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ABSTRACT
Brown, Amanda L.
THE ROLE OF OMEGA-3 FATTY ACIDS IN DETERMINING MONOCYTE AND
MACROPHAGE PHENOTYPES IN EXPERIMENTAL ATHEROSCLEROSIS
Dissertation under the direction of
John S. Parks, Ph.D., Professor of Pathology and Biochemistry
Dietary omega-3 polyunsaturated fatty acids, primarily eicosapentaenoate
(EPA) and docosahexaenoate (DHA), attenuate chronic diseases such as
atherosclerosis. However, fatty fish, the richest dietary source of omega-3 fatty
acids, is consumed in low quantities in the U.S. Therefore, we sought to
determine whether a botanical oil, echium oil from Echium plantagineum that is
enriched in stearidonic acid (SDA; 18:4 n-3), will alter monocyte and macrophage
phenotypes in murine models of atherosclerosis. This dissertation addresses the
considerable gaps in knowledge regarding the atheroprotective and antiinflammatory potential of echium oil supplementation. Furthermore, this work
helped elucidate the role of omega-3 fatty acids in CVD prevention, and clarify
the immunomodulatory properties of omega-3 fatty acids.
We hypothesized that omega-3 fatty acid-enriched oils are atheroprotective
as a result of alterations of monocyte subsets and monocyte trafficking into
atherosclerotic lesions. We measured blood and splenic monocyte populations
via flow cytometry in both LDLr-/- and apoE-/- mice. We determined that splenic
Ly6Chi monocytes parallel atherosclerotic disease in both models. Furthermore,
omega-3 fatty acids favorably alter monocyte subsets independently from effects

xiii

on plasma cholesterol, and reduce monocyte recruitment into atherosclerotic
lesions.
We also explored the likelihood that omega-3 fatty acids promote
macrophage phenotype shifting from a more inflammatory (M1) to a less
inflammatory (M2) alternative phenotype. Using flow cytometry and gene
expression analysis, we determined that echium and fish oil feeding increased
the M2 phenotype of murine macrophages.
In summary, botanical omega-3 fatty acids, which are efficiently converted in
vivo to the bioactive molecule EPA have implications for reducing the incidence
and severity of many human diseases, including atherosclerosis. The findings in
this dissertation suggest that echium oil may be a satisfactory replacement for
fish oil for the amelioration of such diseases. We provide insight into the
mechanisms by which omega-3 fatty acids fundamentally alter monocyte and
macrophage populations in the pathogenesis of atherosclerosis. Overall, these
findings have implications in broadening our understanding of the complex
interactions between the inflammatory, pathological processes of cardiovascular
disease, and dietary fatty acid consumption.
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CHAPTER I
INTRODUCTION

Amanda L. Brown

1

Cardiovascular Disease and Dietary Fat
Cardiovascular disease (CVD), primarily coronary heart disease (CHD) and
stroke, affect 34.3% of Americans over age 20 and is estimated to cost $503.2
billion in treatment and lost productivity in 20101. Although the pathophysiology of
the disease is multifactorial, it is currently appreciated that hyperlipidemia,
namely hypercholesterolemia, is a causative factor in CVD2. About a century ago,
dietary lipids were causally linked to atherosclerosis, which is the hardening of
the arteries observed in CVD. In these early studies, Anitschkow fed cholesterol
to rabbits, which induced hypercholesterolemia and produced arterial lesions2.
Several years later in the 1950’s, it was discovered that in addition to cholesterol,
dietary saturated fat contributes to hypercholesterolemia3-5. Presently, dietary
intervention to reduce intake of saturated fat and cholesterol remains an
efficacious strategy in the treatment of CVD6. One dietary approach is to replace
saturated fat with omega-6 polyunsaturated fat from vegetable oils and/or
omega-3 polyunsaturated fat from fish oil.
Marine Omega-3 Fatty Acids and Atherosclerosis in Humans
Fish oil, and the bioactive fatty acids found in it, primarily eicosapentaenoic
acid (EPA; 20:5 n-3) and docosahexaenoic acid (DHA; 22:6 n-3), were first
suggested to have beneficial effects on CHD in studies of Greenland Inuits and
Danes. Greenlanders consuming a diet enriched in marine omega-3 fatty acids
had a low incidence of acute myocardial infarctions compared with Danes
consuming a more saturated fat diet 7, 8. Over the subsequent 30 years, several
secondary prevention trials have shown a cardioprotective role for omega-3 fatty
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acids. The Diet and Reinfarction Trial (DART) results indicated a 29% reduction
in all-cause mortality over a two year period in 2033 male myocardial infarction
survivors advised to increase intake of oily fish9. Additionally, the Gruppo Italiano
per lo Studio della Sopravvivenza nell’Infarto Miocardico (GISSI) trial showed
that omega-3 supplementation of 1g/day for 3.5 years reduced the incident of
sudden death approximately 45% in >11,324 patients surviving recent myocardial
infarction10. The Japan EPA Lipid Intervention Study (JELIS) enrolled 18,645
patients, greater than 3500 with a previous clinical event, who received either
statin alone, or statin and 1.8g/day of EPA for 5 years11. The EPA group was
associated with a significant (19%) reduction in clinical endpoints including
myocardial infarction and unstable angina. Furthermore, in the Nurses’ Health
(epidemiological) Study (84,688 women), women without prior CVD showed a
lower risk of CHD with increased intake of fish or omega-3 polyunsaturated fatty
acids12, 13. In the Nurses’ Health Study the adjusted multivariable relative risks of
CHD was reduced from 0.79 for fish consumption of 1 to 3 times per month to
0.66 for fish consumption of 5 or more times per week12. However, recently, the
Alpha Omega trial, including 4,837 patients with a history of myocardial infarction,
revealed no benefit over standard therapy alone after 40 months of omega-3 fatty
acid supplementation14. This latter outcome can potentially be explained by the
advancements in standard cardiovascular therapies and the relatively low dose
(376mg of EPA+DHA) of omega-3 fatty acids consumed by study participants15.
Collectively, multiple studies have documented clinically important and significant
benefits of fish oil and omega-3 polyunsaturated fatty acid supplements.
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Marine Omega-3 Fatty Acids and Atherosclerosis in Animal Models
In addition to the mounting cardioprotective evidence in humans, marine
omega-3 fatty acid consumption reduces atherosclerosis in several animal
models, including monkeys, pigs and genetically-modified mice16-30. Currently,
mice are the most routinely used animal model for the study of atherosclerosis.
There are two genetically modified strains that are commonly investigated, low
density lipoprotein receptor knockout (LDLr-/-) mice and apolipoprotein E
knockout (apoE-/-) mice. Low density lipoprotein (LDL) is normally cleared from
the circulation by the LDL receptor (LDLr). Mutations in the LDLr gene cause
familial hypercholesterolemia in humans31 and genetically altering the gene in
mice results in hypercholesterolemia32. Apolipoprotein E (apoE) is essential for
the normal catabolism of triglyceride-rich lipoproteins, including very low density
lipoprotein (VLDL) and chylomicron remnants33. Genetic ablation of this gene in
mice also causes hypercholesterolemia34, 35. Interestingly, the response to dietary
fat varies between these hyperlipidemic mouse models. In LDLr-/- mice, fish oil
reduces plasma cholesterol and triglycerides as well atherosclerosis16,

19, 25-30

.

However, in apoE-/- mice, marine omega-3 fatty acid consumption has no effect
on plasma lipids

22-24, 36-38

and has even been reported to slightly increase

plasma cholesterol compared to controls30. Interestingly, a lack of triglyceride
lowering effect has been described with fish oil in apoE-/- mice39 suggesting that
apoE is necessary for omega-3 fatty acids to lower plasma triglyceride
concentrations. Accordingly, several studies have failed to report a reduction in
atherosclerosis in apoE-/- mice30,

36, 38

. However, other studies have illustrated
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that marine omega-3 fatty acids are atheroprotective in apoE-/- mice, despite a
fairly unfavorable plasma lipid response22-24, 37. This suggests that mechanisms
aside from reductions in hyperlipidemia are conferring atheroprotection by
omega-3 fatty acids. Regardless, the consensus in both humans and animal
models is that marine sources of omega-3 fatty acids, including fish oil and fatty
fish, provide protection against cardiovascular disease.
Botanical Omega-3 Fatty Acids for CVD Prevention
Even with the well-documented beneficial effects of fish oil and omega-3 fatty
acids, consumption of fatty fish or fish oil supplements is low in the US. This may
be due to the minor adverse side effects (i.e., unfavorable organoleptic properties,
gastrointestinal problems) of fish oil
supplements40. There are multiple
barriers

to

achieving

the

recommended omega-6 to omega-3
polyunsaturated fatty acid ratio (2.3:1)
in the American diet, and to attempt
this

fortification

through

marine

sources alone would require a fourfold increased intake of fatty fish40.
Botanical oils provide an alternative
means to enrich the diet with omega3 fatty acids.

Figure 1. Essential Fatty Acid Metabolism
Adapted from Igarashi et. al. 2007
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The most common botanical omega-3 fatty acid is alpha-linolenic acid (ALA;
18:3, n-3), (Figure 141) which is found in high quantities in flaxseed oil42. However,
the rate of conversion of ALA to EPA and DHA in humans is only 4-15% and
<1%, respectively43-47. Furthermore, the degree of conversion can be modified by
several factors, such as dietary cholesterol, the amount of omega-6 fatty acids in
the diet, and sex hormones43. Thus, several studies in humans and animals have
revealed only a modest effect with ALA supplementation on CVD endpoints
compared to marine sources of omega-3 fatty acids16, 26, 48. Of the studies that
have shown a positive impact on atherosclerosis by ALA, many have used whole
flaxseed in their investigations. This point must be taken into consideration
because the observed atheroprotective effects could be attributed to the lignans
and fiber in flaxseed rather than ALA itself49. Nonetheless, conversion of ALA to
the longer chain (i.e., >18 carbons) omega-3 fatty acids found in fish oil is
inefficient in humans, and thus obtaining cardioprotective benefits similar to fish
oil would require unrealistically large quantities of ALA in the diet. Another
strategy would be to use botanical oils that are enriched in fatty acids that bypass
the !-6 desaturase step of fatty acid elongation and desaturation.
Because the !-6 desaturase step is rate limiting for conversion of ALA to EPA
in vivo46, bypassing this reaction with direct supplementation of a fatty acid
beyond this step could potentially increase EPA levels. Echium oil is a botanical
oil that has such potential because it is enriched in stearidonic acid (SDA; 18:4,
n-3; 12% total fatty acids), the immediate !-6 desaturation product of ALA.
Previous studies in our lab have documented that enrichment of EPA occurs with
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echium oil feeding50. Furthermore, echium oil supplementation in humans as well
as mice results in a reduction in plasma triglycerides, as typically seen with
marine sources of omega-3 fatty acids50, 51.
Mechanisms of Decreased Atherosclerosis by Omega-3 Fatty Acids
The most consistent observation reported with fish oil or omega-3 fatty acid
consumption in humans is reduction of plasma triglyceride concentrations18, 52-56,
a proposed atheroprotective mechanism57. However, evidence from human
studies indicates that the atheroprotective effects of omega-3 fatty acids are not
solely due to their lipid-lowering properties. In fact, despite a substantial lowering
of plasma triglycerides, omega-3 fatty acids typically do not alter plasma
cholesterol in humans and may, in fact, increase LDL cholesterol and lower HDL
cholesterol in some individuals54,

58

. Other plausible mechanisms for the

cardioprotective effects of omega-3 fatty acids include reduced blood pressure,
decreased thrombosis, and regulation of arrhythmias59,

60

. However, omega-3

fatty acids are also potent anti-inflammatory molecules61-67 and there is a marked
inflammatory component to the development of atherosclerosis68, 69. Thus, much
attention has been paid to the likelihood that omega-3 fatty acids reduce
atherosclerosis by favorably altering cells of the immune system.
Mechanisms by which omega-3 fatty acid intake may ameliorate uncontrolled
inflammation include altering cellular membrane fluidity and signal transduction
pathways61,

65, 66, 70

. Recently, omega-3 fatty acids were reported to down-

regulate AP-1 and NF-!B signaling through a G-protein coupled receptor 120
(GPR120)-dependent mechanism64. Furthermore, omega-3 fatty acids can
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replace arachidonic acid (20:4 n-6) in cellular phospholipids, decreasing
arachidonic acid-derived eicosanoid production and resulting in omega-3
products that are typically less inflammatory, resolution-promoting, or devoid of
bioactivity compared to their omega-6 counterparts71. Both fatty acid classes
utilize cyclooxygenase (COX) and lipoxygenase (LO) pathways to give rise to
different classes of lipid mediators such as leukotrienes, prostaglandins, and
thromboxanes, but also the anti-inflammatory lipoxins, resolvins, protectins, and
maresins72. These products are released from immune cells including
macrophages and act in an autocrine or paracrine fashion through G-protein
coupled

receptors73,

74

.

