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ABSTRACT OF THESIS
Despite the advances that have occurred in the prevention and management of coronary
heart disease, there remains a substantial residual risk in the general population. Inflammation
has received considerable attention as a target for therapies, given the inflammatory nature of
atherosclerosis. Omega-3 fatty acids have anti-inflammatory properties, and recent clinical trial
evidence has demonstrated a reduction in major adverse cardiovascular events with fish oil.
The studies presented in this thesis investigated the effects of omega-3 fatty acids on vascular
inflammation as a possible mechanism of atheroprotection.
A review of the literature was performed, focusing on the inflammatory mechanisms of
atherosclerosis, the effects of omega-3 fatty acids on inflammation, particularly vascular
inflammation, and the results of cardiovascular outcome trials of fish and fish oil. This provided
a theoretical basis for the studies presented.
A systematic review of high-quality randomised controlled trials catalogued in the
Cochrane Library was performed to evaluate the impact of omega-3 fatty acids on the
circulating mediators of atherosclerosis. These are among the earliest inducers of endothelial
injury and vascular inflammation. Omega-3 fatty acids reduced levels of atherogenic mediators
in all four categories.
A combined randomised controlled trial and cell culture study was performed to
evaluate the effects of omega-3 fatty acids on the gene expression of markers of acute vascular
inflammation (AVI). Healthy volunteers were supplemented with 4 grams daily of either EPA,
DHA, fish oil with a 2:1 EPA:DHA ratio, or placebo for 30 days. Serum before and after
supplementation was added to TNF-stimulated HUVECs in culture. The serum from those
supplemented with high-dose EPA reduced the gene expression of MCP-1. The gene

xi

expression of VCAM-1 and MCP-1 correlated positively with HDL-C levels, suggesting a proinflammatory effect at high HDL-C levels.
To study the impact of omega-3 fatty acids on the protein expression of markers of
AVI, C57Bl/6 mice had non-occlusive collars applied surgically to their right carotid arteries
after receiving 30 days of pre-treatment with either EPA, DHA, an oil control, or no treatment,
by oral gavage. The intense inflammatory response was reduced by EPA, manifested by
reduced expression of VCAM-1 and MCP-1 in the artery wall.
ApoE-deficient mice were fed an atherogenic diet for 16 weeks to induce advanced
atherosclerotic lesions and chronic vascular inflammation. In the last 8 weeks they were
randomised to either EPA, DHA, olive oil, or no treatment by oral gavage. EPA reduced gene
expression of markers of chronic inflammation in the aorta, however no treatment altered the
burden, characteristics or lipid content of plaque. EPA and DHA stabilised cholesterol levels
and reduced triglyceride levels.
In all experimental studies, blood levels of omega-3 fatty acids, especially EPA,
correlated inversely with markers of vascular inflammation.
The findings of this body of work demonstrate the suppressive effects of omega-3 fatty
acids on acute and chronic vascular inflammation, with EPA being superior to DHA. These
findings provide a rationale for the reduction in major adverse cardiovascular events seen
recently with EPA therapy, and provide a mechanistic basis to guide future clinical trials.
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW
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1.1

Atherosclerosis is an inflammatory disease
Cardiovascular disease is the leading cause of death worldwide and contributed to 44%

of non-communicable disease deaths in 2016(1). The most common diseases of the
cardiovascular system are those caused by atherosclerosis. These include coronary artery
disease, cerebrovascular disease, and peripheral vascular disease. Atherosclerosis can be
described in simple terms as the accumulation of fatty plaque in the arterial wall that can
progress to cause luminal narrowing. When sufficient luminal narrowing occurs, the supply of
blood and therefore oxygen does not meet the metabolic demand of tissues, and ischaemia or
infarction occurs. Atherosclerosis has traditionally been viewed as the consequence of
cumulative injury from a number of risk factors, such as hyperlipidemia, hypertension, diabetes
mellitus and tobacco smoking. Significant advances in the prevention and treatment of
atherosclerotic diseases have led to major population-wide reductions in morbidity and
mortality(2). Despite these advances, there remains a substantial residual cardiovascular risk(3).
Inflammation has received considerable attention as a target of atherosclerosis, given the
substantial evidence demonstrating its inflammatory nature. The response-to-injury hypothesis
of atherosclerosis was first proposed by Russell Ross, who recognised the presence of multiple
diverse inflammatory cell types in atherosclerotic plaques, revealing a complex milieu of
inflammatory activity(4). Inflammation is integral to all six stages of the continuum of
atherosclerosis, which are diagrammatically represented in Figure 1.1, and described below.
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Figure 1.1: Diagrammatic representation of atherogenesis divided into six stages.
Adapted from Wick, G., & Grundtman, C. (2012). Inflammation and atherosclerosis.
Wien: Springer-Verlag/Wien(5).

1.1.1 Atherosclerosis stage I – Increased endothelial cell permeability
Minute changes in circulating lipoproteins, glucose, and inflammatory markers lead to
modulation of endothelial cell (EC) function and increased permeability. This process involves
changes in three components: (1) the “glycocalyx”, which is the surface layer of glycoproteins,
proteoglycans, and glycosaminoglycans that together create a scaffold on the endothelial
surface; (2) energy-dependent vesicular trafficking, also called the “transcellular pathway”;
and (3) and the opening or rearrangement of cell-to-cell junctions, also called the “paracellular
pathway”(6). Enhanced vesicular trafficking and/or widened intercellular spaces in the presence
of a disarrayed or overtly disintegrated glycocalyx may all facilitate the transendothelial flux
of low-density lipoprotein (LDL), which may ultimately become trapped in the
subendothelium. Trapped LDL is oxidised by macrophages. Oxidised LDL (ox-LDL)
3

generates free radicals (which are toxic to ECs) leading to the generation of monocyte
chemoattractant protein 1 (MCP-1). There is subsequent attraction and migration of monocytes
to the subendothelium. In response to this, antioxidant heme oxygenase 1 is released, which
reduces monocyte transmigration and toxicity to endothelial cells(7).

1.1.2 Atherosclerosis stage II – Endothelial cell dysfunction
Concurrent with increased endothelial cell permeability, ECs switch to a secretory
phenotype, producing a hyperplastic, multilayered basal lamina, which further traps LDL in
the subendothelium(8). ECs express von-Willebrand factor, which binds to glycoprotein 1b on
platelets and recruits them to the endothelial cell surface. Upon adhesion, platelets secrete a
variety of proinflammatory cytokines and chemoattractants including platelet factor 4,
RANTES, P-selectin, soluble CD40 ligand and matrix metalloproteinases. Platelet P-selectin
interacts with monocyte P-selectin glycoprotein ligand-1, forming platelet-monocyte
complexes. These activated platelets become more adhesive to vascular cell adhesion molecule
1 (VCAM-1) and inflamed or atherosclerotic endothelium.
ECs also lose their net negative surface charge that contributes to the characteristic nonthrombogenic surface of the endothelium(9). Circulating cells have a negatively-charged
surface, and hence are more easily able to attach and migrate through the endothelium.
Endothelial dysfunction activates nuclear factor kappa-B (NF-κB), a transcription
factor which induces both pro-inflammatory and anti-inflammatory genes(10). NF-κB is also
activated by adverse conditions such as hypertension, low shear stress, and the presence of proinflammatory cytokines, ox-LDL, and reactive oxygen species (ROS). There are five subunits
of the nuclear factor kappa B (NF-κB) family, and the main subunit is p65 which mediates
transcriptional activation of target genes. When NF-κB is activated in endothelial cells (eg.
during endothelial dysfunction), the response is pro-inflammatory. There is expression of genes
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that recruit inflammatory cells (eg. VCAM-1, intercellular adhesion molecule 1 [ICAM-1], Eselectin and P-selectin), cytokines (eg. tumour-necrosis factor-alpha [TNF-α], interleukin-1
[IL-1β], interleukin-6 [IL-6], and interleukin-8 [IL-8]), chemokines (eg. MCP-1), and matrix
metalloproteinases [MMPs])(11). This set of molecular and cellular changes is a defence
reaction assisting the vascular endothelium to recruit blood inflammatory cells.

1.1.3 Atherosclerosis stage III – Leucocyte transmigration and fatty streak
formation
Through the EC expression of MCP-1, adhesion molecules, and through their
interactions with monocyte integrins, monocytes are captured, roll and adhere to the
endothelium, then transmigrate to the subendothelium. They subsequently differentiate into
macrophages and phagocytose ox-LDL and become foam cells, the hallmark of the fatty streak.
The differentiation process of monocytes to macrophages is normally a coordinated process
that involves upregulation of scavenger receptors, e.g. SR-A and CD-36. When the
macrophages encounter modified lipoproteins such as ox-LDL, advanced glycation
endproducts, anionic phospholipids and apoptotic cells, the receptors are activated. The
phagocytosis of ox-LDL is normally followed by esterification of cholesterol by Acyl
coenzyme A:cholesterol acyltransferase-1 (ACAT1) and neutral cholesteryl ester hydrolase
(nCEH), and then the efflux of cholesterol out of the cell by Adenosine 5' Triphosphate (ATP)binding cassette transporters A1 (ABCA1) and G1 (ABCG1), and scavenger receptor BI (SRBI). In atherogenic conditions, there is increased ox-LDL influx, increased cholesterol
esterification, and decreased cholesterol efflux, hence the macrophages are ultimately
transformed into lipid-laden foam cells(12). Fatty streaks are macroscopically-visible aggregates
of foam cells.
Concurrent with the transmigration of monocytes, circulating CD4+ T cells migrate
into atherosclerotic lesions, where they bind to antigens such as modified lipoproteins, and
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proliferate. Dendritic cells are specialised antigen presenting cells, required for activation of
CD4 cells, and their transmigration from the circulation is augmented by EC dysfunction and
inhibition of nitric oxide synthase(13). Activated CD4 cells release cytokines such as TNF-α,
which are pro-inflammatory and contributed to macrophage activation(14).
Other

inflammatory

cells

that

migrate

into

the

subendothelium

include

polymorphonuclear cells (PMNs) and mast cells. The extravasation of PMNs is a normal part
of immune surveillance, induced by selectin-mediated rolling and integrin-mediated
adhesion(15). The transmigration is augmented by the upregulation of ICAM-1 in acute vascular
inflammation(16). Mast cells are thought to be recruited to atherosclerotic plaque via the
chemokine eotaxin-1 (CCL-11) expressed in plaque via the mast cell receptor CCR3(17). Mast
cells accumulate in the medial and adventitial tissues and cluster around neovessels. When
activated, they release the contents of their granules such as histamine and proteases, which
induce vascular leakage and promote intraplaque haemorrhage(18).

1.1.4 Atherosclerosis stage IV – Development of fibrous plaque
Foam cells secrete cytokines, growth factors, tissue factor, interferon-gamma, MMPs,
and reactive oxygen species. With digestion of the internal elastic lamina, there is migration of
smooth muscle cells (SMCs) from the media to the intima, forming intimal thickenings. The
migrated SMCs switch to a secretory phenotype, resulting in a hyperplastic, multilayered basal
lamina and enlarged extracellular matrix (ECM), enriched with collagen bundles and fibrils(19).
These cellular changes form a fibrous cap.

1.1.5 Atherosclerosis stage V – Development of calcified atherosclerotic fibro-lipid
plaque
The switch of SMCs from a contractile to a secretory phenotype is associated with a
significant reduction in their ability to metabolise LDL(20). SMCs become lipid-laden, and
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along with lipid-laden macrophages and extracellular lipid deposits in fibrous plaques, form
fibro-lipid plaques. Free cholesterol also accumulates within plaque, and the oxidised forms
are potent inducers of apoptosis of foam cells and SMCs(21). The release of the cytotoxic
contents of these cells results in formation of the necrotic core encapsulated by fibrous
tissue(22). Excess extracellular unesterified cholesterol nucleates into cytotoxic crystals. Plaque
that is surrounded by a robust fibrous cap is considered “stable”. Plaque with a thin fibrous
cap, accumulation of cholesterol crystals, and with a large necrotic core are considered
“unstable”.

