
 International Journal of 

Molecular Sciences

Review

Docosahexaenoic Acid in Combination with Dietary
Energy Restriction for Reducing the Risk of Obesity
Related Breast Cancer

Andrea Manni 1,*, Karam El-Bayoumy 2 and Henry Thompson 3 ID

1 Milton S. Hershey Medical Center, Departments of Medicine, Penn State University College of Medicine,
500 University Drive, Hershey, PA 17033, USA

2 Milton S. Hershey Medical Center, Departments of Biochemistry and Molecular Biology,
Penn State University College of Medicine, 500 University Drive, Hershey, PA 17033, USA; kee2@psu.edu

3 Cancer Prevention Laboratory, Colorado State University, 221 Shepardson Building, 1173 Campus Delivery,
Fort Collins, CO 80523-1173, USA; henry.thompson@colostate.edu

* Correspondence: amanni@pennstatehealth.psu.edu; Tel.: +1-717-531-8395

Received: 9 November 2017; Accepted: 16 December 2017; Published: 22 December 2017

Abstract: There is strong evidence that obesity poses a significant risk factor for postmenopausal
breast cancer. There are multiple mechanisms by which obesity can predispose to breast cancer,
prominent among which is the creation of a pro-inflammatory milieu systemically in the visceral
and subcutaneous tissue, as well as locally in the breast. Although dietary intervention studies have
shown in general a favorable effect on biomarkers of breast cancer risk, it is still unclear whether
losing excess weight will lower the risk. In this manuscript, we will review the evidence that omega-3
fatty acids, and among them docosahexaenoic acid (DHA) in particular, may reduce the risk of obesity
related breast cancer primarily because of their pleotropic effects which target many of the systemic
and local oncogenic pathways activated by excess weight. We will also review the evidence indicating
that intentional weight loss (IWL) induced by dietary energy restriction (DER) will augment the
tumor protective effect of DHA because of its complementary mechanisms of action and its ability
to reverse the obesity-induced alterations in fatty acid metabolism predisposing to carcinogenesis.
We believe that the combination of DER and DHA is a promising safe and effective intervention for
reducing obesity-related breast cancer risk which needs to be validated in appropriately designed
prospective, randomized clinical trials.

Keywords: obesity-related breast cancer; docosohexaenoic acid (DHA); dietary energy restriction
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1. Introduction

Investigative studies in clinical trials over the past two decades have improved recurrence free and
overall survival rates of breast cancer patients by focusing on early diagnosis and improved treatment
strategies. However, patients and their physicians have increasingly recognized the substantial cost
and emotional burden resulting from the diagnosis of breast cancer and its treatment. Even if the tumor
is diagnosed at an early stage, women must undergo surgery followed usually by radiotherapy and
adjuvant chemo or endocrine therapy. These considerations highlight the importance of breast cancer
prevention as the optimal method to reduce breast cancer morbidity and mortality. The two selective
estrogen receptor modulators, Tamoxifen and Raloxifene, have been shown to be effective agents in
reducing the incidence of estrogen receptor positive breast cancer by 50% and 38% respectively [1,2].
However, neither drug is able to reduce the incidence of estrogen receptor negative tumors which are
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more aggressive and associated with a shorter survival compared to estrogen receptor positive cancers.
Furthermore, the acceptance of Tamoxifen and Raloxifene even by women at high risk of breast cancer
has been shown to be poor primarily because of fear of side effects such as thromboembolic events
which, although rare, are significant when considering that these drugs are given to healthy women [3].

We believe that two major challenges need to be met in order to make significant progress in
breast cancer prevention. First, a multi-targeted approach is needed employing interventions with
complementary mechanism of action since multiple cellular pathways, in addition to the estrogen
receptor, contribute to the development of breast cancer. In addition, this intervention needs to be safe
and preferably health-promoting in order to be acceptable by the population of healthy women at
large for breast cancer prevention. We believe that n-3FA (omega-3 fatty acids) meet both challenges
because of their pleotropic mechanism of action and their safety profile. In this manuscript, we will
review the evidence to indicate that n-3FA and docosohexaenoic acid (DHA) in particular maybe
particularly effective in preventing obesity related breast cancer, a highly prevalent phenotype due
to the obesity epidemic in western societies. We will also review the evidence to suggest that IWL
secondary to dietary energy restriction (DER) will potentiate the tumor protective effect of n-3FA and
specifically DHA.

2. Obesity and Breast Cancer

Excess body weight is reaching epidemic proportions with 65% of adults in the United States
being either overweight (body mass index (BMI) 25.0–29.9 kg/m2) or obese (BMI ≥ 30 kg/m2) [4].
After smoking, obesity is now considered to be the most important modifiable cause of cancer as it
has been associated with increased risk of many cancers including postmenopausal breast cancer [5,6].
Although obesity in postmenopausal women has been primarily associated with estrogen receptor
positive tumors, an increased incidence of estrogen receptor negative tumors has also been reported in
both pre- and postmenopausal obese women compared to lean subjects [7,8]. In addition, obesity has
been associated with worse prognosis, including increased mortality in women diagnosed with breast
cancer [9]. There are multiple mechanisms by which obesity predisposes to breast cancer such as
altering the production and bioavailability of critical mitogens such as insulin growth factor-1 [10].
Obesity is also associated with a state of insulin resistance [11] which can contribute to breast
cancer development as a result of the high circulating level of insulin acting as a growth factor [12].
In addition, obesity induces changes in circulating adipokines such as leptin [13] and adiponectin [14]
which are protumorigenic. Leptin plasma levels are increased in obese subjects and higher leptin
levels are associated with an increase in breast cancer risk [15]. Conversely, adiponectin levels are
reduced in obesity and in inverse association between serum adiponectin and breast cancer risk
has been observed [16]. The creation of a proinflammatory milieu systemically in the visceral and
subcutaneous fat [17,18] and locally in the breast [19] has been recognized as a major mechanism by
which obesity promotes the development of breast cancer. Typical inflammatory foci called crown-like
structure have been identified in the visceral fat [20,21] and mammary glands [17,19] which are
characterized by necrotic adipocytes encircled by CD68+ proinflammatory macrophages. Saturated
fatty acids released by the adipocyte stimulate NFκB activity in the macrophages leading to increased
levels of inflammatory cytokines such as tumor necrosis factor α (TNFα), interleukin-1β (IL-1β)
and prostaglandin E2 (PGE2) [17]. PGE2 has been shown to stimulate the cyclic AMP/PKA signal
transduction pathway which activates cytochromeP450 (CYP)19 transcription resulting in increased
aromatase expression and estrogen production [22]. These findings highlight the link between obesity,
inflammation and the creation of a hyperestrogenic milieu promoting the development of hormone
responsive postmenopausal breast cancer. It is also recognized that a state of inflammation frequently
associated with obesity may also be present in a subset of lean subjects while it may be absent in some
obese women [23]. These findings indicate that biomarkers of inflammation such as insulin resistance
and the presence of crown-like structure may be better predictors of breast cancer risk than an elevated
BMI alone [22,23].
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Obesity has also been shown to alter fatty acid metabolism in a way that may predispose to
mammary carcinogenesis. Bettaieb et al. [24] reported that overweight individuals exhibit increased
adipose tissue expression of sEH (soluble epoxide hydrolase) a cytosolic enzyme which hydrolyzes
and inactivates epoxygenated oxylipins produced by CYP epoxygenases. Oxylipins generated from
DHA through this pathway, EDP have been shown to have potent antitumor actions at multiple levels
including angiogenesis, growth, and metastasis [25]. These findings highlight the importance of the
CYP pathway of lipid metabolism and n-3FA in particular with regard to antitumor activity which has
received limited attention in the literature [26].

