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Abstract
Chemotherapy is now in common use for the treatment of tumors; however, with tumor growth
retardation comes the severe side effects that occur after a chemotherapy cycle. Eicosapentaenoic
acids (EPA) used in combination with chemotherapy has an additive effects and provides a rationale
for using EPA in tandem with chemotherapy. To improve the efficacy and safety of this combination
therapy, a further understanding that EPA modulates with the tumor microenvironment is
necessary. Connexin 43 (Cx43) is involved in enhancing chemosensitivity that was suppressed in a
tumor microenvironment. We aim to investigate the role of EPA in chemosensitivity in murine
melanoma by inducing Cx43 expression. The dose-dependent upregulation of Cx43 expression and
gap junction intercellular communication were observed in B16F10 cells after EPA treatment.
Furthermore, EPA significantly increased the expression levels of mitogen-activated protein kinases
(MAPK) signaling pathways. The EPA-induced Cx43 expression was reduced after MAPK inhibitors.
Knockdown Cx43 in B16F10 cells reduced the therapeutic effects of combination therapy (EPA plus
5-Fluorouracil). Our results demonstrate that the treatment of EPA is a tumor induced Cx43 gap
junction communication and enhances the combination of EPA and chemotherapeutic effects.
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Introduction
Gap junctions are involved in cellular electrical
and metabolic activities. A connexon is made up of six
connexins. Connexins are the predominant gap
junction protein in vertebrates. Connexin 43 (Cx 43)
bridges channels between adjacent cells and allows
the exchange of small molecules. Cx43 can facilitate
the passage of chemotherapy drugs or death signals

between neighboring tumor cells [1]. Many tumor
cells are characterized by dysfunction or reducing
expression of Cx43 [2]. Cx43 has the correct effect on
chemotherapy [1, 3, 4]. The amino acid peptide drug
(αCT-1) that mimics a cytoplasmic region of Cx43 and
had the ability of Cx43-mediated gap junctional
intercellular communication, leading to the improved
http://www.medsci.org
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efficacy of chemotherapy [5]. The ability of retinoic
acid reversed tumor metastasis in chemoresistant cells
through the upregulation of Cx43 [6].
Omega-3 fatty acids, including eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), are
derived from marine plants and animals. Humans
obtain these from dietary sources, because humans
are not able to synthesize EPA [7]. EPA has
anti-inflammatory and antitumor abilities that work
by regulating cellular signal pathways [8]. EPA
modulated in immunity and inhibits the expression of
intracellular interleukin-2, tumor necrosis factor -α,
and interleukin-4 in T cells [9]. Previously, we found
that EPA did not influence the proliferation of T cells
[8]. Meanwhile, EPA reduced the function of
antigen-presenting cells [10, 11]. Recently, we
demonstrated that EPA induced host antitumor
immunity by inhibiting tumor indoleamine
2,3-dioxygenase 1 (IDO) expression. EPA has
potential as a cancer therapy [8]. The combination of
EPA and chemotherapy had delayed tumor growth
[12]. Recently, the relationship between EPA and
Cx43 expression in cardiomyocytes has been
demonstrated [13] but the role of EPA in the
expression of cx43 in tumor cells remains unknown.
In this study, we elucidate whether EPA can enhance
the responses to chemotherapy by upregulating Cx43.

Material and Methods
Cell lines, reagents and mice
B16F10 murine melanoma cells were routinely
maintained in Dulbecco’s.
Modified Eagle Medium (DMEM) with 1.5 g/L
sodium bicarbonate, 25 mM glucose, and 10% fetal
bovine serum (FBS), as previously described [14].
EPA, SB203580, SP600125, 5-Fluorouracil (5-FU), and
Lucifer yellow were purchased from Sigma-Aldrich
(Sigma Aldrich, St. Louis, MO, USA). The working
concentrations of the inhibitors were as follows: 25
μM SB203580 (Sigma-Aldrich), or 10 μM SP600125
(Sigma-Aldrich) [3]. Cells were pretreated with
various inhibitors for 1 h, then EPA (100 μM) was
added to cells for 24 h. Male C57BL/6 mice aged 6–8
weeks were purchased from the National Laboratory
Animal Center of Taiwan. Adulthood is biologically
defined as the age at which human or other organisms
reach sexual maturity. Mice come of mating age
sometime between 6–8 weeks of age. Adult mice 6–20
weeks old are the best to carryout studies [15, 16]. The
animals were maintained in specific pathogen-free
animal care facility under isothermal conditions with
regular photoperiods. The experimental protocol
adhered to the rules of the Animal Protection Act of
Taiwan and was approved by the Laboratory Animal
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Care and Use Committee of the National Sun Yat-sen
University (the permit number: 10714).