1.1.6 Atherosclerosis stage VI – Plaque rupture
Progressive deterioration and thinning of the EC layer overlying the fibrous cap results
in exposure of the ECM to circulating blood cells. Circulating macrophages infiltrate the ECM
and secrete proteases, which digest and destabilise the ECM and contribute to fibrous cap
thinning. Local foam cells also secrete proteolytic enzymes. SMCs also contribute to fibrous
cap thinning due to a decrease in collagen synthesis. Local mast cells, among other cells, release
proteases that destabilise the plaque. The plaque ruptures at its weakest point, either
spontaneously or in the setting of haemodynamic stress, and platelets aggregate and become
activated, leading to thrombosis. Ninety-five percent of ruptured fibrous caps are less than 65
μm in thickness(23), which is the threshold for defining thin-cap fibroatheroma (TCFA)(24).
A summary of the fundamental processes involved in atherogenesis is represented in
Figure 1.2.
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Figure 1.2: A schematic representation of the fundamental processes of atherogenesis,
including endothelial dysfunction: (A), fatty streak formation (B), formation of advanced
lesions (C), and plaque rupture (D). Reproduced with permission from (Ross, R. (January
01, 1999). Atherosclerosis--an inflammatory disease. The New England Journal of
Medicine, 340, 2, 115-26(4)), Copyright Massachusetts Medical Society.

1.1.7 An alternative fate of atherosclerotic plaques – Erosion
An alternative fate of atherosclerotic plaques is superficial erosion leading to
thrombosis. The lesions associated with superficial erosion are abundant with smooth muscle
cells and extracellular matrix, and have a paucity of lipid and foam cell accumulation(25). They
are also much less inflammatory than lesions associated with plaque rupture(26).
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The pathology of plaque erosion is not completely understood. Emerging data,
including histopathological as well as from intracoronary imaging modalities such as optical
coherence tomography (OCT) have provided valuable mechanistic insights(27). The
characteristic feature is a breach in endothelial cell integrity at the site of proteoglycan and
smooth muscle cell-rich plaque with a thick fibrous cap(28). Collagen and the necrotic core are
then exposed, which allows platelet aggregation and thrombosis to occur. Plaque erosion tends
to occur at sites of low shear stress, especially at arterial bifurcations(29). Endothelial apoptosis
is more prevalent at sites of low shear stress(30), and this apoptosis may be triggered by
myeloperoxidase release from neutrophils(31) and from the expression of toll-like receptor 2
(TLR-2)(32). A proposed sequence of events involves a two-hit hypothesis. Firstly, increased
TLR-2 expression by endothelial cells overlying plaque increases the susceptibility of
endothelial cells to injury. Secondly, when injury occurs, neutrophils aggregate, and the
increased TLR-2 expression impairs healing. Endothelial injury continues, and the secreted
tissue factor by dying endothelial cells promotes thrombosis. The dying endothelial cells have
contact with the underlying subendothelial matrix, and granulocytes such as neutrophils
become trapped in fibrin strands and form neutrophil extracellular traps (NETs)(32). The
prominent role of neutrophils and presence in plaque erosion differentiates it from plaque
rupture, where macrophages are predominant. Similarly, endothelial cell apoptosis in plaque
erosion contrasts with destruction of the ECM in plaque rupture.
Plaque erosion as a cause of thrombosis is becoming more prevalent, contributing to
more than one quarter of acute coronary deaths(33). This is likely due to the increasing success
of LDL-C-lowering therapies(25), thereby lowering the prevalence of lipid-rich plaques.
Studying plaque erosion has been hampered by the lack of reliable animal models(34), and
research is ongoing in this field.
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1.2

Adhesion molecules, cytokines and inflammatory cells in atherosclerosis
A vast number of inflammatory mediators contribute to atherogenesis. The

predominant mediators in acute vascular inflammation are adhesion molecules, endotheliumderived cytokines, monocytes and neutrophils. In the setting of chronic vascular inflammation,
prominent mediators include IL-1, IL-6 and TNF-α, which modulate the immune response and
propagate inflammation. Macrophages are the dominant inflammatory cells, and are directly
atherogenic.

1.2.1 Acute vascular inflammation
1.2.1.1

Vascular Cell Adhesion Molecule 1
VCAM-1, also known as CD106, is an immunoglobulin-like adhesion molecule that is

expressed on the luminal surface of endothelial cells, and binds to the integrin α4β1, which is
constitutively expressed on lymphocytes, monocytes and eosinophils(35). VCAM-1 is not
present in basal conditions, and its expression is stimulated in pro-inflammatory conditions.
These include the presence of TNF-α, IL-1β, lipopolysaccharide (LPS), reactive oxygen
species, oxLDL, hyperglycaemia, toll-like receptor agonists, and in the context of shear
stress(36). The gene expression of VCAM-1 is regulated by two specific subunits of the NFκB
transcription pathway, namely p65 and p50 with low stimulation, and p65 alone with high
stimulation(37). Upon encountering the integrin α4β1, VCAM-1 mediates rolling of, or firm
adhesion

to,

circulating

leucocytes,

and

facilitates

their

transmigration

to

the

subendothelium(38, 39).
1.2.1.2

Intercellular Adhesion Molecule 1
ICAM-1, also known as CD54, is an immunoglobulin-like adhesion molecule that is

expressed constitutively on the luminal surface of endothelial cells. It binds to two integrins of
the β2 family on the surface of leucocytes, including CD11a/CD18 (LFA-1) and CD11b/CD18
(Mac-1). Its expression is regulated by the following transcription factors: NFκB (specifically
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the p65 subunit), AP-1, CCAAT/enhancer binding protein family, ETS, signal transducer and
activator of transcription-1 (STAT-1), and Sp1(40). Amongst these transcription factors, NFκB
activation is always required for ICAM-1 upregulation. ICAM-1 is induced by broad range of proinflammatory molecules in endothelial cells, including cytokines TNF-α, IL-1β, IL-6, and
interferon-γ, LPS, thrombin, substance P, endothelin 1-3, oxLDL, hydrogen peroxide, and
cyanate(41, 42). In addition, shear stress induces ICAM-1 expression(41). ICAM-1 functions similarly
to VCAM-1; upon encountering integrins, it mediates rolling and transmigration of leucocytes into
the subendothelium.

1.2.1.3

P-selectin
P-selectin is a cell adhesion molecule present in the Weibel-Palade bodies of

endothelial cells. Upon stimulation of ECs, it is translocated to the external plasma membrane
where it functions as a receptor for monocytes and neutrophils(43). It is also present in platelets,
where it is found in α-granules. Stimulants for P-selectin include TNF-α, IL-1β, oxygen free
radicals, and histamine. The direct translocation to the cell surface after EC stimulation occurs
within minutes as there is no requirement for transcription and translation(44). P-selectin binds
to P-selectin glycoprotein ligand 1 (PSGL-1), expressed on almost all leucocytes, as well as
the sialyl-Lewis X ligand, and there is subsequent leucocyte rolling and transmigration to the
subendothelium. The expression of P-selectin on the EC surface is initially transient, lasting
approximately 10 minutes, with the protein then being internalised inside the cell, where it is
degraded or recycled(45). A more sustained expression occurs after continued EC stimulation,
with de novo synthesis of P-selectin occurring within 2 hours(45).
1.2.1.4

E-selectin
E-selectin is an adhesion molecule present in endothelial cells, and rapidly expressed

after EC stimulation. The pro-inflammatory mediators TNF-α, interferon-γ, IL-1β and LPS all
stimulate E-selectin(46). In addition, disturbed and oscillatory shear stress, rather than laminar
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shear stress, stimulate E-selectin(47, 48). It is transcriptionally regulated by both NFκB and
Activating Transcription Factor (ATF)(49), and once on the EC surface recognises the sialylLewis X ligand on leucocytes(50). E-selectin mediates rolling and firm adhesion of leucocytes
onto the EC surface and subendothelial transmigration. E-selectin is functionally similar to Pselectin, however its expression occurs a minimum of 3 hrs after stimulation and subsequently
wanes, despite continued cytokine stimulation(51).
1.2.1.5

Monocyte Chemoattractant Protein 1
Also known as CCL2, MCP-1 is a chemokine (chemoattractant cytokine) secreted by

numerous cell types including endothelial, fibroblasts, epithelial, smooth muscle, mesangial,
astrocytic, monocytic, and microglial cells. Monocytes and macrophages are the dominant
source of circulating MCP-1(52). Stimulants for MCP-1 expression by endothelial cells include
TNF-α, IL-1β, IL-6, and/or brain-derived neurotrophic factor. MCP-1 is transcriptionally
regulated by NFκB and mitogen activated protein kinase (MAPK). MCP-1 binds to the CCR2
receptor on monocytes leading to the activation of intracellular signalling cascades that prompt
migration toward the chemokine source (endothelial cell). Migration of monocytes from the
blood stream across the vascular endothelium is required for routine immunological
surveillance of tissues, as well as in response to inflammation. MCP-1 is also chemotactic for
memory T lymphocytes and natural killer cells(53, 54).
1.2.1.6

Monocytes
Non-classical monocytes slowly patrol the endothelium of blood vessels, and upon

endothelial cell activation and subsequent monocyte chemotaxis, are able to rapidly respond to
local perturbations. In homeostatic conditions, arterioles, capillaries, and postcapillary venules
are populated by patrollers, perhaps one third of the marginal pool of non-classical
monocytes(55). Once in the subendothelium, they are able to phagocytose debris and recruit
neutrophils to mediate focal necrosis of endothelial cells(56). These monocytes (with surface
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markers CD14hiCD16−) produce high levels of pro-inflammatory cytokines such as TNF-α,
attracting further monocytes to sites of injury by setting up a chemoattractant gradient(57). They
also produce proteases including matrix metalloproteinases (MMPs) that cleave collagen and
other matrix components(58). Hence, they amplify both the inflammatory response and local
injury. Over hours to days, monocytes differentiate into macrophages with their ultimate
phenotype depending on different levels of trophic factors, mainly M-CSF and GM-CSF(59).
Macrophages that differentiate in an environment dominated by pathogen associated
molecular patterns (PAMPs), interferon-γ, IL-1, and TNF-α from damaged tissues become
classically activated. Such macrophages have amplified phagocytic and cytotoxic activity,
secretion of pro-inflammatory mediators and expression of scavenger receptors. As sites of
injury heal, with reductions in pro-inflammatory mediators, there is a reduction in macrophage
activity. Newly-recruited macrophages may differentiate into alternatively-activated
macrophages, which facilitate tissue repair and promote granuloma formation(60).
1.2.1.7

Neutrophils
Neutrophils play a significant role in early acute vascular inflammation (AVI), and their

accumulation in the vessel wall is a hallmark feature of AVI. Circulating neutrophils may be
directed to a site of endothelial inflammation either by nearby monocytes using paracrine
signalling with IL-1β, keratinocyte chemoattractant (KC), TNF-α, CCL3, or IL-6(56), or via
chemotactic gradients from more distant sites of injury. At the sites of endothelial injury,
adhesion molecules are upregulated. The interactions between these molecules, especially
selectins, with P-selectin glycoprotein ligand-1 (PSGL-1) on neutrophils, results in neutrophil
tethering and rolling(61). This is followed by firm adhesion to the endothelium, typically
mediated by the integrin CD11a/CD18 (LFA-1)(62). Neutrophils then crawl along the
endothelium, in a slow, CD11b (Mac-1)-dependent meandering motion(62). Following adhesion
and crawling, neutrophils emigrate from the vasculature, and at the site of injury phagocytose
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debris and recruit more inflammatory cells

(63)

. The presence of inflammation inhibits the

apoptosis of neutrophils, and with the continued recruitment of neutrophils, the magnitude of
the inflammatory response is increased(64, 65).
Neutrophils can also regulate the function of dendritic cells, lymphocytes and natural
killer cells(63). After entry into the inflammatory tissue site, in response to pro-inflammatory
stimuli in the tissue, neutrophils become fully activated, a state characterised by release of
granule proteins, acquisition of phagocytic capabilities, and production of NETs. Neutrophils
are relatively nonresponsive to a single stimulus, but exposure to one stimulus enhances the
ability of the cell to mount an enhanced activation response to a second individual stimulus(66).
The activation mechanisms that are beneficial for pathogen killing can also be detrimental in
the context of sterile injury such as in AVI. For example, despite a targeted inflammatory
response by neutrophils, there is typically local collateral tissue damage from leakage of
cytosolic contents and oxidative products outside of the neutrophil from phagocytic activity(67).
The transmigration process of neutrophils across the endothelial cell barrier can induce
signalling changes in endothelial cells, causing them to contract and thereby generating
intercellular gaps. This allows serum proteins (such as cytokines, antibodies, and complement)
to pass through the endothelial barrier, further aggravating the inflammatory state(68). Such
changes promote a continued inflammatory state that can ultimately progress to chronic
vascular inflammation.

