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Abstract

Recommendations to consume fish for cardiovascular disease (CVD) prevention and its generally
recognized as safe (GRAS) status have had the unanticipated consequence of encouraging long-
chain omega-3 (w-3) fatty acid [(eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)]
supplementation and fortification practices. While there is evidence supporting a protective role
for EPA/DHA supplementation for reducing sudden cardiac events, the safety and efficacy of
supplementation with LCw-3PUFA in the context of other disease outcomes is unclear. Recent
studies of bacterial, viral, and fungal infections in animal models of infectious disease demonstrate
that LCw-3PUFA intake dampens immunity and alters pathogen clearance and result in reduced
survival. The same physiological properties of EPA/DHA that are responsible for the amelioration
of inflammation associated with chronic cardiovascular pathology or autoimmune states, may
impair pathogen clearance during acute infections by decreasing host resistance or interfere with
tumor surveillance resulting in adverse health outcomes. Recent observations that high serum
LCw-3PUFA levels are associated with higher risk of prostate cancer and atrial fibrillation have
heightened the concern for adverse outcomes. Given the widespread use of supplements and
fortification of common food items with LCw-3PUFA, this review focuses on the
immunomodulatory effects of the dietary LCw-3PUFAs, EPA and DHA, the mechanistic basis for
potential negative health outcomes, and calls for biomarker development and validation as rational
first steps for setting recommended dietary intake levels.
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Introduction

Increasing the consumption of foods containing omega-3 (-3 or n-3) long chain
polyunsaturated fatty acids (LCw-3PUFA) from fish oil, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), is widely recommended by public and private health agencies
to reduce inflammation and the risk of chronic diseases. Analysis of serum phospholipids in
a cohort study of U.S. adults showed that higher plasma levels of LCw-3PUFA biomarkers
were associated with lower total mortality which was largely attributable to fewer
cardiovascular compared to non-cardiovascular deaths [1]. Significant health benefits are
associated with fish consumption including decreased risk of cardiovascular disease (CVD)
[2-4]. Yet, fish intake remains low in the U.S. Per capita fish consumption has dropped from
a historic high of 16 pounds in 2004 to 15 pounds in 2011 [5]. European Union member
nations consumed ~45 pounds (range of 22-97 pounds) per capita in 2006 [6]. With the
relatively low dietary intake of EPA and DHA from fish in Western societies,
supplementation and fortification of foods is an attractive alternative strategy to increase
intake.

Recommendations to consume fish for CVD prevention by the American Heart Association
(AHA) are based upon principles of primary and secondary prevention. AHA recommends
intake of EPA and DHA for individuals without documented coronary heart disease (CHD)
risk, preferably from at least two servings of fatty fish [7] and oils and foods rich in a-
linolenic acid ((LNA) flaxseed, canola, and soybean oils; flaxseed and walnuts). In
individuals with documented CHD, it is recommended to consume ~ 1 gram of EPA + DHA
per day, preferably from oily fish or from EPA + DHA supplements if recommended by a
physician. For individuals requiring treatment for hypertriglyceridemia, two to four grams of
EPA+DHA per day are recommended under a physician's care.

Approximately 30 million people currently take fish oil supplements in the U.S. [8]. Fish oil
supplements generally contain some combination of EPA and DHA, but may contain only
EPA or only DHA [9]. Up to 3 grams per day intake of fish oil is generally recognized as
safe (GRAS) by the U.S. Food and Drug Administration. In 1997, when GRAS status was
granted for fish oil, widespread use of supplements or fortification of common food items
with DHA or EPA was not a concern. Now, global consumer spending on LCw-3PUFA
fortified foods is projected to jump from 25.4 billion in 2011 to 34.7 billion by 2016
according to research commissioned by the Global Organization for EPA and DHA
Omega-3 (GOED) and published by the market research firm ‘Package Facts’ [10]. While
this may appear beneficial in the face of the relative lack of DHA/EPA in the Western diet,
the effects of long-term supplementation are yet unclear. Foods fortified with ©»-3 PUFA
from this report included infant formula, fortified foods and beverages, nutritional
supplements, pharmaceuticals, medical nutritional products and pet foods.

As consumption continually increases, there is a real risk of consuming excess LCw-3PUFA
beyond 3 g/day. On average EPA+DHA represents 30% by volume of fish oil. Each fish oil
pill can contain as little as 300 mg to as much as the famous “‘quadruple strength’ 3000 mg
of EPA+DHA in each pill (i.e. GRAS limit). In accordance to the “more is better’ paradigm,
there is a real risk in chronic overconsumption of such supplements. It has been
demonstrated recently that a single serving of DHA-fortified yogurt daily (containing 600
mg of DHA) can increase plasma phospholipid DHA levels by 32% in as little as 3 weeks
accompanied by a 7% drop in plasma arachidonic acid (AA) [11].

Excessive intakes of all essential dietary nutrients are associated with adverse effects and, in
extreme cases, negative health outcomes. Yet, few health risks are ascribed to excessive
intakes of LCw-3PUFA in recent calls for the establishment of dietary reference intakes
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(DRI) [9, 12]. The disparity between data discussed in this review and calls for the
establishment of DRI for LCw-3PUFA are striking. We provide evidence in this review for
concern for excessive LCw-3PUFA intake and susceptible situations. While these calls for
increasing intake are based on epidemiological associations for decreased risk of CVD, there
is currently a dearth of validated biomarkers of intake, biological effect and disease risk
associated with high dietary LCw-3PUFA intakes. However, as there are insufficient data to
establish an upper level where toxic effects of LCw-3PUFA might be observed, the practice
has been deemed as safe. Harris and colleagues superbly reviewed the beneficial effects of
moderate LCw-3PUFA intake and justification for a DRI for EPA and DHA [12]. Now with
recent studies demonstrating increased risk of atrial fibrillation and prostate cancer in the
highest quartile of LC®-3PUFA intake the establishment of DRI and tolerable upper limit
(TUL) for EPA and DHA should be revisited.