But,

some

of

these

products

such

as

13-

hydroxyoctadecadienoic acid (13-HODE), 15-hydroxyeicosatetraenoic acid (15HETE), and 15-Deoxy-delta 12,14-prostaglandin J2 (15d-PGJ2) have wellrecognized intracellular activity and are dynamic within the cell of origin75. Hence,
omega-3 fatty acids may act intracellularly in the native or oxygenated form,
acting as ligands for nuclear hormone receptor transcription factors, such as the
peroxisome-proliferator activated receptors (PPARs)76. It is interesting to note
that ligand-bound PPAR! can have multliple fates. It can serve to transactivate
target genes in the traditional sense as a nuclear hormone transcription factor,
but it can also display transrepression activity. By binding to PPAR!, omega-3
fatty acids could potentially decrease inflammation by transrepression of
inflammatory gene expression. In this pathway, PPAR! represses the
transcriptional activation of inflammatory response genes by preventing the
clearance of corepressors from the promoters of NF-kappa B target genes. The
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molecular pathways that mediate the immune effects of omega-3 fatty acids are
still being elucidated; however, it is clear that omega-3 fatty acids attenuate
inflammation.
Atherosclerotic Lesion Development
The immune system plays a critical role in CVD. In fact, the characteristic
feature of this disease is the appearance of lipid-laden macrophages in the intima
of arteries77. Circulating cholesterol, in the form of LDL, enters the artery wall and
is retained in the intima. In an eloquent series of experiments performed in the
Borén laboratory, it was established that LDL is confined to the artery wall by
binding to proteoglycans in the extracellular matrix of the subendothelium78. It is
then subject to oxidative modifications in the subendothelial space, progressing
from minimally modified LDL (mmLDL), to extensively oxidized LDL (oxLDL)79.
Blood monocytes attach to endothelial cells that have been induced to express
cell adhesion molecules, such as vascular cell adhesion molecular 1 (VCAM-1)80
by mmLDL and oxLDL. Adherent monocytes migrate into the subendothelial
space and differentiate into macrophages68. Uptake of mmLDL and oxLDL
particles via scavenger receptors on macrophages leads to foam cell formation
since, unlike LDL receptors that are downregulated by cellular cholesterol
accumulation, expression of scavenger receptors is not regulated by cellular
sterol content68. The formation of a “fatty streak” in early atherogenesis signifies
the presence of these “foamy” macrophages in the subendothelium68.
Cholesterol taken up by scavenger receptors in modified LDL particles can be
esterified and stored in lipid droplets as cholesteryl ester or exported to

9

extracellular acceptors, such as lipid-free apolipoproteins (i.e., apoA-I, apoE) via
ATP-binding cassette transporter A1 (ABCA1) or HDL via ABCG168. This
homeostatic mechanism, the reverse cholesterol transport pathway, is unique in
comparison to other lipids as cholesterol cannot be significantly catabolized in
the body. If left to accumulate in the cell, cholesterol may lead to apoptosis81.
Thus, cholesterol must exit the cell, be transported to the liver, secreted into bile,
and eliminated from the body in the feces. Alternatively, in a process called
transintestinal cholesterol efflux (TICE), cholesterol can be directed to the small
intestine and transferred into the intestinal lumen for fecal excretion82. In the case
of atherosclerosis, these homeostatic processes are out of balance. Initially,
macrophages may serve a protective role by removing damaging and
proinflammatory LDL particles or apoptotic cells. However, atherosclerosis is a
sequela

of

progressive

accumulation

of

macrophages

and

heightened

inflammation of the artery wall. Studies in osteopetrotic (op) mice, in which
macrophages are nearly absent, have confirmed the centrality of this cell type in
atherosclerosis83. When bred to apoE-/- mice, op mice display increased
circulating cholesterol levels, yet are exceptionally resistant to atherosclerosis84.
Thus, macrophages make a major contribution to the development of
atherosclerosis, especially the initiation process.
In addition to macrophages, other cell types, such as smooth muscle cells
(SMCs), play an active role in atherosclerotic lesions. At later stages in disease
progression, SMCs migrate into the intimal area, proliferate, and secrete
extracellular matrix proteins leading to fibrous cap formation85. Activated T cells
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are present in lesions, produce proatherogenic cytokines, such as interferon-!
(IFN-!), and activate lesion macrophages86. The interactions between T cells and
macrophages initiate cellular and humoral responses, and facilitate the
development of many features of chronic inflammation86. In more advanced
lesions, activated macrophages significantly alter the dynamics of the disease by
producing matrix metalloproteinases (MMPs), that degrade collagen in the
fibrous cap, leading to plaque rupture87. To recapitulate, macrophages and their
blood precursors monocytes play a crucial role in early atherogenesis with fatty
streak formation, as well as during lesion progression, by their involvement with
processing modified lipoproteins, interaction with other immune cells, and
contribution to plaque instability.
Monocyte Subsets and Monocyte Trafficking in Atherosclerosis
The accumulation of blood monocytes in the artery wall correlates with lesion
development and there is constant influx of these cells throughout the
progression of atherosclerosis88. Furthermore, in models of atherosclerotic
regression, particularly after reversal of hyperlipidemia, monocyte-derived cells
emigrate out of plaques89, 90. During regression, monocyte-derived cells take on
dendritic cell-like characteristics and employ C-C chemokine receptor type 7
(CCR7) to exit lesions91. Examining the differential expression of chemokine
receptors has also provided clues into the mechanisms by which monocytes
enter atherosclerotic plaques92. Deficiency of C-C chemokine receptor type 2
(CCR2) or CX3C chemokine receptor 1 (CX3CR1; fractalkine receptor) or their
ligands inhibits recruitment of specific monocyte subsets to the artery wall93-95.
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There are two principal subsets of monocytes that have been identified in
humans and animals, including mice, rats and pigs92. They are distinguished by
the differential expression of chemokine receptors, namely CCR2 and CX3CR19699

. The classical subset is characterized by high expression of CCR2, and

comprises 90% of circulating monocytes, whereas the nonclassical subset has
low CCR2 expression and contributes 10% to the total monocytes. In humans,
these

subsets

are

further

identified

as

CD14+CD16-CX3CR1lo

and

CD14loCD16+CX3CR1hi, respectively.
In the mouse, there is dichotomous expression of other cell surface markers
including lymphocyte antigen 6 C (Ly6C), cluster of differentiation 62 L (CD62L;
L-selectin), and CD11c. The classical monocyte subset highly expresses Ly6C,
CCR2, CD62L and expresses low levels of CX3CR1. Classical murine monocytes
are often referred to in the literature as Ly6Chi or granulocyte differentiation
antigen 1 (Gr-1)hi monocytes. For clarity, the anti-Gr-1 RB6-8C5 antibody
recognizes Ly6C as well as Ly6G, which is expressed on granulocytes100. The
Ly6C antigen is a glycosylphosphatidylinositol-anchored molecule, the functional
significance of which remains unknown101. Ly6Chi monocytes are phenotypic
correspondents to human CD14+ monocytes98. These classical monocytes follow
the typical, or “classical” time course of acute inflammation and migrate to
inflammatory sites92. Ly6Chi monocytes produce high levels of tumor necrosis
factor alpha (TNF-!) and interleukin 1 (IL-1) during infection or injury, and have
been given the name inflammatory monocytes99, 102-104.
The second subset of monocytes, known as nonclassical, is defined by a
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smaller size, high expression of CX3CR1, and lymphocyte-function associated
antigen 1 (LFA- 1), and by low or no expression of Ly6C, CCR2, or CD62L105.
These monocytes also display more CD11c at the cell surface than their classical
counterparts99. In mice, the proportion of classical to nonclassical (Ly6Clo)
monocytes is close to 1:192,

98, 99

. It is generally accepted that classical

monocytes convert to nonclassical monocytes over time99,

106, 107

, but some

evidence suggests that nonclassical monocytes can arise autonomously108.
Nonclassical, Ly6Clo monocytes have been termed resident in mice because
these monocytes have a longer half-life in vivo and are thought to replenish
tissue-resident dendritic cells and macrophages98, 105, 109. Studies examining the
function of both classical and nonclassical monocytes during injury have
concluded that classical monocytes act early to clear dead cells and that
nonclassical monocytes are important in the subsequent stages of wound
healing92, 102, 110.
Both classical and nonclassical monocyte subsets play a role in
atherosclerosis

and

hypercholesterolemia101.

However,

monocytes preferentially enter atherosclerotic plaques95,

classical,
111

Ly6Chi

and contribute

largely to the monocytosis associated with hypercholesterolemia in apoE-/mice111. This phenotypic characteristic is most likely attributed to the CCL2/CCR2
axis that is essential for the initiation of atherosclerosis112-114 being predominantly
active in classical monocytes. However, nonclassical, Ly6Clo monocytes have
been demonstrated to scavenge oxidized LDL in the circulation under conditions
of high-fat diet feeding115. Intriguingly, human nonclassical monocytes from
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patients with familial hypercholesterolemia were able to be selectively loaded
with oxLDL ex vivo116. This suggests that nonclassical monocytes may play a
role in bringing cholesterol from the blood stream into atherosclerotic plaques,
although they enter plaques with reduced frequency compared to classical
monocytes. In general, the fate of monocytes subsets in atherosclerosis is an
under-studied area in cardiovascular disease research. Studies that investigate
the functional roles of these two subsets within the atherosclerotic plaque are
warranted to determine if the phenotypes remain distinct (do Ly6Chi cells yield
inflammatory macrophages?) or if the environment of the plaque can alter the
phenotype of the monocyte-derived cells.
Heterogeneity in Lesion Macrophages
Aside from their functions in promoting atherogenesis through lipid
accumulation and proinflammatory responses, lesion macrophages may adopt
potentially atheroprotective phenotypes117,

118

. In fact, macrophages are

characteristically heterogeneous in nature. Macrophages respond to various
signals, often derived from the tissue in which they reside, which skew the cells
toward many functions involved in immune homeostasis and pathology.119-122
Skewing of macrophages into different phenotypic subsets can shift the balance
of the local immune environment123-126. The nature of these subsets varies, and
is most often described by terms reflecting the T helper cell 1 (Th1) and Th2
lymphocyte nomenclature. In general, macrophages can be polarized toward a
M1 or M2 phenotype119,

120, 127

. Another naming scheme refers to M1

macrophages as classically activated, and M2 as alternatively activated120. This
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is based on the observation that activation by Th1 stimuli (IFN-!) and
lipopolysaccharide (LPS) produces classical activation of macrophages, a
phenotypic switch that employs them to be effectors of type I immune
responses128. These macrophage secrete of copious amounts of proinflammatory
cytokines, such as TNF-", IL-1#, IL-6, IL-18, and IL-12119. Moreover, classically
activated, M1 macrophages play a role in intracellular pathogen killing, through
the production of reactive oxygen and nitrogen intermediates, and expression of
inducible nitric oxide synthase (iNOS)128,

129

. M1 macrophages also promote

delayed-type hypersensitivity, tumor resistance, and chronic inflammation128.
Within the last decade, M2 has served as a unifying term for macrophages
activated through an alternative pathway or anti-inflammatory macrophages130.
Alternative activation of macrophages can occur by stimulation with Th2
cytokines, IL-4 or IL-13, to produce a subclass known as M2a119. M2b
macrophages are stimulated with immune complexes and LPS or IL-1#, whereas
M2c macrophages are activated by IL-10, transforming growth factor-beta (TGF#), or glucocorticoids. M2 macrophages can be functionally grouped as cells
participating in type II immune responses. In general, M2 macrophages secrete
high levels of anti-inflammatory factors, such as IL-10, and TGF-#, and minimal
amounts of proinflammatory products. The nitrogen metabolism (L-arginine) in
M2 macrophages shifts away from iNOS activity, and instead involves arginase-1
(Arg-1) expression, promoting L-ornithine synthesis and eventually collagen
production120. Furthermore, IL-4 and IL-13 stimulated-M2 macrophages express
the mannose receptor (MR; CD206) as a cardinal feature131. Collectively, M2
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phenotypes may limit excessive type I inflammmation, promote tissue remodeling
and wound repair, protect against parasitic infection, but also may advance tumor
progression and allergic responses119.
The sources of IL-4 and IL-13 that promote alternative activation include
conventional CD4+ Th2 and CD8+ T cells, as well as cells of the innate immune
system such as NKT cells, basophils, mast cells, and eosinophils120. Recently,
adipocytes have been identified as a source of Th2 cytokines125, namely IL-13,
and to a lesser degree, IL-4. This raises the distinct possibility, that non-immune
cells may drive the phenotype of tissue-resident macrophages in a paracrine
manner, especially in the context of chronic diseases132. Additionally, although
the secretion of Th2 cytokine produced by non-immune cells may be
substantially lower than typical immune cells, other factors in the tissue
microenvironment may influence macrophage activation and phenotypic
switching. For example, unsaturated fatty acids have been described to
potentiate IL-4 induction of arginase activity and M2 gene expression123. This
synergistic effect is partially dependent on the fatty acid-sensing receptor,
PPAR!. In contrast, saturated fats, which are known to exacerbate diseases
such as atherosclerosis, promote M1 activation through toll-like receptor 4
(TLR4) stimulation133. Thus, by altering the components of the tissue milieu, it
may be possible to skew macrophage heterogeneity in the context of disease
progression.
One disease process that is expected to be promoted by M1 macrophages
and ameliorated by M2 macrophages is atherosclerosis117, 118, 120. It is theorized
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that Th2 cytokines could drive M2 phenotypes in lesions, providing protection
against plaque instability by facilitating fibrous-cap formation117,

118,

120

.

Interestingly, the presence of unsaturated fatty acids and even pharmaceutical
compounds could encourage the atheroprotective (M2) phenotype of lesion
macrophages. The concentration of omega-3 fatty acids in human carotid artery
plaques has been shown to correlate with more stabile lesions, as measured by
increased collagen content134. Additionally, bonafide M2 macrophages have
been discovered in human atherosclerotic lesions and have been shown to
increase in patients following PPAR! agonist treatment117. These authors
subsequently demonstrated that M2 macrophages are less likely to develop into
foam cells and have an increased capacity to clear apoptotic cells118. In
summary, both M1 and M2 macrophages are present in lesions. However, the
functions of these two phenotypic opponents are not completely understood.
Early studies indicate that M2, alternatively activated, macrophages may exert
beneficial effects in atherosclerosis reflecting their roles in immunoregulation,
matrix deposition, and wound healing.
Statement of Research Intent
This project assessed the efficacy of using a botanical oil enriched in omega3 fatty acids to supplement the American diet as a replacement for fish oil. Our
approach used Echium plantagenium oil, which is enriched in SDA (18:4 n-3), the
immediate product of !6 desaturation of "-linolenic acid (18:3 n-3 ALA). Since !6 desaturation is rate-limiting in the formation of EPA from ALA, we hypothesized
that dietary supplementation with SDA, which is converted to EPA through