1.2.2 Chronic vascular inflammation and atherosclerosis
1.2.2.1

Interleukin 1-α and β
Interleukin 1-α (IL-1α) and interleukin 1-β (IL-1β) are members of the IL-1 cytokine

superfamily and are produced by macrophages, monocytes, fibroblasts, and dendritic cells.
They are both produced as precursor proteins that are subsequently cleaved, although IL-1β in
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its precursor form is not biologically active. The precursor of IL-1α acts as a damage-associated
molecular pattern (DAMP) molecule, which is recognised by innate immunity cells by pattern
recognition receptors (PRRs) and functions as a danger signal for the immune system. IL-1α
and β are produced in response to inflammatory stimuli and bind to interleukin-1 receptors. IL1α generally remains associated with the cell surface or is released by dying cells and usually
acts at short distances by juxtacrine or paracrine signalling. IL-1β on the other hand, can either
act in a paracrine manner or systemically(69).
The main function of IL-1-type cytokines is to control proinflammatory reactions in
response to tissue injury by pathogen-associated molecular patterns (PAMPs, such as bacterial
or viral products) or (DAMPs)(70). IL-1α and IL-1β rapidly induce the mRNA expression of
hundreds of genes in multiple different cell types, such as monocytes, macrophages, endothelial
and epithelial cells. In parallel, IL-1α and IL-1β also induce expression of their own genes,
which serves as a positive-feedback loop that amplifies the IL-1 response in an autocrine or
paracrine manner(71). IL-1α and IL-1β can also increase the expression of the IL-1 receptor
antagonist (IL-RA), enabling negative feedback inhibition, a mechanism that resists
unrestricted IL-1 signalling(72).
Another method by which IL-1 signalling is regulated is through the requirement for
activation of another molecule, caspase-I, for cleavage of pro-IL-1β to IL-1β. Caspase-I is
present in an inactive form in the cytosol of many phagocytic cells, and is activated after
stimulation by a myriad of microbial and endogenous signals. These signals stimulate the
assembly of an inflammasome, specifically Nucleotide-Binding Domain Leucine-RichContaining Family Pyrin Domain-Containing-3 (NLRP3), a macromolecular complex that
forms a scaffold for pro-caspase-I activation(73). Notable effects of IL-1α and β on cells include
induction of prostaglandin production through the induction of cyclooxygenase-2; the
elaboration of nitric oxide by elevation of levels of the inducible isoform of nitric oxide
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synthase; induction of the expression of many cytokines, including augmenting its own gene
transcription; increased expression of leucocyte adhesion molecules and thrombogenic
mediators; and activation of cells involved in innate immunity, prominently including the
mononuclear phagocytes(70).
There are numerous stimulators of the inflammasome in atherosclerotic plaques,
including cholesterol crystals and inflammatory cytokines. Indeed, there are significant
amounts of NLRP3, caspase-I and IL-1β in plaques(74). Hence, the requirement of a two-step
activation process for the inflammasome and subsequent IL-1β generation is not a hindrance
for continued inflammatory activity in atherosclerotic plaques. Other stimuli for the
inflammasome in atherosclerotic plaques include altered shear stress, hypoxia and acidosis(7577)

. IL-1β is present in much larger concentrations and is a much greater contributor to

persistent, chronic inflammation in plaques than IL-1α. Indeed, IL-1β stimulates ICAM-1 and
VCAM-1 which recruit other leucocytes, stimulates production of MCP-1 and other
chemokines, and also strongly induces smooth muscle cells to secrete IL-6(78). Il-1β contributes
to intimal thickening, increases inflammation in the vessel wall, and promotes aneurysm
formation(79-81).
1.2.2.2

Interleukin 6
IL-6 is a cytokine with both pro- and anti-inflammatory properties, and is produced by

a variety of cells, most notably monocytes and macrophages at inflammatory sites. Stimulants
for IL-6 production include IL-1β, TNF-α, platelet-derived growth factor, LPS, and a variety
of pathogens. In the acute inflammatory response, such as in AVI, large amounts of IL-6 can
be produced. IL-6 binds to the IL-6 receptor (IL-6R), which is present on macrophages,
neutrophils, some T cells, and hepatocytes. Following this, the IL-6/IL-6R complex binds to
two molecules of GP130 (ubiquitously expressed on all cells), leading to signal transduction,
which includes activation of the JAK/STAT, ERK, and PI3K signal transduction pathways. In
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addition to binding to IL-6 receptors on cells, IL-6 may also bind to soluble IL-6 receptors
(sIL-6R). Although this would be expected to dampen the immune response by scavenging
circulating IL-6, it conversely amplifies the immune response, as IL-6/sIL-6R complexes may
then bind to cells that express GP130, and then activate IL-6 signal transduction(82). This form
of “trans-signalling” as opposed to classical cell to cell signalling is crucial for rapid
lymphocyte trafficking to sites of inflammation, and produces a much more robust
inflammatory response. One mechanism by which sIL-6R is formed is by the cleavage of
membrane-bound IL-6R, which can occur during the apoptosis of neutrophils(82).
The propagation of the effects of IL-6 can be controlled by the production of
neutralising antibodies, or the release of soluble GP130, which can bind circulating IL-6/sIL6R complexes. If these complexes do bind endothelial cells, they induce the secretion of
adhesion molecules and MCP-1(83). This results in a relative decrease in the secretion of
cytokines that attract neutrophils, such as IL-8, in favour of monocytes, hence the inflammatory
response becomes monocyte dominant(84). This switch heralds the IL-6-driven transition from
an acute to a chronic inflammatory response(85). Furthermore, IL-6 plays a vital role in the
initiation of specific rather than innate immune responses, such as end-stage B cell
differentiation, immunoglobulin secretion and T cell activation.
The activity of IL-6 can be persistent and uncontrolled. This is particularly the case in
the setting of vascular inflammation, where there is a continuous influx of monocytes that
differentiate into macrophages in the inflammatory environment and propagate proinflammatory signalling. In addition, IL-6 acts upon naive T-lymphocytes resulting in their
differentiation into helper or cytotoxic T cells, which are subsequently able to continue
propagation of the inflammatory cascade(86). IL-6 stimulates the proliferation of SMCs, and is
produced by foam cells(87). IL-6 has significant procoagulant activity, primarily through
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inducing monocyte expression of tissue factor, which promotes thrombosis(88). In addition, IL6 promotes platelet aggregation(89).
Some of this pro-inflammatory activity is balanced by the anti-inflammatory properties
of IL-6. IL-6 can suppress IL-1 and TNF-α production, induce the IL-1 receptor antagonist,
and can induce tissue inhibitor of matrix metalloproteinase 1 (TIMP1), which impedes the
activity of collagenase and therefore has anti-proteolytic activity(90). However, the proinflammatory activity is dominant in the setting of vascular inflammation, and contributes to a
chronic and atherogenic state.
1.2.2.3

Tumour necrosis factor-alpha
TNF-α is a cytokine that activates multiple transduction pathways, inducing or

suppressing a wide variety of genes, including those encoding the production of cytokines,
adhesion molecules, and inducible nitric oxide synthase (iNOS)(91). TNF-α has many proinflammatory actions: orchestrating the inflammatory response through activation of proinflammatory cytokine genes, such as IL-1 and IL-6, as well as its own production(92). The
activated macrophage is the main source of TNF-α, containing both cell-associated and
membrane-bound TNF-α, both of which are biologically active(93). Other cells that release
TNF-α include lymphocytes, fibroblasts, neutrophils, smooth muscle and mast cells.
TNF-α can bind to either TNF-receptor 1 (TNFR1), which is present on most cells, or
TNF-receptor-2 (TNFR2), which is present on immune cells. The binding of TNF-α to its
receptors results in either activation of the NFκB or MAPK transcription pathways, or
induction of apoptosis(94). The activation of NFκB and its translocation to the nucleus leads to
the production of a multitude of pro-inflammatory proteins, many of which are relevant to
vascular inflammation. These include but are not limited to: pro-inflammatory interleukins(95),
adhesion molecules(96), interferon-γ(97), MCP-1(98), tumour necrosis factor-related apoptosis-
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inducing ligand (TRAIL)(99), toll-like receptors 2 and 9(100, 101), tissue factor-1(102) and vascular
endothelial growth factor (VEGF)(103). The MAPK pathways control a large number of
fundamental cellular processes including growth, proliferation, differentiation, motility, stress
response, survival and apoptosis(104). The MAPK signalling pathways include ERK5, p38,
JNK, and ERK1/2 pathways. The p38 and JNK pathways may be the most relevant to
atherosclerosis. They are both necessary for foam cell formation(105,

106)

. They are both

activated during vascular endothelial injury, inducing neointima formation(107), and p38
stimulates the proliferation of SMCs(108). Although TNF-α is an inducer of apoptosis, in
atherosclerotic plaque apoptosis is reduced in favour of cell necrosis, contributing to the
necrotic core(109). This effect may be partly due to the stimulation of macrophages and SMCs
to synthesise matrix proteases(110). Furthermore, the presence of TNF-α promotes more
advanced, unstable lesions(109).
1.2.2.4

Macrophages
Monocytes that have transmigrated into the subendothelial space may either

differentiate into classical, “M1”, pro-inflammatory macrophages, or alternative, “M2”, antiinflammatory macrophages, depending on the local environment. Macrophages may also be
derived from the adventitia, either from the vasa vasorum or as resident, locally-derived,
macrophage progenitors(111). Although the M1/M2 concept is an oversimplification of the role
of the macrophage, it is practical and for the most part accurate. Macrophages are polarised
towards an M2 phenotype when in a pro-resolving environment, such as during resolution of
inflammation, where the emphasis is on tissue repair. Conversely, they are polarised to an M1
phenotype when in pro-inflammatory environment. Early atherosclerotic lesions have a
predominance of M2 macrophages, and more advanced lesions, with high levels of
inflammatory activity, have a predominance of M1(112). The typical activating stimuli for M1
macrophages are interferon-γ and LPS(60). The activating stimuli for the subclasses of M2
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macrophages are: IL-4 and IL-13 for M2a, immune complexes plus either IL-1β or LPS for
M2b, and IL-10, transforming growth factor-β or glucocorticoids for M2c(113).
The atherogenic roles of M1 macrophages in the vessel wall include: (1) secretion of
pro-inflammatory cytokines (eg. IL-6, IL-12, and IL-23), (2) secretion of growth factors that
induce neovascularisation and vessel permeability (eg. VEGF), (3) production of matrix
metalloproteinases that digest the matrix and solubilise the fibrous cap, (4) production of
reactive oxygen species which promote macrophage recruitment, impair efferocytosis of
apoptotic cells and oxidise LDL, and (5) acting as antigen presenting cells, where the activation
of antigen-specific T cells results in the amplification of the macrophage response

(114)