LCw-3PUFA supplementation and immunomodulation: Effects on CVD

Randomized controlled clinical trials have demonstrated that LCw-3PUFA supplementation
can reduce cardiac events, decrease progression of atherosclerosis in coronary patients and
lower serum triglycerides. Among various types of CVD, ischemic heart disease,
characterized by either underlying atherosclerosis or hypertension is the most common form
of heart disease in U.S. [13]. Currently, 6% of the entire U.S. population is believed to have
some sort of CHD [14]. The primary co-morbidities for ischemic heart disease and stroke
are diabetes and/or obesity. Because both of these chronic metabolic disorders are linked to
consumption of an improper diet, LCwo-3PUFA consumption is often recommended as an
adjuvant to pharmacological or behavioral therapy. The AHA recommends a daily intake of
0.5-1.8 g of LCw-3PUFA preferably through increasing fish intake for CHD patients and up
to 49 of EPA+DHA per day to lower triglycerides in patients under medical supervision [7].
Additionally, diabetes and obesity are believed to cause systemic inflammation, which may
be attenuated by supplementation with LCw-3PUFA.

Inflammation originating from the adipose tissue is believed to be a key initiating event
leading to CVD in obesity [15]. Circulating cytokines and acute phase proteins such as
interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a) and C-reactive protein (CRP) are
significantly associated with expanding visceral adipose stores [16]. LCw-3PUFAS can
directly attenuate adipose tissue inflammation [17]. In addition to atherosclerosis, in which
the involvement of inflammation is well established, other CVD such as calcific aortic
stenosis, aortic aneurysms, and atrial fibrillation are also increased by aberrant inflammation
in the obese state [18]. Upon activation, the endothelium increases expression of leukocyte
adhesion molecules, including vascular cell adhesion molecule 1 (VCAM-1), intracellular
cell adhesion molecule 1 (ICAM-1) and E-selectin [19]. Monocytes bind to the adhesion
molecules on endothelial cells, infiltrate the subendothelial space of blood vessels, mature
into macrophages and release macrophage chemotactic protein-1 (MCP-1), which allows the
recruitment of more macrophages to the area [20]. Macrophages release inflammatory
cytokines including TNF-a and IL-6 associated with obesity and obesity-related CVD [21].
Some of the other factors involved in the chronic inflammatory state include the interleukins
IL-3, IL-4, IL-5 and IL-10, interferon vy (IFN-y) and toll-like receptor (TLR)-4 [21].
Transcription factors like NF-xB increase expression of cytokines such as IL-1p, IL-6, and
TNF-a as well as the chemokine MCP-1. Activation of the NF-xB pathway has been
detected in fibrotic intima atherosclerotic vessel walls [22]. In separate studies, LCw-3PUFA
inhibits IL-1f [23], as well as other inflammatory mediators VCAM-1, ICAM-1, TNF-a,
IL-6 [24], and TLR-4 [25]. In addition, LCw-3PUFA can have both direct (e.g. inhibition of
NF-xB and other proinflammatory transcription factors) [26, 27] and indirect effects (e.g.
production of three and five series eicosanoids which are less proinflammatory than
eicosanoids derived from arachidonic acid, an -6 PUFA) [28, 29].
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Apart from the traditional anti-inflammatory functions of LCw-3PUFA, several new classes
of compounds have been identified that are generated from LCw-3PUFA. The most
important of these compounds are termed as ‘resolution phase interaction products’ or
resolvins. Both EPA and DHA generate these molecules and are termed as resolvins of the E
series (RVE) and D series (RvD) [30]. Resolvins block the production of pro-inflammatory
mediators and regulates leukocyte trafficking to inflammatory sites as well as clearance of
neutrophils from mucosal surfaces during the resolution phase of injury/inflammation [31].
In vitro, resolvins limit polymorphonuclear leukocyte (PMN) migration and in vivo limits
infiltration to the site of injury. Resolvins are highly potent compounds with only 10 nM
concentrations reducing PMN transmigration by half. Most recently resolvin E1 was shown
to reduce ischemic heart injury [32]. Another class of anti-inflammatory molecules include
protectins which are metabolic products of DHA. These compounds have been mainly
characterized in neural tissues [33] and hence described by the prefix neuroprotectin.
Generation of neuroprotectin D1 (NPD1) from DHA has been shown to limit both retinal
and corneal injury [34] and thus provides an additional functional basis of the high
prevalence of DHA in neuronal systems.

Multiple excellent reviews have discussed the anti-inflammatory and immunomodulatory
actions of LCw-3PUFA supplementation in CVD [19, 35, 36] and they will not be discussed
in detail here. Overall, it is well recognized that LCw-3PUFA can have profound inhibitory
effects on inflammation and immune responses in the context of chronic inflammatory states
including the potential to reduce chronic CVD risk. However, a recent systematic review
and meta-analysis of the effect of LCw-3PUFA supplementation to major cardiovascular
events revealed no overall benefit [37].

Potential negative CVD consequences of LCw-3PUFA intake

The potential negative effects of high LCw-3PUFA intakes, as summarized by the AHA and
European Food Standards Agency, include fishy aftertaste, bleeding episodes, impaired
immune function, increased lipid peroxidation, and impaired lipid and glucose metabolism.
Gastrointestinal disturbances and nausea were the most commonly reported side effects [7].
It is noteworthy that no TUL for LCw-3PUFAs has been set by any authoritative body.

A recently published review concluded that there were inconsistent benefits reported in
clinical and experimental studies of LCw-3PUFA and CVD [38]. The authors summarize
data and present potential adverse actions on cardiac rhythm noted during myocardial
ischemia. In studies conducted in the 80's and 90's in various animal models including rats,
dogs and monkeys, LCw-3PUFAs were found to interact with cardiac ion channels and
prevent arrhythmias [39-43]. These effects were long believed to be beneficial, yet recent
studies have begun to show potential detrimental cardiovascular effects of LCw-3PUFA. A
recent review summarized research showing that LCw-3PUFAs led to increased mortality in
angina patients and increased rather than decreased malignant arrhythmias during regional
myocardial ischemia in animal models of sudden cardiac death [38].

