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Resveratrol inhibits LPS-induced
epithelial-mesenchymal transition
in mouse melanoma model
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Abstract

Epithelial to mesenchymal transition (EMT) has been linked to metastasis. Resveratrol exhibits potential antitumor
activities; however, the inhibitory effects of resveratrol on the EMT of melanoma have not been demonstrated. Here,
a new role for LPS in promoting EMT is described. LPS-induced EMT was identified by examining the markers of EMT. To
assess the activation of NF-kB signal transduction pathway, we performed a reporter assay by using tumor cells trans-
fected with the luciferase gene under the control of NF-kB response elements. The antitumor effects of resveratrol were
evaluated in an experimental mouse metastasis tumor model. LPS increased N-cadherin and Snail expression and
decreased zonula occludens-| expression in a dose- and time-dependent manner. Meanwhile, LPS stimulated cell migra-
tion through activation of TLR4/NF-kB signal pathway. LPS-induced EMT is critical for inflammation-initiated metastasis.
Nuclear translocation and transcriptional activity of p65 NF-kB, an important inducer of EMT, were inhibited by res-
veratrol. Resveratrol inhibited LPS-induced tumor migration and markers of EMT, significantly prolonged animal survival
and reduced the tumor size. Thus, resveratrol plays an important role in the inhibition of LPS-induced EMT in mouse
melanoma through the down-regulation of NF-kB activity. The data provide an insight into the mechanisms on the
function of resveratrol during the processes of EMT.
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Introduction

Melanoma is one of the leading causes of malignancy
related death in the world.! Once melanoma has spread,
there are few effective treatment options, thus there is
an urgent need for understanding of melanoma pro-
gression. Inflammation is central in combating patho-
gens. Nevertheless, if it fails to proceed through an
orderly and timely process, the resulting chronic inflam-
mation may contribute to tumor formation. Chronic
inflammation is considered one of the most important
factors in tumor development and progression.” The
inflammation in the tumor microenvironment plays a
pivotal role, not only in tumor development, but also in
metastasis.

Epithelial to mesenchymal transition (EMT) is a
process that results in the loss of epithelial properties,
such as cell-cell adhesion, and the gain of mesenchymal
properties, such as increased ability to migration.’
Phenotypic markers for EMT comprise an increased
capacity for migration. EMT is a complex, stepwise

phenomenon that occurs during tumor progression
and is also associated with chronic inflammation.’
Recent studies demonstrated that proinflammatory
cytokines enhance invasion and the EMT of tumor
cells.*>

Resveratrol is found in grapes and red wine and
exerts several biologic activities.® Resveratrol has
been shown to reduce chemically-induced edema and
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LPS-induced airway inflammation.”® The anti-inflam-
matory mechanism of resveratrol is not completely
understood. In this study, we examined the potential
mechanism of LPS-induced EMT in mouse melanoma.
We suggested that resveratrol could inhibit LPS-
induced EMT and that this effect of resveratrol accom-
panied inhibition of NF-xB transcriptional activity.
This study provides novel insights on the intra-relation-
ship between inflammation and EMT induction in
tumor and introduces novel agents, such as resveratrol,
as potential blockers of the initiating steps of inflamma-
tion-related tumor metastasis.

Material and methods
Reagents, cell and mice

Resveratrol, DMSO, polymyxin B and LPS were pur-
chased from Sigma Aldrich (St Louis, MO, USA).
Murine K 1735 melanoma was cultured in DMEM sup-
plemented with 50 pg/ml gentamicin, 2mM L-glutamine
and 10% heat-inactivated FBS at 37°C in 5% CO,.
Male C3H/HeN mice aged 6-8 wk were purchased
from the National Laboratory Animal Center of
Taiwan. The animals were maintained in a specific
pathogen-free animal care facility under isothermal
conditions with regular photoperiods. The experimen-
tal protocol adhered to the rules of the Animal
Protection Act of Taiwan, and was approved by the
Laboratory Animal Care and Use Committee of the
China Medical University.