17

elongation and desaturation50, would enrich cells of the monocytic lineage with
EPA and/or DHA and alter immune responses similar to fish oil feeding.
Omega-3 fatty acid supplementation has been demonstrated to reduce
macrophage staining in human atherosclerotic plaques134. This could result from
several possibilities, including increased macrophage apoptosis, increased
emigration of monocyte-derived cells out of the plaque and reduced migration of
monocytes into plaques from the circulation. In this body of work, it was
determined that omega-3 fatty acids, from botanical (echium oil) and marine (fish
oil) sources, reduced atherosclerosis and concomitantly altered monocyte
subsets and reduced monocyte recruitment to lesions. We tested this hypothesis
in two mouse models of atherosclerosis, LDLr-/- and apoE-/- mice.
Omega-3 fatty acids concentrations in atherosclerotic plaques increase with
dietary supplementation of fish oil, and are associated with increased stability of
lesions134. The phenotypes of lesion macrophage are heterogeneous and may
determine the propensity of plaques to rupture. A shift away from Th1/M1
classical activation, towards Th2/M2 alternative activation is likely to increase
plaque stability by promoting matrix deposition, and fibrous-cap formation, and
resolving inflammation. The studies herein suggest that omega-3 fatty acids
polarize macrophages toward an M2 phenotype, which may be atheroprotective.
This thesis addressed the considerable gaps in knowledge regarding the
atheroprotective and anti-inflammatory potential of echium oil supplementation.
Furthermore, this work helped to elucidate the role of omega-3 fatty acids in CVD
prevention, and clarify the immunomodulatory properties of omega-3 fatty acids.
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Abstract
Objective – Fish oil (FO), comprised of n-3 fatty acids (FAs), attenuates
atherosclerosis. We hypothesized that n-3 FA-enriched oils are atheroprotective
as a result of alteration of monocyte subsets and their trafficking into
atherosclerotic lesions.
Methods and Results – LDLr-/- and apoE-/- mice were fed diets containing 10%
(calories) palm oil (PO) and 0.2% cholesterol, supplemented with an additional
10% PO, Echium oil (EO; containing 18:4 n-3) or FO. Compared to PO-fed LDLr/-

mice, EO and FO reduced splenic Ly6Chi monocytosis by ~50%,

atherosclerosis by 40-70%, and monocyte trafficking into the aortic root by ~50%.
In contrast, atherosclerosis and monocyte trafficking into the artery wall was not
altered by n-3 FAs in apoE-/- mice; however, Ly6Chi splenic monocytes positively
correlated with aortic root intimal area. Interestingly, in apoE-/- mice, FO reduced
the percentage of blood Ly6Chi monocytes, despite an increase in plasma
cholesterol relative to PO.
Conclusions – We conclude that splenic Ly6Chi monocytes parallel
atherosclerotic disease in both LDLr-/- and apoE-/- mice. Furthermore, n-3 FAs
favorably alter monocyte subsets independently from effects on plasma
cholesterol, and reduce monocyte recruitment into atherosclerotic lesions.
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Introduction
Omega-3 fatty acids (n-3 FAs) are atheroprotective molecules1-5 that exert
potent triglyceride lowering effects6-11. Conversely, in humans n-3 FAs rarely
affect plasma cholesterol levels, the primary factor leading to atherosclerosis9, 11,
12

. However, atherosclerosis has a marked inflammatory component, and

therefore it is necessary to understand how the anti-inflammatory properties of n3 FAs13-16 impact this blood vessel disease. Thus, we sought to elucidate other
potential mechanisms by which n-3 FAs reduce atherosclerosis, directing our
attention to their anti-inflammatory properties.
A notable observation is that n-3 FAs reduce macrophage staining in
atherosclerotic plaques in both animals and humans17-19. This provides a
substantial clue as to the mechanisms by which n-3 FAs exhibit atheroprotection,
because of the critical role macrophages, and their precursors monocytes, play in
this disease20-23. The accumulation of blood monocytes in the artery wall
correlates with lesion development and there is constant influx of these cells into
developing plaques throughout the progression of atherosclerosis24.
Two major subclasses of monocytes have been identified in mammals25-27,
designated classical and nonclassical monocytes. They are differentiated by a
number of cell surface receptors in mice including CCR2, CX3CR1, CD62L,
CD11c and Ly6C. Ly6Chi classical monocytes co-express CCR2 and CD62L, and
are actively recruited to sites of inflammation. In contrast, Ly6Clo nonclassical
monocytes express higher levels of CX3CR1 and CD11c compared to Ly6Chi
cells. This population patrols the circulation eventually entering tissues to
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replenish resident dendritic cells and macrophages25. Recent studies suggest
that Ly6Chi monocytes increase in hyperlipidemic apoE-/- mice, and migrate into
atherosclerotic plaques becoming lesional macrophages28-30. However, Ly6Clo
monocytes which preferentially express CD11c, may also contribute to
atherogenesis by accumulating lipids in the circulation and transporting them to
developing plaques31. Thus, both monocyte subsets have the potential to impact
atherosclerosis.
We hypothesized that n-3 FAs would reduce atherosclerosis and
concomitantly alter monocyte subsets and monocyte recruitment to developing
lesions. We tested this hypothesis using botanical and marine sources of n-3 FAs
in the two major mouse models of atherosclerosis, LDLr-/- and apoE-/- mice.
Furthermore, we sought to determine whether hypercholesterolemia-associated
monocytosis of Ly6Chi cells occurs in the LDLr-/- background, as has been
described in apoE-/-, and whether n-3 FAs could inhibit this process.

Methods
Mice and diets. LDLr-/- and apoE-/- mice (C57BL/6 background) were purchased
from The Jackson Laboratory (Bar Harbor, Maine, USA). Mice were housed in a
specific pathogen-free facility with a 12 hour light/dark cycle. All protocols and
procedures were approved by the animal care and use committee (ACUC) of
Wake Forest School of Medicine. At six-eight weeks of age, female mice were
fed atherogenic diets containing 10% calories as palm oil (PO) and 0.2%
cholesterol, supplemented with an additional 10% of calories as PO, echium oil
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(EO; containing 18:4 n-3) or fish oil (FO) for 16 (LDLr-/-) or 12 (apoE-/-) weeks.
The synthetic diets were prepared by the diet kitchen in the Department of
Pathology at Wake Forest School of Medicine as previously described32. The
fatty acid composition of the PO, EO and FO diets has been previously
published33. A standard chow diet was used as an additional control.

Quantification of aortic root lesion area. Aortic root atherosclerosis was
assessed according to the method of Daugherty et. al34. Oil red O and
hematoxylin staining was performed to assist in tissue visualization. Images were
acquired with a Nikon DigitalSight DSFi1 camera using NIS Elements (Nikon)
software. Intimal area measurements were obtained with ImagePro 6.2 software
(Media Cybernetics). We defined intimal area as the lesion area between the
internal elastic lamina and the luminal surface of the aorta. Three 8-!m aortic
root sections were quantified from each mouse. The mean coefficient of variation
for these measurements from individual mice on atherogenic diets was 10.7%.

Plasma Lipid and Lipoprotein Analyses. Blood was collected by
submandibular vein puncture in non-fasted mice. Plasma was separated by
centrifugation and cholesterol (Wako) or triglyceride (Wako) concentrations were
measured enzymatically using commercially available kits.

Flow cytometry. Peripheral blood was obtained for circulating leukocyte
analysis. For splenic cells, tissue was digested with an enzyme cocktail as
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published35. The cell suspension was subsequently passed through a 70-!m
nylon cell strainer (BD Falcon). Red blood cells were removed from flow
cytometry preparations by treatment with ACK lysing buffer (Gibco). The
remaining white blood cells were incubated with the following mAbs: CD11bAPC-Cy7 clone:M1/70 (BioLegend), CD115-APC clone:AFS98, CD62L-PerCPCy5.5 clone:MEL-14 (eBiosciences), Ly6G-PE clone:1A8, CD11c-PE-Cy7
clone:HL3, Ly6C-FITC or PE clone:AL-21 (BD Pharmingen). Data was acquired
on a BD FACSCanto II instrument (BD Biosciences) and analyzed using
FacsDiva software (BD Biosciences).

Labeling of monocytes and quantification of monocyte recruitment.
Monocytes were labeled using the Gr-1lo method of Tacke et. al36. Briefly, 1-!m
Fluoresbrite

Yellow

Green

(YG)

microspheres

(2.5%

solids

[wt/vol],

Polysciences, Inc.) were diluted 1:4 in PBS and injected retro-orbitally. Blood was
drawn from recipient mice the day after labeling to evaluate the total number of
bead containing monocytes per mouse. Aortic root tissue sections were taken as
described above and the number of beads confined to atherosclerotic lesions
were quantified per section. A total of 8 sections, representative of the length of
the aortic root area, were analyzed per mouse. Beads were counted manually, at
20X magnification. To adjust for slight variations in labeling, data was normalized
for individual mice based on the percentage of monocytes labeled. For example,
if an individual mouse had 11% of blood monocytes labeled, and 15 bead
containing cells per section were counted, the calculation would be as follows

36

15/0.11 = 136. This adjustment gave a normalized value, which represented the
actual number of monocytes expected to have entered the lesion.

Statistical analyses. Data are presented as mean ± SEM. All data were tested
for significant differences using 1-way ANOVA with post-hoc Tukey’s multiple
comparison test. All the analyses were performed with GraphPad Prism 5.01
(GraphPad Software Inc., San Diego, CA).

Results
n-3 FAs reduce atherosclerosis in LDLr-/-, but not apoE-/- mice. As previously
described32, 37, n-3 FAs reduced atherosclerosis development in LDLr-/- mice
(Figure 1A and 1B). We observed a stair-step decrease in atherosclerosis that
correlated with the degree of cellular enrichment of long chain n-3 FAs following
either EO or FO supplementation33. Standard rodent chow has negligible
amounts of cholesterol, and as expected, this group had the lowest intimal lesion
area after 16 weeks of diet consumption. Interestingly, parallel studies in apoE-/mice resulted in no differences in atherosclerosis among diet groups after 12
weeks of diet consumption (Figure 1A and 1B). Of note, student’s t-test analysis
revealed a statistically significant decrease in intimal area in EO-fed mice
compared to those fed PO in apoE-/- mice. As expected, apoE-/- chow-fed mice
had reduced atherosclerosis compared to mice fed atherogenic diets. We also
measured aortic cholesterol content in LDLr-/- and apoE-/- mice and observed
similar trends as with aortic root intimal area (Supplemental Figure 1A and 1B).
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Furthermore, aortic root intimal area positively correlated with aortic cholesterol
ester content in both backgrounds (Supplemental Figure 1C and 1D). The effects
of n-3 FAs differ in these two backgrounds, indicated by reduced atherosclerosis
in LDLr-/- but not apoE-/- mice.

Differential plasma cholesterol responses to diet were observed in LDLr-/and apoE-/- mice. Elevated plasma cholesterol levels promote atherosclerosis.
Thus, we measured total plasma cholesterol throughout the dietary intervention
in both LDLr-/- and apoE-/- mice. In agreement with previous reports32, 37, 38, n-3
FAs blunted hypercholesterolemia in the LDLr-/- background (Figure 2A and 2C),
with equivalent reductions in EO and FO-fed mice compared to PO-fed mice.
Plasma cholesterol measurements in apoE-/- mice uncovered an unexpected
finding (Figure 2B). The FO-fed mice had the highest exposure to cholesterol
over time as illustrated using area under the curve (AUC) analysis of total plasma
cholesterol, with all other groups exhibiting similar levels (Figure 2D). FPLC size
fractionation of plasma revealed that the increase in total plasma cholesterol
concentration in the FO diet group was primarily due to particles in the VLDL size
range (Supplemental Figure 2B). There is one other report of an increase in
plasma cholesterol in n-3 FA-fed apoE-/- mice37. However, increased plasma
triglycerides have been consistently reported18, 37, 39-43. This increase in plasma
triglycerides in FO vs. PO-fed apoE-/- mice was also observed in animals on diet
for 12 weeks (64±6 vs. 22±7 mg/dL, respectively; n=7-9 per group). Similar to the
atherosclerosis results, differential plasma cholesterol responses to diet were
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also observed in LDLr-/- and apoE-/- mice.

Plasma cholesterol does not correlate with disease burden in apoE-/- mice.
Hypercholesterolemia is the primary factor leading to atherosclerosis, and
cholesterol levels typically correlate with this disease32, 37, 38. Interestingly,
atherosclerosis was similar among PO, EO, and FO-fed apoE-/- mice (Figure 1C,
Supplemental Figure 1B), despite two-fold higher plasma cholesterol AUC in the
FO group (Figure 2D). Furthermore, linear regression analysis demonstrated a
significant association between intimal area and plasma cholesterol in the LDLr-/(Figure 2D), but not in apoE-/- mice (Figure 2F). These results suggest a unique
atheroprotective property of FO that counterbalanced the hypercholesterolemia
induced by FO feeding in apoE-/- mice.

n-3 FAs favorably alter the Ly6Chi monocyte subset in atherosclerotic mice.
Evidence from human studies indicates that the atheroprotective effects of n-3
FAs are not due to their lipid lowering properties. In fact, despite a substantial
lowering of triglycerides8, 12, 44, n-3 FAs typically do not alter plasma cholesterol in
humans and may in fact increase LDL cholesterol and lower HDL cholesterol in
some individuals9, 12. Therefore we sought to address the potential antiinflammatory properties of n-3 FAs with regard to reductions in atherosclerosis.
We investigated the possibility that n-3 FAs could reduce the Ly6Chi monocyte
subset, which infiltrate into atherosclerotic lesions29 since reduced macrophage
staining has been reported with n-3 fatty acid supplementation17-19. We identified
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monocytes as CD11b+Ly6G-CD115+ (Supplemental Figure 3A). In agreement
with other findings26, 29, 30, Ly6Chi cells preferentially expressed CD62L, whereas
CD11c expression was found primarily on Ly6Clo monocytes (Supplemental
Figure 3B). We observed no significant dietary fat related difference in the
percentage of monocytes in the circulation LDLr-/- mice during the 16-week
atherosclerosis progression (Supplemental Figure 4A). As previously reported28,
the percentage of blood monocytes was not significantly different among diet
groups in apoE-/- mice during the 12-week atherosclerosis progression
(Supplemental Figure 4B). With regard to subset disrtribution, the proportion of
monocytes in the Ly6Chi subset was not altered over the course of 16 weeks in
LDLr-/- mice (Supplemental Figure 4C). However, after 12 weeks of experimental
diet feeding, both FO and chow-fed apoE-/- mice showed a reduction in the
Ly6Chi subset compared to PO-fed mice. This indicated in that omega-3 fatty
acids in FO-fed mice, despite increasing plasma cholesterol, induced a more
favorable monocyte profile (Supplemental Figures 3A and 4D).

