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a b s t r a c t

Fish oil, which contains omega-3 fatty acids mainly in the form of triglycerides, has benefits for reducing
breast cancer risk, similar to tamoxifen action. However, it remains to be elucidated whether the com-
bination of omega-3 free fatty acid (u-3FFA) with tamoxifen leads to improved treatment in breast
cancer. In this study, we observed that u-3FFA induces MCF-7 cell apoptosis to suppress cell growth. The
treatment of breast cancer cells with u-3FFA attenuated tamoxifen-induced cell apoptosis. u-3FFA and
tamoxifen significantly increased Erk1/2 and Akt phosphorylation levels in a dose and time dependent
manner. Compared to u-3FFA alone, the combination of tamoxifen with u-3FFA significantly increased
Erk1/2 and Akt phosphorylation levels. Because Erk1/2 and Akt activation has been linked to tamoxifen-
related anti-estrogen resistance in breast cancer patients, these results indicate that u-3FFA may inter-
fere with the effects of tamoxifen in the prevention of breast cancer risk.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Fish oil, which contains omega-3 fatty acids (ALA, EPA and DHA)
mainly in the form of triglycerides, is known to reduce the risk of
breast cancer [1e3]. Much debate has been generated regarding
fish oil bioavailability, in particular with respect to the different
molecular forms (triglycerides, TG; ethyl esters, EE and free fatty
acids, FFA) of fish oil supplements. The TG form of Eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) modulates breast
carcinogenesis through regulation of the apoptotic pathway and
estrogen metabolism [4e6]. Alpha linolenic acid (ALA) in TG form
was also shown to have a protective effect on breast cancer
development [7]. Fish oil in TG form reduces obesity-induced breast
cancer risk independently of the GPR120 signaling pathway [8]. The
EE form of fish oil was less efficiently absorbed than the TG form,
and has been used to treat patients with very high triglyceride
levels [9]. The FFA form of omega-3 fatty acids had dramatically
improved bioavailability over the EE form for the treatment of
ood Science and Technology,
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severe hypertriglyceridemia in overweight subjects with low fat
consumption [10]. Omega-3 FFA also regulated inflammation and
insulin sensitivity through the GPR120 signaling pathway [11].

Tamoxifen (TAM), a typical anti-estrogen drug, is administered
as first-line treatment for advanced breast cancer patients and for
the prevention of breast cancer inwomen at high risk of developing
this disease [12,13]. Approximately 50% of ERa-positive breast
cancer patients develop tamoxifen resistance in clinical treatment
which leads to treatment failure [14,15]. Higher levels of phos-
phorylated Erk1/2 and Akt were detected in tamoxifen-resistant
breast tumors than in surrounding tissue [16,17]. The elevated
Erk1/2 and Akt activation result in tamoxifen-related anti-estrogen
resistance in breast cancer patients [18e20].

Despite the reduction of breast cancer risk by fish oil, a diet rich
in fish oil diet is not able to significantly enhance tamoxifen effect
on prevention of carcinogenesis, tumor multiplicity and tumor
volume, only the omega-3 fatty acids concentration of target tissue
is correlated with carcinogenesis-related genes expression [21,22].
However, whether u-3FFA is capable of improving tamoxifen
effectiveness in the treatment of breast cancer remains uncertain.
Here, we show that both u-3FFA and tamoxifen induce MCF-7 cell
apoptosis and activate the Erk1/2 and Akt signals in a dose-
dependent manner. Omega-3FFA attenuated tamoxifen-induced
cell apoptosis and enhanced Erk1/2 and Akt phosphorylation
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levels with tamoxifen incubation. These results suggest thatu-3FFA
interfere with the effects of tamoxifen on the prevention of breast
cancer development.
2. Materials and methods

2.1. Cell culture and DAPI staining

MCF-7 cells were obtained from ATCC and incubated in Dul-
becco modified Eagle medium (DMEM; HyClone) supplemented
with 10% fetal bovine serum (FBS; Gibco), 1% penicillin-
streptomycin, 1mМ sodium pyruvate. MCF-7 cells were fixed with
40% paraformaldehyde for 15 min and incubated with diluted DAPI
solution (300 nM) for 30 min.
2.2. Cell accounting and proliferation assay