Western blotting
Cells with various treatments were collected and
lysed in lysed buffer (150 mM NaCl, 1% Nonidet P-40
(NP-40), 50 mM Tris-Cl). The bicinchoninic acid
(BCA) protein assay (Pierce Biotechnology, Rockford,
IL, USA) was used to test protein content. Proteins
were fractionated on SDS-PAGE, transferred to
nitrocellulose membranes, and probed with
antibodies
against
Cx43
(synthetic
peptide
corresponding to the C-terminal segment of the
cytoplasmic domain of human/rat Cx43, C6219,
Sigma-Aldrich), extracellular signal-regulated kinase
(ERK) (Santa Cruz Biotechnology, Inc. Santa Cruz,
CA, USA), phosphor-ERK (Santa Cruz Biotechnology,
Inc.), p38 (Santa Cruz Biotechnology, Inc.),
phosphor-p38 (Santa Cruz Biotechnology, Inc.), c-jun
N terminal kinase (JNK) (Santa Cruz Biotechnology,
Inc.), phosphor-JNK (Santa Cruz Biotechnology, Inc.)
or
monoclonal
antibodies
against
β-actin
(Sigma-Aldrich). Horseradish peroxidase-conjugated
goat anti-mouse IgG or anti-rabbit IgG were used as
the secondary antibody and protein-antibody
complexes
were
visualized
by
enhanced
chemiluminescence system [17].

Analysis of Cx43 transcriptional activity
Cells were used lipofectamine 2000 (Thermo
Scientific, Carlsbad, CA, USA) to cotransfected with
luciferase reporter plasmids driven by Cx43
promoters (0.66 μg) [1] and pTCYLacZ (0.34 μg),
which is a β-galactosidase (β-gal) expression plasmid
driven by the β-actin promoter. Then, cells were
treated with EPA (0-100 μM) and cell lysates were
harvested at different concentrations after 6 h
transfection. The cell lysates were assessed for their
luciferase activities as determined by a dual-light
luciferase and β-gal reporter gene assay system
(Promega, Madison, WI, USA) using a luminometer
(Minilumate LB9506, Bad Wildbad) [3]. Relative
luciferase activity was measured as luciferase activity
divided by β-gal activity to normalize transfection
efficiency per microgram protein. Meanwhile, the
BCA protein assay (Pierce) was used to determine
protein content in each sample.

Cell viability assay
EPA-treated, non-treated, or transfected cells
were exposed to 0–40 μM of 5-FU under for 48 h. Cell
viability was determined with a colorimetric WST-8
(Dojindo Labs, Tokyo, Japan) assay and expressed as
the mean of the percentage of surviving cells relative
to that of the cells in the absence of 5-FU [17].
http://www.medsci.org
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Knockdown of Cx43
The specific shRNA of Cx43 plasmids
(sc-35091-SH, Santa Cruz Biotechnology, Inc.) were
purchased from Santa Cruz Biotechnology, Inc.
B16F10 cells were used lipofectamine 2000
(Invitrogene) to transfected with Cx43 shRNA or
control shRNA plasmids [1].

Cx43 functional assay
By using fluorescent dye, lucifer yellow
(Sigma-Aldrich), levels of gap junctional intercellular
communication in non-treated and EPA-treated cell in
culture were determined scrape loading and dye
transfer technique. Scrape loading was performed
applying cuts on cell monolayer with a razor blade,
and then 0.5% lucifer yellow was added to the cells.
The dye was rinsed away after 5 min. Cells were
washed PBS, fixed with 4% paraformaldehyde, and
cells stained with lucifer yellow were detected by
fluorescence microscope at magnification of ×200 [1,
3]. The dye-spreading area was quantified by
measuring the fluorescent area in three flied at the
center of the scrape line using QCapture Pro 6.0
(QImaging, Surrey, BC, Canada).