Immunoblot analysis

The protein content in each sample was determined by
bicinchoninic acid (BCA) protein assay (Pierce
Biotechnology, Rockford, IL, USA). Cytoplasmic frac-
tion and nuclear fractions were prepared according to
the manufacturer’s instructions (Pierce Biotechnology).
Proteins were fractionated on SDS-PAGE, transferred
onto Hybond enhanced chemiluminescence nitrocellu-
lose membranes (Amersham, Little Chalfont, UK) and
probed with polyclonal Abs against zonula occludens
(ZO)-1(Invitrogen, Camarillo, CA, USA), N-cadherin
(13A9, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), Snail (H-130, Santa Cruz Biotechnology), p65
(C-20, Santa Cruz Biotechnology), proliferating cell
nuclear antigen (PCNA) (GeneTex, Irvine, CA, USA)
or monoclonal Abs against B-actin (AC-15, Sigma
Aldrich). HRP-conjugated goat anti-mouse IgG or
anti-rabbit IgG (Jackson, West Grove, PA, USA) was
used as the secondary Ab and protein-Ab complexes
were visualized by enhanced chemiluminescence
system (Amersham). The signals were quantified with
Imagel software.

Migration assays

Cell migration was assessed using a modified Boyden
Chamber (Corning Costar, Cambridge, MA, USA).
The membrane was coated with gelatin (100 ng/ml)
for the migration assay. Serum was added to the
lower compartment of the chamber. K1735 cells
(1 x 10* cells/well) treated with LPS were added to the
upper compartment and incubated for various time
points. The filter was then fixed with 100% methanol
for 8 min and stained by Giemsa stain solution for 1 h.
Cells were counted randomly—three images per well
under a microscope.'®

Reporter gene assay

To assess the NF-kB activities in tumor cells treated
with various concentration LPS, K1735 cells (2 x 10%)
were transfected with NF-kBLuc.” The luciferase activ-
ities of cells were determined 16 h after LPS treatment.
K 1735 cells (2 x 10%) were cultured with or without LPS
(5 pg/ml) or polymyxin B (20 ng/ml) for 16 h. The cells
were then pre-incubated with 10 pug of neutralizing Ab
against mouse TLR4 (MTS510; eBioscience, San
Diego, CA, USA), or with control IgG (eBioscience)
for 30 min at 25°C. After 16 h, the luciferase activities
of the tumor cells were determined.

Histology and immunofluorescence

Mice were sacrificed at d 20 after tumor inoculation,
and their lungs and tumors were formalin-fixed, par-
affin-embedded and sectioned. Tumor tissues were
then processed in 5-um sections and stained with
hematoxylin/eosin (H& E). For immunofluorescence
staining of p65 in the K1735, cells were fixed in
10% formalin, permeabilized with cold acetone, incu-
bated with rabbit anti-mouse NF-kB p65 Ab at room
temperature for 40min, and subsequently incubated
with fluorescein-conjugated goat anti-rabbit IgG
(KPL). The stained cells were examined under a fluo-
rescence microscope at a magnification of x 400. To
detect expression of N-cadherin and ZO-1lin K1735
cells, cells were fixed in 10% formalin, permeabilized
with cold acetone and incubated with monoclonal Abs
against N-cadherin and rabbit-anti-ZO-1, and subse-
quently incubated with rhodomine-conjugated rabbit
anti-mouse IgG (KPL, Guildford, UK) and fluores-
cein-conjugated goat anti-rabbit IgG (KPL). Nuclei
were counterstained with 4°,6-Diamidino-2phenylin-
dole (DAPI).

Experimental lung metastatic models

In the experimental murine model for pulmonary
metastasis, mice were injected with K1735 cells (10°)
prior to incubation with resveratrol (16pug/ml) plus
LPS (5ug/ml) or LPS for 16h via tail vein. In a
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Figure 1. LPS induced EMT. (A) LPS dose-dependently induced the marker of EMT. After exposure to various LPS (0-5u g/ml) for
16 h, the expression of ZO-I, N-cadherin, and Snail levels in K1735 cells were determined by immunoblot analysis. (B) LPS time-
dependently induced the marker of EMT. After exposure to LPS (5 pig/ml) for the indicated time, the expression of ZO-1, N-cadherin,
and Snail levels in K1735 cells were determined by immunoblot analysis. Inserted values indicate relative proteins expression in
comparison with B-actin. (C) LPS dose-dependently induced cell migration. After exposure to various LPS (0-5 pig/ml) for 16 h, the cell
migration was determined by Boyden chamber assays. (D) LPS time-dependently induced cell migration. After exposure to various LPS
(5 pg/ml) for the indicated time, cell migration was determined by Boyden chamber assays. Each value represents mean +=SD (n=4).
*P < 0.05; **P < 0.01; ***P < 0.001. Data are representative of three independent experiments.

parallel experiment, mice were injected with 10° cells
of K1735 cells via the tail vein and survival of the
mice was monitored daily. After 20 d, mice were sacri-
ficed and the lungs were removed, weighed and histo-
logically examined. Growth index (mean area of
metastasis/total area) of tumor nodules in the lung
was quantified at the microscopic level as previously
described.”!!-1?