Cells were counted with a cell counting chamber according to
themanufacturer's instructions. MCF-7were cultured at 5000 cells/
well in a 96-well plate and incubated with drug or FFA for 24 h.
CCK-8 substrate was then added. Plates were incubated for 3 h and
measured the absorbance at 490 nm.
2.3. Reagents and immunoblotting

Omega-3 free fatty acids (EPA, DHA and ALA) were purchased
from NU-CHEK (USA) and dissolved in ethanol. Tamoxifen was
purchased from Sigma. MCF-7 cells were lysed with RIPA lysis
buffer. The protein content was quantified by Coomassie brilliant
blue staining approach. Immunoblot analysis was performed with
standard protocols and visualized with ECL or ECL plus [23]. Some
blots were visualized using the FluorChem (ProteinSimple, USA)
system. Akt, p-Akt, Erk, p-Erk, p38 and p-p38 antibodies (Cell
Signaling Technology) were used to recognize each corresponding
protein, respectively.
2.4. Statistical analysis

Each experiment was repeated at least three times. Data are
presented as mean ± S.D. The statistical significance was deter-
mined using Student's T-test. The value for P� 0.05was regarded as
significant.
3. Results

3.1. Omega-3 free fatty acid (u-3FFA) suppresses cell growth

Previous studies have indicated that DHA induced cell apoptosis
by activating reactive oxygen species formation and caspase-8
signaling pathways [24]. To examine the role of u-3 fatty acids in
the form of FFA (u-3FFA) in MCF-7 cells apoptosis, EPA, DHA and
ALA in FFA formwere added intomedium to stimulate cells for 24 h,
respectively. The number of viable cell after incubation with
100 mM u-3FFA was dramatically decreased (Fig. 1A and B). Simi-
larly, quantitation of viable cell number in proliferation and cyto-
toxicity assays also showed a significant reduction of viable cell
number after u-3FFA treatment in a dose-dependent manner
(Fig. 1C). Using DAPI nuclear staining to visualize nuclear changes
and assess apoptosis, we observed chromosome condensation and
DNA fragmentation in u-3FFA treated cells (Fig. 1D). All of these
data suggest that EPA, DHA and ALA in FFA form suppress cell
growth and induce cell apoptosis.
3.2. Tamoxifen induces cell apoptosis

Tamoxifen (TAM) is an anti-estradiol drug and widely used in
breast cancer chemoprevention and chemotherapy [14,25,26]. To
examine the effects of TAM on cell apoptosis, estrogen-receptor
positive MCF-7 cells were incubated with tamoxifen for 24 h.
Consistent with literature, cell apoptosis was triggered dramatically
by TAM at 50 mM (Fig. 1E and F). DAPI nuclear staining analysis also
showed that cell apoptosis was induced 6 h after TAM treatment
(Fig. 1G). These data verify that TAM induces breast cancer cell
apoptosis.

3.3. Omega-3 FFA prevents tamoxifen-induced cell apoptosis

As described above, u-3FFA and tamoxifen each induce breast
cancer cell apoptosis. To investigate if there is a synergistic effect of
u-3FFA and tamoxifen or a possible reduction in toxicity of one
agent by another, we performed cell counting and apoptosis anal-
ysis after tamoxifen and tamoxifen combined with u-3FFA treat-
ment, and compared the results with control treatment. 50 mM
tamoxifen and 50 mM tamoxifen combined with low dose u-3FFA
induced significant cell apoptosis. Strikingly, cell apoptosis result-
ing from treatment with 50 mM tamoxifen was markedly attenu-
ated with high dose u-3FFA (Fig. 2A and B). Moreover, inhibition of
u-3FFA to tamoxifen-induced cell death was dependent on the
dose of tamoxifen (Fig. 2C). Together, these results indicate that u-
3FFA inhibits tamoxifen-induced cell death in a dose-dependent
manner.