Although the association between obesity and breast cancer is well established, it is unclear
whether losing excess weight will lower the risk [27]. The lack of randomized clinical trials precludes
us from establishing a causal relationship between weight loss and a reduction in breast cancer risk.
The best evidence in support of a weight loss induced reduction of postmenopausal breast cancer
risk comes from bariatric surgery studies, although most have been observational in design [28–30].
Of interest, a recent paper [31] reported a reduction in breast density, a validated biomarker of breast
cancer risk [32–34], in postmenopausal obese women following weight loss induced by bariatric
surgery. These findings, however, may not be applicable to the obese population at large since they
examined the effects of extreme and rapid amounts of weight loss resulting from the procedure.
Dietary energy restriction studies, usually of short duration, have shown in general a favorable effect
on circulating biomarkers of breast cancer risk [35]. A recent 12-month dietary intervention trial leading
to an 8.5% weight reduction in overweight and obese postmenopausal women significantly reduced
circulating levels of some markers of oxidative stress [36] which may be involved in tumor initiation
and promotion [37,38]. In a six-month study conducted in overweight and obese postmenopausal
women at increased risk for breast cancer, Fabian, C.J. et al. [39] reported that a behavioral-induced
weight loss of at least 10% resulted in favorable modulation of many putative serum and tissue
biomarkers of breast cancer risk.

In the aggregate, these studies [35,36,39] suggest that even relatively modest weight reductions
(~10%) achievable with behavioral interventions may have a protective effect in overweight and
obese subjects. Future randomized clinical trials involving a larger number of women at risk should
be conducted to determine the impact of weight loss on breast cancer prevention using relevant
biomarkers of breast cancer risk.

2.1. Omega-3 Fatty Acids and Obesity Related Breast Cancer Prevention

The influence of the fatty acid composition of the diet to breast cancer development has been
extensively investigated in the literature. Among the fatty acids, n-3FA and n-6FA have been suggested
to decrease and increase breast cancer risk respectively [40]. Preclinical experiments conducted over the
last three decades in numerous experimental systems have been in general supportive of a cause-effect
relationship between intake of n-3FA and inhibition of mammary carcinogenesis, although the results
have been variable [41]. It should be noted that the vast majority of these studies were conducted in
normal weight rodents. Very few studies (see below) have investigated the protective effects of n-3FA
in obesogenic models. Epidemiological studies have yielded conflicting results regarding the protective
effect of n-3FA against breast cancer [42]. Of interest and relevant to the topic of this review, in a case
control study involving Mexican women, increased n-3FA intake was associated with decreased risk
of breast cancer for obese women (OR 0.58, 95% CI 0.39–0.87, p = 0.008) [43]. A recent metaanalysis
of data from 21 independent prospective cohort studies revealed that dietary intake of marine n-3FA
was associated with a 14% reduction in breast cancer risk [44]. Importantly, a dose-response effect was
noted with a 5% lower risk of breast cancer per 0.1 g/day increment of n-3FA intake [44]. We believe
that at least one of the variables accounting for the inconclusive results of the epidemiological studies
is the heterogeneity of the subject populations under investigation. Our review of the literature as well
as our own data suggests that n-3FA may be preferentially effective in reducing breast cancer risk in
obese women.
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From a mechanistic point of view, n-3FA inhibit several of the oncogenic pathways activated by
obesity as summarized by us in a recent review [45]. Preclinical studies have suggested that n-3FA
reduce obesity related inflammation and insulin resistance [46,47]. In addition, fish oil rich in n-3FA
has been shown to increase the plasma level of adiponectin in rodents and in human subjects and
to decrease plasma leptin concentrations [48] thus reversing the protumorigenic adipokine profile
induced by obesity. A major mechanism by which n-3FA reduce the risk of obesity related breast
cancer is through suppression of inflammation [42,49]. Our data, obtained in a preclinical model
of mammary carcinogenesis, indicate that n-3FA induce PPARγ (peroxisome proliferator-activated
receptor γ) and downregulate NFkβ [50]; both of these effects would be expected to result in inhibition
of PGE2 and consequently estrogen production. It has also been suggested that a high intake of
n-3FA relative to n-6FA may decrease endogenous estrogen production via inhibition of aromatase
activity/expression [51]. In support of this contention, pioglitazone, a recognized inducer of PPARγ
transcriptional activation, has indeed been reported to inhibit aromatase induction by PGE2 [52].
Particularly supportive of a preferential protective effect of n-3FA against obesity-related breast
cancer is a report by Ford, N.A. et al. [53]. Using two mouse models of postmenopausal triple
negative breast cancer (basal-like and claudin low), these investigators found that the combination of
EPA (eicosapentaenoic acid) and DHA exerted an antitumor effect only in obese mice. In addition,
this treatment blocked many of the protumorigenic effects of obesity.

2.2. DHA, Breast Density, and Obesity Related Breast Cancer Risk

Support for a preferential protective effect of n-3FA against obesity related breast cancer is
provided by the results of our recently published clinical trial [54]. In this study, in addition to
testing the individual and combined effects of the FDA-approved formulation of n-3FA Lovaza
(a combination of EPA and DHA) and the antiestrogen Raloxifene in reducing breast density, a validated
biomarker of breast cancer risk [32–34], we tested the hypothesis that BMI influences the relation
between breast density and n-3FA. Using a multivariate linear regression analysis [55], we observed
a regression coefficient of absolute breast density on DHA of −4.301 (p = 0.0076) for the dataset of
BMI above 29 (Figure 1A) whereas the regression coefficient was 0.0080 (p = 0.59) for the dataset of
BMI ≤ 29 (Figure 1B). No correlation between breast density and EPA was found in either dataset.
This indicates that obese women may preferentially experience breast cancer risk reduction from
n-3FA administration and support the rationale for targeting this sub-population of high-risk subjects
in future clinical trials focusing on testing the protective effect of DHA as the n-3FA of choice for
reduction of breast cancer risk. DHA has also been found to be superior to EPA as an antitumor agent
in experimental breast cancer models [56,57].
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Our preclinical data indicate that inhibition of saturated fatty acids (SFA) synthesis is a major
mechanism of antitumor action of n-3FA [50]. Therefore, we became interested in determining whether
changes in one of the lipogenic parameters could be predictive of the observed inverse correlation
between plasma DHA level and breast density observed in our clinical trial [54]. Preclinical and
epidemiological data indicate that activation of stearoyl-coA-desaturase (SCD-1), a ∆9 fatty desaturase
responsible for the conversion of SFA to Monounsaturated fatty acids (MUFA) is potentially a critical
factor both in the development of obesity [58] and cancer including breast cancer [59]. Epidemiological
studies have indeed shown a positive correlation between high levels of SCD-1 expression and the
risk of breast cancer [60,61] as well as adiposity [62]. However, no data are available in humans
about the regulation of this enzyme by chemopreventive agents and it is not known how changes in
SCD-1 activity relate to established biomarkers of breast cancer risk. To fill this gap, we measured
SCD-1 activity in stored plasma samples of subjects enrolled in our clinical trial [63]. We observed that
administration of Lovaza but not Raloxifene significantly reduced SCD-1 in postmenopausal women
at increased risk of breast cancer based on high breast density (Figure 2). Importantly, we showed
that decreasing levels of SCD-1 were associated with a progressive reduction in breast density but
only in obese women (Figure 3, lower panels). In contrast, no association was found between SCD-1
and breast density in women with BMI < 30 (Figure 3, upper panels). These results, in conjunction
with those of our clinical trial, suggest that downregulation of SCD-1 by n-3FA and DHA in particular
may not be tumor protective in non-obese women (at least as determined by a reduction in breast
density) but may be selectively protective in obese subjects where decreasing levels of SCD-1 were
associated with a progressive decrease in absolute breast density. This observation again reinforces
our hypothesis that obese women may preferentially benefit from the antitumor action of n-3FA and
DHA in particular.