Animal study
A group of 8 mice were inoculated
subcutaneously with 106 B16F10 cells at day 0, and at
day 7 nodules developed at all injection sites with an
approximate tumor volume of 80 mm3. Groups of
tumor-bearing mice were orally administrated with
EPA (25 mg/kg) at day 7 followed by 5-FU (40
mg/kg) treatment on days 9, 11, and 13, or with either
treatment alone. All mice were monitored for tumor
growth and survival as previously described [3]. A
tumor burden greater than 10% body weight or tumor
diameter exceeding 20 mm in an adult mouse was
performed euthanasia.

Terminal deoxynucleotidyl transferasemediated deoxyuridine triphosphate nick
end-labeling (TUNEL) assay
Mice were inoculated with 106 B16F10 cells at
day 0. Groups of 6 tumor-bearing mice were orally
administrated with EPA (25 mg/kg) at day 7 for a
week followed by 5-FU (40 mg/kg) treatment at days
9, 11, and 13, or with either treatment alone. Then,
tumors were excised and snap frozen at day 15.
TUNEL assay was used to detect cell apoptosis within
tumors and was performed according to the
manufacturer’s instructions (Promega). Nuclei were
stained with 50 μg/ml of DAPI. TUNEL-positive cells
were counted under the microscope. We counted
three high-power (× 200) fields that showed highest
density of positive-stained cells per field to determine
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the average percentage of apoptotic (TUNEL positive)
cells in each section [1].

Statistical analysis
The ANOVA was used to determine differences
between groups. The survival analysis was performed
using the Kaplan-Meier survival curve and log-rank
test. Any P value less than 0.05 is regarded as
statistically significant.

Results
EPA-induced Cx43 expression and gap
junction intercellular communication in
B16F10 cells
The potential cytotoxic effects of EPA (0~100
μM) were measured by using WST-8 assay. At
concentration up to 100 μM EPA, no cytotoxic effects
were observed on B16F10 cells treated for 24 h (Fig.
1A). Furthermore, to examine the effect of EPA on
Cx43 levels in murine melanoma cells (B16F10),
B16F10 cells were incubated with different
concentrations of EPA, and then measured by
Western blotting. Treatment of B16F10 cells with 0, 50,
100 μM of EPA induced a dose-dependent increase in
Cx43 levels compared to controls (Fig. 1B). To
examine the extent to which Cx43 expression was
related to gap junction intercellular communication in
B16F10 cells, the gap junction permeable fluorescent
dye lucifer yellow was used to perform the scrape
loading/dye transfer assay. The gap junction function
showed an increased level of dye transport in B16F10
cells (Fig. 2A). The results were consistent with the
presence of Cx43 in cells treated with EPA. The dye
transfer in B16F10 cells was higher after 100 μM EPA
treatment than that in control treatment (Fig. 2A).
Furthermore, our results show that degrees of gap
junction intercellular communication were correlated
with the expression of Cx43 induced by EPA in
melanoma cells (Fig. 2B). These results suggested that
EPA might induce Cx43 expression and increase the
function of Cx43 in gap junction intercellular
communication.

EPA enhanced Cx43 expression through the
mitogen-activated protein kinases (MAPK)
signaling pathways
Further, the potential molecular mechanisms in
EPA-induced Cx43 expression were determined in
B16F10 cells. Recently, a different MAPK kinase
expression might involve the particles-induced
regulation of Cx43 expression [18]. In this study, the
phosphorylation of JNK and p38 were increased after
EPA treatment, but the phosphorylation of ERK was
not observed (Fig. 3A). There were no significant
effects on the phosphorylation of ERK expression
http://www.medsci.org
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Figure 1. Effects of EPA on the expression of Cx43 in tumor cells. (A) B16F10 cells were treated with EPA (0-100 μM) for 24 h. The number of cell was measured
by the WST-8 assay. (B) The B16F10 cells were treated with of EPA for 24 h. The B16F10 cells were collected and measured for Cx43 by Western blotting. The
Immunoblotting assay was repeated three times with similar results.

Figure 2. EPA induced gap junction intercellular communication in B16F10 cells. (A) The B16F10 cells treated for 24 h with different concentrations of EPA were
determined by scrape loading and dye transfer analysis. (B) The gap junction intercellular communication was expressed as fold of the control. (n = 6, data are mean±
SD. ** P < 0.01; *** P < 0.001).

after EPA treatment in B16F10 cells. Meanwhile,
EPA-induced Cx43 protein expression was blocked by
inhibitor of p38 (SB203580) and JNK (SP600125) in
B16F10 cells (Fig. 3B). By using the inhibitor of p38
and JNK, EPA-induced Cx43 expression was reduced
in B16F10 cells (Fig. 3B). An important function of
MAPKs signaling pathway is to activate transcription
factors that can regulate gene expression. By using
promoter reporter assay, the effect of EPA on the Cx43
promoter activity was examined. The ratio of
luciferase activity in B16F10 cells was higher in 100

μM EPA treatment than that in control treatment (Fig.
3C). The p38 and JNK play impartment roles in
EPA-induced Cx43 expression in B16F10 cells.