3.4. Omega-3FFA increases Akt and Erk1/2 phosphorylation levels

To further identify signaling events downstream of tamoxifen
and u-3FFA treatment, we detected Akt, Erk1/2 and p38 phos-
phorylation levels after u-3FFA and tamoxifen treatment. Immu-
noblotting results revealed increased phosphorylation levels of Akt
and Erk1/2 after tamoxifen incubation in a dose dependent manner
(Fig. 3B and C). Compared to tamoxifen, u-3FFA dose-dependently
enhanced not only Akt and Erk1/2 phosphorylation levels but also
p38 activation (Fig. 3A). Similar to tamoxifen, u-3FFA also
dramatically enhanced Erk1/2 and Akt phosphorylation levels from
5 min to 12 h after stimulation (Fig. 3D).

It has been well recognized that enhanced Akt or Erk1/2 acti-
vation leads to tamoxifen resistance in breast cancer cells [27,28].
To determine if u-3FFA-induced tamoxifen resistance was caused
by elevated Akt and Erk1/2 activation, we examined Akt and Erk1/2
phosphorylation levels in cells co-treated with u-3FFA plus
tamoxifen. Indeed, higher Erk1/2 phosphorylation levels were
observed in tamoxifen with u-3FFA co-treated cells than in u-3FFA
treated cells (Fig. 3E). In particular, FFA form EPA plus tamoxifen
dramatically improved higher Akt phosphorylation levels
compared to tamoxifen or u-3FFA stimulation alone. Together,
these data indicate that elevated Erk1/2 and Akt phosphorylation
levels triggered by u-3FFA treatment could possibly result in
tamoxifen resistance of MCF-7 cells.

4. Discussion

Fish oil mainly containing u-3 polyunsaturated fatty acids (PUFA)
is able to reduce cellular proliferation and increase cell apoptosis to
prevent breast cancer development [29,30]. However, which molec-
ular forms of u-3 PUFAs perform anti-breast cancer function is not
fullyunderstood. The results presenthere indicate thatu-3FFAplays a
protective role of against breast carcinogenesis by inducing cell
apoptosis. Despite the promotion of breast cancer apoptosis by u-
3FFA, theeffects onbreast cancerofu-3FFAcombinedwith tamoxifen



Fig. 1. Effects of u-3FFA and TAM on cell growth. (AeD) MCF-7 cells were treated with omega-3 free fatty acid at different concentrations (5, 50, 100 and 200 mM) for 24 h. Cell
morphology (A); viable cell number (B) and cell counting kit assays (CCK-8) (C); Nuclear staining by DAPI (D). (EeG) MCF-7 cells were treated with TAM at different concentrations
(5, 10, 50, 100 and 150 mM) for 24 h. Cell morphology (E); viable cell number (F); cell nuclear was stained by DAPI (G) 6 h after TAM (5, 50 and 100 mM) treatment. Data are shown as
the means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, as determined by Student's T-test.

Fig. 2. Effects of u-3FFA on TAM-induced cell apoptosis. (AeB) Cells were treated with u-3FFA at different concentrations (5, 50, 100 and 200 mM) with or without TAM (50 mM)
for 24 h. Cell morphology (A) and viable cell number (B). (C) MCF-7 cells were treated with TAM at different concentrations (5, 10, 50, 100 and 200 mM) with or without u-3 FFAs
(100 mM). Cell counting kit assay CCK-8 (C) Data are shown as the means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 as determined by Student's T-test.
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Fig. 3. Erk1/2 and Akt phosphorylation levels in MCF-7 cells. (A) Erk1/2 and Akt phosphorylation levels in MCF-7 cells at different time point (5 min, 15 min, 30 min, 6 h, 12 h and
24 h) after omega-3FFA (50 mM) treatment. (B) Effects of omega-3FFA (5, 50, 100 and 200 mM) on Erk1/2 and Akt phosphorylation 6 h after treatment. (C) Erk1/2 and Akt
phosphorylation levels were determined by immunoblotting cell lysates at different time point (5 min, 15 min, 30 min, 6 h, 12 h and 24 h) after TAM (10 mM) stimulation. (D) Erk1/2
and Akt phosphorylation levels in cells 6 h after TAM treatment at different dose (5, 10, 50, 100 and 150 mM). (E) Erk1/2 and Akt phosphorylation levels in cells were detected by
immunoblotting 6 h after incubation with u-3FFA (100 mM) with and without TAM (50 mM). Data are shown as the means ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 as
determined by Student's T-test.
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is unclear. This report presents biochemical and cellular data sug-
gesting that u-3FFA inhibits tamoxifen-induced cell apoptosis and
enhances tamoxifen-stimulated Erk1/2 and Akt phosphorylation
levels, suggesting that consumption of FFA may interfere with
tamoxifen treatment for breast cancer patients.