. This

last role contributes to the chronicity of the inflammatory response.
As stated previously, macrophages are critical to the production of lipidic plaques. The
ability of macrophages to remove oxidised LDL can be overwhelmed when the ability to
remove ingested oxLDL is exceeded by the rate of ox-LDL influx and cholesterol
esterification. This forms the basis for inflammatory, cholesterol-rich plaques.
1.3

Inflammation as a therapeutic target in atherosclerosis
Inflammation in the vessel wall has received considerable attention as a target for new

therapies for atherosclerosis. A conundrum has existed for many years, since numerous antiinflammatory agents increase the risk of cardiovascular events, such as non-steroidal antiinflammatory drugs(115) and corticosteroids(116). Furthermore, the recent CIRT study, which
compared the anti-inflammatory agent methotrexate to placebo in patients with coronary artery
disease, did not reduce cardiovascular events(117). The LoDoCo study, however, demonstrated
a 67% reduction in the composite incidence of acute coronary syndrome, out-of-hospital
cardiac arrest, or noncardioembolic ischemic stroke in patients with stable coronary artery
disease taking the anti-inflammatory agent colchicine compared to placebo (p<0.001)(118).
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Colchicine’s anti-inflammatory properties include an antitubulin effect that inhibits neutrophil
function(119). In addition, the potential for cardiovascular benefit by targeting the inflammatory
nature of atherosclerosis was highlighted by the CANTOS study(120). CANTOS compared
canakinumab, a monoclonal antibody targeting interleukin-1β, to placebo in patients with a
previous myocardial infarction and an elevated C-reactive protein (CRP) level. Canakunimab
at a dose of 150 mg every three months reduced cardiovascular events by 15% compared to
placebo at 48 months (p=0.021)(120).
The reductions in cardiovascular events seen in LoDoCo and CANTOS occurred in
addition to the effects of statins, as more than 90% of patients in both studies were taking
statins. Statins themselves have been clearly shown to have anti-inflammatory effects amongst
their numerous pleiotropic effects. The PRINCE trial (2001) was an early study that
demonstrated the CRP-lowering properties of pravastatin, which occurred independently of
changes in LDL cholesterol(121). Since then, statins have been shown to increase endothelial
nitric oxide synthase (eNOS) gene expression and activation(122, 123); reduce NFκB activation
by pro-inflammatory stimuli(124); upregulate antioxidant enzymes such as heme oxygenase1(125); inhibit pro-inflammatory cytokine release such as IL-6(126); and upregulate antiinflammatory cytokines such as IL-10(127). The pleiotropic effects of statins have been shown
to be clinically significant, as several clinical trials have demonstrated reductions in
cardiovascular events beyond the effects of lipid lowering. For example, in the LIPID trial
pravastatin reduced cardiovascular events by 24% in patients with a past history of an acute
coronary syndrome, throughout the continuum of LDL-C levels (p<0.001)(128). In the Heart
Protection Study, patients with coronary, other occlusive arterial disease, or diabetes, were
randomised to receive simvastatin or placebo; simvastatin reduced major vascular events by
24% irrespective of initial cholesterol concentrations (p<0.0001)(129).
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Statins have been successfully used to reduce cardiovascular events by targeting
systemic inflammation in addition to their established lipid-lowering effects. In the JUPITER
study, apparently healthy men and women with low LDL-C levels (<3.4mmol/L) but elevated
hs-CRP levels (>2.0 mg/L) were randomised to rosuvastatin or placebo; the trial was stopped
early after a median of 1.9 years due to a 44% reduction in the occurrence of major adverse
cardiovascular events in the rosuvastatin group (p<0.00001)(130). Similarly, the antiinflammatory properties of omega-3 fatty acids have led to considerable research into their
therapeutic potential for a range of conditions.
1.4

The effects of omega-3 fatty acids on inflammation

1.4.1 Fatty acids in health and disease
1.4.1.1

Overview of fatty acids
Fatty acids are organic acids with a hydrocarbon chain and a terminal carboxyl group

(see Figure 1.3). They are the major components of fats, oils, and waxes. Although there are
over 1000 naturally-occurring fatty acids, only 20-30 are widely distributed in nature. These
typically have between 10 and 22 carbon atoms. Fatty acids can be classified by the number of
carbon atoms present, i.e.: “short-chain” if ≤ 5 carbon atoms, “medium-chain” if 6 to 12 carbon
atoms, “long-chain” if 13 to 21 carbon atoms, and finally “very long chain” if ≥ 22 carbon
atoms. A common form of nomenclature for fatty acids is “lipid number” in the form of
(C:DωN), where C corresponds to the number of carbon atoms, D is the number of double
bonds, and ωN is the position of the last double bond, if present, in the hydrocarbon chain. The
position is defined as the number of carbon atoms away from the methyl (CH3) end of the
structure. For example, (20:5ω3) refers to eicosapentaenoic acid (EPA), which has 20 carbon
atoms, 5 double bonds, and the position of the last double bond is 3 carbon atoms away from
the methyl end. The hydrocarbon chain of a fatty acid can have either single carbon-carbon
bonds with two flanking hydrogen atoms, or double bonds, of which there can be 0 to 6 in any
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single structure. The double carbon-carbon bonds typically have cis geometry, i.e. the
continuing carbon chains after the double bond face in the same direction. This creates a kink
in the structure. In the case of trans geometry, the continuing carbon chains face the opposite
direction, and the absence of a kink allows them to be pack closer together (see Figure 1.4). It
is important to distinguish trans-fatty acids from cis-fatty acids, and therefore “trans N” or “cis
N” may be used in nomenclature for this purpose. “Cis” is implied if this distinction is not
made. “Trans-fatty acids” have the trans geometry, and are much less commonly found in
nature than in the commercial food industry. They have a much higher melting point than their
cis counterparts, and hence can be cooked as liquids at much higher temperatures while
maintaining chemical stability(131).
“Saturated fatty acids” are defined by the absence of double bonds in the hydrocarbon
chain (see Figure 1.5). This makes them very chemically stable, as oxidation and free radial
damage to fatty acids occur at the sites of double bonds. Saturated fatty acids tend to be solids
at room temperature due to their very high melting points. They can be found in both plant and
animal sources, although animal products have the highest saturated fatty acid content. They
have the maximum number of hydrogen atoms in the hydrocarbon chain, and a higher calorie
content than unsaturated fatty acids.
“Monounsaturated fatty acids” (MUFAs) have a single double bond in the hydrocarbon
chain, and are predominantly comprised of the omega-7 and omega-9 fatty acids. MUFAs are
abundant in plant and vegetable oils, nuts, milk products, red meat, high fat fruits, and
avocados. “Polyunsaturated fatty acids” (PUFAs) have at least two double bonds in the
hydrocarbon chain. PUFAs are predominantly comprised of omega-6 and omega-3 fatty acids.
Both omega-6 and omega-3 fatty acids are found in plant oils, however the omega-3 fatty acids
EPA (20:5ω3) and DHA (22:6ω3) are abundant in fish and algal oils. Fatty acids that are
obtained from plant, animal or fish sources are in the form of mixtures rather than as individual
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fatty acids. Furthermore, they are not found naturally as free fatty acids, but as either
triglycerides, phospholipids or less commonly, as cholesterol esters. This is necessary because
fatty acids, being a form of lipid, are non-polar and hence do not dissolve in aqueous solutions.
Fatty acids are essential for basic cellular structure and function, and are important
sources of fuel. The term “essential fatty acid” defines fatty acids that are required for normal
biological processes in humans and animals, but cannot be synthesisedt(132). These are linoleic
acid (18:2ω6) and alpha-linolenic acid (18:3ω3), which cannot be synthesised due to the lack
of the Δ12 and Δ15 desaturase enzymes responsible for converting oleic acid (18:1ω9) into
linoleic acid (18:2ω6) and alpha-linolenic acid (18:3ω3)(133).
Table 1.1 summarises the lipid number, name, and composition of the most abundant
fatty acids including saturated, trans-fatty, monounsaturated and polyunsaturated.

Figure 1.3: The basic structure of a fatty acid, using the saturated fatty acid lauric acid
(12:0) as an example. Downloaded from the Dallas County Community College website:
https://dlc.dcccd.edu/biology1-3/lipids on 7/12/18.
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Figure 1.4: The structure of cis- compared to trans-fatty acids, demonstrating the
direction of the continuing carbon chain after a double bond. Downloaded from the
Dallas County Community College website: https://dlc.dcccd.edu/biology1-3/lipids on
7/12/18.
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Figure 1.5: The structure of a saturated fatty acid compared to an unsaturated fatty acid.
The absence of double bonds in the hydrocarbon chain defines a fatty acid as saturated.
Downloaded

from

the

Dallas

County

Community

College

website:

https://dlc.dcccd.edu/biology1-3/lipids on 7/12/18.
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Table 1.1: Summary of the type, lipid number, and common name of the most abundant
fatty acids
Type of fatty acid

Saturated

Trans-fatty

Monounsaturated

Polyunsaturated

1.4.1.2

Lipid number
C12:0
C14:0
C15:0
C16:0
C17:0
C18:0
C20:0
C22:0
C24:0
t16:1ω-7
t18:1ω-7
t18:1ω-9
t18:2ω-6
16:1ω-7
18:1ω-7
18:1ω-9
20:1ω-9
22:1ω-9
24:1ω-9
18:3ω-3
20:5ω-3
22:5ω-3
22:6ω-3
18:2ω-6
18:3ω-6
20:2ω-6
20:3ω-6
20:4ω-6

Common name
lauric acid
myristic acid
pentadecylic acid
palmitic acid
margaric acid
stearic acid
arachidic acid
behenic acid
lignoceric acid
trans-palmitoleic acid
trans-vaccenic acid
trans-oleic acid
trans-linoleic acid
palmitoleic acid
vaccenic acid
oleic acid
eicosenoic acid
erucic acid
nervonic acid
alpha-linolenic acid
eicosapentaenoic acid
docosapentaenoic acid
docosahexaenoic acid
linoleic acid
gamma-linolenic acid
eicosadienoic acid
dihomo-gamma-linolenic acid
arachidonic acid

Saturated fatty acids
Saturated fatty acids (SFAs) are obtained from both plant and animal sources, but can

also be created from hydrogenation of a corresponding (same carbon chain length) unsaturated
fatty acid. Of the SFAs, palmitic acid (C16:0) is the most widely occurring in both animal fats
and vegetable oils, whilst stearic acid (C18:0) is found in lesser quantities in vegetable oils.
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There has for decades been concerns about the effects of SFAs on serum cholesterol(134). The
effects have been shown to be fatty acid-dependent, with myristic acid (C14:0), lauric acid
(C12:0) and palmitic acid raising both LDL and HDL, with no effect on LDL seen with stearic
acid(135, 136).However, despite these effects, a meta-analysis of 21 prospective cohort studies
concluded that there is no association between saturated fat consumption and cardiovascular
disease risk(137). There is still a consensus that SFAs should be substituted for healthier nutrients
where possible(138). This is based a pooled analysis of 11 cohort studies which concluded that
substitution of SFAs with PUFAs reduces the risk of coronary events by 13%(139).
The discrepancy between effects of SFAs on lipids and cardiovascular risk could be
explained by effects on other atherogenic mediators. However, the effects on other atherogenic
mediators are still overall detrimental, and hence this area requires continued investigation. For
example, SFAs have been shown to promote insulin resistance(140), induce low-grade systemic
inflammation(141), and directly stimulate inflammatory gene expression by way of TLR4
signalling(142).
1.4.1.3