Statistical analysis

The statistical differences in various parameters
between different groups were analyzed by one-way
ANOVA. The survival analyses were performed using
the Kaplan-Meier survival curve and the log-rank test.
Any P value less than 0.05 is considered statistically
significant.

Results
LPS induces EMT

LPS is well documented to elicit a variety of cellular
activations, including cell mobilization."> EMT is char-
acterized by the disruption of intercellular junctions,
the replacement of apical-basolateral polarity, and the
acquisition of migratory and invasive phenotypes.
First, LPS-induced EMT in K1735 cells was identified
by examining the markers of EMT. LPS inhibited the
expression levels of ZO-1. However, LPS increased the
expression levels of N-cadherin and Snail levels
(Figure 1A). The phenotype was dose- and time-
dependent in manner (Figure 1B). Next, the migratory
potential of K1735 cells treated with LPS was deter-
mined. As shown in Figure IC, the migration of
K1735 cells significantly increased after LPS treatment.
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Figure 2. LPS mediates NF-kB activation in tumors. (A) LPS dose-dependently induced NF-xB in tumor cells. The K1735 cells
transfected with luciferase gene under the control of NF-kB response elements were treated with LPS (0-5 pg/ml) for 16 h. (B)
Activation of NF-kB in tumor cells depends on the functional TLR4 of K1735. The K1735 cells transfected with luciferase gene under
the control of NF-kB response elements were treated with LPS (5 pg/ml) or LPS plus polymyxin B (20 ng/ml) for 16 h or pre-incubated
with anti-TLR4 or with control IgG. The transcriptional activity of NF-kB was determined by the luciferase reporter assay and is
expressed as the percentage of the relative luciferase activity relative to that in the control tumor cells. (C) Resveratrol dose-
dependently inhibited the NF-kB activation. The KI735 cells transfected with luciferase gene under the control of NF-kB response
elements were treated with LPS (5 pug/ml) plus resveratrol (0-16 pig/ml) for 16 h. The transcriptional activity of NF-kB was determined
by the luciferase reporter assay and is expressed as the percentage of the relative luciferase activity relative to that in the control
tumor cells. Each value represents mean £ SD (n=4). *P < 0.05; **P < 0.01; **P < 0.001. Data are representative of three inde-
pendent experiments.
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Similarly, the phenomenon was dose- and time-
dependent in manner (Figure 1D).These results suggest
that LPS may induce EMT.

Activation of NF-kB in tumor cells is dependent
on TLR4 signaling

NF-xB signaling might play an important role in
inflammation and tumor progression.'* Several
NF-kB-regulated genes that encode adhesion mole-
cules, anti-apoptotic proteins and cytokines are essen-
tial for tumor growth and migration.> We previously
found that LPS stimulated tumor growth by activating
macrophages via TLR4 signaling.” Herein, we investi-
gated whether LPS influenced the NF-xB signaling in
tumor cells through TLR4. We performed a reporter
assay using K1735 cells transfected with the luciferase
gene under the control of NF-kB response elements to
assess the activation of the NF-xB signal transduction
pathway. The reporter assay revealed that LPS signifi-
cantly stimulated the NF-kB response in tumor cells.
Subsequently, we examined whether LPS mediates the
activation of NF-kB signaling via TLR4 on tumor cells
by using an Ab-blocking experiment to identify the
upstream receptor. By treating with LPS antagonist
polymyxin B, it dramatically attenuated the ability of
the LPS to induce NF-kB activation in tumor cells.
Similar results were found when neutralizing Ab
against TLR4 was used to treat the cells (Figure 2B).
Some studies implied that resveratrol is unique in its
ability to inhibit NF-kB activation.!> We next exam-
ined the effects of resveratrol on the activation of NF-
kB in K1735 cells. As shown in Figure 2C, resveratrol
inhibited LPS-triggered NF-kB transcriptional activity.
Taken together, using reporter assays in vitro, we dem-
onstrated that the LPS stimulated NF-«kB transcrip-
tional activities of tumor cells through TLR4 and that
resveratrol had the potential to inhibit LPS-induced
NF-xB transcriptional activity.