Potential negative cardiovascular effects of high LCw-3PUFA in serum and risk of atrial
fibrillation (AF) were demonstrated in a Japanese population [44]. The investigators
evaluated the serum concentrations of LCw-3PUFAS in 110 patients with AF, 46 patients
with ischemic heart disease (IHD) and no AF, and 36 healthy volunteers. In this study,
serum EPA concentrations were associated with the incidence of AF suggesting that an
excess of EPA may be a precipitating factor for AF. A Danish cohort study supports the
observation from the Japanese study; the Danish cohort study reported a monotonic,
negative, dose-response trend for DHA, EPA and DPA and atrial fibrillation [45]. In fact,
higher levels of DHA and total LC®»-3PUFA in RBC membranes, measured immediately
prior to coronary artery bypass grafting and on postoperative day 3, were linearly associated
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with an increased risk of postoperative AF [46]. These findings contradict the widely held
view that LCw-3PUFA exposure decreases risk of ventricular arrhythmias, as well as the
prevention and treatment of AF [47]. Further studies are needed to establish which patients
are more likely to benefit from LCw-3PUFAs, the timing of treatment, and the dosages.
LCw-3PUFA should be prescribed with caution and generalized recommendations to take
LCw-3PUFA supplements need to be reconsidered. Recommendations to consume fish or
LCw-3PUFA supplements for the secondary prevention of CVD, has recently been
rescinded by the National Institute for Health Care Excellence in the United Kingdom [48].

LCw-3PUFA supplementation and immunomodulation: risks during acute inflammation
and infection

Calder and Grimble reviewed the anti-inflammatory effects of fish oil intake, concluding
that the anti-inflammatory effect fish oil involves impairment of innate immune and
lymphocyte responses [49]. In healthy humans above 55 y of age, 1 g per day of EPA+DHA
reduced circulating natural killer cell population over 12 weeks [50]. Supplementation with
DHA alone (4.9 g/day) for four weeks also lowered T lymphocyte activation in healthy
humans [51]. As in adults, the anti-inflammatory effects of prenatal and postnatal
supplementation with fish oil are also marked in infants and newborns. Eating two portions
of salmon weekly from 20 weeks of gestation through delivery reduced multiple cord blood
mononuclear cell-derived cytokines like IL-2, IL-4, IL-5, IL-10, and TNF-a in response to
allergens, which is believed to reduce the risk of allergies in children [52]. Similarly,
prenatal supplementation with 400mg DHA from 18-22 weeks of gestation to delivery, led
to a reduction of general illness in infants at 3 months of age[53]. At 6 months post prenatal
supplementation with DHA, infants experienced a significant reduction in fever severity,
nasal secretions, difficulty breathing and rash and other-illness [53]. In HIV+ humans, fed
fish oil there was a trend toward a decline in CD4 cell numbers [54]. Overall, both EPA and
DHA in isolation or in combination are demonstrated to lower inflammation and impair
immunity in humans. In a chronic inflammatory state such as rheumatoid arthritis (RA),
EPA/DHA supplementation may reduce RA inflammation and symptoms benefiting the
patient [55].

While inflammation is commonly portrayed as detrimental, the inflammatory response is
absolutely required for survival after infection or injury. Attenuated response to an acute
pathogen or injury may be interpreted as an impairment of immune function in the context
of an acute inflammation, e.g., infection. Altering innate immune responses to pathogens or
tumor surveillance by immune cells results in negative outcomes in animal studies [56-58].
Anderson and Fritsche, in a superb review, summarized that dietary DHA and EPA can both
improve and impair host resistance to a number of pathogens [59]. McMurray et al. also
presented data in a review article concluding that LCw-3PUFA enrichment alters membrane-
mediated functions in macrophages and results in a detrimental outcome, (i.e., loss of
antimicrobial resistance) in animal models [60].

Table 1 lists studies published since 2000 where dietary LCw-3PUFA results in adverse
outcomes in murine models of pathogen exposure. These adverse outcomes associated with
LCw-3PUFA intake were observed with bacterial, fungal, and viral pathogen models. In
murine influenza, dietary LCw-3PUFA supplementation resulted in delayed influenza virus
clearance and impaired production of IFN-y and virus-specific immunoglobulin A in the
lungs of mice [57] and suppression of virus-specific lung T cell cytotoxicity [61, 62]. In
mice supplemented with menhaden oil and then infected with influenza virus, there was a
40% higher mortality rate, a 70% higher lung viral load at 7 days post infection, and a
prolonged recovery period following infection [63]. Additionally, the lung tissue from
infected fish oil-fed mice had significantly fewer CD8+ T cells and decreased expression of
MIP-1a, TNF-a, and IL-6. Dietary LCw-3PUFA supplementation also resulted in increased
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M. tuberculosis bacterial load [64] and reduced clearance [65]. Endogenous enrichment of
n-3 PUFAs in fat-1 mice increased their susceptibility to pulmonary tuberculosis infection as
well [66]. L. monocytogenes infection was also influenced by dietary LCw-3PUFA
supplementation by increasing bacterial load and reducing survival after infection [67, 68].
Similar results are observed with LCw-3PUFA feeding and reduced early reovirus clearance,
S enteritidis, and P. brasiliensis infections [56, 69, 70]. In addition, reduced survival and
impaired wound healing were observed in several colitis models to be discussed in detail
later [71-73].

These consistent observations associate LCw-3PUFA immunomodulation with altered
immune response to infection, including decreased pathogen clearance, decreased host
resistance and adverse health outcomes. Potential mechanisms by which LCw-3PUFAs,
EPA and DHA, can alter immune cell proliferation, function and cytokine production will be
discussed [74].

Dietary LCw-3PUFA and intestinal infection, inflammation and cancer: an illustrative

example

Infection-associated cancers are estimated to contribute to more than 20% of cancer cases
worldwide [75]. In the context of pathogen-induced chronic inflammation and cancer risk,
inhibition or alteration of the initiation of an immune response to a pathogen could be
deleterious given the necessity to balance pathogen removal and tissue damage. The etiology
of specific human cancers requires the presence of persistent infection and inflammation
necessary for development of dysplasia and eventual tumor formation. Examples include
hepatitis B virus and liver cancer, H. pylori and stomach cancer, and human papillomavirus
and cervical cancer [76]. Other environmental factors, particularly host nutritional status, are
proposed to influence infection persistence and the development of dysplasia. Evidence
from preclinical animal models indicates that excess LCw-3PUFA intake can result in
reduced bacterial and viral clearance leading to persistent infection and/or reduced survival
(Table 1) [63, 64, 66-69, 71-73].