There are several lines of evidence indicating that the adminis-
tration of omega-3 fatty acids or its metabolites is able to reduce
cellular proliferation and increase apoptosis in vitro and in vivo
[24,29]. Consistently, our results strongly suggest that u-3FFA
induced cell apoptosis in a dose-dependent manner to suppress cell
growth ofMCF-7 cells (Fig.1C andD). Similarly,flaxseed oilwith high
triglyceride form of ALA content inhibits MCF-7 cells growth with
high E2 level [31]. Fish oil suppresses breast cancer invasion through
the CD44 signal pathway in amousemodel [32] and reduces obesity-
induced breast cancer progression independent of GPR120 signaling
pathway [8].
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However, it is interesting that u-3FFA attenuates tamoxifen-
induced cell apoptosis in MCF-7 cells (Fig. 2B and C). Similarly,
intake of fish oil-rich diets is not able to increase tamoxifen effects
on prevention of carcinogenesis and tumor multiplicity and vol-
ume, but it is able to improve the chemopreventive efficacy of
tamoxifen against MNU-induced mammary carcinogenesis and
preneoplastic lesions [21,22]. Of note, resolvin D, a metabolite of
fish oil, regulates ERa localization to promote MCF-7 cell prolifer-
ation [33]. Ethyl ester form omega-3 fatty acids are involved in the
regulation of triglyceride levels, but not breast cancer development
[9]. These conflicting data implicate that different molecular forms
or metabolites of omega-3 PUFA have different physiological
functions in preventing breast cancer progression.

Akt and Erk1/2 phosphorylation levels in TAM and u-3FFA
treated cells are higher than those in control cells (Fig. 3A, B and C),
suggesting that the induction of cell apoptosis by TAM and u-3FFA
is associated with Erk1/2 and Akt signaling. Although activated
Erk1/2 is considered to promote cell proliferation, there are also
reports showing that enhanced activation of Erk1/2 and Akt is
involved in increasing cell apoptosis [34,35]. Moreover, tamoxifen
enhanced FFA effects on promoting Erk1/2 and Akt activation
(Fig. 3D). Thus, we propose that enhanced Erk1/2 and Akt phos-
phorylation levels by FFA leads to tamoxifen resistance. Consis-
tently, recent studies showed that high Erk1/2 and Akt activity in
breast carcinoma is associated with a poor patho-phenotype, as
well as hormone and TAM resistance [36]. And Gas, a fatty acid
receptor (GPCR) associated protein, is involved in Erk1/2 and Akt-
mediated tamoxifen resistance in the breast cancer cells [37].
Together, these results suggest that enhanced Erk1/2 and Akt
activation by u-3FFA result in the prevention of tamoxifen-induced
cell apoptosis.

Despite being safe and well-tolerated in health, side effects of
fish oil still need to be considered. Indeed, it has been well recog-
nized that taking more than 3 g of fish oil daily may increase the
risk of bleeding, stomach upset and nausea. Of note, our results
indicate that u-3FFA attenuates tamoxifen-induced apoptosis in
MCF-7 cells (Fig. 2B and C), suggesting u-3FFA may present an
unwanted drugedrug interaction in the prevention of tamoxifen
for breast cancer risk. Elucidating the effect of u-3FFA on tamoxifen
signaling in cell apoptosis may provide novel therapeutic target for
improving treatment of breast cancer patients.

Conflict of interest

The authors declare no competing financial interests.

Acknowledgments

This research was supported by the National Natural Science
Foundation of China Grant NO.31471321 (Z.H.), the Young-
Thousand-talents Plan (Z.H.), the National Natural Science Foun-
dation of China Grant NO.31471128 (YQ.C) and the Program for
Changjiang Scolars and Innovative Research Team in University
(IRT1249).