Int. J. Mol. Sci. 2018, 19, 28  5 of 11 

 

Our preclinical data indicate that inhibition of saturated fatty acids (SFA) synthesis is a major 
mechanism of antitumor action of n-3FA [50]. Therefore, we became interested in determining 
whether changes in one of the lipogenic parameters could be predictive of the observed inverse 
correlation between plasma DHA level and breast density observed in our clinical trial [54]. 
Preclinical and epidemiological data indicate that activation of stearoyl-coA-desaturase (SCD-1), a 
Δ9 fatty desaturase responsible for the conversion of SFA to Monounsaturated fatty acids (MUFA) is 
potentially a critical factor both in the development of obesity [58] and cancer including breast cancer 
[59]. Epidemiological studies have indeed shown a positive correlation between high levels of SCD-
1 expression and the risk of breast cancer [60,61] as well as adiposity [62]. However, no data are 
available in humans about the regulation of this enzyme by chemopreventive agents and it is not 
known how changes in SCD-1 activity relate to established biomarkers of breast cancer risk. To fill 
this gap, we measured SCD-1 activity in stored plasma samples of subjects enrolled in our clinical 
trial [63]. We observed that administration of Lovaza but not Raloxifene significantly reduced SCD-
1 in postmenopausal women at increased risk of breast cancer based on high breast density (Figure 
2). Importantly, we showed that decreasing levels of SCD-1 were associated with a progressive 
reduction in breast density but only in obese women (Figure 3, lower panels). In contrast, no 
association was found between SCD-1 and breast density in women with BMI < 30 (Figure 3, upper 
panels). These results, in conjunction with those of our clinical trial, suggest that downregulation of 
SCD-1 by n-3FA and DHA in particular may not be tumor protective in non-obese women (at least 
as determined by a reduction in breast density) but may be selectively protective in obese subjects 
where decreasing levels of SCD-1 were associated with a progressive decrease in absolute breast 
density. This observation again reinforces our hypothesis that obese women may preferentially 
benefit from the antitumor action of n-3FA and DHA in particular. 

 

Figure 2. Individual and combined effects of Lovaza and Raloxifene on desaturation index, an 
indicator of stearoyl-coA-desaturase (SCD-1) activity. Data represent means ± SEM. Reproduced with 
permission from [63]. 

Figure 2. Individual and combined effects of Lovaza and Raloxifene on desaturation index, an indicator
of stearoyl-coA-desaturase (SCD-1) activity. Data represent means ± SEM. Reproduced with permission
from [63].



Int. J. Mol. Sci. 2018, 19, 28 6 of 12
Int. J. Mol. Sci. 2018, 19, 28  6 of 11 

 

 

Figure 3. Correlation between SCD-1 activity, expressed as either SCD-16 ratio (A) or SCD-18 ratio 
(B) and absolute breast density in women with BMI < 30 (upper panels) or >30 (lower panels). 
Reproduced with permission from [63]. 

2.3. The Combination of n-3FA and DER for Optimal Breast Cancer Prevention 

There is considerable evidence in the literature to suggest that the combination of n-3FA and 
DER may lead to optimal inhibition of obesity related breast cancer which is characterized by a high 
degree of inflammation. As we discussed above, the anti-inflammatory and anti-oxidative actions of 
n-3FA are well established [42,49]. Calorie restriction has also been shown to have potent anti-
inflammatory and anti-oxidative effects. Using Fat-1 transgenic mice (Fat-1) that are able to convert 
n-6FA to n-3FA endogenously, Raman et al. [64] have shown that there is a synergistic effect of 
endogenously synthesized n-3FA and 40% calorie restriction in lowering proinflammatory cytokines 
and enhancing the anti-oxidant enzymes. Along the same line, Flachs, P. et al. [65] showed that 
dietary n-3FA and mild DER in obese mice synergistically reduced the degree of inflammation of the 
white adipose tissue by synergistic induction of mitochondrial oxidative capacity, lipid catabolism, 
and specific anti-inflammatory lipid mediators. Our preclinical data have revealed a striking 
complementarity by which dietary energy restriction and n-3FA affect signaling pathways involved 
in breast cancer development. They both influence a host of systemic factors (adipokines and 
insulin/IGF-1) and cell autonomous pathways (AKT-mTOR and lipid metabolism) ultimately leading 
to inhibition of cell proliferation and induction of apoptotic cell death. However, while the dominant 
effect of DER is on inducing a proapoptotic environment, primarily via enhancement of the intrinsic 
pathway [66], the dominant mechanism of antitumor action by n-3FA is by reducing cell proliferation 
via selective activation of PPARγ and inhibition of lipogenesis [50]. Furthermore, the rationale for 
combining DER specifically with the n-3FA DHA is strengthened by the finding that obesity may 
diminish the antitumor effect of DHA against breast cancer by increasing sEH which hydrolyzes and 
inactivates tumor protective DHA-derived oxylipins produced by CYP epoxygenases [24]. Therefore, 
DER may potentiate the antitumor action of DHA by reversing the effects of obesity on sEH and thus 
restoring the levels of these tumor protective compounds. 

3. Conclusions and Future Directions 

Based on the evidence discussed above, the combination of n-3FA and DER offers the promise 
of being a health-promoting and effective approach to inhibiting the development of obesity related 
breast cancer. The effectiveness of this intervention in the clinical setting will need to be tested in 
appropriately designed clinical trials using validated biomarkers of breast cancer risk. Our preclinical 

Figure 3. Correlation between SCD-1 activity, expressed as either SCD-16 ratio (A) or SCD-18 ratio (B)
and absolute breast density in women with BMI < 30 (upper panels) or >30 (lower panels). Reproduced
with permission from [63].

2.3. The Combination of n-3FA and DER for Optimal Breast Cancer Prevention

There is considerable evidence in the literature to suggest that the combination of n-3FA and DER
may lead to optimal inhibition of obesity related breast cancer which is characterized by a high degree
of inflammation. As we discussed above, the anti-inflammatory and anti-oxidative actions of n-3FA
are well established [42,49]. Calorie restriction has also been shown to have potent anti-inflammatory
and anti-oxidative effects. Using Fat-1 transgenic mice (Fat-1) that are able to convert n-6FA to
n-3FA endogenously, Raman et al. [64] have shown that there is a synergistic effect of endogenously
synthesized n-3FA and 40% calorie restriction in lowering proinflammatory cytokines and enhancing
the anti-oxidant enzymes. Along the same line, Flachs, P. et al. [65] showed that dietary n-3FA and
mild DER in obese mice synergistically reduced the degree of inflammation of the white adipose
tissue by synergistic induction of mitochondrial oxidative capacity, lipid catabolism, and specific
anti-inflammatory lipid mediators. Our preclinical data have revealed a striking complementarity
by which dietary energy restriction and n-3FA affect signaling pathways involved in breast cancer
development. They both influence a host of systemic factors (adipokines and insulin/IGF-1) and cell
autonomous pathways (AKT-mTOR and lipid metabolism) ultimately leading to inhibition of cell
proliferation and induction of apoptotic cell death. However, while the dominant effect of DER is
on inducing a proapoptotic environment, primarily via enhancement of the intrinsic pathway [66],
the dominant mechanism of antitumor action by n-3FA is by reducing cell proliferation via selective
activation of PPARγ and inhibition of lipogenesis [50]. Furthermore, the rationale for combining
DER specifically with the n-3FA DHA is strengthened by the finding that obesity may diminish the
antitumor effect of DHA against breast cancer by increasing sEH which hydrolyzes and inactivates
tumor protective DHA-derived oxylipins produced by CYP epoxygenases [24]. Therefore, DER may
potentiate the antitumor action of DHA by reversing the effects of obesity on sEH and thus restoring
the levels of these tumor protective compounds.