New diagnostic techniques are linking previously unidentified bacteria to colon cancer
tumors, highlighting an emerging role for bacterially-driven host inflammation and colon
cancer risk [77-79]. Individuals with inflammatory bowel disease (IBD) are at higher risk of
developing colon cancer than the general population [80]. Although the etiology is poorly
understood, there are indications that the immune system of individuals with IBD react
abnormally to bacteria in the digestive tract leading to an inappropriately activated immune
response, leading to chronic inflammation and increased risk of colon cancer [81]. A
combination of genetic susceptibility and environmental factors, of which nutrition plays a
key role, can modify host immune response to a pathogen, inflammation (IBD development)
and cancer progression [59, 82, 83]. LCw-3PUFAs in fish oil are one such nutritional factor
with potent immunomodulatory effects on immune cell function and inflammation.

In humans, fish oil supplementation had no effect on the maintenance and remission of
active ulcerative colitis (UC), but was generally safe [84]. However, no clear and consistent
effect of fish oil supplementation on colitis initiation and progression has been reported.
Several animal studies demonstrate a protective effect of fish oil in chemically-induced
colitis [85], however cancer initiation in a chemically-induced colitis model differs
substantially from initiation via infection-induced inflammation. The effects of dietary fish
oil in models of colitis that incorporate genetic and environmental (bacteria) risk factors are
less consistent. For example, 4% dietary fish oil (wt/wt) in the IL-10 —/- mouse model
reduced colitis development under non-steroidal anti-inflammatory drug (NSAID) treatment
[86]. In contrast, another study using the same IL-10 —/— mouse model reported that 7%
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dietary fish oil increased spontaneous colitis and associated neoplasia [87]. Furthermore, 8%
fish oil increased spontaneous colitis and associated neoplasia in DSS-induced colitis [88].

DHA-enriched fish oil was shown to increase inflammation and dysplasia and reduce
survival in a Helicobacter hepaticus-induced colitis model [71]. Our laboratory observed
that the addition of 0.75% (w/w) fish oil high in DHA (DFO; 540 mg/g DHA and 50 mg/g
EPA fish oil) to the diet did not reduce colitis or increase colitis severity. However, 2.25%,
3.75%, and 6.0% dietary DFO (w/w) caused exacerbated inflammation and dysplasia
compared to control colitis scores with 6% DFO having the most severe colitis scores [71].
Our results indicated that DFO as low as 2.25% enhances inflammation and accelerated
dysplastic tissue formation in a bacterially-induced colitis model. Further experiments from
our laboratory comparing EPA- and DHA-rich fish oils, indicates that a higher dietary
concentration of EPA-enriched fish oil (3.75%) is required to enhance inflammation and
dysplasia (unpublished data). These data indicate that inconsistent observations in the
literature may be due to fish oil type and fatty acid content and composition.

Recently, Ghosh et al. showed that altering the LCw-3PUFA and LCw-6PUFA fatty acid
composition of diets significantly affected infection-induced colitis in mice [73]. Overall,
they observed that LCPUFA feeding led to dysbiosis (enriched pro-inflammatory microbes
in the gut) and augmented colitis. The LCw-6PUFA diet prevented Citrobacter rodentium
infection-induced systemic inflammation. In contrast, LCw-3PUFA supplementation
reversed the effects of the LCw-6PUFA diet on dysbiosis but impaired infection-induced
responses resulting in sepsis and greater mortality [73]. Mice fed LCw-3PUFA enriched
diets had higher levels of sepsis-related serum factors such as LPS binding protein, IL-15
and TNF-a whereas intestinal alkaline phosphatase, responsible for neutralizing circulating
LPS, were lowered [73]. These authors concluded that LCw-3PUFA supplementation during
infection was detrimental when host inflammatory response was critical for survival.

In a colitis wound healing model, DHA and EPA supplementation reduced cell migration in
response to wounding [72]. In addition, colonic histological injury scores were increased in
EPA- and DHA-fed mice compared with control mice. Interestingly, even though colonic
repair was increased in EPA- relative to DHA-fed mice, mortality was increased in mice fed
EPA [72]. These authors concluded that in the early response to chemically-induced
intestinal wounding, DHA and EPA uniquely delay the activation of key wound-healing
processes in the colon.

Recent work by Chapkin and others have illuminated another aspect of how LCw-3PUFA
affect immune cells through polarization and wound healing. This work demonstrated that
rodent diets containing EPA, DHA, or EPA+DHA reduced Th17-cell polarization by
reducing expression of IL-17A and RORy< [89]. These data show that LC®-3PUFAS can
exert a direct effect on the development of Th17 cells to create an anti-inflammatory
phenotype via the suppression of the initial development of inflammatory Th17-cell subset.
A similar suppression of wound healing was observed in scratch-wound repair assay was
carried out in cultured human microvascular endothelial cells (HMEC-1) with and without
different concentrations of DHA or EPA [90]. DHA and EPA dose-dependently suppressed
HMEC-1 cell proliferation and wound repair, significantly suppressed VEGF mRNA
expression and protein secretion under both normoxic and hypoxic culture conditions. The
authors concluded that the use of DHA and EPA may have potential side effects to patients
undergoing revascularization therapy.