EPA increased the susceptibility of B16F10
cells to 5-FU
To further examine the relationship between
Cx43
expression
and
chemotherapy-induced
cytotoxicity, the cell viability of B16F10 cell was
measured after 5-FU, EPA or EPA combined with
5-FU treatment. Under 5-FU treatment, the cell
viability in EPA-treated cells was significantly
http://www.medsci.org
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reduced as compared to untreated cells (Fig. 4). The
role of Cx43 in EPA-induced additive cytotoxic effect
was further studied by using knockdown Cx43 in
B16F10 cells (Fig. 4A). When the expression of Cx43
was downregulated, the combo therapy induced
additive cytotoxic activity was not observed (Fig. 4B).
These results suggest that Cx43 plays an important
role in the susceptibility of B16F10 cells to 5-FU.

EPA in combination with 5-FU enhanced the
antitumor activity
The B16F10-bearing mice were evaluated the
antitumor effects of EPA in combination with 5-FU.
Fig. 5A shows that EPA slightly inhibited tumor
growth in comparison with these in PBS-treated
control mice. The combination therapy of EPA and
5-FU significantly inhibited the tumor growth. The
low-dose 5-FU group did not show any antitumor
activity. The tumor volume of mice treated with the
combo therapy was reduced 53.26% when compared
with those in the PBS-treated group. The tumor
volume of EPA-treated group inhibited 31.18%
compared with those in the PBS-treated group. The
mice treated with EPA plus 5-FU enhanced the
survival of tumor-bearing mice compared with the
mice treated with PBS, but the survival of the mice
treated with EPA was not observed with similar
results (Fig. 5B). Furthermore, the tumor sections from
B16F10-bearing mice treated with PBS, EPA or 5-FU
alone, or in combination were analyzed by a TUNEL
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assay. The TUNEL assay showed an increase in the
number of cells undergoing apoptosis in the
EPA-treated tumors compared with the PBS-treated
tumors (Fig. 6A and B). Few signals were observed in
the low-dose 5-FU group. There was a 5.73-fold
increase in the number of apoptotic cells induced by
EPA plus 5-FU compared with these in the control
group (Fig. 6B). Taken together, EPA could reduce
tumor growth in the murine tumor model and EPA
combined with 5-FU shows signs of additive
antitumor effects.

Discussion
Intercellular communication was reduced
during tumor formation. The antitumor activity of
chemotherapeutic agents was enhanced by increasing
gap junction activity in tumor cells [19]. Treatment
with EPA results in Cx43 up-regulated in tumor cells.
When the expression of Cx43 in cells was reduced, cell
death was increased after 5-FU treatment. A low dose
5-FU alone did not significantly decrease tumor
growth in vivo as this combinational therapy of EPA
and 5-FU showed a 68.17% reduction when compared
with the control group. An increase in the amount of
tumor cells undergoing apoptosis was observed in
tumor sections. Our results have demonstrated that
an increase in the antitumor activity of 5-FU via
enhancement of gap junction expression with EPA.

Figure 3. MAPK inhibitors reduced EPA-induced Cx43 expression. (A) The B16F10 cells were treated with EPA (0-100 μM) for 24h. The cells were lysed and protein
expression of ERK, P38, JNK, P-ERK, P-P38, and P-JNK was examined. (B) After treatment of cells with inhibitor for p38 (SB203580) and JNK (SP600125) for 1h, The
B16F10 cells were treated with EPA (100 μM) for 24h. The cells were lysed and protein expression of Cx43, P-P38, P-P38, JNK and p-JNK was examined. (C) EPA
induced Cx43 transcriptional activity in B16F10 cells. The B16F10 cells transfected with luciferase gene under the control of Cx43 promoter were treated with EPA
(0-100 μM) for 24 h. The transcriptional activity of Cx43 was determined by the luciferase reporter assay and is expressed as the fold of the relative luciferase activity
relative to that in the control tumor cells. (n = 4, data are mean± SD. * P < 0.05, ** P < 0.01).