3. Conclusions and Future Directions

Based on the evidence discussed above, the combination of n-3FA and DER offers the promise
of being a health-promoting and effective approach to inhibiting the development of obesity related
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breast cancer. The effectiveness of this intervention in the clinical setting will need to be tested in
appropriately designed clinical trials using validated biomarkers of breast cancer risk. Our preclinical
data generated in the MNU mammary tumor model showed that a reduction in breast density
predicted the antitumor effect of an n-3FA rich diet [67]. Importantly, our clinical data showing
an inverse relationship between DHA and absolute breast density selectively in obese women strongly
supports the choice of this biomarker as the primary endpoint for future clinical trials [54]. A recent
clinical trial has indeed indicated that breast density is a valid biomarker to assess risk reduction
induced by weight loss following bariatric surgery in obese postmenopausal women [31]. We realize
that the relationship between BMI and breast density is controversial in the literature [68,69]. This may
depend to a significant extent upon whether breast density is expressed as percent or absolute density.
We observed that absolute density was positively associated whereas percent density was negatively
related with BMI in postmenopausal women [70]. This is attributable to “diluting” effect of non-dense
breast volume which we found to be positively associated with overall body adiposity [70]. Therefore,
a reduction in body weight might be expected to result in an increase in percent breast density.
Preclinical data [56,57] and the results of our clinical trial [54] indicate that DHA (as opposed to EPA)
is the most active n-3FA against breast cancer and should be preferentially tested in future trials.
A largely unexplored topic deserving further investigation is the role of DHA metabolism in mediating
its antitumor action. Metabolites of DHA generated through the cyclooxygenase, lipoxygenase,
and cytochrome p450 pathways have been shown to have antitumor actions possibly superior to that
of DHA itself [25,71]. We have recently reported that one of the lipoxygenase metabolites of DHA,
4-OXO-DHA, was more effective than the parent compound in inhibiting the growth of triple negative
breast cancer cells in culture [72]. Furthermore, the production of DHA metabolites is likely to be
highly variable among individuals since it is regulated both by genetic [73] and by environmental
factors such as obesity [24].

In conclusion, we believe that the inconclusive results reported in the literature over the last three
decades on the potential protective effect of fish oil against breast cancer is due to a large extent to the
heterogeneity of the fish oil preparations as well as the subject populations under study. We believe
that the fish oil breast cancer conundrum can best be resolved by a personalized approach in future
clinical trials including the selection of an appropriately targeted population (such as obese subjects)
and using a well-defined n-3FA such as DHA based on experimental evidence.
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n-3FA omega-3 fatty acids
DHA docohexaenoic acid
DER dietary energy restriction
IWL intentional weight loss
PGE2 prostaglandin E2

sEH soluble epoxide hydrolase
CYP cytochrome p450
EDP epoxydocoapentaenoic acid
SCD-1 Stearoyl-CoA-desaturase
SFA saturated fatty acids
MUFA Monounsaturated fatty acids



Int. J. Mol. Sci. 2018, 19, 28 8 of 12

References

1. Fisher, B.; Costantino, J.P.; Wickerham, D.L.; Redmond, C.K.; Kavanah, M.; Cronin, W.M.; Vogel, V.;
Robidoux, A.; Dimitrov, N.; Atkins, J.; et al. Tamoxifen for prevention of breast cancer: Report of the
national surgical adjuvant breast and bowel project P-1 study. J. Natl. Cancer Inst. 1998, 90, 1371–1388.
[CrossRef] [PubMed]

2. Vogel, V.G.; Costantino, J.P.; Wickerham, D.L.; Cronin, W.M.; Cecchini, R.S.; Atkins, J.N.; Bevers, T.B.;
Fehrenbacher, L.; Pajon, E.R.; Wade, J.L., III; et al. Update of the national surgical adjuvant breast and bowel
project study of tamoxifen and raloxifene (STAR) P-2 trial: Preventing breast cancer. Cancer Prev. Res. 2010, 3,
696–706. [CrossRef] [PubMed]

3. Fagerlin, A.; Dillard, A.J.; Smith, D.M.; Zikmund-Fisher, B.J.; Pitsch, R.; McClure, J.B.; Greene, S.; Alford, S.H.;
Nair, V.; Hayes, D.F.; et al. Women’s interest in taking tamoxifen and raloxifene for breast cancer prevention:
Response to a tailored decision aid. Breast Cancer Res. Treat. 2011, 127, 681–688. [CrossRef] [PubMed]

4. Flegal, K.M.; Carroll, M.D.; Ogden, C.L.; Curtin, L.R. Prevalence and trends in obesity among us adults,
1999–2008. JAMA 2010, 303, 235–241. [CrossRef] [PubMed]

5. Lauby-Secretan, B.; Scoccianti, C.; Loomis, D.; Grosse, Y.; Bianchini, F.; Straif, K. International Agency for
Research on Cancer Handbook Working Group. Body fatness and cancer—Viewpoint of the IARC working
group. N. Engl. J. Med. 2016, 375, 794–798. [CrossRef] [PubMed]

6. Huang, Z.; Hankinson, S.E.; Colditz, G.A.; Stampfer, M.J.; Hunter, D.J.; Manson, J.E.; Hennekens, C.H.;
Rosner, B.; Speizer, F.E.; Willett, W.C. Dual effects of weight and weight gain on breast cancer risk. JAMA
1997, 278, 1407–1411. [CrossRef] [PubMed]

7. Dolle, J.M.; Daling, J.R.; White, E.; Brinton, L.A.; Doody, D.R.; Porter, P.L.; Malone, K.E. Risk factors for
triple-negative breast cancer in women under the age of 45 years. Cancer Epidemiol. Biomark. Prev. 2009, 18,
1157–1166. [CrossRef] [PubMed]

8. Trivers, K.F.; Lund, M.J.; Porter, P.L.; Liff, J.M.; Flagg, E.W.; Coates, R.J.; Eley, J.W. The epidemiology of
triple-negative breast cancer, including race. Cancer Causes Control 2009, 20, 1071–1082. [CrossRef] [PubMed]

9. Protani, M.; Coory, M.; Martin, J.H. Effect of obesity on survival of women with breast cancer: Systematic
review and meta-analysis. Breast Cancer Res. Treat. 2010, 123, 627–635. [CrossRef] [PubMed]

10. Li, B.D.; Khosravi, M.J.; Berkel, H.J.; Diamandi, A.; Dayton, M.A.; Smith, M.; Yu, H. Free insulin-like growth
factor-I and breast cancer risk. Int. J. Cancer 2001, 91, 736–739. [CrossRef]

11. Lawlor, D.A.; Smith, G.D.; Ebrahim, S. Hyperinsulinaemia and increased risk of breast cancer: Findings from
the british women’s heart and health study. Cancer Causes Control 2004, 15, 267–275. [CrossRef] [PubMed]

12. Papa, V.; Belfiore, A. Insulin receptors in breast cancer: Biological and clinical role. J. Endocrinol. Investig.
1996, 19, 324–333. [CrossRef] [PubMed]

13. Catalano, S.; Mauro, L.; Marsico, S.; Giordano, C.; Rizza, P.; Rago, V.; Montanaro, D.; Maggiolini, M.;
Panno, M.L.; Ando, S. Leptin induces, via ERK1/ERK2 signal, functional activation of estrogen receptor
alpha in mcf-7 cells. J. Biol. Chem. 2004, 279, 19908–19915. [CrossRef] [PubMed]