Trans-fatty acids
Trans-fatty acids in the human diet are mostly encountered following partial

hydrogenation of vegetable oils in the food industry (in particular, trans-oleic acid [t18:1ω-9]).
This gives food desirable physical and chemical characteristics, as well as distinctive flavour,
crispness, creaminess, plasticity and oxidative stability(143). Trans-fatty acids are used
extensively in the preparation of fast foods and in baked goods. A small percentage of transfatty acids is obtained from dairy products and ruminant meats (in particular, trans-vaccenic
acid [t18:1ω-7]). The contribution of trans-fatty acids to the Australian diet is estimated to be
0.6% of total energy(144). This compares to 2 to 3% in the United States(145).
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The widespread production of trans-fatty acids has raised significant health concerns
given their association with cardiovascular disease. Consumption of trans-fatty acids has been
shown in a meta-analysis of 60 randomised controlled trials to raise LDL-C, lower HDL-C,
raise triglycerides, and raise lipoprotein(a) levels(146). In addition, trans-fatty acids also reduce
LDL particle size, increasing its atherogenicity(147). Trans-fatty acids are pro-inflammatory,
and their consumption is associated with higher circulating levels of IL-6, TNF-α, CRP and
MCP-1(148,

149)

. They also induce endothelial dysfunction, as evidenced by raised soluble

adhesion molecules and impaired flow-mediated dilatation(148, 150).
A number of observational studies have demonstrated a significantly higher
cardiovascular risk associated with an increase in trans-fatty acid consumption. On a percalorie basis, coronary heart disease (CHD) risk is raised more by trans-fatty acids than any
other macronutrient(151). In a meta-analysis of four prospective cohort studies involving nearly
140,000 subjects, a 2 percent increase in energy intake from trans-fatty acids was associated
with a 23 percent increase in the incidence of CHD(151-155). One study also demonstrated a
positive correlation between trans-fatty acid levels in erythrocyte membranes and the risk of
sudden cardiac death, with an adjusted odds ratio of 1.47 (95% CI: 1.01 to 2.13)(156). The
mechanisms of the hazardous effects of trans-fatty acids have not been fully established,
however their detrimental effects on lipids may be due to an increase in the activity of
cholesteryl ester transfer protein (CETP), the main enzyme that transfers cholesterol esters
from HDL to LDL and VLDL(157).
The public health implications of high trans-fatty acid consumption are enormous.
Since the estimated consumption of trans-fatty acids in the Australian diet is well within the
World Health Organisation’s target of <1%, there has not been a strong impetus to reduce the
consumption further. There is no requirement for declaration of trans-fatty acid content on food
labels in Australia, however the 2009 Australia and New Zealand QSR Industry Survey
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suggested that a number of strategies were being employed by industries to reduce trans-fatty
acid levels in foods(158).
1.4.1.4

Monounsaturated fatty acids
MUFAs are found in high quantities in most commodity oils, and the vast majority are

omega-7s or omega-9s. The most prevalent naturally occurring MUFA is oleic acid (18:1ω9),
found in high concentrations in olive, peanut, palm, canola (rapeseed), and sunflower oils.
The consumption of MUFAs has been shown to have health benefits, but an important
consideration is their source and quality. There is convincing observational evidence that the
cardiovascular benefits of MUFAs of plant origin are greater than those of animal origin(159).
One large meta-analysis divided studies into tiers of dietary MUFA quality, and found that the
MUFA diets of the highest quality, considering percentage of olive oil, oleic acid and
MUFA:SFA ratio, had the lowest rates of all-cause mortality and major adverse cardiovascular
events(160).
MUFAs have also been shown to reduce inflammation. A diet rich in MUFAs
contributes to a more anti-inflammatory gene expression profile in human adipose tissue
compared with a diet high in SFAs(161). Furthermore, adherence to a Mediterranean diet in
healthy adults reduces levels of plasma IL-6, CRP, and homocysteine(162). However, since the
Mediterranean diet is highly abundant in other health-promoting constituents in addition to
MUFAs, the results obtained from human dietary studies cannot be fully attributable to
MUFAs. This was exemplified in the landmark PREDIMED study, which randomised
individuals at high cardiovascular risk to a Mediterranean diet supplemented with extra-virgin
olive oil (EVOO), a Mediterranean diet supplemented with mixed nuts, or a control diet (advice
to reduce dietary fat). During a median of 4.8 years of follow-up, the intervention diets
significantly reduced the primary endpoint of a composite of myocardial infarction, stroke, or
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death from cardiovascular causes by approximately 30% compared to the control diet (hazard
ratio of 0.70 [95% CI, 0.53 – 0.91, p=0.009] for the EVOO group and 0.70 [95% CI, 0.53 –
0.94, p=0.02] for the mixed nuts group)(163). The fatty acid composition of the plasma of
PREDIMED participants before and after treatment was analysed, and demonstrated that in
addition to a significant increase in oleic acid in the EVOO group, the mixed nut group had a
reduction in the omega-6 PUFA gamma-linolenic acid (18:3ω6), and both interventions had a
reduction in the saturated fatty acid margaric acid (C17:0)(164). The original PREDIMED was
subsequently retracted due to protocol deviations, particularly related to instances of lack of
randomisation, and the study was republished in 2018, accepted as being a non-randomised
trial(165). In the republished manuscript, the hazard ratios for the primary endpoint were 0.69
(95% CI, 0.53–0.91) for the EVOO group and 0.72 (95% CI, 0.54–0.95) for the mixed nuts
group, however levels of significance were not reported.(166)
There is ongoing debate about what defines a Mediterranean diet, and the compositions
of these diets in human studies have differed. MUFA-enriched high fat diets in animal studies
have resulted in reduced IL-1β secretion from adipose tissue and improved insulin sensitivity
compared to SFA-enriched high fat diets(167). The reduction in IL-1β is likely due to the
inhibitory effects that MUFAs have on the NLRP3 inflammasome (168).
In addition to plant and animal-derived MUFAs, there has recently been interest in
marine-derived MUFAs. These long chain fatty acids, eg. gadoleic acid (20:1ω11) and cetoleic
acid (22:1ω11), are found in fish such as soury, pollock, and herring. Analysis of the diets of
the Greenland Inuits from the original studies from Bang and Dyerberg demonstrated levels of
long-chain MUFAs 13 times higher than that of the Danish controls(169). There is evidence in
animal studies for beneficial effects on glucose and lipid metabolism(170), reduced triglyceride
and VLDL levels(171), upregulation of the anti-inflammatory transcription pathway PPARγ(172), and reduced atherogenesis(173) with marine-derived MUFAs. With the continued interest
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in the cardiovascular benefits of marine-derived PUFAs, clinical trials focusing on marinederived MUFAs are expected.
1.4.1.5

Polyunsaturated fatty acids
The polyunsaturated fatty acids (PUFAs) consist of omega-6 and omega-3 fatty acids.

These are long-chain molecules with typically 2 to 6 non-contiguous double bonds. In plants,
the number of double bonds rarely exceeds three, although in algae and fish the fatty acids can
contain up to six double bonds. The omega-6 and omega-3 fatty acids are present in most plant,
animal, and commodity oils and fats. As outlined previously, the PUFAs include the essential
fatty acids, linoleic acid (18:2ω6) and alpha-linolenic acid (18:3ω3). The most common
omega-6 fatty acids encountered in the human diet are linoleic acid and arachidonic acid
(20:4ω6). Since mammalian cells lack the omega-3 desaturase enzyme, omega-6 fatty acids
cannot be converted in vivo to omega-3 fatty acids. Closely-related omega-6 and omega-3 fatty
acids act as competing substrates for the same enzymes(174), outlining the importance of the
proportion of omega-6 to omega-3 fatty acids in diet (discussed in Section 1.4.4).
Omega-6 fatty acids
Linoleic acid (18:2ω6), the shortest and most common omega-6 PUFA, is metabolised
to the longer and more unsaturated arachidonic acid (20:4ω6) via the intermediates gammalinolenic acid (18:3ω6) and dihomo-gamma-linolenic acid (20:3ω6). Arachidonic acid is
metabolised by the cyclooxygenase (COX) enzymes to the 2-series of prostaglandins (i.e.
PGE2, PGI2, PGD2, PGF2α) and thromboxanes (A2 and B2). Arachidonic acid is also
metabolised via the lipoxygenase (LOX) enzymes to the 4-series of leukotrienes (i.e. LTA4,
LTB4, LTC4, LTD4, and LTE4). Collectively, the prostaglandins, thromboxanes and leukotrienes
are referred to as eicosanoids. Although the eicosanoids have important homeostatic functions
in regulating both the promotion and resolution of inflammation in the immune response, they
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predominantly have properties that are atherogenic. For example, PGD2 and LTB4 are proinflammatory, TXA2 and TXB2 are pro-aggregatory and vasoconstrictive, LTB4 is chemotactic
for neutrophils, and PGE2 induces IL-6(175). These properties predict a hazardous effect of
excessive omega-6 consumption. Indeed, PGE2 and PGI2 are also proarrhythmic(175). However
cardiovascular outcome studies have not demonstrated an elevated cardiovascular risk
associated with high omega-6 consumption. Conversely, the aggregate of randomised trials,
case-control, and cohort studies indicate reduced cardiovascular risk(176). This may be partly
due to the increasingly recognised anti-inflammatory and atheroprotective effects of omega-6
PUFAs. For example, omega-6 PUFAs are a substrate for the anti-aggregatory and vasodilatory
prostacyclin(177), the anti-chemotactic and pro-resolving lipoxin A4(178), and the vasodilatory
and anti-adhesive epoxyeicosatrienoic acids(179). One human study showed a negative
correlation between serum omega-6 PUFA levels and IL-6, and a negative correlation with the
anti-inflammatory transforming growth factor β(180).
Individual studies of the effects of omega-6 PUFAs on serum lipids have produced
mixed results, however a meta-analysis of 60 controlled fatty acid intervention trials indicated
a beneficial effect on blood lipid levels with lower LDL and higher HDL levels(146).
Increasingly, when considering the physiological effects of omega-6 consumption, there has
been a shift in focus to omega-6 as a proportion of, or relative to, other fatty acid species, and
this continues to be studied extensively.
Omega-3 fatty acids
The omega-3 fatty acids are alpha-linolenic acid (ALA, 18:3ω3), eicosapentaenoic acid
(EPA, 20:5ω3), docosahexaenoic acid (DHA, 22:6ω3), and docosapentaenoic acid (DPA,
22:5ω3). The latter is the intermediate species between EPA and DHA. ALA is found
predominantly in plant oils, whereas EPA and DHA are best sourced from marine sources, i.e.
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oily fish, fish oils and algal oil. In humans, there is a small amount of conversion from the
essential fatty acid ALA to EPA (6%) via the enzymes Δ6 desaturase, elongase, and Δ5
desaturase, with an even smaller amount ultimately converted to DHA (3.8%)(181). With a high
omega-6 intake, these conversion rates are further decreased, leading some to consider EPA
and DHA to be “conditionally essential”(182).
The consumption of omega-3 PUFAs leads to their incorporation into cell membranes,
where they form an essential part of the phospholipid bilayer and alter cell physiology. Cellular
membranes from some tissues, for example the brain, retina, and myocardium are particularly
enriched in omega-3 PUFAs. DHA is the predominant fatty acid of membrane phospholipids
in the brain grey matter and in the retina, and the accretion of DHA in their membranes is
required for the optimum development of retinal and cerebral functions(183). Despite this,
supplementation of pregnant women, or fortification of infant formula, with DHA has not
clearly resulted in improvements in neuropsychological performance in children(184).
Furthermore, although omega-3 PUFAs are purported to have positive effects on mood(185),
systematic reviews of the literature have demonstrated mixed results for the prevention and
treatment of depression(186-188). The enrichment of the myocardium with omega-3 PUFAs
suggests that they may be important for normal cardiac myocardial function and recovery as
well as electrical stability. Recent evidence indicates that there is a reduction in adverse left
ventricular remodelling and myocardial fibrosis following myocardial infarction in those
supplemented with high-dose omega-3 PUFAs(189). However, despite an increase in electrical
stability with omega-3 supplementation(190), it has not been shown to reduce atrial or ventricular
arrhythmias in those at high risk(191-193).
There has been considerable interest in the lipid-lowering effects of omega-3 PUFAs,
and the overall effects could be best summarised as follows. Triglycerides are moderately
decreased (25 to 30%), HDL-C is increased minimally (1 to 3%), and LDL-C is increased
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mildly (5 to 10%)(194). Given the modest effects of omega-3 PUFAs on atherogenic
lipoproteins, there has been substantial interest in their anti-inflammatory effects as a
mechanism for their cardioprotective effects.