http://www.medsci.org
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Figure 4. EPA-induced Cx43 expression in combination with 5-FU exerted cytotoxic effects on B16F10 cells. (A) EPA-treated or control cells were transfected with
Cx43 shRNA or control plasmids. The expression of Cx43 was determined by Western blotting in B16F10 cells. (B) Down-regulation-Cx43 expression eliminated
the cytotoxic effect of 5-FU. EPA-treated or control cells were transfected with Cx43 shRNA or control plasmids. The cells were exposed to 5-FU (0-40 μM) for 24
h followed by determination of their viability by the WST-8 assay. (n = 6, data are mean± SD. * P < 0.05).

Figure 5. Additive antitumor effects of combo therapy. Groups of 8 mice that had been inoculated subcutaneously with B16F10 cells (106) at day 0. Groups of
B16F10 tumor-bearing mice were orally administrated with EPA (25 mg/kg) at day 7 followed by 5-FU (40 mg/kg) treatment on days 9, 11, and 13, or with either
treatment alone. (A) The tumor volume was measured. (B) Kaplan-Meier survival curves of the mice bearing B16F10 tumors. (* P < 0.05, ** P < 0.01).

The tumor volume of B16F10-bearing mice
treated with the EPA was reduced 55.19% in
comparison with the control groups. Many studies
have demonstrated that tumor apoptosis is induced
by EPA treatment [12, 20]. EPA combined with
chemotherapy results in the inhibition of tumor
growth [12]. EPA can directly induce tumor cell death
through a different pathway in other studies. The
intrinsic and extrinsic apoptotic pathways were
triggered after EPA treatment [12]. However, EPA
also played a role in changing the lipid raft and
inhibiting the oncoprotein [20, 21]. EPA disrupted the
mitochondrial membrane potential and induced
oxidative stress in tumor cells [20]. Demethylating
agents may promote tumor suppressor gene

re-expression. Fortunately, it has been demonstrated
that EPA induces DNA demethylation in solid tumor
cells [22]. EPA dose not reduce the growth of breast
cancer cells in vitro, but the mechanisms, which may
involve
microRNA
(miRNA),
have
been
demonstrated [23]. Meanwhile, EPA directly
suppresses T cell proliferation by inhibiting IL-2
expression and IL-2 receptor production [24].
Although EPA did not significantly influence the
viability of B16F10 cells in vitro (Fig. 1A), EPA
inhibited tumor growth in vivo (Fig. 5A and 6).
Recently, EPA has antitumor activity and modulates
tumor immune tolerance [8]. Our recent studies
pointed out that EPA decreased tumor IDO
expression and increased host T cell viability. The oral
http://www.medsci.org
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administration of EPA in tumor-bearing mice may
destroy the immunosuppressive phenotype of tumor
microenvironment. EPA is a potent adjuvant that
induces antitumor immunity by reducing the
expression of IDO in tumor microenvironment. In the
present study, the results of the TUNEL assay showed
EPA-treated group had the almost 2.83-folds signals
compared with that in PBS-treat group. EPA as tumor
immune checkpoint inhibitors may result in more
apoptosis signals and the delay tumor growth by
attracting active host T cells.
Recent studies revealed that natural products or
nanoparticles enhanced Cx43 expression by
regulating MAPK signaling pathways [3, 18]. We
studied the effect of EPA on Cx43 expression and
function in the present study. EPA increases the
activation of p38 and JNK pathway and is thought to
involve in the upregulation of Cx43. We suggest that
EPA combined with 5-FU holds promise as potential
therapies for tumors by taking advantage of the
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antitumor activity of 5-FU and pleiotropic effects of
EPA.
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Figure 6. The combo therapy increased tumor cells undergoing apoptosis. Groups of 6 mice that had been inoculated subcutaneously with B16F10 cells (106) at day
0. Groups of B16F10 tumor-bearing mice were orally administrated with EPA (25 mg/kg) at day 7 followed by 5-FU (40 mg/kg) treatment on days 9, 11, and 13, or with
either treatment alone. (A) Tumors were excised at day 15, and TUNEL assay was used to detect apoptotic cells (× 400). (B) TUNEL-positive cells were counted from
three fields of highest density of positive-stained cells in each section to determine the percentage of apoptotic cells. (n=4, data are mean± SD. * P < 0.05; *** P <
0.001).
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