14. Brakenhielm, E.; Veitonmaki, N.; Cao, R.; Kihara, S.; Matsuzawa, Y.; Zhivotovsky, B.; Funahashi, T.; Cao, Y.
Adiponectin-induced antiangiogenesis and antitumor activity involve caspase-mediated endothelial cell
apoptosis. Proc. Natl. Acad. Sci. USA 2004, 101, 2476–2481. [CrossRef] [PubMed]

15. Wu, M.H.; Chou, Y.C.; Chou, W.Y.; Hsu, G.C.; Chu, C.H.; Yu, C.P.; Yu, J.C.; Sun, C.A. Circulating levels of
leptin, adiposity and breast cancer risk. Br. J. Cancer 2009, 100, 578–582. [CrossRef] [PubMed]

16. Vona-Davis, L.; Rose, D.P. Adipokines as endocrine, paracrine, and autocrine factors in breast cancer risk
and progression. Endocr. Relat. Cancer 2007, 14, 189–206. [CrossRef] [PubMed]

17. Subbaramaiah, K.; Howe, L.R.; Bhardwaj, P.; Du, B.; Gravaghi, C.; Yantiss, R.K.; Zhou, X.K.; Blaho, V.A.;
Hla, T.; Yang, P.; et al. Obesity is associated with inflammation and elevated aromatase expression in the
mouse mammary gland. Cancer Prev. Res. 2011, 4, 329–346. [CrossRef] [PubMed]

18. Cancello, R.; Henegar, C.; Viguerie, N.; Taleb, S.; Poitou, C.; Rouault, C.; Coupaye, M.; Pelloux, V.; Hugol, D.;
Bouillot, J.L.; et al. Reduction of macrophage infiltration and chemoattractant gene expression changes
in white adipose tissue of morbidly obese subjects after surgery-induced weight loss. Diabetes 2005, 54,
2277–2286. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/jnci/90.18.1371
http://www.ncbi.nlm.nih.gov/pubmed/9747868
http://dx.doi.org/10.1158/1940-6207.CAPR-10-0076
http://www.ncbi.nlm.nih.gov/pubmed/20404000
http://dx.doi.org/10.1007/s10549-011-1450-1
http://www.ncbi.nlm.nih.gov/pubmed/21442198
http://dx.doi.org/10.1001/jama.2009.2014
http://www.ncbi.nlm.nih.gov/pubmed/20071471
http://dx.doi.org/10.1056/NEJMsr1606602
http://www.ncbi.nlm.nih.gov/pubmed/27557308
http://dx.doi.org/10.1001/jama.1997.03550170037029
http://www.ncbi.nlm.nih.gov/pubmed/9355998
http://dx.doi.org/10.1158/1055-9965.EPI-08-1005
http://www.ncbi.nlm.nih.gov/pubmed/19336554
http://dx.doi.org/10.1007/s10552-009-9331-1
http://www.ncbi.nlm.nih.gov/pubmed/19343511
http://dx.doi.org/10.1007/s10549-010-0990-0
http://www.ncbi.nlm.nih.gov/pubmed/20571870
http://dx.doi.org/10.1002/1097-0215(200002)9999:9999&lt;::AID-IJC1111&gt;3.0.CO;2-
http://dx.doi.org/10.1023/B:CACO.0000024225.14618.a8
http://www.ncbi.nlm.nih.gov/pubmed/15090721
http://dx.doi.org/10.1007/BF03347871
http://www.ncbi.nlm.nih.gov/pubmed/8796343
http://dx.doi.org/10.1074/jbc.M313191200
http://www.ncbi.nlm.nih.gov/pubmed/14985328
http://dx.doi.org/10.1073/pnas.0308671100
http://www.ncbi.nlm.nih.gov/pubmed/14983034
http://dx.doi.org/10.1038/sj.bjc.6604913
http://www.ncbi.nlm.nih.gov/pubmed/19223908
http://dx.doi.org/10.1677/ERC-06-0068
http://www.ncbi.nlm.nih.gov/pubmed/17639037
http://dx.doi.org/10.1158/1940-6207.CAPR-10-0381
http://www.ncbi.nlm.nih.gov/pubmed/21372033
http://dx.doi.org/10.2337/diabetes.54.8.2277
http://www.ncbi.nlm.nih.gov/pubmed/16046292


Int. J. Mol. Sci. 2018, 19, 28 9 of 12

19. Morris, P.G.; Hudis, C.A.; Giri, D.; Morrow, M.; Falcone, D.J.; Zhou, X.K.; Du, B.; Brogi, E.; Crawford, C.B.;
Kopelovich, L.; et al. Inflammation and increased aromatase expression occur in the breast tissue of obese
women with breast cancer. Cancer Prev. Res. 2011, 4, 1021–1029. [CrossRef] [PubMed]

20. Murano, I.; Barbatelli, G.; Parisani, V.; Latini, C.; Muzzonigro, G.; Castellucci, M.; Cinti, S. Dead adipocytes,
detected as crown-like structures, are prevalent in visceral fat depots of genetically obese mice. J. Lipid Res.
2008, 49, 1562–1568. [CrossRef] [PubMed]

21. Weisberg, S.P.; McCann, D.; Desai, M.; Rosenbaum, M.; Leibel, R.L.; Ferrante, A.W., Jr. Obesity is associated
with macrophage accumulation in adipose tissue. J. Clin. Investig. 2003, 112, 1796–1808. [CrossRef] [PubMed]

22. Subbaramaiah, K.; Morris, P.G.; Zhou, X.K.; Morrow, M.; Du, B.; Giri, D.; Kopelovich, L.; Hudis, C.A.;
Dannenberg, A.J. Increased levels of COX-2 and prostaglandin E2 contribute to elevated aromatase expression
in inflamed breast tissue of obese women. Cancer Discov. 2012, 2, 356–365. [CrossRef] [PubMed]

23. Denis, G.V.; Palmer, J.R. “Obesity-associated” breast cancer in lean women: Metabolism and inflammation
as critical modifiers of risk. Cancer Prev. Res. 2017, 10, 267–269. [CrossRef] [PubMed]

24. Bettaieb, A.; Nagata, N.; AbouBechara, D.; Chahed, S.; Morisseau, C.; Hammock, B.D.; Haj, F.G. Soluble
epoxide hydrolase deficiency or inhibition attenuates diet-induced endoplasmic reticulum stress in liver and
adipose tissue. J. Biol. Chem. 2013, 288, 14189–14199. [CrossRef] [PubMed]

25. Zhang, G.; Panigrahy, D.; Mahakian, L.M.; Yang, J.; Liu, J.Y.; Stephen Lee, K.S.; Wettersten, H.I.; Ulu, A.;
Hu, X.; Tam, S.; et al. Epoxy metabolites of docosahexaenoic acid (DHA) inhibit angiogenesis, tumor growth,
and metastasis. Proc. Natl. Acad. Sci. USA 2013, 110, 6530–6535. [CrossRef] [PubMed]

26. Panigrahy, D.; Kaipainen, A.; Greene, E.R.; Huang, S. Cytochrome P450-derived eicosanoids: The neglected
pathway in cancer. Cancer Metastasis Rev. 2010, 29, 723–735. [CrossRef] [PubMed]

27. Teras, L.R.; Goodman, M.; Patel, A.V.; Diver, W.R.; Flanders, W.D.; Feigelson, H.S. Weight loss
and postmenopausal breast cancer in a prospective cohort of overweight and obese us women.
Cancer Causes Control 2011, 22, 573–579. [CrossRef] [PubMed]

28. Adams, T.D.; Stroup, A.M.; Gress, R.E.; Adams, K.F.; Calle, E.E.; Smith, S.C.; Halverson, R.C.; Simper, S.C.;
Hopkins, P.N.; Hunt, S.C. Cancer incidence and mortality after gastric bypass surgery. Obesity 2009, 17,
796–802. [CrossRef] [PubMed]

