360
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0360
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0360
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0365
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0365
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0365
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0370
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0370
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0375
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0375
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0375
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0375

[76] M. Shakibaei, C. Buhrmann, A. Mobasheri, Resveratrol-mediated SIRT-

1 interactions with p300 modulate receptor activator of NF-kappaB ligand
(RANKL) activation of NF-kappaB signaling and inhibit osteoclastogenesis in
bone-derived cells, J. Biol. Chem. 286 (2011) 11492-11505.

[77] M. Shakibaei, K.B. Harikumar, B.B. Aggarwal, Resveratrol addiction: to die or
not to die, Mol. Nutr. Food Res. 53 (2009) 115-128.

[78] M. Labelle, S. Begum, R.0. Hynes, Direct signaling between platelets and cancer
cells induces an epithelial-mesenchymal-like transition and promotes
metastasis, Cancer Cell 20 (2011) 576-590.

[79] M. Provinciali, F. Re, A. Donnini, F. Orlando, B. Bartozzi, S. Di, G. tasio, et al.,
Effect of resveratrol on the development of spontaneous mammary tumors in
HER-2/neu transgenic mice, Int. J. Cancer 115 (2005) 36-45.

[80] M.A. Shibata, Y. Akao, E. Shibata, Y. Nozawa, T. Ito, S. Mishima, C. Vaticanol,
etal., a novel resveratrol tetramer, reduces lymph node and lung metastases of
mouse mammary carcinoma carrying p53 mutation, Cancer Chemother.
Pharmacol. 60 (2007) 681-691.

[81] J.C. Chen, Y. Chen, J.H. Lin, J.M. Wu, S.H. Tseng, Resveratrol suppresses
angiogenesis in gliomas: evaluation by color Doppler ultrasound, Anticancer
Res. 26 (2006) 1237-1245.

[82] S. Busquets, E. Ametller, G. Fuster, M. Olivan, V. Raab, J.M. Argiles, et al.,
Resveratrol, a natural diphenol, reduces metastatic growth in an experimental
cancer model, Cancer Lett. 245 (2007) 144-148.


http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0380
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0380
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0380
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0380
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0385
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0385
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0390
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0390
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0390
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0395
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0395
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0395
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0400
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0400
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0400
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0400
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0405
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0405
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0405
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0410
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0410
http://refhub.elsevier.com/S0006-2952(15)00550-X/sbref0410