The inflammatory profile of splenic monocytes parallels atherosclerosis.
We examined the extent of monocytosis in the spleen, a compartment that has
been identified as a reservoir for circulating monocytes45. The percentage of
monocytes in the spleen was similar among diet groups in LDLr-/- and apoE-/mice (Figure 3B and 3C). However, in the LDLr-/-, n-3 FAs from EO and FO
reduced the Ly6Chi subset to levels of chow-fed mice (Figure 3A and 3D). In the
apoE-/- background, only the mice fed chow were different than the PO group
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(Figure 3E). In fact, the changes in the Ly6Chi subset appeared strikingly similar
to the results seen with intimal lesion area (compare Figures 3E and 1C).
Therefore, we performed a linear regression analysis between intimal area and
the percentage of Ly6Chi monocytes in the spleen (Figure 3F and Figure 3G). We
observed a significant correlation between intimal area and Ly6Chi in both LDLr-/and apoE-/- mice, suggesting that the inflammatory profile of monocytes in the
spleen mirrors atherosclerotic lesion development.

n-3 FAs protect against neutrophilia in hypercholesterolemic mice. Recent
studies have emphasized the importance of hypercholesterolemia-induced
neutrophilia in atherosclerosis46 29. Interestingly, we noticed differences in this
cell type among our diet groups. We measured blood neutrophils in LDLr-/- mice
after 16 weeks on diet (Supplemental Figure 5A) and over the course of 12
weeks on diet in apoE-/- mice (Supplemental Figure 5B). Just as n-3 FAs
dissociated hypercholesterolemia from Ly6Chi monocytosis, we also observed
dissociation of hypercholesterolemia from neutrophilia after 16 weeks in the
LDLr-/- mice where n-3 FAs reduced blood neutrophils to levels of chow-fed mice.
In apoE-/- mice we detected a decrease in neutrophils with both EO and FO fed
mice after 6 and 9 weeks on diet. Similar findings were observed in the spleen
(Supplemental Figure 5C and 5D), a compartment that may reflect cumulative
effects of dietary FAs on systemic neutrophil levels. EO and FO reduced
neutrophils in both models of atherosclerosis, dissociating hypercholesterolemia
from neutrophilia, and highlighting the anti-inflammatory nature of n-3 FAs.
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n-3 FAs reduce infiltration of monocytes to atherosclerotic lesions. Aside
from investigating whether n-3 FAs alter monocyte subsets, we also sought to
determine whether n-3 FAs would affect monocyte trafficking into atherosclerotic
lesions. To achieve this, we performed monocyte-labeling experiments after
maintaining LDLr-/- or apoE-/- mice on diet for 16 or 12 weeks, respectively. Using
the procedure developed by Randolph and collegues30, 36, we phagocytically
labeled monocytes with 1!m fluorescent beads. Within 24hrs of injection, 0.71.2% of blood leukocytes were labeled in the LDLr-/- diet groups, and 1.0-1.2% of
blood leukocytes were labeled in the apoE-/- groups. Of these bead containing
cells, 63-81% (mean, 79.4%) were monocytes in LDLr-/- mice, and 78-90%
(mean, 85.3%) were monocytes in the apoE-/-. This translated to 6.5-13.3%
(mean, 9%) of monocytes carrying a fluorescent label in LDLr-/- mice. In apoE-/mice, 6.0-11.6% (mean, 8%) of monocytes were bead containing. This approach
predominately labels Ly6Clo monocytes, although some transient labeling of
Ly6Chi monocytes has been observed36.
The number of recruited monocytes (visualized as fluorescent beads) within
the lesion area of the aortic root in mice fed PO, EO or FO diets was compared
to chow-fed controls in LDLr-/- mice (Figure 4A) and apoE-/- mice (Figure 4B).
Because of slight variations in labeling (6.5-13.3% in LDLr-/- mice, 6.0-11.6% in
apoE-/-) data were normalized for individual mice based on the percentage of
blood monocytes labeled. This adjustment gave a normalized value that
represented the actual number of monocytes entering the lesion (i.e. normalized
frequency). Normalization revealed a decrease in bead containing cells per
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intimal area per section in all groups compared to PO in LDLr-/- mice (Figure 4C).
In contrast we did not detect a difference in bead+ monocytes among diet groups
in the apoE-/- background (Figure 4D), although we did note a trend towards a
decrease in chow vs. PO-fed mice. Of interest, overall the numbers of monocytes
trafficking to the lesion were higher in apoE-/- mice compared to LDLr-/- mice
(compare scales Figure 4A and 4C versus 4B and 4D), perhaps reflecting the
heightened inflammatory response in the apoE-/- model47-49. Together these data
indicate that n-3 FAs reduce infiltration of monocytes to atherosclerotic lesions at
a frequency that is related to the total levels of atherosclerosis.
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Figure 1. Dietary n-3 FAs reduce atherosclerosis in LDLr-/-, but not apoE-/- mice.
At six-eight weeks of age, female mice were fed diets containing 10% calories as
PO and 0.2% cholesterol, supplemented with an additional 10% of calories as
PO, EO or FO or chow for 16 (LDLr-/-) or 12 (apoE-/-) weeks. A. Representative
photomicrographs of Oil Red O and hematoxylin stained cross sections of the
aortic root. Quantitative analysis of aortic root intimal area in LDLr-/- (B) or apoE-/mice (C).
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Figure 2. Differential plasma cholesterol responses to diet were observed in
LDLr-/- and apoE-/- mice. At six-eight weeks of age, female mice were fed diets
containing 10% calories as PO and 0.2% cholesterol, supplemented with an
additional 10% of calories as PO, EO or FO or chow for 16 (LDLr-/-) or 12 (apoE-/) weeks. A. Enzymatic analysis of total plasma cholesterol in LDLr-/- mice. B.
Enzymatic analysis of total plasma cholesterol in apoE-/- mice. Area under the
curve (concentration vs. time) for individual mice was calculated for plasma
cholesterol levels in LDLr-/- (C) or apoE-/- mice (D). Data shown in panels A-D
represent the mean ± SEM from 6-10 mice per group, and values not sharing a
common superscript differ significantly. E. Linear regression analysis of intimal
area vs. plasma cholesterol area under the curve for LDLr-/- (E) or apoE-/- (F)
mice. In panels E and F each point represents an individual animal of the
denoted diet group and the correlation coefficient is shown for entire data set (E).
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Figure 3. Alterations of the Ly6Chi monocyte subset in the spleen of
atherosclerotic mice correlates with atherosclerosis. Live spleen cells were gated
using forward and side scatter characteristics and further identified as monocytes
by expression of CD11b and CD115. A. Representative histograms from the
indicated diet groups. CD11b+Ly6G-CD115+ monocytes were analyzed for
expression of Ly6C after 16 weeks on diet in LDLr-/- mice. Percentages of Ly6Chi
monocytes are shown as mean ± SEM. The percentage of monocytes in the
spleen was calculated for LDLr-/- (B) and apoE-/- (C) mice after 16 and 12 weeks
on diet, respectively. The percentage of monocytes in the Ly6Chi subset was
measured in the spleen of LDLr-/- (D) and apoE-/- (E) mice after 16 or 12 weeks on
diet, respectively. Data shown in panels B-E represent the mean ± SEM from 610 mice per group; values not sharing a common superscript differ significantly,
and panels lacking superscripts indicate statistical differences were not observed
at p=0.05. F. Linear regression analysis of intimal area vs. percentage of splenic
monocytes of the Ly6Chi subset for LDLr-/- (F) or apoE-/- (G) mice. In panels F and
G each point represents an individual animal of the denoted diet group and the
correlation coefficient is shown for entire data set.

48

Figure 3
Palm

Echium

21±2

24±2
53

36

18

32

3

2 2

3

10

4

PE-A

5

10

10

2

2

-10 10

3

10

4

PE-A

10

0

5

3

10

Palm Echium Fish Chow

5

10

3

-10

2

2

-10 10

3

10

4

PE-A

5

10

10

0.5

E

Palm Echium Fish

% Ly6Chi

b

40

b

b

Chow

100
a

80

60

20

a

a

60
b

40
20

Palm Echium Fish

Chow

1000 r2=0.34
p<0.01

750
500

Palm
Echium
Fish
Chow

250
0

0

20

40

% Ly6Chi

60

0

G
intimal area (103µm2)

intimal area (10 m )

10

1.0

0.0

a

80

% Ly6Chi

4

PE-A

ApoE-/-

% monocytes

% monocytes

0.5

D 100

2

3

10

1.5

0.0

3µ

-10

C

1.0

F

2

-10

1.5

0

28

14

0
3

-10

LDLr-/-

B

46

23

0

0
-10
-1010
Ly6C

21±3
41

69

Count

Count

events

65

Chow
55

92

44±5
97

Count

Fish

71

129

Count

A

Palm Echium Fish
r2=0.2

1000

p=0.01

750
500

Palm
Echium
Fish
Chow

250
0

80

0

20

40

60
hi

49

Chow

% Ly6C

80

100

Figure 4. N-3 FAs reduce infiltration of monocytes to atherosclerotic lesions. A.
Labeled monocyte trafficking to the aortic root lesion area in apoE-/- or LDLr-/- (B)
mice after 12 or 16 weeks on diet respectively was quantified as beads per
section. Each bead represents a labeled monocyte. Panels C and D show
normalized data adjusted for individual animal differences in the percentages of
labeled monocytes in the circulation of LDLr-/- or apoE-/- mice, respectively.
Values not sharing a common superscript differ significantly, and panels lacking
superscripts indicate statistical differences were not observed at p=0.05.
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Discussion
n-3 FAs have been appreciated as cardioprotective molecules for decades50.
Much of the focus regarding their mode of action has been centered on lipid
lowering effects6-11. However, in humans, n-3 FAs rarely have an effect on
plasma cholesterol levels, a bona fide promoter of atherosclerosis9, 11, 12. Thus,
we sought to elucidate other potential mechanisms by which n-3 FAs reduce
atherosclerosis, directing our attention to their anti-inflammatory properties16. By
using LDLr-/- mice we gained insight into the development of
hypercholesterolemia-associated monocytosis and neutrophilia, studies of which
have yet to be addressed in this model. Employing the apoE-/- model enabled us
to address the relative contribution of non-plasma cholesterol parameters, such
as monocyte phenotype, on atherosclerosis outcome. This was possible
because in apoE-/- mice n-3 FAs did not reduce plasma cholesterol, and even
increased it in the case of FO.
As anticipated, dietary n-3 FAs reduced atherosclerosis in LDLr-/- mice.
Reductions in plasma cholesterol are a potential mechanism for the decrease in
atherosclerosis. Indeed, both EO and FO reduced total plasma cholesterol to a
similar level over the 16-week study; however, FO-fed mice had significantly
lower aortic root intimal area compared to those fed EO. We attribute this to the
higher levels of atheroprotective n-3 FAs in FO-fed mice compared to EO-fed
mice, particularly DHA33. Therefore, even in the LDLr-/- mouse, in which n-3 FAs
consistently lower plasma lipids, we have evidence that n-3 FAs reduce
atherosclerosis independently of plasma lipid reduction. Nonetheless, based on
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linear regression analysis in the LDLr-/- mice approximately 70% of the variability
in atherosclerosis can be explained by plasma cholesterol levels (Figure 2E).
Thus in this model, it is difficult to state with certainty that reductions in
atherosclerosis and changes in monocyte subset distribution are due to the antiinflammatory potential of n-3 FAs versus their hypolipidemic properties.
Our findings in apoE-/- allow for different interpretations because dietary fat
did not affect plasma cholesterol. Interestingly, only chow-fed mice had reduced
atherosclerosis compared to PO-fed mice. However, this could not be ascribed to
a significant decrease in exposure to cholesterol over time in chow-fed versus
PO-fed mice. In fact, no significant correlation between atherosclerosis and
plasma cholesterol was observed in apoE-/- mice. Of particular interest is the FO
group. These mice had twice the plasma cholesterol exposure as their PO-fed
counterparts, yet similar atherosclerosis compared to PO-fed mice. This is an
explicit example illustrating that n-3 FAs can impact atherosclerosis apart from
effects on plasma cholesterol, an observation that has been consistently reported
in humans9, 11, 12.
Changes in plasma lipids, namely triglycerides, were not expected with n-3
FAs in apoE-/- mice because apoE is thought to play an important role in the
increased clearance of triglyceride-rich lipoproteins that occurs with n-3 FA
treatment18, 37, 39-43, 51. Furthermore, increases in cholesterol were not expected
and have not been frequently reported37. Likely, the elevated cholesterol levels in
FO-fed animals can be attributed to decreased activity of the LDL receptor
clearance pathway. Our group and others have noted a decrease in LDL receptor
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activity and binding affinity of lipoproteins following FO feeding52-55. Thus,
because of the role of the LDL receptor in clearing remnant particles56-58, any
alterations could have a profound effect in the apoE-/- model, in which plasma
remnant particles are elevated. Thus, in apoE-/- mice, where the LDL receptor
pathway is intact, FO reduces the clearance of remnant particles, resulting in an
increase in cholesterol compared to PO-fed controls.
Our data indicated that factors other than plasma lipids contribute to the antiatherogenic properties of n-3 FAs. Therefore, we tested the hypothesis that n-3
FAs could alter Ly6C monocyte subsets which have important implications in
atherosclerosis28-30, 59, 60. We did not see a substantial difference in the
percentages of monocytes in the circulation after 16 (LDLr-/-) or 12 (apoE-/-)
weeks of dietary feeding. In the LDLr-/- mice, analysis of the expression of Ly6C
on blood monocytes showed similar subset distribution among diet groups. In
contrast, apoE-/- mice, despite the high plasma cholesterol observed with FO
feeding, exhibited a decrease in the Ly6Chi subset to levels of chow-fed mice.
This indicates that Ly6Chi monocytosis can be dissociated from
hypercholesterolemia, particularly in the context of reduced inflammation, as
would be expected with omega-3 fatty acid supplementation.
Since the spleen can serve as a reservoir for monocytes in the periphery45
and may reflect cumulative changes that have occurred over the course of
dietary treatment, we assessed this compartment for the effects of n-3 FAs. No
change in the percentages of total monocytes in the spleen was observed as a
function of dietary fat in either LDLr-/- or apoE-/- mice. However, contrary to the
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blood monocyte data, n-3 FAs reduced the Ly6Chi subset compared to PO to the
level of chow-fed mice in the LDLr-/- model. This is likely due to the fact that blood
monocytes represent a transient pool of cells that turn over rather quickly,
whereas the spleen reveals what may be occurring in the body over a longer
period of time. Furthermore, in both LDLr-/- and apoE-/- mice, the Ly6Chi profile of
splenic monocytes did not appear to correlate with plasma cholesterol
measurements, but instead with atherosclerosis. Interestingly, in the apoE-/- mice,
the changes in the Ly6Chi subset paralleled more closely to lesion area than did
plasma cholesterol. Our data with blood and splenic neutrophils resulted in a
similar conclusion as we also observed reductions in this cell type in EO and FOfed mice compared to PO-fed mice that were not reflective of changes in
hypercholesterolemia per se. These observations support the notion that
monocyte distribution skewing towards the Ly6Chi subset as well as neutrophilia
correlate better with atherosclerosis disease burden rather than cholesterol
levels.
Another major endpoint of our studies was to determine whether or not the
decreased macrophage abundance in atherosclerotic lesions following n-3 FAs
treatment18, 19, 44 is due to a decrease in monocyte trafficking. We observed a
decrease in the recruitment of monocytes to plaques in EO, FO, and chow-fed
mice compared to PO-fed mice, suggesting that indeed, monocyte trafficking
could be the reason for reductions in lesion macrophage number following n-3
FA treatment. It is important to note that the monocyte labeling technique used
herein, has been described to predominately label monocytes of the Ly6Clo
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subset30, 36, which enter the artery wall with less frequency than their Ly6Chi
counterparts29, 30. Thus, it is likely that we are underestimating the differences in
trafficking among the diet groups, and that by applying an approach that
specifically labels Ly6Chi monocytes we might observe greater differences based
on diet in monocyte recruitment to lesions.
Overall, our data support the notion that n-3 FAs reduce atherosclerosis, in
part, by favorably altering monocyte subsets and reducing trafficking of
monocytes to atherosclerotic plaques. In addition, several points from this study
and others converge to make an argument for the Ly6Chi monocyte profile as a
relevant marker for disease progression as opposed to plasma cholesterol. First,
cholesterol feeding of wild-type mice increases plasma cholesterol yet these
animals do not develop monocytosis or exhibit changes in the distribution of
Ly6C monocytes29, 30. Second, although results observed following statin
treatment have been used to support an association between
hypercholesterolemia and Ly6Chi monocytosis29 statins have known
immuonomodulatory and anti-inflammatory properties61-63 that could impact blood
monocyte numbers and subset distribution. Furthermore, any treatment, such as
statin therapy, that alters plasma cholesterol will impact atherosclerotic disease
progression, making it impossible to conclude that alterations in plasma
cholesterol alone are affecting Ly6Chi monocytosis. Third, in our studies,
hypercholesterolemia, monocytosis and the distribution of the Ly6C subset do
not correlate across time. Using LDLr-/- mice as an example, plasma cholesterol
peaks at around 4 weeks of dietary intervention, yet the blood monocyte values
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gradually increase over the course of 16 weeks. In further support of this, plasma
cholesterol does not show a relationship to the percentage of Ly6Chi monocytes
in the circulation or the spleen in the LDLr-/- or apoE-/- background, respectively.
Interestingly, plasma cholesterol in EO and FO-fed mice is intermediate between
PO and chow-fed controls in the LDLr-/- background; yet splenic Ly6Chi
monocytes and monocyte trafficking are reduced to the extent of chow-fed mice.
Notably, in both the LDLr-/- and apoE-/- models, we saw beneficial effects on
Ly6Chi monocytosis independent of alterations in plasma cholesterol.
It will be interesting to determine whether any of the mechanisms described in
this current study could occur through fatty acid sensors such as the recently
discovered GPR120 receptor15. This receptor regulates the ability of n-3 FAs to
decrease M1 proinflammatory gene expression and increase M2 inflammatory
gene expression. It is plausible that GPR120 plays an additional role in the
alterations of Ly6C monocyte subsets observed with n-3 fatty acid treatment, and
future studies ought to address this possibility.
In conclusion, n-3 FAs reduce atherosclerosis, alter monocyte subsets, and
reduce monocyte trafficking to atherosclerotic lesions in models of experimental
atherosclerosis. Perhaps the combination of reduced Ly6Chi monocytes in the
circulation and a reduction in the load of circulating neutrophils diminished
atherosclerosis in apoE-/- mice fed FO to levels comparable to those fed PO
despite higher plasma cholesterol in the former group. Reductions in
atherosclerosis in LDLr-/- mice likely occur through similar mechanisms, with the
additional benefit that n-3 FAs decrease monocyte recruitment to the artery wall.
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the inflammatory profile of splenic monocytes parallels atherosclerosis, as
opposed to plasma cholesterol levels. This finding has important implications in
broadening our understanding of the interactions between hyperlipidemia and
innate immunity in the context of atherosclerosis and should be taken into
consideration when evaluating the impact of hyperlipidemia on immune cells in
models of atherosclerosis.
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Supplemental Figure 1. Aortic cholesterol ester content in LDLr-/- and apoE-/mice. A. Aortic cholesterol ester (CE) content per mg protein in LDLr-/- or apoE-/mice (B) was measured as previously described1. C. Linear regression analysis
of intimal area vs. aortic CE content for LDLr-/- or apoE-/- (D) mice. In panels C
and D each point represents an individual animal of the denoted diet group and
the correlation coefficient is shown for entire data set.
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150