29. Sjostrom, L.; Gummesson, A.; Sjostrom, C.D.; Narbro, K.; Peltonen, M.; Wedel, H.; Bengtsson, C.;
Bouchard, C.; Carlsson, B.; Dahlgren, S.; et al. Effects of bariatric surgery on cancer incidence in obese
patients in sweden (Swedish Obese Subjects Study): A prospective, controlled intervention trial. Lancet Oncol.
2009, 10, 653–662. [CrossRef]

30. Christou, N.V.; Lieberman, M.; Sampalis, F.; Sampalis, J.S. Bariatric surgery reduces cancer risk in morbidly
obese patients. Surg. Obes. Relat. Dis. 2008, 4, 691–695. [CrossRef] [PubMed]

31. Vohra, N.A.; Kachare, S.D.; Vos, P.; Schroeder, B.F.; Schuth, O.; Suttle, D.; Fitzgerald, T.L.; Wong, J.H.;
Verbanac, K.M. The short-term effect of weight loss surgery on volumetric breast density and fibroglandular
volume. Obes. Surg. 2017, 27, 1013–1023. [CrossRef] [PubMed]

32. Cuzick, J.; Warwick, J.; Pinney, E.; Duffy, S.W.; Cawthorn, S.; Howell, A.; Forbes, J.F.; Warren, R.M.
Tamoxifen-induced reduction in mammographic density and breast cancer risk reduction: A nested
case-control study. J. Natl. Cancer Inst. 2011, 103, 744–752. [CrossRef] [PubMed]

33. Boyd, N.F.; Guo, H.; Martin, L.J.; Sun, L.; Stone, J.; Fishell, E.; Jong, R.A.; Hislop, G.; Chiarelli, A.;
Minkin, S.; et al. Mammographic density and the risk and detection of breast cancer. N. Engl. J. Med.
2007, 356, 227–236. [CrossRef] [PubMed]

34. Warner, E.; Lockwood, G.; Tritchler, D.; Boyd, N.F. The risk of breast cancer associated with mammographic
parenchymal patterns: A meta-analysis of the published literature to examine the effect of method of
classification. Cancer Detect. Prev. 1992, 16, 67–72. [PubMed]

35. Harvie, M.; Howell, A. Energy balance adiposity and breast cancer—Energy restriction strategies for breast
cancer prevention. Obes. Rev. 2006, 7, 33–47. [CrossRef] [PubMed]

36. Duggan, C.; Tapsoba, J.D.; Wang, C.Y.; Campbell, K.L.; Foster-Schubert, K.; Gross, M.D.; McTiernan, A.
Dietary weight loss, exercise, and oxidative stress in postmenopausal women: A randomized controlled
trial. Cancer Prev. Res. 2016, 9, 835–843. [CrossRef] [PubMed]

37. Castellani, P.; Balza, E.; Rubartelli, A. Inflammation, damps, tumor development, and progression: A vicious
circle orchestrated by redox signaling. Antioxid. Redox Signal. 2014, 20, 1086–1097. [CrossRef] [PubMed]

http://dx.doi.org/10.1158/1940-6207.CAPR-11-0110
http://www.ncbi.nlm.nih.gov/pubmed/21622727
http://dx.doi.org/10.1194/jlr.M800019-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18390487
http://dx.doi.org/10.1172/JCI200319246
http://www.ncbi.nlm.nih.gov/pubmed/14679176
http://dx.doi.org/10.1158/2159-8290.CD-11-0241
http://www.ncbi.nlm.nih.gov/pubmed/22576212
http://dx.doi.org/10.1158/1940-6207.CAPR-17-0083
http://www.ncbi.nlm.nih.gov/pubmed/28408379
http://dx.doi.org/10.1074/jbc.M113.458414
http://www.ncbi.nlm.nih.gov/pubmed/23576437
http://dx.doi.org/10.1073/pnas.1304321110
http://www.ncbi.nlm.nih.gov/pubmed/23553837
http://dx.doi.org/10.1007/s10555-010-9264-x
http://www.ncbi.nlm.nih.gov/pubmed/20941528
http://dx.doi.org/10.1007/s10552-011-9730-y
http://www.ncbi.nlm.nih.gov/pubmed/21327461
http://dx.doi.org/10.1038/oby.2008.610
http://www.ncbi.nlm.nih.gov/pubmed/19148123
http://dx.doi.org/10.1016/S1470-2045(09)70159-7
http://dx.doi.org/10.1016/j.soard.2008.08.025
http://www.ncbi.nlm.nih.gov/pubmed/19026373
http://dx.doi.org/10.1007/s11695-016-2415-6
http://www.ncbi.nlm.nih.gov/pubmed/27783370
http://dx.doi.org/10.1093/jnci/djr079
http://www.ncbi.nlm.nih.gov/pubmed/21483019
http://dx.doi.org/10.1056/NEJMoa062790
http://www.ncbi.nlm.nih.gov/pubmed/17229950
http://www.ncbi.nlm.nih.gov/pubmed/1532349
http://dx.doi.org/10.1111/j.1467-789X.2006.00207.x
http://www.ncbi.nlm.nih.gov/pubmed/16436101
http://dx.doi.org/10.1158/1940-6207.CAPR-16-0163
http://www.ncbi.nlm.nih.gov/pubmed/27803047
http://dx.doi.org/10.1089/ars.2012.5164
http://www.ncbi.nlm.nih.gov/pubmed/23373831


Int. J. Mol. Sci. 2018, 19, 28 10 of 12

38. Gupta, R.K.; Patel, A.K.; Shah, N.; Chaudhary, A.K.; Jha, U.K.; Yadav, U.C.; Gupta, P.K.; Pakuwal, U.
Oxidative stress and antioxidants in disease and cancer: A review. Asian Pac. J. Cancer Prev. 2014, 15,
4405–4409. [CrossRef] [PubMed]

39. Fabian, C.J.; Kimler, B.F.; Donnelly, J.E.; Sullivan, D.K.; Klemp, J.R.; Petroff, B.K.; Phillips, T.A.; Metheny, T.;
Aversman, S.; Yeh, H.W.; et al. Favorable modulation of benign breast tissue and serum risk biomarkers is
associated with > 10% weight loss in postmenopausal women. Breast Cancer Res. Treat. 2013, 142, 119–132.
[CrossRef] [PubMed]

40. Carroll, K.K.; Braden, L.M. Dietary fat and mammary carcinogenesis. Nutr. Cancer 1984, 6, 254–259.
[CrossRef] [PubMed]

41. Signori, C.; El-Bayoumy, K.; Russo, J.; Thompson, H.J.; Richie, J.P.; Hartman, T.J.; Manni, A. Chemoprevention
of breast cancer by fish oil in preclinical models: Trials and tribulations. Cancer Res. 2011, 71, 6091–6096.
[CrossRef] [PubMed]

42. Iyengar, N.M.; Hudis, C.A.; Gucalp, A. Omega-3 fatty acids for the prevention of breast cancer: An update
and state of the science. Curr. Breast Cancer Rep. 2013, 5, 247–254. [CrossRef] [PubMed]

43. Chajes, V.; Torres-Mejia, G.; Biessy, C.; Ortega-Olvera, C.; Angeles-Llerenas, A.; Ferrari, P.; Lazcano-Ponce, E.;
Romieu, I. Omega-3 and omega-6 polyunsaturated fatty acid intakes and the risk of breast cancer in mexican
women: Impact of obesity status. Cancer Epidemiol. Biomark. Prev. 2012, 21, 319–326. [CrossRef] [PubMed]

44. Zheng, J.S.; Hu, X.J.; Zhao, Y.M.; Yang, J.; Li, D. Intake of fish and marine n-3 polyunsaturated fatty acids and
risk of breast cancer: Meta-analysis of data from 21 independent prospective cohort studies. BMJ 2013, 346.
[CrossRef] [PubMed]

45. Manni, A.; El-Bayoumy, K.; Skibinski, C.G.; Thompson, H.J.; Santucci-Pereira, J.; Bidinotto, L.T.; Russo, J.
The role of omega-3 fatty acids in breast cancer prevention. In Trends in Breast Cancer Prevention; Russo, J., Ed.;
Springer International Publishing: Cham, Switzerland, 2016; pp. 51–81.

