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Abstract

Fish oil, enriched in bioactive n-3 polyunsaturated fatty acids (PUFA), has been shown to play a
role in prevention of colon cancer. The effects of n-3 PUFA are pleiotropic and multifaceted,
resulting in an incomplete understanding of their molecular mechanisms of action. Here, we focus
on a highly conserved mechanism of n-3 PUFA, which is the alteration of the organization of the
plasma membrane. We highlight recent work demonstrating that enrichment of n-3 PUFA in the
plasma membrane alters the lateral organization of membrane signaling assemblies (i.e. lipid
rafts). This mechanism is central for n-3 PUFA regulation of downstream signaling, T-cell
activation, transcriptional activation, and cytokine secretion. We conclude that these studies
provide strong evidence for a predominant mechanism by which n-3 PUFA function in colon
cancer prevention.
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1. Introduction

Colon cancer is a prolific disease, with an estimated 140,000 new cases occurring in the past
year [1]. Therefore, developing strategies for prevention is a foremost public health concern.
Many modifiable factors have been associated with risk of colon cancer, including diet [2].
One major dietary component that has been associated with prevention of colon cancer is
fish oil. Experimental, clinical, and epidemiological studies have strongly indicated a role
for fish oil in colon cancer prevention [3,4,5,6,7,8,9,10,11,12]. However, the exact
mechanisms of action of fish oil have not yet been fully elucidated. Two of the most
abundant bioactive lipids enriched in fish oil, eicosapentaenoic acid (EPA, 20:5 n-3) and
docosahexaenoic acid (DHA, 22:6 n-3), have been shown to have pleiotropic effects. One
central molecular target involves alterations to the plasma membrane. DHA has also been
shown to have significant effects on plasma membrane properties, including altering
membrane fluidity, phase behavior, permeability, fusion, flip-flop, and resident protein
activity [13,14]. Recent evidence suggests that DHA can perturb specialized regions of the

© 2012 Elsevier Ltd. All rights reserved.

Corresponding author: Dr. Robert S. Chapkin, Kleberg Center Room 218, TAMU 2253, College Station, TX 77843-2253, Phone:
979-845-0419, Fax: 979-458-3704, r-chapkin@tamu.edu, Texas A&M University.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Turk and Chapkin

Page 2

plasma membrane known as lipid rafts [15,16,17]. Lipid rafts are small (10-200 nm),
heterogeneous microdomains that are enriched in cholesterol, sphingolipids, and saturated
acyl chains [18]. DHA, due to its high degree of unsaturation, is sterically incompatible with
cholesterol [14], which could be the cause of the disruption in lipid rafts caused by this fatty
acid. Lipid rafts serve as signaling platforms by compartmentalizing plasma membrane
proteins and lipids. In response to stimuli, nanometer-scale domains can coalesce and
display high molecular order [19]. Several important processes involve lipid rafts, including
T-cell activation, signal transduction, and protein and lipid trafficking [20]. Many of these
lipid raft mediated processes play an integral role in the process of colon tumorigenesis.
Signaling pathways emanating from lipid rafts mediate a variety of mitogenic, metastatic,
and other tumor-promoting cellular activities, and these pathways are often hyperactivated
in cancer [21]. Additionally, chronic inflammation, central to the process of tumorigenesis
[22], involves excessive T-cell activation, which is regulated by lipid rafts. Our lab has made
numerous recent discoveries highlighting the role of n-3 polyunsaturated fatty acids (PUFA)
in the regulation of lipid rafts and lipid raft-mediated signaling. Our central hypothesis is
that n-3 PUFA manifest chemoprotective properties by inducing changes in membrane
composition resulting in altered cell function.

2. n-3 PUFA alter lipid raft size

Lipid raft size is integral for dynamic lateral segregation of signaling proteins into
microdomains. Partitioning of proteins into rafts can increase specific protein-protein
collision rates to facilitate efficient signaling. However, to maximize this essential,
biologically relevant function, rafts must be mobile and small, with a diameter up to 14 nm
[23]. Our lab assessed the effect of n-3 PUFA on lipid raft size in T-cells. We compared the
size of lipid rafts in splenic T-cells from wild type and 7at-1 transgenic mice, which express
n-3 fatty acid desaturase cloned from C. elegans [24]. This enzyme can catalyze the
production of endogenous n-3 PUFA by introducing a double bond into fatty acyl chains.
The fat-1 mice allow us to assess the biological properties of n-3 PUFA without having to
incorporate these fatty acids into the diet. In combination with the utilization of Laurdan, a
dye that is sensitive to the ordering properties of the membrane, it is possible to visualize
rafts within the T-cell plasma membrane. Using this approach, we found that n-3 PUFA
actually enhanced the clustering of lipid rafts to form large raft domains [16]. This is likely
caused by a lipid-driven mechanism for lateral phase separation of cholesterol- or
sphingolipid-rich lipid microdomains from n-3 PUFA due to very poor affinity. By
increasing the size of lipid rafts, n-3 PUFA impairs efficient functioning of lipid rafts in T-
cells. This in turn suppresses T-cell activation [16], which is a potential mechanism by
which n-3 PUFA function as anti-inflammatory agents. We observed similar results in HeLa
cells, a human cancer cell line. HeLa cells treated with DHA exhibited enhanced clustering
of lipid raft domains compared to untreated cells [25]. Importantly, increasing lipid raft size
has implications for a role of n-3 PUFA in regulation of multiple signaling events which
emanate from lipid rafts.