Resveratrol inhibited LPS-induced EMT

Induction of EMT in melanoma by LPS was performed
according to the method as previously described.
Resveratrol suppressed LPS-induced EMT, as deter-
mined by the expression levels of marker proteins of
EMT (Figure 3A). Furthermore, the LPS-induced cell
migration can also be inhibited by resveratrol (Figure
3B). Because LPS caused the activation of NF-kB in
tumor cells via TLR4 signaling (Figure 2B), we further
examined the subcellular localization of p65 subunit of
NF-xB in tumor cells after LPS treatment by immuno-
blot assay and immunofluorescence staining.
Resveratrol inhibited LPS-induced nuclear transloca-
tion of the p65 subunit of NF-xB (Figure 4A).
Meanwhile, p65 was expressed only modestly at the
nuclear periphery and in the cytoplasm of the control
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Figure 3. Resveratrol inhibited LPS-induced EMT. (A)
Resveratrol dose-dependently inhibited the marker of EMT. The
K1735 cells were stimulated with LPS (5 pg/ml) plus resveratrol
(0-16 ng/ml) for 16 h. The expression of ZO-1, N-cadherin and
Snail levels in K1735 cells were determined by immunoblot
analysis. Inserted values indicated relative proteins expression in
comparison with B-actin. (B) Resveratrol dose-dependently
inhibited tumor cell migration. After exposure to LPS (5 pig/ml)
plus resveratrol (0-16 pug/ml) for 16 h, cell migration was deter-
mined by Boyden chamber assays. Each value represents

mean £ SD (n=4). ¥P < 0.0l. Data are representative of three
independent experiments.

cells, whereas it was detected exclusively in the nucleus
of the cells treated with LPS by immunofluorescence
staining. The phenotype was reversed in cells by treat-
ing with resveratrol (Figure 4A and B). Analysis by
immunofluorescence showed that treatment of K1735
cells with LPS caused a complete EMT phenotype (loss
of ZO-1 expression and massive up-regulation of
N-cadherin). Interestingly, resveratrol reverted to
LPS-induced EMT, causing re-induction of ZO-1 and
inhibition of N-cadherin expression (Figure 4C). The
results suggest that resveratrol inhibits NF-«B tran-
scriptional activity and suppresses EMT.

Resveratrol inhibited LPS-induced metastasis

Previously, we found that mice injected with tumor cells
admixed with LPS had a significantly shorter survival
time compared with those injected with only tumor
cells.” We mnext determined whether resveratrol
could inhibit LPS-induced metastasis. The tumor cells
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Figure 4. Resveratrol inhibited LPS-induced NF-kB activation and EMT. (A) Resveratrol inhibited LPS-induced nuclear translocation
of the p65 subunit of NF-xB. The K1735 cells were stimulated with LPS (5 pg/ml) plus resveratrol (0—16 pg/ml) for 16 h. The
expression of p65 levels in nuclei were determined by immunoblot analysis. PCNA expression served as loading control for nuclear
proteins. Inserted values indicated relative proteins expression in comparison with PCNA. (B) Resveratrol inhibited LPS-induced
NF-kB activation. The K 1735 cells were treated with or without LPS (5 pig/ml) plus resveratrol (16 pig/ml) for 16 h. The location of p65
in K1735 cells were determined by immunofluorescence staining. (C) Resveratrol inhibited LPS-induced EMT. The K1735 cells were
treated with or without LPS (5 pg/ml) plus resveratrol (16 pig/ml) for 16 h. The expression of ZO-I and N-cadherin in K1735 cells
were determined by immunofluorescence staining. Nuclei were counterstained with DAPI. Data are representative of three
independent experiments.
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Figure 5. Resveratrol inhibited LPS-induced metastasis in vivo. Groups of nine C3H/HeN mice were inoculated with K1735 cells
(105) pre-incubated with or without LPS (5 pig/ml) or LPS plus resveratrol (16 pig/ml) for 16 h via the tail vein. (A) Representative
examples of metastatic pulmonary nodules produced 20d after intravenous injection of 105 K1735 cells. Histologic examination of
pulmonary tumor nodules at d 20 after tumor inoculation. Note that H&E staining of 4 -pm paraffin-embedded lung tissue sections
(40 x) reveals the presence of larger tumor nodules from mice injected LPS-treated-K1735 cells compared with those from mice
injected with LPS plus resveratrol-treated K1735 cells. (B) At d 20, the wet lung weight of the lungs was measured. Each value
represents mean =+ SD (n = 8). (C) Kaplan-Meier survival curves are shown (n=19). *P < 0.05; *P < 0.01. (P < 0.05 for K1735 versus
K1735+LPS; P < 0.0l for KI735 +LPS versus K1735 + LPS + Resveratrol). Data are representative of two independent experiments.