46. Gonzalez-Periz, A.; Horrillo, R.; Ferre, N.; Gronert, K.; Dong, B.; Moran-Salvador, E.; Titos, E.;
Martinez-Clemente, M.; Lopez-Parra, M.; Arroyo, V.; et al. Obesity-induced insulin resistance and hepatic
steatosis are alleviated by omega-3 fatty acids: A role for resolvins and protectins. FASEB J. 2009, 23,
1946–1957. [CrossRef] [PubMed]

47. White, P.J.; Arita, M.; Taguchi, R.; Kang, J.X.; Marette, A. Transgenic restoration of long-chain n-3 fatty acids
in insulin target tissues improves resolution capacity and alleviates obesity-linked inflammation and insulin
resistance in high-fat-fed mice. Diabetes 2010, 59, 3066–3073. [CrossRef] [PubMed]

48. Puglisi, M.J.; Hasty, A.H.; Saraswathi, V. The role of adipose tissue in mediating the beneficial effects of
dietary fish oil. J. Nutr. Biochem. 2010, 22, 101–108. [CrossRef] [PubMed]

49. Fabian, C.J.; Kimler, B.F.; Hursting, S.D. Omega-3 fatty acids for breast cancer prevention and survivorship.
Breast Cancer Res. 2015, 17, 62. [CrossRef] [PubMed]

50. Jiang, W.; Zhu, Z.; McGinley, J.N.; El-Bayoumy, K.; Manni, A.; Thompson, H.J. Identification of a molecular
signature underlying inhibition of mammary carcinoma growth by dietary N-3 fatty acids. Cancer Res. 2012,
72, 3795–3806. [CrossRef] [PubMed]

51. Larsson, S.C.; Kumlin, M.; Ingelman-Sundberg, M.; Wolk, A. Dietary long-chain n-3 fatty acids for the
prevention of cancer: A review of potential mechanisms. Am. J. Clin. Nutr. 2004, 79, 935–945. [PubMed]

52. Subbaramaiah, K.; Howe, L.R.; Zhou, X.K.; Yang, P.; Hudis, C.A.; Kopelovich, L.; Dannenberg, A.J. Pioglitazone,
a PPARγ agonist, suppresses CYP19 transcription: Evidence for involvement of 15-hydroxyprostaglandin
dehydrogenase and brca1. Cancer Prev. Res. 2012, 5, 1183–1194. [CrossRef] [PubMed]

53. Ford, N.A.; Rossi, E.L.; Barnett, K.; Yang, P.; Bowers, L.W.; Hidaka, B.H.; Kimler, B.F.; Carlson, S.E.; Shureiqi, I.;
deGraffenried, L.A.; et al. Omega-3-acid ethyl esters block the protumorigenic effects of obesity in mouse
models of postmenopausal basal-like and claudin-low breast cancer. Cancer Prev. Res. 2015, 8, 796–806.
[CrossRef] [PubMed]

54. Sandhu, N.; Schetter, S.E.; Liao, J.; Hartman, T.J.; Richie, J.P.; McGinley, J.; Thompson, H.J.; Prokopczyk, B.;
DuBrock, C.; Signori, C.; et al. Influence of obesity on breast density reduction by omega-3 fatty acids:
Evidence from a randomized clinical trial. Cancer Prev. Res 2016, 9, 275–282. [CrossRef] [PubMed]

55. Fox, J.; Weisberg, S. An R Companion to Applied Regression, 2nd ed.; SAGE: Thousand Oaks, CA, USA, 2011;
Chapter 6.

http://dx.doi.org/10.7314/APJCP.2014.15.11.4405
http://www.ncbi.nlm.nih.gov/pubmed/24969860
http://dx.doi.org/10.1007/s10549-013-2730-8
http://www.ncbi.nlm.nih.gov/pubmed/24141897
http://dx.doi.org/10.1080/01635588509513831
http://www.ncbi.nlm.nih.gov/pubmed/6443636
http://dx.doi.org/10.1158/0008-5472.CAN-11-0977
http://www.ncbi.nlm.nih.gov/pubmed/21933885
http://dx.doi.org/10.1007/s12609-013-0112-1
http://www.ncbi.nlm.nih.gov/pubmed/24073296
http://dx.doi.org/10.1158/1055-9965.EPI-11-0896
http://www.ncbi.nlm.nih.gov/pubmed/22194528
http://dx.doi.org/10.1136/bmj.f3706
http://www.ncbi.nlm.nih.gov/pubmed/23814120
http://dx.doi.org/10.1096/fj.08-125674
http://www.ncbi.nlm.nih.gov/pubmed/19211925
http://dx.doi.org/10.2337/db10-0054
http://www.ncbi.nlm.nih.gov/pubmed/20841610
http://dx.doi.org/10.1016/j.jnutbio.2010.07.003
http://www.ncbi.nlm.nih.gov/pubmed/21145721
http://dx.doi.org/10.1186/s13058-015-0571-6
http://www.ncbi.nlm.nih.gov/pubmed/25936773
http://dx.doi.org/10.1158/0008-5472.CAN-12-1047
http://www.ncbi.nlm.nih.gov/pubmed/22651929
http://www.ncbi.nlm.nih.gov/pubmed/15159222
http://dx.doi.org/10.1158/1940-6207.CAPR-12-0201
http://www.ncbi.nlm.nih.gov/pubmed/22787115
http://dx.doi.org/10.1158/1940-6207.CAPR-15-0018
http://www.ncbi.nlm.nih.gov/pubmed/26100521
http://dx.doi.org/10.1158/1940-6207.CAPR-15-0235
http://www.ncbi.nlm.nih.gov/pubmed/26714774


Int. J. Mol. Sci. 2018, 19, 28 11 of 12

56. Noguchi, M.; Minami, M.; Yagasaki, R.; Kinoshita, K.; Earashi, M.; Kitagawa, H.; Taniya, T.; Miyazaki, I.
Chemoprevention of dmba-induced mammary carcinogenesis in rats by low-dose epa and dha. Br. J. Cancer
1997, 75, 348–353. [CrossRef] [PubMed]

57. Yuri, T.; Danbara, N.; Tsujita-Kyutoku, M.; Fukunaga, K.; Takada, H.; Inoue, Y.; Hada, T.; Tsubura, A.
Dietary docosahexaenoic acid suppresses N-methyl-N-nitrosourea-induced mammary carcinogenesis in rats
more effectively than eicosapentaenoic acid. Nutr. Cancer 2003, 45, 211–217. [CrossRef] [PubMed]

58. Poudyal, H.; Brown, L. Stearoyl-coa desaturase: A vital checkpoint in the development and progression of
obesity. Endocr. Metab. Immune Disord. Drug Targets 2011, 11, 217–231. [CrossRef] [PubMed]

59. Igal, R.A. Roles of stearoylcoa desaturase-1 in the regulation of cancer cell growth, survival and tumorigenesis.
Cancers 2011, 3, 2462–2477. [CrossRef] [PubMed]

60. Chajes, V.; Hulten, K.; Van Kappel, A.L.; Winkvist, A.; Kaaks, R.; Hallmans, G.; Lenner, P.; Riboli, E. Fatty-acid
composition in serum phospholipids and risk of breast cancer: An incident case-control study in sweden.
Int. J. Cancer 1999, 83, 585–590. [CrossRef]