These mouse studies demonstrate that fatty acids can alter response to bacteria in colitis
models and suggest mechanisms for increased risk of disease progression. Fatty acid intake
can also alter IBD development in humans. A systematic analysis of 19 studies of pre-illness
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diet and IBD development in humans identified that pre-illness diets high in total fats,
PUFAs, omega-6 fatty acids, and meat were associated with an increased risk of developing
Crohn's disease (CD) and UC in humans [91]. In addition, four studies included in this
analysis demonstrated an association between high fish and seafood consumption and an
increased risk of developing UC [91]. It is clear from this analysis that fatty acid intake pre-
illness influences the development of IBD, however, the mechanism is not yet understood.
Biopsy samples from 69 UC patients and 69 controls showed that inflamed mucosa had
higher AA, DPA and DHA levels and lower EPA AA:EPA ratio [92]. There were significant
correlations between severity of inflammation and contents of AA, DPA and DHA (positive
correlations) and of linoleic acid (LA), a-LNA and EPA (negative correlations). These data
suggest that fatty acid metabolism may be altered in the inflamed gut mucosa and/or affect
immune cell function resulting in negative health consequences.

Taken together, these data suggest that dietary fatty acids can modulate both host immune
cells and the community structure of the microbiota in the host and have dramatic effects on
risk of developing IBD. This modulation of immune response may lead to persistent
inflammation and subsequent risk for cancer. In support, two recent studies comparing the
highest to lowest quartile of LCw-3PUFA intake reported a significant increase in the
relative risk of colon cancer in humans [93, 94]. As well, high serum phospholipid DHA
was recently positively associated with high-grade prostate cancer [95, 96]. A recent meta-
analysis supports these findings and discusses potential mechanisms [97]. Briefly, the
authors suggest that the observations could be due to local inflammation and related to how
the beta cell metabolizes the fatty acids and/or potential negative effects of increased toxins
from fish such as biphenyls or methylmercury compounds. The environmental toxicants,
biphenyls and methylmercury, may disrupt androgen and estrogen balance and potentially
lead to increased risk of high-grade prostate cancer. However, it is possible that the high
DHA intake may perturb the immune system in a way that exacerbates inflammation in the
prostate promoting tumors or may alter tumor immunosurveillance. In either case, the
immunomodulatory effects may be shown to at least partially explain these observations..

Defining the mechanistic basis of immunomodulation by LCw-3PUFA

Several potential mechanisms for the immunomodulatory effects of LCw-3PUFAS have
been elucidated [49, 98]. These potentially interrelated mechanisms include disruption of
lipid rafts, inhibiting activation of the NLRP3 inflammasome, activation of the anti-
inflammatory PPAR-y transcription factor, and ligand binding of LCw-3PUFAs (particularly
DHA) to the G protein-coupled receptor GPR120 [98, 99]. One central mechanistic theme
that relates these disparate phenomena has emerged from studies using model membrane
systems, cells in culture, and animal models is direct incorporation of LCw-3PUFAS into
phospholipids of the plasma membrane. These studies identified both EPA and DHA as
disruptors to the biophysical and biochemical organization of the plasma membrane
ultimately modulating membrane architecture and potentially functional outcomes (e.g.
altered membrane-mediated signaling). Incorporation of LCw-3PUFAs into the plasma
membrane is thought to primarily disrupt/reorder specialized cell membrane domains called
lipid rafts [100, 101]. Manipulation of lipid domains (i.e. rafts, signalosomes) with
LCw-3PUFA is a central, upstream mechanism by which the numerous immunomodulatory
effects of downstream cellular activities (e.g. generation of bioactive lipids, gene activation,
protein trafficking, cytokine secretion, etc) are observed.

Recent studies have demonstrated that LCw-3PUFA acyl chains (DHA in particular), due to
their unique molecular structure, can disrupt lipid raft molecular organization [102, 103].
DHA, which can adopt multiple conformational states, does not interact favorably with
cholesterol and saturated acyl chains (Fig. 1) [104]. A recent hypothesis purports that
exposure of ordered saturated acyl chains and cholesterol molecules in rafts to LCw-3PUFA
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acyl chains promotes changes in lateral organization of cholesterol, that then promote further
disruption of protein clustering and thereby altering downstream biological responses (Fig.
1) [105-109]. The theoretical framework through which LCw-3PUFASs incorporate into
phospholipids and disrupt membrane organization eliciting downstream, functional
consequences has been demonstrated in various models. LCw-3PUFA incorporation alters
innate and adaptive immune responses, including dendritic cell maturation, macrophage
function, and B and T cell polarization/activation [60, 110-114].

Research has primarily investigated lipid raft-associated proteins of T and B cells involved
at the immunological synapse, the physical junction through which immune cells propagate
signals, where membrane protein aggregation and signaling occur. The work of Chapkin et
al. demonstrates that LCw-3PUFA are capable of suppressing T cell activation by altering
the functional outcomes of signaling proteins (e.g. PLCy1 and PKCBO) and transcription
factors (e.g. AP1 and NF-xB) [115, 116]. More recently they have demonstrated that DHA
is capable of decreasing levels of PtdIns(4,5)P, and recruitment of WASP to the
immunological synapse, two outcomes that serve to inhibit PtdIns (4,5)P,-dependent actin
remodeling [117]. This exciting observation links a novel mechanism by which dietary
LCw-3PUFAs mediate cytoskeletal organization.

Shaikh et al. have shed light on LCw-3PUFA-induced immunomodulation by demonstrating
DHA affects clustering and size of lipid rafts in B cells in vivo and ex vivo by altering the
lateral organization and surface expression of MHC class | molecules [109]. Furthermore,
they were able to verify observations from in vitro cholesterol depletion studies with recent
in vivo data on LCw-3PUFA-induced disruption of MHC class Il organization within the
immunological synapse [118]. Depending on the B cell lineage, changes in lipid
composition with LCw-3PUFA in high-fat diets promoted pro-inflammatory responses as
well [113]. Indeed, recent research from the Fenton lab corroborates increased B cell
activation after feeding mice a diet prepared with DHA-enriched fish oil [119]. Depending
on the cell type, animal model, and condition under study, these effects may be considered
beneficial (e.g., anti-inflammatory) or detrimental (e.g., loss of anti-microbial immunity)
[60].