Supplemental Figure 2. Plasma lipoprotein cholesterol distribution in LDLr-/- and
apoE-/- mice. A. Cholesterol distribution in a separate cohort of LDLr-/- mice fed
PO, EO, FO and chow for 20 weeks. Data represents the mean ± SEM from 3-5
mice per group. B. Cholesterol distribution in apoE-/- mice after 9 weeks on diet.
Plasma lipoproteins were separated by size exclusion high performance liquid
chromatography (HPLC) and lipoprotein (VLDL, LDL, or HDL size range)
cholesterol concentrations were measured enzymatically as described in the
Methods section. Data was obtained from equal volume pooled plasma from 3
mice per group.
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Supplemental Figure 3. Representative dot plots and histograms from the
indicated diet groups after 12 weeks of feeding in apoE-/- mice. Live cells were
gated and further identified as monocytes by expression of CD11b and CD115.
A. CD11b+Ly6G-CD115+ monocytes (dot plots) were analyzed for expression of
Ly6C (histograms) after 12 weeks on diet in apoE-/- mice. Percentages of Ly6Chi
monocytes are shown as mean ± SEM. B. Representative dot plots from the
indicated diet groups illustrating expression of CD11c and CD62L versus Ly6C
expression on blood monocytes in apoE-/- mice after 12 weeks on diet.
Percentages of monocytes in each quadrant are shown as mean ± SEM.
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Supplemental Figure 4. N-3 FAs favorably alter the Ly6Chi monocyte subset in
the circulation of apoE-/- mice. The percentage of monocytes in the circulation
over time was measured in LDLr-/- (A) and apoE-/- (B) mice. The percentage of
circulating monocytes in the Ly6Chi subset was measured over time in LDLr-/- (C)
and apoE-/- (D) mice. Data shown in panels A-D represent the mean ± SEM from
6-10 mice per group, values not sharing a common superscript differ significantly,
and panels lacking superscripts indicate statistical differences were not observed
at p=0.05.
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Supplemental Figure 5. EO and FO protect against neutrophilia in
hypercholesterolemic mice. A. The percentage of CD11b+Ly6G+CD115neutrophils in the circulation after 16 weeks of diet feeding was measured in
LDLr-/- mice, and over the course of 12 weeks in apoE-/- mice (B). C. The
percentage of neutrophils in the spleen was calculated after 16 weeks on diet in
LDLr-/- mice and after 12 weeks in apoE-/- mice (D). Data represents the mean ±
SEM from 6-10 mice per group, and values not sharing a common superscript
differ significantly.

73

Supplemental Figure 5

LDLr-/-

% neutrophils

45

B

a

30
b

b

b

15

% neutrophils

A

ApoE-/60

Palm
Echium
Fish
Chow

40

a
b

a

a

b
aa
a

c

c
d

20

a

a

d

b

b

0

C
% neutrophils

10
8

Palm Echium Fish

30
a,b

b

b

2
0

Palm Echium Fish

20

74

6

9

12

a

a
a,b

10
c
0

Chow

3

weeks on diet

D

a

6
4

0

Chow

% neutrophils

0

Palm Echium Fish Chow

Supplemental References
1.

Furbee JW, Jr., Parks JS. Transgenic overexpression of human lecithin:
Cholesterol acyltransferase (lcat) in mice does not increase aortic
cholesterol deposition. Atherosclerosis. 2002;165:89-100

75

CHAPTER III
OMEGA-3 FATTY ACIDS PROMOTE
ALTERNATIVE ACTIVATION OF MACROPHAGES

Amanda L. Brown, Xuewei Zhu, Soonkyu Chung, Jeongmin Seo, Elena
Boudyguina, Lawrence L. Rudel, Martha Alexander-Miller, and John S. Parks

The following manuscript has not been submitted. Amanda L. Brown performed
the experiments and prepared the manuscript. Dr. John S. Parks acted in an
advisory and editorial capacity.

76

Abstract
Dietary omega-3 polyunsaturated fatty acids, primarily eicosapentaenoate (EPA)
and docosahexaenoate (DHA), attenuate chronic diseases such as
atherosclerosis. However, fatty fish, the richest dietary source of omega-3 fatty
acids, is consumed in low quantities in the U.S. Therefore, we sought to
determine whether a botanical oil, echium oil from Echium plantagineum that is
enriched in stearidonic acid (SDA; 18:4 n-3), will alter macrophage phenotypes in
a murine model of atherosclerosis. Mice were fed a basal diet containing 10%
calories as palm oil and 0.2% cholesterol, supplemented with an additional 10%
of calories as palm oil, echium oil or fish oil. The echium oil and fish oil diets
dampened M1 macrophage responses to Toll-like receptor-4 (TLR4) stimulation
compared to palm oil. We then explored the likelihood that omega-3 fatty acids
promote macrophage phenotype shifting from a more inflammatory (M1) to a less
inflammatory (M2) alternative phenotype. Using flow cytometry and gene
expression analysis, we determined that echium and fish oil feeding increased
the M2 phenotype of murine macrophages. In addition, we searched for the
presence of omega-3 fatty acid-mediated phenotypic shifting in non-human
primates. We observed a significant increase in CD206 expression in livers from
non-human primates fed diets enriched in omega-3 fatty acids compared to those
fed a saturated fat diet. These data suggest that omega-3 fatty acids polarize
macrophages toward an M2 phenotype, which may be atheroprotective. Ongoing
studies will determine if omega-3 fatty acids alter the phenotype of lesion
macrophages in the context of atherosclerosis.
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Introduction
Omega-3 fatty acids are beneficial in the prevention of cardiovascular
disease1-5, which can be attributed to their lipid lowering6-11 and anti-inflammatory
properties12-15. Because the macrophage is critically involved in the progression
of atherosclerosis and other chronic inflammatory diseases16-21, studies have
focused on the mechanisms by which omega-3 fatty acids impact macrophage
function. For instance, omega-3 fatty acids can alter macrophage and other
immune cell responses by replacing arachidonic acid (20:4 n-6) in cellular
phospholipids, decreasing arachidonic acid-derived eicosanoid production and
resulting in n-3 products that are typically less inflammatory, resolutionpromoting, or devoid of bioactivity compared to their n-6 counterparts22. Both
fatty acid classes utilize cyclooxygenase (COX) and lipoxygenase (LO) pathways
to give rise to different classes of lipid mediators, such as leukotrienes,
prostaglandins, and thromboxanes, but also the anti-inflammatory lipoxins,
resolvins, protectins, and maresins23,

24

. Other mechanisms by which omega-3

fatty acid intake may ameliorate uncontrolled inflammation include altering
cellular membrane fluidity and signal transduction pathways25-27. Recently,
omega-3 fatty acids were shown to down-regulate AP-1 and NF-!B signaling
through a GPR120-dependent mechanism, resulting in reduced M1 classical
inflammation

and

a

reciprocal

increase

in

M2

alternatively

activated

macrophages13. M1 macrophages are typically considered pro-inflammatory,
whereas M2 macrophage possess anti-inflammatory and inflammation-resolving
properties28.
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However, in spite of the reported beneficial effects of fish oil and omega-3
fatty acids, consumption of fatty fish or fish oil supplements is low in the US. This
may be due to the minor adverse side effects (i.e., fishy aftertaste,
gastrointestinal problems) of fish oil supplements29. There are multiple barriers to
achieving the recommended n-6 to n-3 fatty acid ratio in the American diet, and
to attempt this fortification through marine sources alone would require a four-fold
increased intake of fatty fish29. Botanical oils provide an alternative means to
enrich the diet with omega-3 fatty acids.
Our study was designed to test the hypothesis that a botanical source of
omega-3 fatty acids, echium oil, would exhibit anti-inflammatory properties similar
to those of fish oil. Echium oil is enriched in stearidonic acid (SDA), the delta-6
desaturation product of alpha-linolenic acid (ALA). The delta-6 desaturase step is
rate limiting for the conversion of ALA to EPA in vivo30. Thus, by circumventing
this reaction, we can increase EPA levels without direct dietary supplementation
of EPA. Previous studies in our lab have documented that enrichment of EPA in
plasma and liver lipid fractions occurs with echium oil feeding31. Furthermore, our
lab has documented a reduction in atherosclerosis with echium oil similar to that
observed with fish oil feeding (unpublished findings). Atherosclerosis is a disease
process in which inflammation plays a crucial role32-35. Therefore we set out to
test the hypothesis that botanically-derived omega-3 fatty acids can alter the
M1/M2 phenotypic balance in macrophages as a means of reducing
atherosclerosis.
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Methods
Mice and diets. C57BL/6 mice were purchased from The Jackson Laboratory
(Bar Harbor, Maine, USA). ApoB100-only, LDLr-/- mice were acquired from Dr.
Steven Young (UCLA). Mice used for this study were backcrossed 5-6 times with
C57BL/6 LDLrKO mice and were determine to be >99% in the C57BL/6
background by genome wide screens using 134 single nucleotide polymorphisms
that were polymorphic between the C57BL/6 and 129/SVEV strains and spaced
approximately 20Mb across the mouse genome. ApoB100-only, LDLr-/- mice
where used in these studies because they develop a lipoprotein profile
analogous to humans36 and their responsiveness to dietary fatty acids has been
well characterized37. Mice were housed in a specific pathogen-free facility with a
12-hour light/dark cycle. All protocols and procedures were approved by the
animal care and use committee (ACUC) of Wake Forest School of Medicine. At
six-eight weeks of age, female mice were fed atherogenic diets containing 10%
calories as palm oil and 0.2% cholesterol, supplemented with an additional 10%
of calories as palm oil, echium oil or fish oil for 1, 2, 4, or 8 weeks. The semisynthetic diets were prepared by the diet kitchen in the Department of Pathology
at Wake Forest School of Medicine as previously described38. The fatty acid
composition of the palm oil, echium oil and fish oil diets has been previously
published31. A standard chow diet was used as an additional control.

Peritoneal

Macrophage

Isolation

and

Culture.

Elicited

peritoneal

macrophages were collected 4 days after injection of 1 ml of 10% thioglycolate
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into the peritoneal cavity of mice as previously described39. Resident
macrophages were obtained by washing the peritoneal cavity of mice with PBS.
Peritoneal macrophages were cultured in RPMI 1640 containing 1% NutridomaSP (Roche Applied Science) medium as published previously40.
M1 or M2 Polarization of Peritoneal Macrophages. To promote a classical M1
macrophage phenotype, peritoneal macrophages were incubated ± 100 ng/ml
Kdo2-lipid A (Avanti Polar Lipids) for 3 h before extraction in TRIzol reagent
(Invitrogen) for mRNA analyses. An alternative M2 activation was achieved by
incubating peritoneal macrophage for 8 hrs ± 10 ng/mL of recombinant mouse IL4 (R&D Systems).
Fatty Acid Analyses. Peritoneal macrophages from 3-4 mice fed diets one week
were pooled and extracted using the Bligh-Dyer method41. Lipid extracts were
subjected to fractionation by thin layer chromatography using a neutral solvent
system and the phospholipid band was collected. The recovered phospholipids
were methylated and analyzed by gas–liquid chromatography to assess fatty acid
enrichment as described previously 41.