3. n-3 PUFA alter lipid raft composition

The composition of lipid rafts is important for lipid raft function. Lipid rafts provide a more
ordered lipid environment than the bulk membrane due to interactions between cholesterol,
sphingolipids, and phospholipids containing saturated fatty acyl chains [26], and extraction
of certain lipids from lipid rafts, including cholesterol, has been shown to perturb lipid raft
function. Therefore, we have assessed the effect of n-3 PUFA on lipid composition of rafts
in multiple cell types. Upon feeding mice a diet enriched in n-3 PUFA, the cholesterol
content of lipid rafts in colonocytes was reduced by 46% compared to mice fed a diet
enriched in n-6 PUFA [27]. In mouse splenic T-cells, we found that dietary n-3 PUFA
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reduced lipid raft sphingolipid content by ~45% [28]. Specifically, we demonstrated that raft
sphingomyelin content was decreased by 30% in T-cells from mice fed n-3 PUFA [29].
These n-3 PUFA induced modifications of lipid raft composition are significant because
cholesterol and sphingomyelin are major building blocks of lipid rafts that promote the
formation of hydrophobic liquid-ordered molecular packing.

In addition to lipid components, certain proteins are known to be enriched in lipid rafts.
Many proteins involved in cell signaling, including receptors and G proteins, localize to
lipid rafts [30,31]. Several of these lipid raft localized proteins require raft localization for
proper functioning. One such lipid raft sequestered protein is Ras. Ras is an important
signaling mediator, and one of its major isoforms, H-Ras, is well known to localize to lipid
raft domains [32]. Activation of H-Ras and downstream signal transduction has been shown
to be dependent on lipid raft localization [33,34,35]. We assessed the localization of Ras
both /n vivoand in vitroto determine the effect of n-3 PUFA on lipid raft localization of H-
Ras [27]. Feeding mice a diet enriched in n-3 PUFA and treating immortalized young adult
mouse colonocytes (YAMC) with DHA decreased the localization of H-Ras to lipid raft
domains [27]. Upon further examination of the effect of n-3 PUFA on localization of lipid
raft proteins in colonocytes, our lab found that DHA inhibited the plasma membrane
targeting of lipidated proteins, including H-Ras [36]. We also assessed the effect of n-3
PUFA on the lipid raft localization of the epidermal growth factor receptor (EGFR). EGFR
is a master signal involved in colonic transformation, and lipid rafts are required for efficient
EGFR signaling [20,37,38]. We observed in YAMC cells that DHA reduced EGFR lipid raft
localization [39]. We also determined the effect of n-3 PUFA on lipid raft partitioning of
key proteins involved in T-cell activation, including PKC6, PLC+y-1, and F-actin. We found
that dietary fish oil significantly suppressed the recruitment of PKC® to lipid rafts following
stimulation [29]. In a complementary study, we noted that recruitment of PKC6, PLCy-1,
and F-actin to lipid raft domains is suppressed in T-cells isolated from faz-1 transgenic mice
compared to wild-type mice [16]. Overall, these data clearly demonstrate that n-3 PUFA
modify the lipid raft microenvironment.