In addition to the aforementioned mechanism of membrane reorganization, incorporation of
LCw-3PUFAs into the plasma membrane provides a substrate/ligand reservoir for
LCw-3PUFA-derived lipid mediators, such as resolvins, or LC»-3PUFA-binding
interactions, such as with GPR120. These lipid mediators were described in brief earlier and
will not be discussed in further; however, to complicate our understanding of the
mechanisms by which LCw-3PUFA exert their effect, resolvin E1 and D1 are agonists
against various to G protein-coupled receptors [31, 120-122]. Recent studies have illustrated
LCw-3PUFA metabolite-independent interactions with GPRs, such as the LCPUFA
interactions with GPR120. Indeed, GPR120 has been shown to recognize LCw-3PUFAsS,
including DHA, resulting in GPR120 activation and subsequent inhibition of pro-
inflammatory TAK1 signaling and downstream NF-xB responses [122]. Interactions
between GPRs and LCw-3PUFAs have recently been reviewed and warrant further
investigation [123].

It is clear that more research is required to determine the optimal dose and duration of
LCw-3PUFAs in the diet in order to maintain physiologic control of the functional status of
a healthy immune system and optimal heath [60]. For example, it is possible that
LCw-3PUFA deficiency resulting in low membrane EPA/DHA concentrations in the plasma
membranes of immune cells may be associated with inflammatory sequelae of
atherosclerosis (e.g., IL-6, CRP, etc.) identified in observational epidemiologic studies. We
propose that immunmodulation by high LCw»-3PUFA intake can potentially negatively
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influence infection-associated inflammation and cancer risk by affecting acute response to
pathogens leading to pathogen persistence, altering dynamics of infection-resolving
inflammation, and thereby increasing the opportunity for dysplasia. It is critical to
understand what levels of LCw-3PUFA intake may be optimal for human health.

Given the potent anti-inflammatory and immunomodulatory potential of DHA and EPA, we
believe that the dietary requirement for DHA and EPA exists as a continuum represented by
a normal, Gaussian distribution that, similar to other essential nutrients, characterizes dietary
states of deficiency, sufficiency, and excess. There is a potential for dietary deficiency and
adverse symptoms associated with lower DHA and EPA intakes and an optimal intake level
where health benefits are observed. However, there may exist an excess intake level where
adverse effects are observed. The demonstration that LCw-3PUFA intakes can be associated
with health benefits and risks provides a strong rationale for the development of biomarkers.

Interpreting LCw-3PUFA exposures across study types

While the aforementioned potential effects are heterogeneous and individualized, it is
necessary to provide guidance for potential dose requirements for the immunomodulatory
effects reviewed herein. Guidance for interpreting intake levels of dietary LCw-3PUFAS is
described below given the heterogeneity of exposures in various human and animal studies.
For patients without documented heart disease or dyslipidemia, 250 mg EPA+DHA
approximates the LCw-3PUFA content from the current recommendation of two servings of
fish a week. In animal studies, the medium and high LCw-3PUFA exposure levels may
model the 1000-1500 mg EPA+DHA recommendation for patients with documented heart
disease and 4000 mg EPA+DHA prescription (Lovaza®) for patients with high
triglycerides. Concentrations of 250 mg, 1500 mg, and 4000 mg EPA+DHA, based upon a
2000 kcal human diet composed of ~30% energy from fat translates to dietary energy from
EPA + DHA of 0.001%, 0.675%, and 1.8%, respectively from EPA + DHA in the human
diet. These reference values are helpful in the interpretation of exposure levels in rodent
studies of LCw-3PUFA intakes represented in Table 1. The table includes the percentage of
energy (en%) calculation for each study so that one can make basic dosing comparisons
between human and mouse model dosing in those studies.

When trying to interpret dose, one limitation is that negative results from rodent studies
could result from high doses of LCw-3PUFAS, which are not readily achieved in many
clinical studies. Rodent diets are typically lower in fat than human diets so comparison by %
of energy is a better approach. Expressing LCw-3PUFA intake as a percentage of energy (en
%) in the diet removes the need to measure food intake in rodent studies and allows for
meaningful comparisons between human and animal-based studies [124]. Another limitation
that can muddle the dose issue is how the subject's genetic background (including age,
SNPs, epigenetics, oncogenes) can influence fatty acid levels in tissue. A recent study found
that levels of all four n-3 PUFAS were associated with genetic markers in known
desaturation and elongation genes [125]. Specifically, the authors observed a weaker
association between ALA and EPA among carriers of the minor allele of a representative
SNP in FADS2 (rs1535), suggesting a lower rate of ALA-to-EPA conversion in these
subjects. Their findings show that common variation in ®-3 metabolic pathway genes
influence plasma phospholipid levels of LCw-3PUFASs in populations of European ancestry
and, for the FADS1 SNP, in other ancestries. The results have important implications for
genes/diet interaction and how they can influence circulating levels of fatty acids.

A continuum of LCw-3PUFA-induced immunomodulation: anti-inflammatory to anergic

The immunomodulatory effects of DHA and EPA may be beneficial, as reflected in the
ostensibly beneficial term *anti-inflammatory’ or may reflect an anergic-type response,
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defined as a reduction in or inability to mount an immune response to a specific antigen,
detrimental to health depending on the pathogen burden and the disease-specific
microenvironment [60]. The continuum of immunomodulatory effects of LCw-3PUFAS
depending upon dose and microenvironmental context is blurred by the heterogeneity of
LCw-3PUFA sources for dietary exposures, animal model and disease condition under study
and study designs.

It has also been noted that the immunomodulatory effects of DHA and EPA are dependent
on the age of the individual and the health status in humans. As an example, Rees et al
provided various doses of EPA between 1.65 and 4.95 g EPA/d for 12 wk in young and
older healthy men [126]. Whereas immunomodulation was noted in younger men only at 3.3
g of EPA and above, older individuals demonstrated a dose-dependent decrease in
neutrophil respiratory burst at all doses of EPA [126]. In a later authoritative review by
Sijben and Calder, it was concluded that a depletion of the natural buffering capacity present
in healthy subjects, due to a higher turnover rate of immune cells in disease states and
augmented production of proinflammatory eicosanoid synthesis, makes diseased individuals
more sensitive to immunomodulation with LCw-3PUFA [127]. Most safety studies with
large doses of EPA or DHA have been performed in healthy individuals, yet increasingly,
older individuals with chronic diseases are being recommended to increase intakes of
LCw-3PUFA, thus there is an ongoing concern of improper or excessive
immunosuppression in older patients especially under acute inflammation or infection.