1.4.3 The anti-inflammatory effects of omega-3 fatty acids
Omega-3 fatty acids have been shown to reduce inflammation in the in vitro and in vivo
settings. Omega-3s are able to partly inhibit a number of aspects of inflammation including
leucocyte chemotaxis, adhesion molecule expression and leucocyte–endothelial adhesive
interactions, production of eicosanoids like prostaglandins and leukotrienes from the omega-6
fatty acid arachidonic acid, production of inflammatory cytokines, and T-helper 1 lymphocyte
reactivity(195). In addition, EPA and DHA give rise to inflammation-resolving resolvins,
protectins and maresins(196). Furthermore, omega-3s have been showed to attenuate oxidative
stress-induced DNA damage(197). These anti-inflammatory effects have translated into clinical
benefit for a range of inflammatory conditions. One of the earliest conditions studied
extensively was rheumatoid arthritis, given the understanding of the role of arachidonic acid
metabolites in the disease process, which are clearly reduced by omega-3 fatty acids. One metaanalysis included data from 10 trials and concluded that dietary fish oil supplementation for
3 months significantly reduced morning stiffness and tender joint count in patients with
rheumatoid arthitis(198). There is some evidence for a beneficial effect of omega-3 fatty acids
in asthma, which is characterised by high levels of pro-inflammatory cytokines, arachidonic
acid-derived eicosanoids, and prostaglandins. Some studies have demonstrated improved lung
function and a decline in disease scores after omega-3 supplementation(199, 200), however these
findings have not been consistently reported(201).
Oxidative stress has been implicated as a pathogenic mechanism for the chronic,
inflammatory neurodegenerative disease multiple sclerosis. In a randomised controlled trial,
omega-3 fatty acids supplemented at a dose of 2 grams per day significantly reduced Expanded
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Disability Status Scores (EDSS) in patients with multiple sclerosis, associated with reductions
in serum CRP and the oxidative stress marker malondialdehyde(202). Omega-3 fatty acids have
been trialled in the setting of inflammatory bowel diseases (IBD), which are associated with
increases in inflammatory eicosanoids, pro-inflammatory cytokines, and both CD4 and CD8 T
cell activity(203, 204). Despite omega-3s reducing all of these factors, a systematic review of
clinical trials of IBD did not show clinical improvement with omega-3 supplementation(205).
The lack of a predictable clinical benefit based on known biochemical effects is a frequent
scenario that necessitates further investigation. This is indeed the case for studies of the effects
of omega-3 fatty acids on cardiovascular disease. In addition to the potential to modulate
cardiovascular risk by targeting inflammation, omega-3 fatty acids have beneficial effects on
established cardiovascular risk factors, including high levels of triglycerides(206-208) and blood
pressure(209-211). However, the results of cardiovascular outcome trials of omega-3 fatty acids
have been overall neutral.

1.4.4 The omega 6:3 ratio
Conventional cardiovascular risk factors such as lipid parameters, blood pressure and
inflammatory markers, have established and standardised tools for their measurement, as well
as reference ranges that may define normal or associate with higher or lower risk. This is not
the case for PUFAs. A common method for quantifying omega-3 “status” is to measure the
proportion of total blood fatty acids comprised of omega-3s. This value, when measured in
whole blood, has an inverse association with sudden death(212), and is the basis for the Omega3 Index. The Omega-3 Index is the percentage of EPA and DHA in red blood cell fatty acids,
and based on an analysis of 10 cohort studies, a value of < 4% predicts higher CHD mortality,
and > 8% predicts lower CHD mortality(213). However, indices such as this do not provide
insights into the total blood fatty acid composition and the relative amounts of harmful versus
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beneficial components. Furthermore, factors such as age and gender alter the absorption of
fatty acids, and consequently the cut-offs for the Omega-3 index(214).
An alternative, arguably more informative measure is the ratio of pro-inflammatory and
atherogenic omega-6 fatty acids to anti-inflammatory and atheroprotective omega-3 fatty acids,
i.e. the Omega 6:3 ratio. The ratio of omega-6 PUFAs to omega-3 PUFAs in the human diet
has increased markedly from hunter-gatherer times, when it was as low as 1:1, to now, when a
typical Western diet can provide a ratio of 20:1(215). An important concept exemplified by the
Omega 6:3 ratio is that of fatty acid substitution. Since omega-6 and omega-3 PUFAs compete
with each other for incorporation into cell membranes(216, 217), a higher omega-6 intake relative
to omega-3 would be expected to shift healthy physiology to pathophysiology(218).
A high omega 6:3 ratio is a predictor of poorer outcomes for a number of chronic
diseases. There is a positive association with obesity, as omega-6 and omega-3 PUFAs have
divergent effects on adipogenesis, the brain-gut-adipose tissue axis, and systemic
inflammation(215). There is also a positive association with disease activity for several
malignancies including colorectal and breast(219). From a cardiovascular perspective, a lower
omega 6:3 ratio is associated with reduced platelet aggregation and circulating inflammatory
markers(219). The Lyon Heart Study compared a Mediterranean-style diet to no dietary advice
in patients after their first myocardial infarction, and achieved an omega 6:3 ratio in the
intervention group as low as 4:1. Those receiving the Mediterranean diet had a 70% lower
mortality rate at 2 years(220).
1.5

Clinical trials of omega-3 fatty acids

1.5.1 Dietary studies of omega-3 fatty acids
Bang and Dyerberg first proposed a cardioprotective effect of fish consumption after
observing low lipid levels and rates of ischaemic heart disease in Greenland Inuit who
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consumed a diet high in fish(221). Since that time, numerous cohort studies have been published
comparing the effects of fish consumption on outcomes. A meta-analysis of 17 such studies
including 315 812 participants in the primary prevention setting and an average follow-up of
15.9 years, demonstrated a dose-response effect of fish intake on survival. Compared to low
fish intakes (< 1 fish meal per week), the consumption of 1 fish meal per week resulted in a
16% reduction in mortality due to CHD(222). The dose-response analysis indicated that every
15 g per day increment of fish intake decreased the risk of CHD mortality by 6%. Musa-Veloso
et al performed a systematic review of 8 prospective studies comparing an estimated total
omega-3 intake of < 250 mg versus ≥ 250 mg per day by fish consumption on fatal and nonfatal CHD in those with no prior history of CHD(223). The higher intake was associated with a
significant 35.1% reduction in the risk of sudden cardiac death and a near-significant 16.6%
reduction in the risk of total fatal coronary events, while the risk of non-fatal myocardial
infarction was not significantly reduced. The risk of CHD death was again found to be dosedependently reduced by omega-3 intake.
One of the first randomised controlled trials of dietary omega-3 consumption on
cardiovascular outcomes in the secondary prevention setting was the DART study (1989)(224).
Men admitted to hospital with an acute myocardial infarction were randomised to receive
dietary advice to either reduce fat consumption, increase fatty fish or fish oil consumption, or
increase fibre consumption. Those in the fish/fish oil group had a 29% reduction in all-cause
mortality after 2 years(224).
Dietary studies of omega-3 intake in the primary and secondary prevention setting have
demonstrated a lower mortality rate with fish intake that appears to be dose-responsive.
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1.5.2 Cardiovascular outcome trials of fish oil
Supplementation with omega-3 fatty acids in the form of fish oil provides a convenient
and efficient method of raising blood omega-3 levels. Fish oil is generally well-tolerated with
minimal side effects, the predominant being gastrointestinal and an anecdotal increase in
bleeding tendency. Studies have evaluated the risk of bleeding with fish oil supplementation,
and have demonstrated no clinically significant increase, in a variety of settings(225). Fish oils
are available either as over the counter supplements or as prescription formulations, the latter
being typically in the form of carboxylic acids or ethyl esters. Prescription formulations are
purported to be superior based on having higher omega-3 concentrations, higher manufacturing
standards, and their need for rigorous evaluation of efficacy and safety.
The GISSI-Prevenzione trial (1999) studied the impact of fish oil supplementation on
outcomes in patients with a recent myocardial infarction. In this multi-centre trial, patients were
randomly assigned to either fish oil alone (900mg of omega-3 per day), vitamin E alone, fish
oil plus vitamin E, or no supplement (control) for 6 months. There was a 10% reduction in
death, non-fatal myocardial infarction, and stroke seen in the fish oil group compared to the
control group(226). A summary of the major CVOTs of omega-3 fatty acid supplementation is
presented in Table 1.2. In the JELIS study (2007), hypercholesterolaemic patients (total
cholesterol ≥ 6.5 mmol/L) in Japan were recruited and randomised to either a statin or statin
plus EPA (1.8g per day) for a mean duration of 4.6 years. There was a significant, 19%
reduction in major coronary events in the EPA + statin group compared to statin therapy
alone(227). The reduction was only significant in patients who had a prior history of coronary
artery disease, and was independent of effects on LDL levels. The Alpha Omega Trial (2010)
used a much smaller dose of omega-3 fatty acids, as participants were randomised to one of
four margarines(228). Patients with a prior history of myocardial infarction and on state of the
art medical therapy, were randomised to consumption of margarines fortified with either EPA
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+ DHA, EPA + DHA + ALA, ALA alone, or placebo. The average dose of EPA + DHA was
376mg. There were no significant differences between the groups in the primary endpoint of
major cardiovascular events. Although the comparative lack of benefit compared to earlier
studies could be attributed to a low omega-3 dose used, this study raised questions about the
magnitude of additional benefit that fish oil could provide in the setting of contemporary antiatherosclerotic therapies. In the OMEGA trial (2010), published in the same year and with a
similar population group, i.e. patients with a history of acute myocardial infarction, omega-3
ethyl esters (1g per day) were initiated and compared with placebo (1g of olive oil per day) for
1 year(229). On top of standard medical therapy, there was no difference between the treatment
groups in either sudden cardiac death, total mortality, major adverse cerebrovascular and
cardiovascular events, or revascularisation. This trend continued in the ORIGIN trial (2012),
where 1g of fish oil (≥ 900mg of omega-3 fatty acids) daily was compared with placebo (1g of
olive oil daily), in patients with, or at risk of, diabetes mellitus, and with a previous MI or heart
failure(230). Over a median follow-up period of 6.2 years, there was no significant difference in
death from cardiovascular causes between the treatment groups.
These large CVOTs had significant variability in omega-3 doses and preparations used,
despite growing interest in the role of the omega-3 dose-effect relationship(231). Two primary
prevention studies in 2018, the ASCEND study and the VITAL study similarly used an
intervention dose of 1g of fish oil daily. In the ASCEND study, diabetics without a history of
atherosclerotic cardiovascular disease were randomised to either 1g of fish oil per day (840mg
of EPA + DHA) or placebo (1g of olive oil per day), and were followed for a median duration
of 2.5 years.(232) No significant difference was seen in the primary endpoint of vascular events
or vascular death between the treatment groups. In the VITAL study, men of at least 50 years
of age, and women of at least 55 years of age, without a history of cardiovascular disease, were
randomised to either 1g of fish oil (840mg of EPA + DHA) per day or a matching placebo for
40