4. n-3 PUFA perturb lipid raft regulated signaling

Our initial observations on the effect of n-3 PUFA on lipid raft size and composition led us
to hypothesize that n-3 PUFA would suppress lipid raft mediated cell signaling. We
therefore assessed the effect of n-3 PUFA on activation of Ras in the mouse colon. We
found that n-3 PUFA feeding suppressed EGF-induced activation of H-Ras, but not K-Ras
[27]. Interestingly, H-Ras signaling has been shown to be sensitive to lipid raft
perturbations, whereas K-Ras signaling is largely insensitive [40]. Additionally, we have
observed that DHA suppresses EGF-induced activation of several downstream pathways,
including ERK1/2, STAT3, and mTOR, in mouse colonocytes both /n vivoand in vitro [39].
These data strongly suggest that n-3 PUFA suppress lipid raft mediated signaling in
colonocytes. We also determined the role of n-3 PUFA in mediating lipid raft regulated
signaling in T-cells because upon activation, lipid rafts compartmentalize signal-transducing
molecules to provide an environment conducive to signal transduction [41]. Phosphorylation
of PLCvy-1 is a lipid raft dependent process that occurs in the very early stages of T-cell
activation [42]. We found that stimulation-induced PLC-y-1 phosphorylation is inhibited in
cells from 7at-1 transgenic mice compared to wild-type mice [16]. Additionally, lipid rafts
have been shown to both integrate and amplify signaling processes that lead to activation of
transcription factors, including AP-1 and NF-xB, in T-cells. Binding sites for these
transcription factors have been found in the promoters of many genes encoding cytokines
and chemokines, and activation of NF-xB and AP-1 has been shown to be essential for
induction of a response to immune and inflammatory challenges [43,44]. Therefore, we
assessed the effect of n-3 PUFA on receptor-induced activation of these important pathway
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modifiers. We found that both fish oil and purified DHA suppressed the binding activity of
both of AP-1 and NF-xB [29]. Together, these findings are consistent with our central
hypothesis that changes in membrane composition induced by n-3 PUFA have functional
consequences with regard to cell signaling.

5. n-3 PUFA suppress lipid raft mediated cell function

Lipid rafts play a role in mediating numerous cell functions. T-cell activation requires lipid
raft coalescence and translocation of key proteins, ultimately leading to the production of
cytokines and cell cycle progression. We assessed the effect of n-3 PUFA on production of
IL-2, which functions in both a paracrine and autocrine manner to induce T-cell
proliferation. We observed that n-3 PUFA inhibited activation-induced production of IL-2
and ultimately suppressed T-cell proliferation [29]. In a separate experiment, we assessed
the proliferation of T-cells from fat-1 mice in response to multiple stimuli. We found that T-
cell proliferation was suppressed in cells isolated from 7at- mice compared to wild-type
mice [16]. Furthermore, many lipid raft mediated processes, including EGFR signaling,
mediate cell proliferation in colonocytes. We have observed that DHA suppresses cell
proliferation in YAMC cells [39]. These data signify the implicit role of n-3 PUFA in
regulation of lipid raft mediated cell processes.

6. Conclusions

Because of the broad-acting effects of n-3 PUFA on mammalian physiology, it has been
postulated that these dietary fatty acids act at a fundamental level common to all cells, i.e.,
by altering the physical properties of biological membranes [14,15,17,45]. A wealth of
published literature supports the hypothesis that n-3 PUFA play an important role in
mediating lipid raft composition. Our lab has clearly demonstrated that n-3 PUFA modify
lipid raft organization, leading to altered cell signaling and function (Fig. 1).

One should always be conscious of the physiological relevance of the dose of n-3 PUFA
utilized in studies. Typically, our fish oil-enriched diets contain 1.4% energy as DHA, and
diets using purified DHA contain 2.2% energy as DHA. In contrast, corn oil control diets
contain only trace amounts of EPA and DHA. The amount of these lipids consumed by
human populations varies greatly. The Japanese typically consume 1-2% of energy in the
diet from DHA [46], whereas those in most European countries and the United States
consume 0.1-0.2% of energy as n-3 PUFA [47]. Therefore, our experimental diets are
within the range that can be consumed in the human diet. In cell culture experiments, we
typically utilize low, physiologically relevant doses of DHA (up to 50 M), which replicates
our /n vivo results without inducing apoptosis [48]. Duration of treatment is another
important issue. Typically, we treat cell cultures with n-3 PUFA for at least 3 days, and feed
animals diets enriched in n-3 PUFA for a minimum of two weeks. Since upon
supplementation, DHA is very rapidly incorporated into the phospholipids of the plasma
membrane of many tissues [49], relatively little time is required in order to observe an effect
of n-3 PUFA exposure. Additionally, removal of n-3 PUFA supplementation has been
shown to result in a rapid release of n-3 PUFA from the plasma membrane and reversal of
induced effects [36]. This demonstrates the need for constant consumption of n-3 PUFA in
order to maintain an effect on lipid rafts.