Numerous studies demonstrate suppression of various aspects of human immune function in
vitro or ex vivo in peripheral blood mononuclear cells, or in isolated neutrophils or
monocytes in individuals provided n-3 polyunsaturated fatty acids as a supplement or as an
experimental diet compared with baseline values before the intervention [128]. Single
treatment studies comparing baseline versus post LCw-3PUFA supplementation and
immune function indicate that LCw-3PUFA at levels 7 to 15 times greater than typical
current U.S. intakes, diminish the potential of the immune system to attack pathogens [128].
However, this diminished ability is associated with suppression of inflammatory responses,
suggesting benefits for individuals suffering from autoimmune diseases.

These conclusions, however, have been criticized by the European Food Standards Agency
(EFSA) for being based primarily upon ex vivo and in vitro studies [129]. It is noteworthy
that reviews citing potential beneficial or negative effects of LCw-3PUFA do not stipulate
specific biomarkers of exposure or risk that may result from specific LCw-3PUFA intake
levels. The issue of biomarker development and validation is best approached from the
perspective of potential mechanisms by which LCw-3PUFA may influence host
immunological responses.

Dietary deficiency and excess of LCw-3PUFA: a call for the establishment of Dietary
Reference Intakes

There is a strong consensus on the recommendation of consuming foods or supplements
containing LCw-3PUFA in children and adults (reviewed extensively in [9]). Westernized
societies, the United States in particular, are generally deficient in EPA and DHA.
Americans consume an average of approximately 1.6 g total LCw-3PUFA per day, of which
EPA and DHA accounts for only 0.1 to 0.2 g and the balance is made up of ALA from plant
sources [130]. However, the conversion rate from ALA to EPA/DHA in most parts of the
body is very low, including the heart. As such, suboptimal intakes of LCw-3PUFAS by
Americans may place them at a higher risk for CvD [131].

The Panel on Dietetic Products, Nutrition and Allergies of the European Commission
recently delivered a scientific opinion on the Tolerable Upper Intake Level (UL) of the
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LCw-3PUFAs EPA, DHA and DPA [129]. This group found the available data insufficient
to establish a UL for LCw-3PUFA (individually or combined) for any population group.
They noted that, at observed intake levels, consumption of LCw-3PUFA has not been
associated with adverse effects in healthy children or adults. Furthermore, long-term
supplemental intakes of EPA and DHA combined up to about 5 g/day do not appear to
increase the risk of spontaneous bleeding episodes or bleeding complications, or affect
glucose homeostasis immune function or lipid peroxidation, provided the oxidative stability
of the LCw-3PUFAs is guaranteed. Other conclusions of this body were that supplemental
intakes of EPA and DHA, at combined doses of 2.6 g/day, and of DHA at doses of 2.4 g/
day, were found to induce an increase in LDL-cholesterol concentrations which may
adversely affect CVD risk. However, EPA at doses up to 4 g/day had no significant effect on
LDL cholesterol.

The International Society for the Study of Fatty Acids and Lipids recommends intakes of at
least 0.5 g per day of EPA+DHA for cardiovascular benefits in healthy adults (http://
www.issfal.org.uk/lipid-matters/issfal-policystatements/.html) [132]. These
recommendations may reflect adequate dietary intake levels for dietary LCw-3PUFA.
Beneficial health outcomes attributed to adequate LCw-3PUFA intake other than CVD-
associated include hemostasis [133], improved visual acuity [134], and the reduced risk for
certain cancers [135]. Post-recommendation, there has been an exponential growth in the
fish oil supplement consumption creating a real concern for over dosing. However, as there
are insufficient data to establish an upper level where the toxicity of LCw-3PUFA is
observed, the practice has been deemed as safe.

Necessity for the discovery and validation of biomarkers of LCw-3PUFA intake and effect

With current secular trends in LCw-3PUFA supplementation and fortification of processed
foods in the U.S., characterization of potential adverse effects of excessive intakes on
disease risk is timely and highly relevant. The demonstration that LCw-3PUFA intakes can
be associated with health benefits and risks, provides a strong rationale for the development
of biomarkers. According to the IOM , the development of new biomarkers require a three
step biomarker evaluation process that includes analytical validation (reliability,
reproducibility), qualification (association of biomarker with the disease and evidence of
efficacy that interventions targeting the biomarker impact the clinical endpoints) and
utilization (strong evidence and a compelling context are needed for the use of a biomarker
as a surrogate endpoint) [136]. There is evidence to support the consideration for the
establishment of DRIs for LCw-3PUFAs but the lack of biomarkers of dietary exposure or
biomarkers of disease susceptibility hamper the validity with which exposure can be linked
to potential health effects. Since cell membrane phospholipids reflect stable, recent intakes
of LCw-3PUFA, researchers have developed dietary w-3 fatty acid intake-dependent and
tissue-specific biomarkers.

The Omega-3 Index serves as one example of a tissue-specific biomarker of LCw-3PUFA
intakes. This index is defined as the sum of EPA and DHA in erythrocyte membranes
expressed as a percentage of total fatty acids. [137]. The index was originally suggested as a
marker of increased risk for death from CHD and is purported to be serve as a surrogate
biomarker of CHD risk [138]. The index is responsive to dietary LCw-3PUFA intakes but
dietary DHA + EPA intakes explained only 12% of its variability (P < 0.001) in a
Mediterranean population [139]. The Omega-3 Index is associated with biomarkers of effect
(e.g., plasma IL-6, CRP, thrombotic factors and ventricular fibrillation) [140]. Yet, less work
has correlated the Omega-3 Index with tissue LCw-3PUFA levels related to stage of disease
or prognosis. We acknowledge the difficulty and expense necessary to collect human tissue
samples prospectively for the purpose of pre-diagnostic risk characterization. This limitation
highlights the need to validate biomarkers of LCw-3PUFA intakes that are associated with
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deficient, adequate, and excess intake levels and how these biomarkers relate to tissue
phenotypes, including inflammatory microenvironments, and/ or disease risk. The relevance
of the necessity to validate biomarkers associated with disease risk is highlighted by the
recent observations that high serum phospholipid DHA was positively associated with high-
grade prostate cancer [95, 96].