In vivo LPS Injections and sample collection C57/BL6 mice were fed
experimental diets for two weeks. LPS (1mg/kg Salmonella enterica) was
injected in the peritoneal cavity as previously described40 except as follows: the
vehicle used in the current study was sterile saline. Mice were bled at 1-hour post
injection for plasma TNF-! levels. Six hours after injection, mice were
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anesthetized with 50 mg ketamine and 10 mg xylazine/kg body weight, blood
was collected, and liver tissue was snap-frozen. The plasma levels of TNF-! (one
hour) and IL-12p40 (six hours) were measured by ELISA kits (BD Biosciences)
according to the manufacturer's instructions. The lower limit of detection for the
cytokine assays was 15.6 pg/ml.
Real time PCR. Isolated mRNA was transcribed to cDNA and real time PCR was
performed as previously described39. Primer sequences are summarized in
Supplemental Table 1 and Supplemental Table 2.

Flow cytometry. Spleens were collected from mice fed experimental diets for 4
or 8 weeks. For splenic cells, tissue was mechanically disrupted and allowed to
incubate in RPMI 1640 containing 1% Nutridoma-SP (Roche Applied Science)
medium with 1 mg/ml collagenase D (Roche) for 1 hour at 37°C. The cell
suspension was subsequently passed through a 70-"m nylon cell strainer (BD
Falcon). Red blood cells were removed from flow cytometry preparations by
treatment with ACK lysing buffer (Gibco). The remaining white blood cells were
incubated with the following mAbs: F4/80-PE clone:BM8 (eBiosciences), and
CD206-AlexaFluor 647 clone:MR5D3 (AbD Serotec). Data was acquired on a BD
FACSCalibur instrument (BD Biosciences) and analyzed using FlowJo software
(Treestar, Inc.).

Non-human primate samples. Male vervets (Cercopithecus aethiops sabeus),
originally from St. Kitts Island, were fed atherogenic diets, enriched with either
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saturated,

monounsaturated,

omega-6

polyunsaturated,

or

omega-3

polyunsaturated fats. The composition of analogous diets has been previously
described42. After 40 months of diet treatment, monkeys were sacrificed and liver
samples were snap-frozen. RNA was extracted in TRIzol and processed for RTPCR as published previously43.

Statistical analyses. Data are presented as mean ± SEM. All data were
analyzed using Student’s t-test. P < 0.05 was considered significant. All analyses
were performed with GraphPad Prism 5.01 (GraphPad Software Inc., San Diego,
CA).

Results
Marine and botanical sources of omega-3 fatty acids incorporate into
macrophage lipids and correlate with dampened M1 responses. We have
previously reported that echium oil feeding results in significant enrichment of
EPA and DHA in plasma and liver lipids31. Thus, we sought to determine the
extent to which echium oil feeding would enrich the phospholipid fraction of
macrophages, the cell type of interest in this study. After one week of dietary
feeding, thioglycollate-elicited macrophages were collected from hyperlipidemic
mice to determine fatty acid incorporation into the phospholipid fraction by gasliquid chromatography. As anticipated, echium and fish oil diets increased the
percentage of omega-3 fatty acids in the phospholipid fraction of peritoneal
macrophages compared to palm controls (Figure 1A).
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We reasoned that the alterations in fatty acid enrichment with the echium and
fish oil diets would result in an altered response to a pro-inflammatory M1
stimulus compared to palm oil. To test this, we stimulated peritoneal
macrophages from diet-fed mice with KDO2-lipid A, the lipid moiety of the TLR-4
agonist, LPS. Figure 1B illustrates that echium-fed mice had decreased
expression of all M1 genes surveyed, including interleukin (IL)-6, tumor necrosis
factor-alpha (TNF- !), cyclooxygenase (COX)-2, and inducible nitric oxide
synthase (iNOS). Fish oil fed mice had reduced expression of TNF- ! and iNOS
compared to palm oil fed mice.
The in vivo anti-inflammatory effects of these oils were assessed using intraperitoneal injections of LPS. As seen in Supplemental Figure 1, the body and
organ weights of these mice were not altered after 2 weeks on the respective
diets. Plasma TNF- !, and IL-12p40 were not altered by diet (Supplemental
Figure 2). The plasma cytokine levels for the saline-injected controls were below
detection.
To ensure that the omega-3 fatty acid feeding was effective, we measured the
hepatic mRNA abundance of sterol response element binding protein-1c
(SREBP-1c), a gene product known to be decreased by omega-3 fatty acids44.
Figure 2 shows a significant decrease in the gene expression of SREBP1c in
echium and fish oil fed mice compared to palm fed mice. We evaluated the
hepatic response to LPS in mice fed palm, echium or fish oil diets. As shown in
Figure 2B, we detected a significant decrease in iNOS mRNA in mice fed fish oil
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compared to palm oil. We also observed a significant decrease in IL-12p40
mRNA in both echium and fish oil fed mice compared to palm oil.

Marine and botanical sources of omega-3 fatty acids polarize macrophages
toward an M2 activation state. Our data suggested that omega-3 fatty acid
feeding diminished the skewing of macrophages toward an M1 activation state.
Furthermore, it has been demonstrated that unsaturated fatty acids also heighten
the response of macrophages to IL-4, an M2 stimulus45. Therefore, we tested the
hypothesis that resident macrophages isolated from mice fed echium or fish oil
diets would have a potentiated response to IL-4 compared to palm controls. As
shown in Figure 3, echium and fish oil feeding increased the expression of
peroxisome proliferator-activated receptor gamma (PPAR!), interleukin-10 (IL10), and arginase-1 (Arg-1). Chitinase 3 like-3 (Chi3l3) expression was relatively
unchanged.
In addition to enhancing the response to an M2 stimulus, we hypothesized
that omega-3 fatty acids act in vivo to skew resident macrophages toward an
alternative activation in the absence of additional M2 stimuli. To test this, we
analyzed splenic macrophages for the basal expression of a prototypical M2
marker, CD206 (mannose receptor, MR). After 4 or 8 weeks of diet feeding in
hyperlipidemic mice, fish oil significantly increased the expression of mannose
receptor on splenic macrophages compared to palm oil. A trend towards an
increase was observed with echium-fed mice (Figure 4A and 4B). We also
discovered that from 4 to 8 weeks, these atherogenic diets decreased the
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percentage of macrophages expressing high levels of mannose receptor
(compare Figure 4A and 4B). However, it appears that fish oil feeding retains the
percentages of this M2 macrophage population when compared to a mouse fed a
standard chow diet (Figure 4B).
Recently, hepatocytes have been described as a source of IL-445, 46, which
can lead to a shift toward an M2 phenotype in liver resident macrophages
(Kupffer cells). Therfore, we assessed livers from mice for mRNA abundance of
various M2 genes after 2 weeks on diet (Figure 5A). We observed a significant
increase in chitinase 3 like-3 (Chi3l3) expression in echium and fish oil fed mice
compared to palm fed mice. A trend towards an increase was observed in
interleukin-10 (IL-10) expression in fish oil fed mice. However, expression of
mannose receptor C type-2 (MRC2) was not different among the diet groups.

Omega-3 fatty acid feeding significantly increases M2 gene expression in
non-human primates compared to those fed a saturated fat diet. Next, we
sought to determine whether omega-3 fatty acids could promote macrophage
phenotypic shifting in non-human primates. Liver mRNA from monkeys fed either
a saturated, monounsaturated, n-6 polyunsaturated, or n-3 polyunsaturated (fish
oil) diet was analyzed for mannose receptor expression (Figure 5B). We
observed a significant increase in this canonical M2 marker in monkeys fed the
fish oil diet compared to the saturated fat fed controls, suggesting that omega-3
fatty acids promote M2 macrophage phenotypes in a primate model.
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Figure 1. Omega-3 fatty acid incorporation correlates with dampened M1
responses in primary macrophages from apoB100 only, LDLr-/- mice fed EO and
FO diets. A. Percentage composition of phospholipids in thioglycollate-elicited
macrophages from mice fed diets for 1 week. B. Inflammatory gene expression
by RT-PCR in KDO2 stimulated (100 ng/mL) peritoneal macrophages
(thioglycollate-elicited) from mice fed diets 1 week. Panel A representative of two
independent experiments. Panel B n=3 mice per each diet group, except n=2 for
FO (IL-6, iNOS only; range shown for these data points). *p< 0.05 relative to the
palm oil. IL-6, interleukin-6; TNF-a, tumor necrosis factor-alpha; COX-2,
cyclooxygenase-2; iNOS, inducible nitric oxide synthase.
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Figure 1
A

B
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Figure 2. Omega-3 fatty acids alter the hepatic response to LPS after 2 weeks of
supplementation. A. Hepatic mRNA expression of SREBP1-c (sterol regulatory
element binding protein-1c) in C57/BL6 mice, n=3 (saline controls). B. Hepatic
mRNA expression of inflammatory cytokines measured 6 hours post-LPS
injection (represented as fold change over saline-injected controls), n=3. *p< 0.05
relative to palm oil. MCP-1, monocyte chemoattractant protein-1; iNOS, inducible
nitric oxide synthase; IL-12p40, interleukin-12p40.
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Figure 2
A

B
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Figure 3. Omega-3 fatty acids potentiate the response of macrophages to an M2
stimulus. A. M2-associated gene expression in IL-4 treated (10 ng/mL) resident
peritoneal macrophages from apoB100 only, LDLr-/- mice fed diet for 4 wks. Data
are means from a representative RT-PCR experiment, performed in duplicate
with similar results. PPAR!, peroxisome proliferator-activated receptor; Chi3l3,
chitinase 3-like 3; IL-10, interleukin-10; Arg-1, arginase I.
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Figure 4. Omega-3 fatty acids influence the expression of M2 markers as
measured by flow cytometry. A. Splenocytes from apoB100 only, LDLr-/- mice fed
diet for 4 wks were gated for F4/80 expression (macrophage) and the percentage
of cells highly expressing CD206 (MR, mannose receptor) was determined. B.
Splenocytes from apoB100 only, LDLr-/- mice fed diet or standard chow for 8 wks
were gated for F4/80 expression (macrophage) and the percentage of cells
highly expressing CD206 (MR, mannose receptor) was determined, *p< 0.05
relative to palm oil.
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Figure 5. Omega-3 fatty acid feeding significantly increases M2 gene expression
in livers from mice and non-human primates compared to those fed a saturated
fat diet. A. C57/BL6 mice were fed diets for 2 wks and liver mRNA was analyzed
by RT-PCR for changes in M2-associated genes. B. Non-human primates were
fed diets for 40 months and liver mRNA was analyzed for changes in expression
of CD206 (MR, mannose receptor), n=6 animals per group, *p< 0.05 relative to
the saturated fat diet group. MRC2, mannose receptor C type-2; IL-10,
interleukin-10; Chi3l3, chitinase 3-like 3.
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Discussion
The goal of this study was to determine whether supplementation with a
botanical source of omega-3 fatty acids, echium oil, could reduce macrophage
inflammation similar to that observed with fish oil. Furthermore, we sought to
understand the mechanisms by which omega-3 fatty acids reduce macrophage
inflammation. We hypothesized that omega-3 fatty acids shifted the phenotype of
macrophages from a pro-inflammatory, classical M1 state to a less inflammatory,
alternative M2 state.
As anticipated, echium supplementation resulted in enrichment of
macrophage phospholipids in EPA and DPA (22:5 n-3), to a level intermediate
between that of palm and fish oil feeding. The relative lack of enrichment in DHA
observed with echium oil feeding is not surprising, since conversion of EPA to
DHA requires delta-6 desaturase 47, the enzyme responsible for the inefficient
conversion of ALA to EPA30. Furthermore, echium oil also contains other
polyunsaturated fatty acids such as gamma-linolenic acid (GLA). The elongation
product of GLA, dihomo-gamma-linolenic acid (DGLA; 20:3 !-3), was increased
in the phospholipid fraction from echium fed mice. Since the data are expressed
as percent composition, it is feasible that the decrease in DHA in echium oil fed
mice compared to palm oil can be explained in part through a corresponding
increase in DGLA which replaces DHA in the phospholipid fraction. Of interest is
the reduction of arachidonic acid in macrophage phospholipids from echium oil
fed mice to the same level as fish oil fed mice. This is a notable anti-inflammatory
effect, because a reduction in this fatty acid can have substantial effects on the
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production of pro-inflammatory lipid mediators22, 23.
As predicted from the fatty acid enrichment of macrophage lipids, we
observed a blunted response to KDO2, an M1 inflammatory stimulus, in
macrophages from echium and fish oil fed mice compared to palm oil fed mice.
To address whether this blunting of M1 responses was also occurring in vivo,
and since the liver is sensitive to inflammatory insults 48-50, we chose to evaluate
the hepatic response to LPS in mice fed palm, echium or fish oil. We saw a
reduction in M1 macrophage phenotypic markers in livers from mice fed omega-3
fatty acids. However, omega-3 fatty acids did not alter the plasma cytokine
response to LPS. Surprisingly, increases in post-LPS cytokines have been
previously observed with omega-3 fatty acid supplementation51-53. For TNF- !,
this finding has been attributed to effects on prostaglandins54. Prostaglandin-E2
(PGE2) inhibits TNF- ! production55, 56, and since omega-3 fatty acids reduce
PGE2 levels54, the net result is an increase or no change57 in plasma TNF- ! in
mice fed omega-3 fatty acids.
In addition to our findings that omega-3 fatty acids from echium and fish oil
blunted M1 activation, we also observed that they potentiate the response of
macrophages to M2 stimuli (IL-4). This is in keeping with recent reports that
suggest unsaturated fatty acids intensify alternative activation in macrophages45.
However, our in vivo results are perhaps even more interesting. Here, we
observed that resident macrophage skewing toward an M2 phenotype was
occurring through diet alone. In other words, in the absence of an exogenous M2
stimuli like IL-4 or IL-13, omega-3 fatty acids are driving the phenotype of
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macrophages toward alternative activation. It is possible that omega-3 fatty acid
feeding upregulates the production of Th2 cytokines from T cells, as previously
described58, 59. However, it is also possible that non-immune cell types, such as
hepatocytes45, 46 and adipocytes46, produce higher levels of IL-4/IL-13 following
omega-3 fatty acid feeding. Additional studies need to be performed to
investigate this possibility.
We speculate that the mechanism by which omega-3 fatty acids are
promoting phenotypic shifting is occurring through nuclear hormone receptors,
such as PPAR!. In fact, recent publications have demonstrated a fundamental
role for both PPAR! and PPAR" in the alternative activation of macrophages45, 46,
60-62