A significant proportion of the literature describing the effects of n-3 PUFA on lipid rafts
utilizes either fish oil, purified DHA, or a combination of EPA and DHA [25,29,50]. Fish
oils from different sources contain variable mixtures of EPA and DHA, with most
commercially available fish oils containing a 2:1 ratio of EPA to DHA. However, whether
the effects of n-3 PUFA supplementation on lipid raft perturbation are due to EPA, DHA, or
both remain to be determined. EPA is both shorter and less unsaturated than DHA,
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suggesting that it may not be as efficient as DHA at perturbing lipid rafts. However, it
remains to be fully determined whether the structural differences between these two fatty
acids are enough to result in functional differences in regard to lipid raft perturbation. Based
on the current literature, it is clearly evident that DHA has a significant effect on lipid raft
organization [17,45]. The effect of EPA on lipid rafts is less well documented. Some
previous work has indicated a differential effect of EPA and DHA on lipid rafts [17], with
DHA, but not EPA, modifying the size and distribution of lipid rafts. Additionally, our lab
has generated data indicating that DHA uniquely modifies the lateral organization of lipid
raft localized proteins [39]. These studies suggest a specificity of DHA in disruption of lipid
rafts. However, further work is needed in order to clarify the unique lipid raft perturbing
effects of EPA and DHA. From a nutritional perspective, based on the differential effects of
EPA and DHA in regulating multiple aspects of health, it is likely best to consume a
combination of these n-3 PUFA.

Lipid rafts are involved in multiple, sundry cellular processes, which require diversity in the
composition of membrane domains [51]. It is evident that cell membranes incorporate a
plethora of structure—function relationships to generate a lateral diversity [52]. Both lipid-
protein and lipid-lipid associations have the potential to organize features of the membrane,
resulting in a heterogeneous population of lipid rafts. This heterogeneity is likely to result in
differential effects of n-3 PUFA on lipid rafts. Therefore, the role of n-3 PUFA in the
regulation of processes emanating from different types of lipid rafts is an ambiguous area
that requires further investigation. Functional raft-based membrane heterogeneity is
dependent upon both lipid and protein physical parameters [52], and we have observed that
n-3 PUFA can alter lipid raft composition of both lipids and proteins. Based on the
interactions within certain raft domains, n-3 PUFA could be expected to perturb the function
of some lipid raft domains while leaving others unaffected. Future research should be
directed toward discerning the effects of n-3 PUFA on different types of lipid rafts.

The role for n-3 PUFA in prevention and treatment of colon cancer is well documented, but
the efficacy of n-3 PUFA is still a source of contention. Many current prevention and
treatment options are aimed at suppression of chronic inflammation and cell proliferation.
We have demonstrated a role for innocuous dietary fatty acids in the regulation of these
processes by modifying the organization of lipid rafts. Lipid rafts play a central role in
multiple cellular processes involved in colonic tumorigenesis. A number of studies have
indicated that cholesterol accumulates in various tumors, and it has been proposed that
progressive increases in membrane cholesterol contributes to the expansion of lipid rafts to
potentiate oncogenic cell signaling pathways [53,54]. Additionally, some cancer cell lines
have been shown to contain elevated levels of lipid rafts, resulting in increased sensitivity to
cell death induced by lipid raft disruption relative to their normal counterparts [54]. These
studies suggest that lipid rafts play a functional role during tumorigenesis of multiple types
of cancer, indicating a therapeutic role for n-3 PUFA since these fatty acids modulate lipid
raft structure/function. This mechanism of action could potentially impact complex disease
states that rely on lipid raft-mediated processes for potentiation of the pathophysiology,
including Alzheimer’s disease, Parkinson’s disease, cardiovascular diseases, HIV, and many
others [55]. Overall, the basic knowledge obtained from our studies provides a solid
mechanistic underpinning for the role of n-3 PUFA in the resolution of chronic
inflammation and colon cancer prevention.
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Fig. 1. Putative model for the effect of n-3 PUFA on lipid rafts

Lipid rafts are nanoscale regions of the plasma membrane, enriched in cholesterol,
sphingomyelin, and phospholipids containing saturated acyl chains. Both transmembrane
and peripheral membrane proteins can be localized to lipid rafts. Upon treatment with a
combination of n-3 PUFA or DHA alone, these PUFA are incorporated into phospholipids
which are inserted into both raft and non-raft regions of the plasma membrane. This results
in enhanced clustering of lipid raft regions, which are depleted of cholesterol and
sphingomyelin. Additionally, many lipid raft associated proteins “mislocalize” to the bulk
membrane domain. This results in a suppression of lipid raft mediated processes, including

T-cell activation and downstream signal transduction.

Prostaglandins Leukot Essent Fatty Acids. Author manuscript; available in PMC 2014 January 01.

raft protein lipid raft protein