The purported health benefits of LCw-3PUFA have led two prominent groups of researchers
to propose the establishment of LCw-3PUFA DRIs by the Food and Nutrition Board of the
National Academy of Sciences [9, 12]. The establishment of DRIs for EPA and DHA will
entail, based on the available evidence, the determination of the Estimated Average
Requirement (EAR), Recommended Daily Allowance (RDA), Adequate Intake (Al), and
Upper Level (UL) that define, in broad terms, dietary intakes associated deficiency,
sufficiency, and upper limits for these nutrients. These calls for the establishment of DRI for
LCw-3PUFA adequately addressed the high prevalence of low dietary intakes in Western
countries as well as the anti-atherogenic efficacy of adequate LCw-3PUFA intakes. We
support these efforts and provide biologically plausible evidence in support of an UL intake
limit for LCw-3PUFA DRI recommendations in this review. We have presented evidence
that high dietary intakes of LCw-3PUFAS may be associated with an increased risk of
certain diseases due to LCw-3PUFASs modulation of immune cell response to bacterial and
viral pathogens. Figure 2 builds on the DRI paradigm and ascribes phenotypes to deficiency,
sufficiency, and toxicity associated with LCw-3PUFA intake overlaid a potential biomarker,
i.e. red blood cell EPA + DHA phospholipid content.

Our call for validation of biomarkers of exposure, effect, and risk is harmonious with the
recently announced Biomarker of Nutrition for Development (BOND) Program of the NIH.
This program was launched to discover and develop valid biomarkers for all essential
nutrients with the goal of generating evidence-based policies. It meets the growing need for
discovery, development, and implementation of reliable and valid biomarkers to assess
nutrient exposure, status, function, and effect. The initial plan is to take five case nutrients
(iron, zinc, vitamin A, folate, vitamin B-12) and then expand to all 40 essential nutrients
[141]. We view the development and validation of biomarkers for LCw-3PUFA (EPA +
DHA) exposure as relevant as for established nutrients in the NIH BOND program.

When setting recommendations based upon the DRI paradigm, considerations must address,
if possible, definitions of dietary deficiency, sufficiency, and excess. The increasing
prevalence of supplementation and prescription of LCw-3PUFAs for health benefits must be
balanced against their potentially adverse effects. These trends reinforce previous
recommendations for the establishment of the DRI for LCw-3PUFAS.

Conclusion

This review has discussed the underappreciated but highly relevant and consistent evidence
for immunomodulatory effects of dietary ®-3 PUFA (EPA + DHA) intakes. High
LCw-3PUFA consumption may alter the immune response to microbes in the gut, alter the
community structure of the microbiota and enhance susceptibility to IBD and infection-
induced inflammation and cancer. Antigenic stimulation (e.g. pathologies associated with
persistence of viral, bacterial, and, perhaps, tumor antigens) may require optimal, but not
excessive, dietary intake of EPA and DHA. In the physiological contexts of these disease
conditions, pathogenesis appears to be driven by alterations in normal immune responses
that result in pathogen persistence and chronic inflammation. Given the increasing
prevalence of dietary supplementation of LCw-3PUFA, there is a necessity to develop
robust, valid biomarkers of the physiological effects and disease risks associated with
LCw-3PUFA intakes. Valid biomarkers in relevant eukaryotic tissues that assess the overall

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



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Fenton et al.

Page 14

balance in the composition of the gut microbial community may assist in the prediction of
negative health outcomes associated with excessive LCw-3PUFA exposure and
establishment of a DRI for LCw-3PUFA intake. Valid biomarkers, such as quantitative
measures of the cell membrane composition, will also assist in the development of
LCw-3PUFA-based approaches wherein the immunomodulatory properties of these food
components may be properly harnessed for disease prevention and therapeutics. Use of the
IOM DRI framework, guided by validated biomarkers of exposure and risk, could assist our
understanding of upper limits for LCw-3PUFA intake and potential disease risk with
overconsumption.
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Figure 1.

The model shows a proposed mechanism by which DHA acyl chains disrupt the physical
clustering of lipid rafts and associated proteins. Upon LCw-3PUFA incorporation into the
membrane, and possibly through changes in lipid raft organization the following could
result. LCw-3PUFAs disrupt the molecular organization of the plasma membrane, which
initiates changes downstream on generation of bioactive lipids, cell signaling, and gene
expression. A disruption in raft domains with n-3 PUFAs will have downstream effects on
immune cell function. To date, the function of several immune cells (i.e. CD4* T, B,
dendritic cells, macrophages) in addition to other cells are disrupted by incorporation of
LCw-3PUFAs into the plasma membrane. Suppression of function would have utility for
treatment of symptoms associated with chronic inflammation. However, a suppression of
immune cell function, perhaps at high doses of LCw-3PUFAS, could have negative side
effects on susceptibility to infection and targeting of cancer cells by specific immune cells.
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LCw-3PUFA feeding may also influence microbial community structure and risk of
inflammation. It is not known whether dietary fatty acids affect microbial cell wall structure
directly, whether these changes influence eukaryotic-prokaryotic signaling or whether fatty
acid-induced changes in the overall balance of microbial populations contribute to increased
risk of inflammation.
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Observations associated with very low and high dietary intake of the LCw-3PUFA fatty
acids, EPA and DHA. Deficiency of LCw-3PUFA intakes are associated with negative
neurological, cardiovascular and reproductive outcomes. Excess LCw-3PUFA intakes are
associated with an immune anergic phenotype in antigen-driven models of pathologies. Cell
membrane phospholipid content has been proposed as a potential biomarker of dietary fatty
acid intake and associated phenotypes. These require validation in support of the calls for

Dietary Reference Intakes for these proposed nutrients.
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