. Furthermore, IL-4 stimulation upregulates expression of 12/15 lipoxygenase

and PPAR! in macrophages63. 12/15 lipoxygenase catalyzes the stereospecific
addition of molecular oxygen across double bonds of polyunsaturated fatty acids,
which would be abundant in the echium and fish oil fed mice compared to palm
oil fed mice. These oxygenated lipids could potentially serve as ligands for
PPAR!64 and thus drive macrophages toward an M2 state.
Omega-3 fatty acids are known to dampen the pro-inflammatory pathways
that predominate in classical M1 macrophages by blunting activation of M1associated transcription factors AP-1 and NFkB through GPR-120 signaling13.
Although this mechanism would certainly skew the phenotype of macrophages
treated with omega-3 fatty acids away from a classical M1 phenotype, it assumes
that the corresponding phenotype would be M2 by default. In other words, the M2
phenotype would be present secondarily to the diminished M1 phenotype.
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However, the hypothesis that omega-3 fatty acids are promoting M2 activation by
acting as ligands for nuclear hormone receptors would imply a more direct mode
of action of omega-3 fatty acids in alternative activation, rather than simply a
secondary result of diminished M1 phenotypes. Omega-3 fatty acid studies
performed in the absence of PPAR! and 12/15 LO will help to distinguish
between these two possibilities.
Finally, we demonstrated that non-human primates fed omega-3 fatty acid
enriched diets exhibit signs of macrophage phenotypic switching. We observed a
significant increase in the canonical M2 marker, mannose receptor, in the livers
from monkeys fed the fish oil diet compared to those fed the saturated fat diet.
However, mannose receptor has also been shown to be expressed on hepatic
endothelial cells65, 66. Therefore, analysis of additional M2 genes is necessary.
Nonetheless, the non-human primate data suggest that M2 phenotypic skewing
by omega-3 fatty acids may occur in humans, as has been described by the drug
class of thiazolodindiones, known PPAR! ligands60.
In summary, botanical oils that contain omega-3 fatty acids (i.e., 18:4 n-3) that
can be efficiently converted in vivo to the bioactive molecule EPA, have
implications for reducing the incidence and severity of many human diseases,
including atherosclerosis. The data herein suggest that echium oil may be a
satisfactory replacement for fish oil for the amelioration of such diseases.
Furthermore, our data support a role for omega-3 fatty acids in polarizing
macrophages toward an M2 phenotype, which may be atheroprotective60, 67.
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Supplemental Figure 1. Omega-3 fatty acids do not alter body or organ weights
after 2 weeks of supplementation. A. Body weights in C57/BL6 mice. B. Liver to
BW (body weight) ratios. C. Spleen to BW (body weight) ratios.
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Supplemental Figure 1
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Supplemental Figure 2. Omega-3 fatty acids do not alter the plasma cytokine
response to LPS after 2 weeks of supplementation. A. Plasma TNF-!, 1 hour
post injection (1mg/kg Salmonella enterica LPS) in C57/BL6 mice, n=5. B.
Plasma IL-12p40, 6 hours post injection, n=5.
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Supplemental Table I. Mouse Real Time-PCR primers
Gene name

Forward primer (5'!3')

Reverse primer (5'!3')

iNOS

GCAGCTGGGCTGTACAAA

AGCGTTTCGGGATCTGAAT

COX-2

AAAGGTTCTTCTACGGAGAGAGTTCA

TGGGCAAAGAATGCAAACATC

SREBP-1c

GGAGCCATGGATTGCACATT

GGCCCGGGAAGTCACTGT

MRC-2

TACAGCTCCACGCTATGGATT

CACTCTCCCAGTTGAGGTACT

PPAR!

CACAATGCCATCAGGTTTGG

GCTGGTCGATATCACTGGAGATC

TNF"

GGCTGCCCCGACTACGT

ACTTTCTCCTGGTATGAGATAGCAAAT

IL-6

CTGCAAGAGACTTCCATCCAGTT

AGGGAAGGCCGTGGTTGT

IL-12p40

AGACCCTGCCCATTGAACTG

GAAGCTGCTGCTGTTCTCATATT

MCP-1

TTCCTCCACCACCATGCAG

CCAGCCGGCAACTGTGA

Arg-1

CTCCAAGCCAAAGTCCTTAGAG

AGGAGCTGTCATTAGGGACATC

Chi3l3

AGAAGGGAGTTTCAAACCTGGT

GTCTTGCTCATGTGTGTAAGTGA

IL-10

GCTCTTACTGACTGGCATGAG

CGCAGCTCTAGGAGCATGTG

GAPDH

TGTGTCCGTCGTGGATCTGA

CCTGCTTCACCACCTTCTTGAT

Supplemental Table II. Non-human Primate Real Time-PCR primers
Gene name

Forward primer (5'!3')

Reverse primer (5'!3')

CD206 (MR)

CGAGGAAGAGGT TCGGTTCACC

GCAATCCCGGTTCTCATGGC

Cyclophilin

GCATACGGGTCCTGGCATCTTGTCC

ATGGTGATCTTCTTGCTGGTCTTGC
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DISCUSSION
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Omega-3 fatty acids have been appreciated as cardioprotective molecules for
decades1, yet their precise mechanism of action remains elusive. The most
consistent observation reported with fish oil or omega-3 fatty acid consumption in
humans is reduction of plasma triglyceride concentrations2-5. However, omega-3
fatty acids are potent anti-inflammatory molecules6-12 and there is a marked
inflammatory component to the development of atherosclerosis13, 14. Thus, much
attention has been paid to the likelihood that omega-3 fatty acids reduce
atherosclerosis, and other chronic diseases by favorably modulating cells of the
immune system. This dissertation focuses on the effects of omega-3 fatty acids
on cells of the monocyte lineage, primarily in the context of atherosclerosis and
hyperlipidemia.
Summary of Findings
In this work we demonstrated that dietary omega-3 fatty acids from echium
and fish oil reduce atherosclerosis in LDLr-/- mice (Chapter II). Although linear
regression analysis approximated that 70% of the variability in atherosclerosis
could be attributed to plasma cholesterol levels, we found evidence that other
factors, such as reduced inflammation, may also contribute to the disease. For
instance, both echium and fish oil reduced total plasma cholesterol to a similar
level over the 16-week study; however, fish oil-fed mice had significantly lower
aortic root intimal area compared to those fed echium oil. This likely reflects the
higher levels of EPA and/or DHA in fish oil-fed mice compared to echium oil-fed
animals. Our findings in apoE-/- mice also support the notion that omega-3 fatty
acids impact atherosclerosis through mechanisms apart from plasma cholesterol,
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likely immune mediated-mechanisms. For instance, echium oil fed-mice had
reduced aortic root atherosclerosis compared to palm oil-fed mice, yet the same
plasma cholesterol exposure as their palm oil-fed counterparts. Alternatively,
apoE-/- mice fed fish oil had a higher exposure to cholesterol over time compared
to palm oil-fed mice, yet similar aortic root atherosclerosis as palm oil-fed animals.
In fact, no significant correlation between atherosclerosis and plasma cholesterol
was observed in apoE-/- mice. Collectively, our studies in atherosclerosissusceptible, hyperlipidemic mice illustrate that omega-3 fatty acids can prevent
atherosclerosis apart from effects on plasma cholesterol, an observation that is
consistent with reports in humans3, 15, 16.
Our data corroborates observations in humans that attribute factors other
than plasma lipids to the anti-atherogenic properties of omega-3 fatty acids.
Conventional wisdom suggests that the atheroprotective potential of omega-3
fatty acids may be due to their immune-modulating effects. Indeed, it has been
documented that omega-3 fatty acids reduce macrophage staining in
atherosclerotic plaques in both animals and humans17-19. This is a substantial
clue as to the mechanisms by which omega-3 fatty acids exhibit atheroprotection,
because of the critical role macrophages, and their precursors monocytes, play in
this disease20-23. The recruitment of monocytes to, and subsequent accumulation
within the arterial wall is necessary for the progression of atherosclerosis13. Thus,
any modulation in monocyte or macrophage number could affect plaque
development. The predicted result of reduced monocyte or macrophage cell
number would be a reduction in atherosclerosis, as accumulation of blood
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monocytes in the artery wall correlates with lesion development24. Furthermore,
omega-3 fatty acid concentrations in atherosclerotic plaques increase with
dietary supplementation of fish oil, and are associated with increased stability of
lesions17. Notably, certain subsets of monocytes (Ly6Clo) and macrophages (M2)
have the potential to promote matrix deposition that would increase lesion
stability25, 26.
In Chapter II we tested the hypothesis that omega-3 fatty acids could alter
Ly6C monocyte subsets that have important implications in atherosclerosis27-31.
We did not see a substantial difference in the percentages of monocytes in the
circulation after 16 (LDLr-/-) or 12 (apoE-/-) weeks of dietary feeding. Analysis of
the expression of Ly6C on blood monocytes did not reveal any differences
among diet groups in the LDLr-/- mice. However, in apoE-/- mice, despite the high
plasma cholesterol observed with fish oil feeding, these mice had a decrease in
the Ly6Chi subset, and a corresponding increase in the Ly6Clo subset in the
circulation to levels of chow-fed mice. This indicates that Ly6Chi monocytosis can
be dissociated from hypercholesterolemia. In other words, we observed
atheroprotective effects of omega-3 fatty acids (an increase in Ly6Clo monocytes)
that could not be fully explained by plasma cholesterol levels, because fish oil-fed
animals had the highest cholesterol in this study.
Since the spleen can serve as a reservoir for monocytes in the periphery32
and may reflect cumulative changes that have occurred over the course of
dietary treatment, we assessed this compartment for the effects of omega-3 fatty
acids. No change in the percentages of monocytes in the spleen was observed
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as a function of dietary fat in either the LDLr-/- or the apoE-/-. However, contrary to
the blood monocyte data, omega-3 fatty acids reduced the Ly6Chi subset
compared to palm oil to the level of chow-fed mice in the LDLr-/- model.
Furthermore, in both LDLr-/- and apoE-/- mice, the Ly6Chi profile of splenic
monocytes did not appear to correlate with plasma cholesterol measurements,
but instead with atherosclerosis. Interestingly, in the apoE-/- mice, the changes in
the Ly6Chi subset paralleled more closely to lesion area than did plasma
cholesterol. Our data with blood and splenic neutrophils resulted in a similar
conclusion as we also observed reductions in this cell type in echium and fish oilfed mice compared to palm oil-fed mice that were not reflective of changes in
hypercholesterolemia per se.
In Chapter II we set out to determine whether or not the reductions in
macrophage abundance in atherosclerotic lesions following omega-3 fatty acid
treatment is due to a decrease in monocyte trafficking. We observed a decrease
in the recruitment of monocytes to plaques in echium oil, fish oil, and chow-fed
mice compared to palm oil-fed mice, suggesting that indeed, monocyte trafficking
could be the reason for reductions in lesion macrophage number following
omega-3 fatty acid treatment.
Finally, in Chapter III of this dissertation, we tested the hypothesis that
omega-3 fatty acids alter the phenotype of the differentiated macrophages, and
thereby favorably alter the characteristics of atherosclerotic plaques. Specifically,
we hypothesized that omega-3 fatty acids shifted the phenotype of macrophages
from a pro-inflammatory, classical M1 state to a less inflammatory, alternative,
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M2 state. We observed a blunted response to KDO2, a M1 inflammatory stimulus,
in macrophages from echium and fish oil-fed mice compared to palm oil-fed mice.
We saw a reduction in M1 macrophage phenotypic markers in livers from mice
fed omega-3 fatty acids. However, omega-3 fatty acids did not alter the plasma
cytokine response to LPS. Surprisingly, increases in post-LPS cytokines have
been previously observed with omega-3 fatty acid supplementation33-35. For TNF!, this finding has been attributed to effects on prostaglandins36. ProstaglandinE2 (PGE2) inhibits TNF- ! production37, 38, and since omega-3 fatty acids reduce
PGE2 levels36, the net result is an increase or no change39 in plasma TNF- ! in
mice fed omega-3 fatty acids.
We observed that omega-3 fatty acids also potentiate the response of
macrophages to M2 stimuli (IL-4), while concomitantly reducing M1 phenotypes.
This data agrees with the recent discovery that unsaturated fatty acids intensify
alternative activation in macrophages40. However, our in vivo data are perhaps
even more impressive. Here, we observed an effect based only on diet.
Specifically, diet alone seemed to be skewing macrophage toward an M2
phenotype. In fact, we observed that in the absence of an exogenous M2
stimulus, like IL-4 or IL-13, omega-3 fatty acids have the ability to drive the
phenotype of macrophages toward alternative activation. Omega-3 fatty acid
feeding could potentially upregulate the production of Th2 cytokines from T cells,
as previously described41, 42. It is also possible that non-immune cell types such
as hepatocytes40, 43 and adipocytes43 produce increased IL-4/IL-13 following
omega-3 fatty acid feeding. Future studies should investigate this possibility.
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Taken together, our findings reveal that omega-3 fatty acids benefit CVD by
altering cells of the myeloid lineage. First, omega-3 fatty acids favorably alter the
phenotype of monocytes, shifting them towards a functional subtype (Ly6Clo) that
enters atherosclerotic plaques at a reduced rate. Second, omega-3 fatty acids
reduce trafficking of monocytes into the artery wall which correlates with reduced
lesion development. Finally, omega-3 fatty acids shift the phenotype of
macrophages from a M1 inflammatory phenotype, toward a M2 phenotype, which
may be atheroprotective.
Proposed Mechanisms
As anticipated, echium oil supplementation resulted in omega-3 fatty acid
enrichment of macrophage phospholipids, to a level intermediate between palm
and fish oil feeding. Of interest is the reduction of arachidonic acid (AA) in
macrophage phospholipids from echium oil fed mice to the same level as fish oil
fed mice. This is a notable anti-inflammatory effect, because a reduction in this
fatty acid can have substantial effects on the production of pro-inflammatory lipid
mediators44, 45. Furthermore, echium oil also contains other polyunsaturated fatty
acids, such as gamma-linolenic acid (GLA, 18:3 n-6). The elongation product of
GLA, dihomo-gamma-linolenic acid (DGLA, 20:3 n-6), was increased in the
phospholipid fraction from echium fed mice. Since the data are expressed as
percent composition, it is feasible that the decrease in DHA in echium oil fed
mice compared to palm oil can be explained in part through the increase in
DGLA. For the purposes of this thesis we have made the assumption that the
effects seen with echium oil are due to omega-3 fatty acids. However, we cannot
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exclude the possibility that the GLA and DGLA detected in echium oil-fed animals
are contributing mechanistically to the results observed with echium oil feeding46.
GLA is the omega-6 fatty acid counterpart to the omega-3 stearidonic acid (SDA),
both products of the delta-6 desaturase. As with SDA, providing dietary GLA
bypasses the rate-limiting delta-6 desaturase step. Typically, GLA is elongated to
DGLA, which is then converted to AA by the delta-5 desaturase. Interestingly,
neutrophils appear to lack delta-5 desaturase activity, resulting in an
accumulation of DGLA relative to AA47. Furthermore, research has shown that
supplementation with GLA in both humans and animals results in the
accumulation of DGLA, with little or no change in AA (20:4 n-6) levels48-51. DGLA
binds to 5-lipoxygenase and competes with AA, leading to a reduction in
leukotrienes47. In addition to inhibiting critical enzymes necessary for lipid
mediator production, DGLA can also promote PGE1 formation46. This is
noteworthy because PGE1 blocks vascular smooth muscle cell (SMC)
proliferation, which is important in the pathogenesis of atherosclerosis52.
Therefore, supplementation of the diet with echium oil containing both SDA and
GLA can lead to the reduction of atherosclerosis by the activity of both omega-3
and omega-6 fatty acid classes.
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Figure 1. Summary of three potential pathways for decreased macrophage inflammation by
omega-3 fatty acids. See text for explanation. Solid arrows = stimulation and dashed arrows =
inhibition with omega-3 fatty acid enrichment. + or - = agonist-receptor stimulation or inhibition of
gene expression and small red circles = lipid ligands of PPAR!. Numbers at the bottom denote
pathways discussed in the text. EP = prostaglandin receptor. Dashed border of PI3 kinase
denotes decreased expression with omega-3 fatty acids.