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2015.02.103.

References

[1] A.C.M. Thiebaut, V. Chajes, M. Gerber, et al., Dietary intakes of omega-6 and
omega-3 polyunsaturated fatty acids and the risk of breast cancer, Int. J.
Cancer 124 (2009) 924e931.
[2] P. Bougnoux, N. Hajjaji, K. Maheo, et al., Fatty acids and breast cancer:
sensitization to treatments and prevention of metastatic re-growth, Prog.
Lipid Res. 49 (2010) 76e86.

[3] A.P. Simopoulos, Omega-3-Fatty-Acids in health and disease and in growth
and development, Am. J. Clin. Nutr. 54 (1991) 438e463.

[4] S. Manna, T. Chakraborty, B. Ghosh, et al., Dietary fish oil associated with
increased apoptosis and modulated expression of Bax and Bcl-2 during 7,12-
dimethylbenz(alpha)anthracene-induced mammary carcinogenesis in rats,
Prostag Leukotr Ess. 79 (2008) 5e14.

[5] M. Noguchi, M. Minami, R. Yagasaki, et al., Chemoprevention of DMBA
induced mammary carcinogenesis in rats by low-dose EPA and DHA, Br. J.
Cancer 75 (1997) 348e353.

[6] T. Yuri, N. Danbara, M. Tsujita-Kyutoku, et al., Dietary docosahexaenoic acid
suppresses N-methyl-N-nitrosourea-induced mammary carcinogenesis in
rats more effectively than eicosapentaenoic acid, Nutr. Cancer 45 (2003)
211e217.

[7] V. Klein, V. Chajes, E. Germain, et al., Low alpha-linolenic acid content of
adipose breast tissue is associated with an increased risk of breast cancer, Eur.
J. Cancer 36 (2000) 335e340.

[8] H. Chung, Y.S. Lee, R. Mayoral, et al., Omega-3 fatty acids reduce obesity-
induced tumor progression independent of GPR120 in a mouse model of
postmenopausal breast cancer, Oncogene 283 (2014) 1e10.

[9] R.A. Braeckman, M.S. Manku, H.E. Bays, et al., Icosapent ethyl, a pure EPA
omega-3 fatty acid: effects on plasma and red blood cell fatty acids in patients
with very high triglyceride levels (results from the MARINE study), Prostag
Leukotr Ess. 89 (2013) 195e201.

[10] J.J.P. Kastelein, K.C. Maki, A. Susekov, et al., Omega-3 free fatty acids for the
treatment of severe hypertriglyceridemia: the EpanoVa for lowering very high
triglyceridEs (EVOLVE) trial, J. Clin. Lipidol. 8 (2014) 94e106.

[11] D.Y. Oh, S. Talukdar, E.J. Bae, et al., GPR120 is an Omega-3 fatty acid receptor
mediating potent anti-inflammatory and insulin-sensitizing effects, Cell 142
(2010) 687e698.

[12] S.F. Honig, Tamoxifen for the reduction in the incidence of breast cancer in
women at high risk for breast cancer, Sel. Estrogen Recept. Modul. (Serms)
949 (2001) 345e348.

[13] C.J. Fabian, Breast cancer chemoprevention: beyond tamoxifen, Breast Cancer
Res. 3 (2001) 99e103.

[14] E.A. Musgrove, R.L. Sutherland, Biological determinants of endocrine resis-
tance in breast cancer, Nat. Rev. Cancer 9 (2009) 631e643.

[15] X.P. Shi, S. Miao, Y. Wu, et al., Resveratrol sensitizes tamoxifen in
antiestrogen-resistant breast cancer cells with epithelial-mesenchymal tran-
sition features, Int. J. Mol. Sci. 14 (2013) 15655e15668.

[16] M.C. Gutierrez, S. Detre, S. Johnston, et al., Molecular changes in
tamoxifen-resistant breast cancer: relationship between estrogen recep-
tor, HER-2, and p38 mitogen-activated protein kinase, J. Clin. Oncol. 23
(2005) 2469e2476.