a median period of 5.3 years(233). Fish oil did not reduce either of the primary outcomes of
major adverse cardiovascular events or invasive cancer.
A major shift in fish oil trial outcomes occurred with the REDUCE-IT trial (2018). This
study used a much higher dose of omega-3, with 4 grams daily of the prescription EPA form
“icosapent ethyl”(234). The high dose is required for an optimum triglyceride-lowering effect.
The higher fish oil dose of 4 grams per day has similarly been used in the ongoing STRENGTH
trial(235), in the form of EPANOVA®, which contains mixed omega-3 carboxylic acids.
REDUCE-IT compared icosapent ethyl with placebo in patients with established
cardiovascular disease or diabetics with other cardiovascular risk factors. Despite statin
treatment, the patients were required have a triglyceride level between 1.52 and 5.63 mmol/L
and an LDL level between 1.06 and 2.59mmol/L. Icosapent ethyl reduced the primary endpoint
of the first episode of a composite of cardiovascular death, nonfatal MI, nonfatal stroke,
coronary revascularisation and unstable angina by 25% compared to placebo(234). It reduced
total events at 4.9 years by 30%. Although the success of the higher doses of omega-3 fatty
acids used in REDUCE-IT could be considered attributable to beneficial effects on lipid
parameters, the difference in rates of the primary endpoint compared to placebo was
independent of effects on triglycerides and LDL levels. This suggests an alternative antiatherosclerotic mechanism of omega-3 fatty acids.
Given the inflammatory nature of atherosclerosis, it is logical to consider that a
potential anti-atherosclerotic mechanism of omega-3 fatty acids is the amelioration of vascular
inflammation. Indeed, canakinumab, which reduced MACE in the CANTOS study, targets
interleukin 1-β, which plays an important role in the pathogenic mechanisms leading to
vascular inflammation(236). Phospholipase A2 (PLA2), a superfamily of enzymes that liberate
free fatty acids such as arachidonic acid from phospholipid membranes, has also been targeted
to reduce vascular inflammation. The by-products of arachidonic acid oxidation, eicosanoids,
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can induce microvascular dysfunction, oxidative stress and vascular inflammation(237). Several
families of PLA2 exist, and two of them have been the subject of cardiovascular outcome trials.
An inhibitor of secretory PLA2, varespladib, was compared with placebo in the VISTA-16 trial
(2014), which examined its cardioprotective effects in patients with a recent acute coronary
syndrome(238). The trial was stopped early due to futility and possible harm, with a hazard ratio
for the primary endpoint of MACE of 1.25 (95% CI, 0.97 – 1.61, p=0.08). In addition,
darapladib, an inhibitor of lipoprotein-associated PLA2, was studied in the STABILITY trial
(2014), which compared it to placebo in patients with stable coronary artery disease(239).
Darapladib did not significantly reduce the primary endpoint of MACE (HR 0.94 [95% CI,
0.85 – 1.03]), however did significantly reduce the rate of major and total coronary events by
10% and 9% respectively.
The cardioprotective effects of agents that target vascular inflammation deserve further
exploration. In the case of omega-3 fatty acids, this may provide a mechanistic explanation for
positive CVOTs.
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Table 1.2: Major CVOTs of omega-3 fatty acid supplementation

Study population

No. of
subjects

Intervention and
form

Omega-3
dose per day

Comparator

Effect of intervention

Recent MI

11324

900mg

No supplement

HR = 0.90 (95% CI, 0.82-0.99) for MACE

JELIS (2007)(227)

Total cholesterol ≥ 6.5*

18645

Fish oil (ethyl esters)
EPA (ethyl esters) +
statin

1800mg

HR = 0.81 (95% CI, 0.69-0.95) for MACE

Alpha Omega (2010)(228)

Previous MI

4837

Margarine fortified
with EPA + DHA

400mg

Statin alone
Margarine
without
fortification

OMEGA (2010)

(229)

Previous MI

3851

Fish oil (ethyl esters)

1000mg

olive oil

HR = 0.95 (95% CI, 0.56-1.60) for SCD

(230)

Dysglycemia

12536

Fish oil (ethyl esters)

900mg

olive oil

HR = 0.98 (95% CI, 0.87-1.10) for CV death

Diabetes mellitus

15480

Fish oil (unspecified)

840mg

olive oil

HR = 0.97 (95% CI, 0.87-1.08) for vascular events

Men ≥ 50, Women ≥ 55

25871

Fish oil (ethyl esters)

840mg

olive oil

HR = 0.92 (95% CI, 0.80-1.06) for MACE

CVD or diabetes mellitus
with trigs 1.52 to 5.63*

8179

Fish oil (ethyl esters)

4000mg

mineral oil

HR = 0.74 (95% CI, 0.65-0.83) for MACE

Trial name and year
GISSI-Prevenzione (1999)

ORIGIN (2012)

ASCEND (2018)
VITAL (2018)

(232)

(240)

REDUCE-IT (2018)(234)

(226)

HR = 1.01 (95% CI, 0.87-1.17) for MACE

MI = Myocardial infarction
HR = Hazard ratio
MACE = Major adverse cardiovascular events
CV = Cardiovascular
CVD = Cardiovascular disease
SCD = Sudden cardiac death
* = mmol/L
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1.6

Effects of omega-3 fatty acids on acute vascular inflammation
The role of vascular cells during the inflammatory response is critical. Multiple

cytokines, leucocytes, and growth factors are present at sites of inflammation, and each of these
can potentially influence the nature of the inflammatory response(241). Endothelial cells and
smooth muscle cells must integrate the signals generated by these multiple factors to effectively
regulate the immunoinflammatory response through the expression of adhesion molecules,
cytokines, chemokines, MMPs, and growth factors. This requires changes in signal
transduction, which are mediated through NFκB, JAK/STAT and AP-1 signalling pathways.
Several studies have investigated the impact of omega-3 fatty acids on early (acute)
vascular inflammation, with strong evidence for a reduction in adhesion molecule expression
based on cell culture studies. For example, the DHA derivative maresin-1 has been shown to
downregulate E-selectin expression in cultured endothelial cells stimulated with TNF-α(242).
Conversely, the EPA-derived Resolvin E1 did not alter circulating E-selectin, VCAM-1 or
MCP-1 in ApoE*3Leiden mice, although this was in the setting of prolonged high fat feeding
which can confound studies of acute inflammation(243). De Caterina et al added DHA to human
saphenous vein endothelial cells in culture stimulated with either TNF-α or IL-1, and
demonstrated a reduction in protein expression of VCAM-1 and E-selectin(244). DHA was not
directly compared to EPA for these experiments. Yates et al. made direct comparisons of EPA
with DHA and demonstrated a reduction in neutrophil adhesion to TNF-stimulated human
umbilical vein endothelial cells (HUVECs) with DHA, but not with EPA(245). This was
achieved through the modulation of E-selectin expression, independent of effects on
transcriptional regulation. This was one of the first studies to identify a differential effect of
these two fatty acids on acute vascular inflammation. Both DHA and EPA have been shown to
suppress protein expression of VCAM-1 and ICAM-1 in LPS-stimulated human aortic
endothelial cells (HAECs) in a study by Huang et al, with a greater reduction seen with
DHA(246). The mechanisms were concluded to be (1) inhibition of the translocation of TLR4
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into lipid raft domains, (2) suppression of TAK1 phosphorylation, (3) attenuation of NFκB
activity by suppressing p38 and IκBα activation, and (4) induction of the expression of the antiinflammatory and NFκB-suppressor gene A20 for EPA but not DHA(246). Similar results were
published by Wang et al, who reported a reduction in protein expression of VCAM-1 in TNFstimulated HAECs co-incubated with DHA, and to a much lesser extent, EPA(247). ICAM-1
was suppressed by DHA only at very high doses, and not at all by EPA. The superior effect of
DHA in this study may be related to the modification of the structure and composition of
membrane rafts and the membrane bilayer that occurs when PUFAs are incorporated into cell
membrane phospholipids(248). Specifically, DHA incorporates into (sphingomyelin and
cholesterol-rich) membrane rafts with more than twice the affinity of EPA, making them more
disordered and dysfunctional(249).
Based on the above results of studies of acute vascular inflammation, further
investigation into the differential effects of EPA versus DHA is required. Furthermore, despite
the results and mechanistic insights that cell culture studies of PUFAs have provided, there
remains a significant limitation in the translatability of the results. Specifically, the addition of
pure fatty acids to cell culture does not model the conditions that occur in vivo. Since PUFAs
undergo metabolism and oxidation after oral consumption, the genetic, humoral and cellular
responses in vivo are likely to be different to what is measured in the cell culture setting. Indeed,
oxidised omega-3 fatty acids have different actions to pure unoxidised fatty acids, and are still
beneficial, if not superior(250). Sethi et al demonstrated that oxidised, but not native unoxidised
EPA significantly inhibited human neutrophil and monocyte adhesion to endothelial cells in
vitro by inhibiting endothelial adhesion receptor expression. In transcriptional coactivation
assays, oxidised EPA potently activated the peroxisome proliferator-activated receptor α
(PPAR-α)(251). Similarly, Mishra et al demonstrated that oxidised but not unoxidised EPA and
DHA inhibit cytokine-induced endothelial expression of MCP-1 and IL-8(252). In this study,
oxidised EPA potently inhibited cytokine-induced activation of NFκB expression (although
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this was not caused by prevention of phosphorylation of IκBα as concluded by Huang et al). It
is evident that the favourable effects of pure, unoxidised omega-3 fatty acids on acute vascular
inflammation identified in a cell culture need to be replicated in a more physiological setting.
1.7

Effects of omega-3 fatty acids on chronic vascular inflammation and

atherosclerosis
The continuum of atherogenesis, as outlined in Section 1.1.1, presents a challenge in
studying the late stages of atherosclerosis in isolation, i.e. independent of inflammatory
processes that have occurred earlier. Nonetheless, it is highly relevant to the translational
potential of omega-3 fatty acids, as most of their demonstrated clinical efficacy and ultimately
practical utility is in secondary prevention. The vast majority of studies of omega-3 fatty acids
in chronic vascular inflammation and atherosclerosis have been in animal models. However,
studies of human atherosclerosis have been performed, such as that by Thies et al, who studied
the inflammatory composition of plaque after fish oil consumption(253). Patients awaiting
carotid endarterectomy were randomised to receive fish oil or a placebo oil leading up to
surgery. The macrophage content of plaques was significant lower in the fish oil group, and
higher concentrations of EPA and DHA were found within these plaques(253). Xu et al measured
the burden of atherosclerotic plaque and lipids in the aortas of ApoE-deficient mice fed an
atherogenic diet and randomised to the addition of fish oil (1% w/w of diet) or unaltered
diet(254). No difference was seen in either parameter between treatment groups despite high
measured circulating omega-3 levels. In this study, the dose of fish oil was low, triglyceride
levels were significantly and unexpectedly increased in the fish oil group, and there was no oil
control, which were limitations. EPA alone was studied by Matsumoto et al, who measured
lipid and plaque burden in the aortas of ApoE-deficient and LDLR-knockout mice who were
randomised to EPA (5% of diet by weight) or a standard atherogenic diet(255). EPA reduced
aortic lipid and plaque burden, reduced macrophage accumulation in plaque, increased smooth
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muscle cell content, and increased plaque collagen content. These changes were seen in the
absence of effects on circulating lipids. No comparison was made with DHA.
Li et al studied the functional aspects of plaque inflammation, including the ability of
plaque macrophages to clear apoptotic cells (efferocytosis)(256). Macrophage efferocytosis was
defective in ob/ob;LDL-receptor deficient mice fed an atherogenic diet for 6 weeks, and this
was reversed by dietary fish oil supplementation for a further 6 weeks, compared to an olive
oil control. Another functional aspect of plaque inflammation, studied by Altenburg et al, is
the uptake of oxidised LDL (oxLDL), which is mediated by IFN-γ-induced CXCL16
expression. DHA reduced CXCL16 expression by human aortic smooth muscle cells, measured
by flow cytometry(257). Furthermore, oxLDL uptake was reduced as measured by fluorescent
labelling. Foam cell formation, the internalisation of modified lipoproteins such as oxLDL, is
also reduced by omega-3 fatty acids. Song et al cultured THP-1 monocytes in oxLDL and
phorbol myristate acetate to induce foam cell formation, and added various ratios of EPA to
(the omega-6) arachidonic acid(257). The conditions with the highest omega-3 content had the
lowest cholesterol levels detected in foam cells, and a lower concentration of IL6 and TNF-α
in the supernatant. DHA was not used in this study. The LPS-induced expression of toll-like
receptor 4 (TLR4) on the lipid rafts of murine macrophages (RAW264.7 cells), is a marker of
macrophage activation. In in vitro studies, both DHA alone and a combination of EPA and
DHA reduced TLR4 expression, but EPA alone did not(258).
Further to studies of the functional aspects of plaque inflammation, the regression of
atherosclerosis has been studied in LDL-receptor deficient mice by Nakajima et al(259). After 8
weeks on an atherogenic diet, mice were fed with either a standard chow diet or one with the
addition of EPA (5% w/w) for 4 weeks. The mice in the EPA group had a 22% reduction in
atherosclerosis burden compared to the chow-fed mice, as well as a reduction in the content of
macrophages, CD4+ T cells and dendritic cells in atherosclerotic lesions(259). No comparison
was made with DHA. Although much attention has been focused on EPA, the anti47