Yet, it has been established mechanistically, that omega-3 fatty acids dampen
the pro-inflammatory pathways that predominate in the pathogenesis of
atherosclerosis (Figure 1). Mechanisms by which omega-3 fatty acid intake may
ameliorate uncontrolled inflammation include altering cellular membrane fluidity
and signal transduction pathways6, 10, 11, 53. Recently, it has been discovered that
omega-3 fatty acids down-regulate AP-1 and NF-!B signaling through a Gprotein coupled receptor 120 (GPR120)-dependent mechanism9 (Figure 1,
Pathway 1). Furthermore, omega-3 fatty acids can replace arachidonic acid (20:4
n-6) in cellular phospholipids, decreasing arachidonic acid-derived eicosanoid
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production and resulting in omega-3 products that are typically less inflammatory,
resolution-promoting or devoid of bioactivity compared to their omega-6
counterparts45.

Both fatty acid classes utilize cyclooxygenase (COX) and

lipoxygenase (LO) pathways to give rise to different classes of lipid mediators
such as leukotrienes, prostaglandins, and thromboxanes, but also the antiinflammatory lipoxins, resolvins, protectins, and maresins54. These products are
released from immune cells including macrophages and act in an autocrine or
paracrine fashion through G-protein coupled receptors44, 55. But, some of these
products

such

as

hydroxyeicosatetraenoic

13-hydroxyoctadecadienoic
acid

(15-HETE),

and

acid

(13-HODE),

15-Deoxy-delta

15-

12,14-

prostaglandin J2 (15d-PGJ2) have well-recognized intracellular activity and are
dynamic within the cell of origin56. Hence, omega-3 fatty acids may act
intracellularly in the fatty acid or oxygenated form, acting as ligands for nuclear
hormone receptor transcription factors, such as the peroxisome-proliferator
activated receptors (PPARs)57. The molecular pathways that mediate the
immune effects of omega-3 fatty acids are still being elucidated; however, it is
clear that omega-3 fatty acids attenuate inflammation, potentially by altering gene
expression through binding to nuclear hormone receptors.
PPAR! Activation and Immune Modulation by Omega-3 Fatty Acids
Notably, omega-3 fatty acids share anti-inflammatory, insulin-sensitizing, and
triglyceride-lowering effects with PPAR agonist drugs58. Polyunsaturated fatty
acids such as EPA, have been shown to bind to PPARs in ligand competition
assays59. Interestingly, PPAR! has been shown to have a higher affinity for 18-
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carbon, more saturated fatty acids, whereas the longer chain polyunsaturated
fatty acids typically bind to PPAR!59. Additionally, the ligand-binding pocket of
PPAR! is larger than the other family members (PPAR"/# and PPAR$) and thus
capable of binding a diverse set of molecules that may be present in the
inflammatory milieu due to various enzymatic activities (COX, LO) on omega-3 or
omega-6 parent polyunsaturated fatty acids60. In addition, PPAR! and PPAR",
are more abundantly expressed in cells of the immune system than PPAR$,
although the influence of PPAR$ in macrophages is now being appreciated61, 62.
Transrepression of inflammatory gene expression by PPAR!
A recently-revealed anti-inflammatory mechanism of PPAR! and the nuclear
hormone

receptors,

liver

X

receptors

(LXR$/#)

is

ligand-dependent

SUMOylation63. This process has been shown to inhibit the removal of corepressor complexes from pro-inflammatory TLR target genes, preventing their
transcriptional activation (Figure 1, Pathway 3). Studies described similar but
functionally distinct pathways in which PPAR! and LXR regulate gene expression
that could significantly impact immune homeostasis63, 64. In the case of PPAR!,
ligand binding causes conjugation of SUMO1 to a specific lysine on the nuclear
receptor through the activities of PIAS1, an E3 ligase, and Ubc9, the E2conjugating enzyme that is rate-limiting for the SUMOylation pathway. Thereafter,
PPAR! is targeted to NCoR corepressor complexes normally found on
inflammatory gene promoters in a basal state, which promote active repression in
the absence of a stimulus. Recruitment of SUMOylated PPAR! to the NCoR
repression

machinery

prevents

LPS
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(inflammatory)

signal-dependent

ubiquitilyation and clearance of NCoR necessary for promoter activation,
resulting in a repressed state for inflammatory genes such as iNOS (inducible
nitric oxide synthase). Indeed, it may be through this PPAR! ligand-induced
transrepression pathway that omega-3 fatty acids blunt classical inflammatory
(M1) gene expression.
Transactivation of alternative activation genes by PPAR!
Although the preceding mechanisms would certainly skew the phenotype of
macrophages treated with omega-3 fatty acids away from a classical M1
phenotype, they assume that the corresponding phenotype of the macrophage
would be M2 by default. In other words, the M2 phenotype would be present
secondarily to the diminished M1 phenotype. However, the hypothesis that
omega-3 fatty acids are promoting M2 activation by acting as transactivation
ligands for nuclear hormone receptors would imply a more direct mode of action
of omega-3 fatty acids in alternative activation, rather than simply a secondary
result of diminished M1 phenotypes. Several recent publications have
documented a significant influence of PPAR! expression on macrophage
physiology65-67. The underlying theme of this body of literature is that PPAR! is
fundamentally involved in macrophage alternative activation (M2). Reflecting the
Th1/Th2 cell nomenclature, these cells have been dubbed M2 macrophages
based on their promotion by the humoral, Th2 cytokines, IL-4 and IL-13 (Figure
1). These cells can be contrasted with the classically activated M1 macrophages
that are controlled by the cellular immunity, Th1-type stimuli, IFN! and LPS. In
fact, IL-4 increases PPAR! mRNA and protein through a STAT6-dependent
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mechanism68.

Furthermore, IL-4 and IL-13 have been shown to induce the

expression of several genes (CD36, mannose receptor, arginase-1) through
PPAR! transactivation (Figure 1 Pathway 2)

56, 69, 70

. Thus, it is likely that the M2

phenotypes observed with omega-3 fatty acid feeding are occurring because
there is an increase of endogenous ligands for PPAR! and other nuclear
hormone receptors within the macrophages of mice fed echium and fish oil diets.
Within the atherosclerotic lesion this would serve to shift the macrophage
populations to a phenotype that may be atheroprotective. Omega-3 fatty acids,
either in the native or oxidized form could serve as PPAR ligands and promote
M2 activation, which is associated with immunoregulation, matrix deposition, and
wound healing.
PPAR! and Monocyte Phenotypes
Bouhel and colleagues showed the presence of both M1 and M2
macrophages in human atherosclerotic plaques67. Interestingly, they also
determined that activation of PPAR! with TZD (thiazolidinedione) treatment
primes circulating blood monocytes to become M2 macrophages67. This alludes
to the importance of PPAR! not only in the macrophage, but also in the precursor
cell, the monocyte. It is of particular interest to consider the distinct roles PPAR!
may play in Ly6C monocyte subsets. Ingersoll et. al. discovered that in the
mouse, the genes with the highest degree of differential expression between
Ly6Chi and Ly6Clo mouse monocytes include PPAR!, and its target genes fatty
acid binding protein 4 (Fabp-4), CD36, Hsd11"1, and G0S271. In contrast, this
PPAR! signature was absent in human monocytes. The authors conclude that
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this result is not unexpected and is in agreement with other reports
demonstrating that PPAR! is absent in freshly isolated human monocytes72.
However, omega-3 fatty acids, namely DHA, have been shown to upregulate
PPAR! expression in cells of both human and murine origin73-75. Additionally,
data in this thesis revealed an increase in PPAR! expression in macrophages
from mice fed fish oil. Furthermore, in the in vivo context, it is possible that
omega-3 fatty acid feeding upregulates the production of Th2 cytokines (IL-4)
from T cells, as previously described41,

42

. Interestingly, IL-4 acting through

STAT6, upregulates PPAR! gene expression. Thus, it is possible, even in
humans, and especially with omega-3 fatty acid treatment, the nuclear hormone
receptor PPAR! could be playing a role in human monocyte subsets.
Broader Implications
Given the pleiotropic effects of omega-3 fatty acids, it is necessary to
consider the timing in which these compounds are given in relation to the disease
process. Indeed, evidence from human studies suggest that omega-3 fatty acids
may not be as important for primary prevention of CVD, compared to the role
they may have in secondary prevention (i.e. plaque stabilization). The immune
system, like other biological units, must be in a state of balance for optimum
function. Thus, one must consider the potential unwanted effects that omega-3
fatty acids may have on whole-body homeostasis, especially if they excessively
promote certain immune cell phenotypes or activation states. In the context of the
macrophage, it will be important to fully understand the functions of all activation
states, and how omega-3 fatty acids may skew their activities. Much work to date
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has focused on the dampening of classical M1 macrophage activation by omega3 fatty acids, with attention given only recently to how these fatty acids impact
other phenotypic subtypes.
M2 Macrophage Phenotypes in Disease
Like many instances in biology, promoting certain macrophage activation
states could prove to be a double-edge sword. In fact, M2 macrophages share
several properties with tumor-associated macrophages, including pro-angiogenic
and immunosuppressive properties. However, tumor-associated macrophages
can also express antitumor activity76. During carcinogenesis, M1 macrophages
may contribute to elimination of tumor cells. Thus, the thought remains whether
or not promoting M2 activation, as seen with omega-3 fatty acids, would be
favorable in this situation. However, omega-3 fatty acids inhibit the formation of
papillomas, mammary, intestinal, and prostate cancers, and sarcomas77. Similar
arguments can be made with regard to M2 macrophages, omega-3 fatty acids,
and allergic responses. In this situation, M2 phenotypes promoted by omega-3
fatty acids would be predicted to drive allergic responses. However, consumption
of omega-3 fatty acids, has been shown to be protective against allergyassociate pathologies, including asthma46. One conclusion that can be drawn
from these seemingly contradictory findings is that perhaps omega-3 fatty acids
promote a unique macrophage phenotype, that is neither M1 nor M2. Indeed,
dividing macrophage into M1 or M2 activation phenotypes is a broad
classification and fails to reflect the various subtypes that can occur in vivo. It is
feasible that omega-3 fatty acids induce a phenotype analogous to the “Mox”
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macrophage which develops when cells are treated with oxidized phospholipid78.
Mox are regulated by the transcription factor Nrf2, are remarkably different than
the standard M1 and M2 macrophages, and may play a predominant role in
atherosclerosis78.
Taken together these findings demonstrate three important points: 1) the
essential balance of the immune system is beneficial and anti-atherogenic,
whereas as uncontrolled, unresolved and unbalanced inflammation is detrimental
in development of atherosclerosis in humans and mice, 2) nuclear hormone
receptors have strong roles in the protection from chronic disease, in part, by
controlling the polarization of immune cell types, and 3) dietary omega-3 fatty
acid intake may ameliorate chronic diseases like atherosclerosis by driving a
state of immune and inflammatory homeostasis, and promoting a unique
macrophage activation state.
Future Directions and Conclusions
The extent to which omega-3 fatty acids are ligands for PPAR! and
participate in transactivation of M2 genes and transrepression of inflammatory
gene expression is unknown. The coordinate roles of omega-3 fatty acid liganddependent PPAR! transactivation and transrepression in enhancing M2 and
dimishing M1 polarization should be investigated. This could be achieved using
isolated primary macrophages or macrophage cell lines treated with omega-3
fatty

acids.

To

address

the

PPAR!

transrepression

function,

the

immunomodulatory effects of omega-3 fatty acids could be measured in cells that
have been treated with siRNA against Ubc9, the SUMO-conjugating enzyme,
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and/or the SUMO E3 ligase, PIAS1. Furthermore, analogous studies with
macrophages and purified fatty acids could be performed in cells from 12/15 LO
knockout mice. This would help determine whether an oxygenated derivative of
the fatty acid, rather than the parent molecule itself is serving as a ligand for
PPAR!. The in vitro macrophage culture experiments would serve to elucidate
the molecular mechanisms involved in the omega-3 fatty acid-induced alterations
of monocyte-derived cells, as well as help delineate the impact of omega-3 fatty
acids on macrophages.
In conclusion, botanical omega-3 fatty acids, which are efficiently converted in
vivo to the bioactive molecule EPA have implications for reducing the incidence
and severity of many human diseases, including atherosclerosis. The data herein
suggest that echium oil may be a satisfactory replacement for fish oil for the
amelioration of such diseases. Additionally, we observed that botanical and
marine omega-3 fatty acids reduce atherosclerosis, alter monocyte subsets, and
reduce monocyte trafficking to atherosclerotic lesions in models of experimental
atherosclerosis. Furthermore, our data support a role for omega-3 fatty acids in
polarizing macrophages toward an M2 phenotype, which may be
atheroprotective67, 79. The dissertation provides insight into the mechanisms by
which omega-3 fatty acids fundamentally alter monocyte and macrophage
populations in the pathogenesis of atherosclerosis. Overall, these findings have
implications in broadening our understanding of the complex interactions
between the inflammatory, pathological processes of cardiovascular disease, and
dietary fatty acid consumption.
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