[17] T. Kirkegaard, C.J. Witton, L.M. McGlynn, et al., AKT activation predicts
outcome in breast cancer patients treated with tamoxifen, J. Pathol. 207
(2005) 139e146.

[18] R.B. Riggins, R.S. Schrecengost, M.S. Guerrero, et al., Pathways to tamoxifen
resistance, Cancer Lett. 256 (2007) 1e24.

[19] J.M. Gee, J.F. Robertson, E. Gutteridge, et al., Epidermal growth factor
receptor/HER2/insulin-like growth factor receptor signalling and oestrogen
receptor activity in clinical breast cancer, Endocr. Relat. Cancer 12 (2005)
S99eS111.

[20] C. Holm, S. Rayala, K. Jirstrom, et al., Association between Pak1 expression and
subcellular localization and tamoxifen resistance in breast cancer patients,
J. Natl. Cancer Inst. 98 (2006) 671e680.

[21] A. Manni, H.F. Xu, S. Washington, et al., The impact of fish oil on the che-
mopreventive efficacy of tamoxifen against development of N-methyl-N-
nitrosourea-induced rat mammary carcinogenesis, Cancer Prev. Res. 3 (2010)
322e330.

[22] A. Manni, J.P. Richie, H.F. Xu, et al., Influence of omega-3 fatty acids on
tamoxifen-induced suppression of rat mammary carcinogenesis, Int. J. Cancer
134 (2014) 1549e1557.

[23] Z. He, H.H. Zhu, T.J. Bauler, et al., Nonreceptor tyrosine phosphatase Shp2
promotes adipogenesis through inhibition of p38 MAP kinase, Proc. Natl.
Acad. Sci. U. S. A. 110 (2013) E79eE88.

[24] K.S. Kang, P. Wang, N. Yamabe, et al., Docosahexaenoic acid induces apoptosis
in MCF-7 cells in vitro and in vivo via reactive oxygen species formation and
caspase 8 activation, PloS One 5 (2010) E10296.

[25] A.M. Otto, R. Paddenberg, S. Schubert, et al., Cell-cycle arrest, micronucleus
formation, and cell death in growth inhibition of MCF-7 breast cancer cells by
tamoxifen and cisplatin, J. Cancer Res. Clin. 122 (1996) 603e612.

[26] R.L. Sutherland, R.E. Hall, I.W. Taylor, Cell proliferation kinetics of MCF-7
human mammary carcinoma cells in culture and effects of tamoxifen on
exponentially growing and plateau-phase cells, Cancer Res. 43 (1983)
3998e4006.

[27] S.K. Kim, J.W. Yang, M.R. Kim, et al., Increased expression of Nrf2/ARE-
dependent anti-oxidant proteins in tamoxifen-resistant breast cancer cells,
Free Radic. Bio Med. 45 (2008) 537e546.

[28] N.J. Jordan, J.M.W. Gee, D. Barrow, et al., Increased constitutive activity of PKB/
Akt in tamoxifen resistant breast cancer MCF-7 cells, Breast Cancer Res. Tr. 87
(2004) 167e180.

http://dx.doi.org/10.1016/j.bbrc.2015.02.103
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref1
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref1
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref1
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref1
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref2
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref2
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref2
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref2
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref3
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref3
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref3
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref4
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref5
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref5
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref5
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref5
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref6
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref6
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref6
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref6
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref6
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref7
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref7
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref7
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref7
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref8
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref8
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref8
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref8
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref9
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref9
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref9
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref9
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref9
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref10
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref10
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref10
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref10
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref11
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref11
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref11
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref11
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref12
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref12
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref12
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref12
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref13
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref13
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref13
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref14
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref14
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref14
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref15
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref15
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref15
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref15
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref16
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref16
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref16
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref16
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref16
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref17
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref17
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref17
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref17
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref18
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref18
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref18
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref19
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref19
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref19
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref19
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref19
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref20
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref20
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref20
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref20
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref21
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref21
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref21
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref21
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref21
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref22
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref22
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref22
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref22
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref23
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref23
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref23
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref23
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref24
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref24
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref24
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref25
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref25
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref25
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref25
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref26
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref26
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref26
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref26
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref26
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref27
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref27
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref27
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref27
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref28
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref28
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref28
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref28