61. Pala, V.; Krogh, V.; Muti, P.; Chajes, V.; Riboli, E.; Micheli, A.; Saadatian, M.; Sieri, S.; Berrino, F. Erythrocyte
membrane fatty acids and subsequent breast cancer: A prospective Italian study. J. Natl. Cancer Inst. 2001,
93, 1088–1095. [CrossRef] [PubMed]

62. Vinknes, K.J.; Elshorbagy, A.K.; Nurk, E.; Drevon, C.A.; Gjesdal, C.G.; Tell, G.S.; Nygard, O.; Vollset, S.E.;
Refsum, H. Plasma stearoyl-coa desaturase indices: Association with lifestyle, diet, and body composition.
Obesity 2013, 21, E294–E302. [CrossRef] [PubMed]

63. Manni, A.; Richie, J.P.; Schetter, S.E.; Calcagnotto, A.; Trushin, N.; Aliaga, C.; El-Bayoumy, K. Stearoyl-coa
desaturase-1, a novel target of omega-3 fatty acids for reducing breast cancer risk in obese postmenopausal
women. Eur. J. Clin. Nutr. 2017, 71, 762–765. [CrossRef] [PubMed]

64. Rahman, M.; Halade, G.V.; Bhattacharya, A.; Fernandes, G. The fat-1 transgene in mice increases antioxidant
potential, reduces pro-inflammatory cytokine levels, and enhances ppar-gamma and sirt-1 expression on
a calorie restricted diet. Oxid. Med. Cell. Longev. 2009, 2, 307–316. [CrossRef] [PubMed]

65. Flachs, P.; Ruhl, R.; Hensler, M.; Janovska, P.; Zouhar, P.; Kus, V.; Macek Jilkova, Z.; Papp, E.; Kuda, O.;
Svobodova, M.; et al. Synergistic induction of lipid catabolism and anti-inflammatory lipids in white fat
of dietary obese mice in response to calorie restriction and n-3 fatty acids. Diabetologia 2011, 54, 2626–2638.
[CrossRef] [PubMed]

66. Jiang, W.; Zhu, Z.; Thompson, H.J. Dietary energy restriction modulates the activity of amp-activated protein
kinase, AKT, and mammalian target of rapamycin in mammary carcinomas, mammary gland, and liver.
Cancer Res. 2008, 68, 5492–5499. [CrossRef] [PubMed]

67. Zhu, Z.; Jiang, W.; McGinley, J.N.; Prokopczyk, B.; Richie, J.P., Jr.; El Bayoumy, K.; Manni, A.; Thompson, H.J.
Mammary gland density predicts the cancer inhibitory activity of the N-3 to N-6 ratio of dietary fat.
Cancer Prev. Res 2011, 4, 1675–1685. [CrossRef] [PubMed]

68. Hart, V.; Reeves, K.W.; Sturgeon, S.R.; Reich, N.G.; Sievert, L.L.; Kerlikowske, K.; Ma, L.; Shepherd, J.;
Tice, J.A.; Mahmoudzadeh, A.P.; et al. The effect of change in body mass index on volumetric measures of
mammographic density. Cancer Epidemiol. Biomark. Prev. 2015, 24, 1724–1730. [CrossRef] [PubMed]

69. Wanders, J.O.; Bakker, M.F.; Veldhuis, W.B.; Peeters, P.H.; van Gils, C.H. The effect of weight change on
changes in breast density measures over menopause in a breast cancer screening cohort. Breast Cancer Res.
2015, 17, 74. [CrossRef] [PubMed]

70. Schetter, S.E.; Hartman, T.J.; Liao, J.; Richie, J.P.; Prokopczyk, B.; DuBrock, C.; Signori, C.; Hamilton, C.;
Demers, L.M.; El-Bayoumy, K.; et al. Differential impact of body mass index on absolute and percent breast
density: Implications regarding their use as breast cancer risk biomarkers. Breast Cancer Res. Treat. 2014, 146,
355–363. [CrossRef] [PubMed]

71. Sapieha, P.; Stahl, A.; Chen, J.; Seaward, M.R.; Willett, K.L.; Krah, N.M.; Dennison, R.J.; Connor, K.M.;
Aderman, C.M.; Liclican, E.; et al. 5-Lipoxygenase metabolite 4-HDHA is a mediator of the antiangiogenic
effect of omega-3 polyunsaturated fatty acids. Sci. Transl. Med. 2011, 3, 69ra12. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/bjc.1997.57
http://www.ncbi.nlm.nih.gov/pubmed/9020478
http://dx.doi.org/10.1207/S15327914NC4502_11
http://www.ncbi.nlm.nih.gov/pubmed/12881016
http://dx.doi.org/10.2174/187153011796429826
http://www.ncbi.nlm.nih.gov/pubmed/21831035
http://dx.doi.org/10.3390/cancers3022462
http://www.ncbi.nlm.nih.gov/pubmed/24212819
http://dx.doi.org/10.1002/(SICI)1097-0215(19991126)83:5&lt;585::AID-IJC2&gt;3.0.CO;2-Z
http://dx.doi.org/10.1093/jnci/93.14.1088
http://www.ncbi.nlm.nih.gov/pubmed/11459870
http://dx.doi.org/10.1002/oby.20011
http://www.ncbi.nlm.nih.gov/pubmed/23404690
http://dx.doi.org/10.1038/ejcn.2016.273
http://www.ncbi.nlm.nih.gov/pubmed/28145413
http://dx.doi.org/10.4161/oxim.2.5.9579
http://www.ncbi.nlm.nih.gov/pubmed/20716918
http://dx.doi.org/10.1007/s00125-011-2233-2
http://www.ncbi.nlm.nih.gov/pubmed/21779874
http://dx.doi.org/10.1158/0008-5472.CAN-07-6721
http://www.ncbi.nlm.nih.gov/pubmed/18593953
http://dx.doi.org/10.1158/1940-6207.CAPR-11-0175
http://www.ncbi.nlm.nih.gov/pubmed/21813405
http://dx.doi.org/10.1158/1055-9965.EPI-15-0330
http://www.ncbi.nlm.nih.gov/pubmed/26315554
http://dx.doi.org/10.1186/s13058-015-0583-2
http://www.ncbi.nlm.nih.gov/pubmed/26025139
http://dx.doi.org/10.1007/s10549-014-3031-6
http://www.ncbi.nlm.nih.gov/pubmed/24951269
http://dx.doi.org/10.1126/scitranslmed.3001571
http://www.ncbi.nlm.nih.gov/pubmed/21307302


Int. J. Mol. Sci. 2018, 19, 28 12 of 12

72. Pogash, T.J.; El-Bayoumy, K.; Amin, S.; Gowda, K.; de Cicco, R.L.; Barton, M.; Su, Y.; Russo, I.H.;
Himmelberger, J.A.; Slifker, M.; et al. Oxidized derivative of docosahexaenoic acid preferentially inhibit
cell proliferation in triple negative over luminal breast cancer cells. In Vitro Cell. Dev. Biol. Anim. 2014, 51,
121–127. [CrossRef] [PubMed]

73. Vanden Heuvel, J.P. Nutrigenomics and nutrigenetics of ω3 polyunsaturated fatty acids. Prog. Mol. Biol.
Transl. Sci. 2012, 108, 75–112. [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11626-014-9822-6
http://www.ncbi.nlm.nih.gov/pubmed/25413005
http://www.ncbi.nlm.nih.gov/pubmed/22656374
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Obesity and Breast Cancer 
	Omega-3 Fatty Acids and Obesity Related Breast Cancer Prevention 
	DHA, Breast Density, and Obesity Related Breast Cancer Risk 
	The Combination of n-3FA and DER for Optimal Breast Cancer Prevention 

	Conclusions and Future Directions 
	References