pre-incubated with LPS or LPS plus resveratrol were
injected into mice via tail vein. Histologic examination
confirmed the macroscopic findings (Figure 5A).
Consistent with a previous report,>> our results sug-
gest that LPS influenced the tumor mass in lung (Figure
5B) and the survival of tumor-bearing mice (Figure
5C). The lower tumor burden correlated with longer
survival time in mice injected with cells treated with
LPS and resveratrol compared with mice injected with
cells incubated with LPS. Quantitative analysis at the
microscopic level also shows that the growth index of
tumor nodules was significantly lower in mice injected
with cells treated with LPS and resveratrol than in the
mice injected with cells incubated with LPS (mean + SD
0.6783+£0.31 vs 1.31+£0.41, n=8; P<0.05). The
growth index of tumor nodules was not different
between mice injected with cells and mice cells treated
with LPS and resveratrol (mean 4 SD 0.6892 +0.22 vs
0.6783+0.31, n=28). Taken together, these results sug-
gest that resveratrol affects EMT.

Discussion

In this study, we demonstrated that resveratrol inhib-
ited LPS-mediated cell migration in melanoma. These
findings provide important insights into the molecular
mechanisms of grape seed extract in cancer prevention
through suppression of tumor migration. Our results
indicated that LPS acted as a stimulant for cellular
migration. NF-kB activation by LPS induced the
EMT phenotype with up-regulation of N-cadherin
and Snail, and down-regulation of ZO-1. These results
imply, by virtue of reduction NF-xB activities, that res-
veratrol could effectively hamper LPS-induced the
EMT in melanoma.

The expression of TLR4 on tumor cells was reported
to play a role in immune surveillance and facilitate
tumor growth and chemoresistance.'® TLR4 initiates
signals through the sequential recruitment of MyD §&8,
which, in turn, activates downstream mediators, such as
NF-«xB, leading to the activation of genes encoding
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proinflammatory cytokines. The MyD88 signaling path-
way downstream of TLR4 was demonstrated to induce
hepatocarcinogenesis and intestinal tumorigenesis.'’'®
TLR4-MyD88 signaling may function upstream of
NF-kB in cells involved in inflammation-associated
cancer and NF-kB is a multifunctional transcription
factor that affects tumor growth and metastasis."”
Increases in the NF-xB activity in the tumor microenvi-
ronment result in chronic inflammation and a substan-
tial pro-tumorigenic effect. Herein, we demonstrated
that LPS stimulated the activation of NF-xB in tumor
cells and enhanced the EMT phenotype.

Many studies have demonstrated that resveratrol has
a wide range of pharmacologic properties. Resveratrol
exerts an anti-inflammatory response via inhibition of
NF-kB.?° Park et al. have suggested that the inhibition
of the LPS-induced cell adhesion molecules by resvera-
trol was mediated by NF-kB.>' Resveratrol inhibited
LPS-stimulated nuclear translocation of the p65 subunit
of NF-kB in endothelial cells. Resveratrol acts on NF-
kB by the inhibition of IxB® which results in the preven-
tion of translocation p65 into the nucleus or deacetyla-
tion of NF-kB.?® Resveratrol may play an important
role in anti-inflammation and targets for the NF-«B sig-
naling pathway could be used as effective therapies for
inflammatory-mediated disease, such as cancer.

Expression of Snail represses expression of E-cadherin
and induces EMT in breast cancer cells, indicating
that Snail plays a fundamental role in EMT and metas-
tasis.”? In addition, over-expression of Snail correlates
with tumor grade, metastasis and tumor recurrence
in patients.**** Tumor migration and invasion at the
tumor-host boundary are induced by inflammation
through Snail-mediated EMT induction.” Hererin, we
found that LPS induced the expression of Snail in mela-
noma (Figure 1). Previous studies suggested that the acti-
vation of the NF-kB pathway is important for Snail
stabilization.” In our study, we found that LPS may
enhance the migration of tumor cells by inducing EMT
programming through NF-kB-mediated Snail stabiliza-
tion. We further demonstrated that blocking of the
NF-kB pathway reverted LPS-induced metastasis by res-
veratrol treatment (Figure 3). Inflammation promotes
tumor growth and metastasis; the benefit of resveratrol
prevents metastasis through its anti-inflammation effects.

Conclusions

These data suggest that resveratrol inhibits EMT by
inhibiting NF-xB signaling. In conclusion, resveratrol
may be used as a therapeutic agent in the treatment of
melanoma.
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