S. Wu et al. / Biochemical and Biophysical Research Communications 459 (2015) 294e299 299
[29] P.D. Schley, H.B. Jijon, L.E. Robinson, et al., Mechanisms of omega-3 fatty acid-
induced growth inhibition in MDA-MB-231 human breast cancer cells, Breast
Cancer Res. Tr. 92 (2005) 187e195.

[30] H. Chamras, A. Ardashian, D. Heber, et al., Fatty acid modulation of MCF-7
human breast cancer cell proliferation, apoptosis and differentiation, J. Nutr.
Biochem. 13 (2002) 711e716.

[31] J.S. Truan, J.M. Chen, L.U. Thompson, Flaxseed oil reduces the growth of hu-
man breast tumors (MCF-7) at high levels of circulating estrogen, Mol. Nutr.
Food Res. 54 (2010) 1414e1421.

[32] C.C. Mandal, T. Ghosh-Choudhury, T. Yoneda, et al., Fish oil prevents breast
cancer cell metastasis to bone, Biochem. Bioph Res. Co. 402 (2010)
602e607.

[33] N. Al-Zaubai, C.N. Johnstone, M.M. Leong, et al., Resolvin D2 supports MCF-7
cell proliferation via activation of estrogen receptor, J. Pharmacol. Exp. Ther.
351 (2014) 172e180.
[34] J. Elloumi-Mseddi, I. Jemel-Oualha, A. Beji, et al., Effect of estradiol and
clomiphene citrate on Erk activation in breast cancer cells, J. Recept. Signal
Transduct. Res. (2014) 1e5.

[35] T. Chen, Y.S. Wong, Selenocystine induces s-phase arrest and apoptosis in
human breast adenocarcinoma MCF-7 cells by modulating ERK and Akt
phosphorylation, J. Agric. Food Chem. 56 (2008) 10574e10581.

[36] J. Shou, S. Massarweh, C.K. Osborne, et al., Mechanisms of tamoxifen resis-
tance: increased estrogen receptor-HER2/neu cross-talk in ER/HER2-positive
breast cancer, J. Natl. Cancer Inst. 96 (2004) 926e935.

[37] L.J. Wang, S.X. Han, E. Bai, et al., Dose-dependent effect of tamoxifen in
tamoxifen-resistant breast cancer cells via stimulation by the ERK1/2 and AKT
signaling pathways, Oncol. Reports 29 (2013) 1563e1569.

http://refhub.elsevier.com/S0006-291X(15)00343-5/sref29
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref29
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref29
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref29
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref30
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref30
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref30
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref30
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref31
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref31
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref31
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref31
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref32
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref32
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref32
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref32
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref33
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref33
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref33
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref33
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref34
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref34
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref34
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref34
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref35
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref35
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref35
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref35
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref36
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref36
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref36
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref36
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref37
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref37
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref37
http://refhub.elsevier.com/S0006-291X(15)00343-5/sref37

	Omega-3 free fatty acids inhibit tamoxifen-induced cell apoptosis
	1. Introduction
	2. Materials and methods
	2.1. Cell culture and DAPI staining
	2.2. Cell accounting and proliferation assay
	2.3. Reagents and immunoblotting
	2.4. Statistical analysis

	3. Results
	3.1. Omega-3 free fatty acid (ω-3FFA) suppresses cell growth
	3.2. Tamoxifen induces cell apoptosis
	3.3. Omega-3 FFA prevents tamoxifen-induced cell apoptosis
	3.4. Omega-3FFA increases Akt and Erk1/2 phosphorylation levels

	4. Discussion
	Conflict of interest
	Acknowledgments
	Transparency document
	References