atherosclerotic effects of DHA were studied by Tan et al, by esterifying phytosterols with
DHA(260). In ApoE-deficient mice fed an atherogenic diet with or without phytosteryl DHA
added (2% w/w) for 7 weeks, those in the DHA group had lower plasma cholesterol levels and
three times smaller atherosclerotic lesions. No comparison was made with EPA.
A study comparing the effects of EPA and DHA in different ratios on atherosclerosis
in ApoE-deficient mice did not demonstrate a clear difference in plaque or lipid burden in
atherosclerotic aortas(261). Nor was there a difference in markers of oxidative stress, markers of
acute and chronic inflammation, or oxLDL uptake. Markers of chronic inflammation included
IL1-β, IL6 and TNF-α. Takashima et al compared EPA with 1:1 combinations of EPA and
DHA at different doses(258). ApoE-deficient mice fed an atherogenic diet had the burden and
characteristics in the aortic arch quantified after randomisation to either a control atherogenic
diet, a diet supplemented with 5% EPA (w/w), one supplemented with 2.5% EPA + DHA
(w/w), or one supplemented with 5% EPA + DHA (w/w). The latter group had the lowest
burden of plaque and the highest plaque stability, which was significantly different to all other
groups. The results of these studies of chronic inflammation and atherosclerosis demonstrate
differential and beneficial effects of EPA and DHA. Despite much attention being focused on
the anti-atherosclerotic effects of EPA, these studies highlight the potential benefits of
combination therapy, which may be synergistic and/or take advantage of their unique
mechanisms of action.
1.8

Areas for further investigation

1.8.1 Methodological considerations
The unique anti-inflammatory and anti-atherosclerotic mechanisms of action of EPA
and DHA are yet to be fully elucidated, and there is evidence that different EPA/DHA
combinations produce divergent effects. To further evaluate the effects of omega-3 fatty acids
on acute vascular inflammation, it is prudent to first establish the effects of individual fatty
acids. Modelling AVI in vitro requires a physiologically-appropriate inflammatory stimulus
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applied to vascular endothelial cells. Omega-3 fatty acids, being non-polar molecules, do not
dissolve readily in aqueous solutions such as cell culture media, and hence are commonly
bound to albumin (with polar and non-polar sites), and subsequently ethanol (polar) before use
in cell culture experiments. This process is not only highly challenging, but is temperaturesensitive, is not physiological, and produces variable results. Studies of AVI performed in vitro
should ideally use systems whereby fatty acids are presented to cells in a form that replicates
the in vivo setting.
Studies of AVI performed in vivo such as animal studies, must use models of pure acute
vascular inflammation that do not induce atherosclerosis. For animal studies, omega-3 fatty
acids are typically added to diet. This strategy results in animal-to-animal variations in both
total omega-3 fatty acid consumption as well as total fatty acid oxidation. Furthermore, there
is no adjustment for weight. A more accurate method that mimics human fish oil consumption,
is to provide precise quantities of unoxidised fish oil directly to animals by oral gavage. An
important consideration for human studies is ensuring adequate dosing. The studies quoted
above have demonstrated the dose-dependent nature of the effects of omega-3 fatty acids, with
oral doses directly correlating with blood and tissue concentrations(262-264). At present, there is
no upper limit for omega-3 dosing in humans, and dosing up to 5 grams per day is considered
safe by the European Food Safety Authority(265).

1.8.2 Knowledge gap analysis
The in vitro, animal, and human studies of fish oil have used highly heterogeneous
omega-3 preparations and dosing, leading to inconsistencies in results. With emerging evidence
of differential mechanistic effects of EPA and DHA, it has become imperative to identify
optimal preparations, either in combination or isolation, for specific indications. Currently,
there is no clearly superior omega-3 fatty acid for the amelioration of acute vascular
inflammation. The beneficial effects of EPA demonstrated in the JELIS study led to a focus on
EPA for studies of atherogenesis, without sufficient comparisons with DHA or combinations.
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There is a paucity of data on the effects of individual fatty acids on the nature as well as total
burden of atherosclerotic plaque. Their impact on the inflammatory characteristics, stability,
and lipid content of plaque need further evaluation. Since almost 10% of whole body omega-3
fatty acids are circulating in the bloodstream, it is likely that an important component of their
anti-atherosclerotic effects is on circulating factors. It is important, therefore, to establish their
effects on circulating atherosclerotic mediators.
1.9

Aims of research study

The aims of this body of work are:
1. To systematically review the literature on the impact of omega-3 fatty acids on the
circulating mediators of atherosclerosis. These include atherogenic lipoproteins,
inflammatory cytokines and adipokines, atherogenic amino acids and derivatives, and
advanced glycation end products.
2. To determine the effects of omega-3 fatty acids on acute vascular inflammation in an
in vitro model using serum from healthy volunteers supplemented with fish oil.
Comparisons will be made between fish oils with different EPA:DHA ratios.
3. To determine the impact of individual omega-3 fatty acids on acute vascular
inflammation in an in vivo animal model.
4. To determine the impact of individual omega-3 fatty acids on chronic vascular
inflammation and atherosclerosis in an in vivo animal model.
1.10

Hypotheses

The overarching hypotheses for this examination of the impact of omega-3 fatty acids on the
inflammatory mediators of atherosclerosis are:
1. Fish oils in various preparations and doses reduce levels of the established circulating
mediators of atherosclerosis.

50

2. Omega-3 fatty acids that are delivered to cultured endothelial cells in a physiological
manner will reduce markers of acute vascular inflammation measured at the gene level
after cellular stimulation.
3. Omega-3 fatty acid pre-treatment reduces the protein expression of markers of acute
vascular inflammation in an animal model.
4. In an animal model of atherosclerosis, omega-3 fatty acid supplementation reduces
plaque lipid burden, the vulnerability and inflammatory cell content of plaque measured
histologically and at the protein level, and reduces chronic vascular inflammation at the
gene level, independent of changes in blood lipid levels.
5. EPA has a superior effect compared to DHA on ameliorating acute and chronic vascular
inflammation and atherogenesis.
1.11

Outline of thesis

Chapter 1: Introduction and literature review
Chapter 2: General methods
Chapter 3: The impact of omega-3 fatty acids on circulating mediators of atherosclerosis – A
systematic review
Chapter 4: Fish Oil Cell Uptake Study of INflammation (FOCUS IN). A randomised controlled
trial of fish oil supplementation in healthy volunteers
Chapter 5: The impact of omega-3 fatty acids on acute vascular inflammation in a mouse model
Chapter 6: The impact of omega-3 fatty acids on atherosclerosis and chronic vascular
inflammation
Chapter 7: Discussion
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CHAPTER 2: GENERAL METHODS
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2.1

Isolation of serum and plasma from whole blood
Whole blood was collected in either clot-activating collection tubes (for serum) or

ethylenediaminetetraacetic acid (EDTA) tubes (for plasma). For serum isolation, blood was
allowed to sit undisturbed for 30 mins at room temperature for clotting to occur, following by
either immediate centrifugation or storage at 4oC until centrifugation could be performed,
which was no more than 4 hours in all cases. Blood collected for plasma isolation was stored
at 4oC for no more than 4 hours and then centrifuged. In both cases, centrifugation was
performed at 1900 x g for 15 mins at 4oC. Supernatant was aspirated using a pipette and
immediately stored at -80oC.
2.2

Fatty acid analysis by dry blood spot
Whole blood was spotted onto pre-made dry blood spot (DBS) cards for fatty acid

analysis. DBS cards were hand-made using cardboard and PUFACoat paper (developed by Dr.
Ge Liu and Professor Robert Gibson at the FoodPlus Research Centre, University of
Adelaide)(266). PUFACoat paper stabilises fatty acids in biological samples for at least 9 weeks
when stored at room temperature, and for at least 18 months when stored at -20oC. Immediately
after blood collection, 30 µl of whole blood was pipetted directly onto the PUFACoat paper,
and the DBS cards were then stored in sealed foil bags with desiccant at -20oC prior to
processing.

2.2.1. Preparation of DBS cards
PUFACoat paper was created as follows. Using a sonicator, 70 ml of pure ethanol was
mixed with 200 mg of butylated hydroxytoluene (BHT) in a beaker. Then 3 ml of 0.5 M EDTA
was added to 27 ml of distilled water, and brought to a pH of 8.0. This solution was then added
to the ethanol/BHT solution, and sonicated for 5 mins. Filter paper cut to size was dipped into
this final solution and allowed to air-dry. This paper was stapled to thin cardboard with holes
punched out that allow blood to be spotted on to the paper underneath.
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2.2.2. Fatty acid extraction from DBS specimens by transmethylation
Forceps and scissors were first sonicated in isopropanol and then dried. The bloodstained area of the PUFACoat paper was cut out and placed in 5 ml capped scintillation vials
filled with 2 ml of 1% H2SO4. The vials were then heated to 70oC for 2.5 hours. After the first
30 mins, the caps were released briefly to expel gas and the vials were vortexed. After each
subsequent 30-min period the vials were vortexed only. The vials were allowed to cool to room
temperature, and then 250 µl of distilled water and 700 µl of heptane were added to the vials,
which were then vortexed. Using a Pasteur pipette, the top layer was transferred to a gas
chromatography (GC) vial. The GC vial was sealed and then stored at -20oC until GC analysis
was performed.

2.2.3 Gas chromatography analysis
Gas chromatographic analysis was performed semi-quantitatively for the following
fatty acids:
Saturated fatty acids
C14:0 (myristic acid)
C15:0 (pentadecylic acid)
C16:0 (palmitic acid)
C17:0 (margaric acid)
C18:0 (stearic acid)
C20:0 (arachidic acid)
C22:0 (behenic acid)
C24:0 (lignoceric acid)
Trans-fatty acids
t16:1ω-7 (trans-palmitoleic acid)
t18:1ω-7 (trans-vaccenic acid)
t18:1ω-9 (trans-oleic acid)
t18:2ω-6 (trans-linoleic acid)
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Monounsaturated fatty acids
16:1ω-7 (palmitoleic acid)
18:1ω-7 (vaccenic acid)
18:1ω-9 (oleic acid)
20:1ω-9 (eicosenoic acid)
22:1ω-9 (erucic acid)
24:1ω-9 (nervonic acid)
Polyunsaturated fatty acids
18:3ω-3 (alpha-linolenic acid)
20:5ω-3 (eicosapentaenoic acid)
22:5ω-3 (docosapentaenoic acid)
22:6ω-3 (docosahexaenoic acid)
18:2ω-6 (linoleic acid)
18:3ω-6 (gamma-linolenic acid)
20:2ω-6 (eicosadienoic acid)
20:3ω-6 (dihomo-gamma-linolenic acid)
20:4ω-6 (arachidonic acid)

Results were expressed as a percentage of total specimen fatty acid content. GC analysis
was performed using a Hewlett-Packard 6890 system (Palo Alto, CA, USA) equipped with a
BPX70 capillary column 50 m × 0.32 mm, film thickness 0.25 µm (SGC Pty Ltd., Victoria,
Australia), programmed temperature vaporisation injector and a flame ionisation detector
(FID). The injector temperature was set at 250 °C and the FID temperature at 300 °C, a
programmed temperature ramp (140–240 °C) was used. Helium gas was utilised as a carrier at
a flow rate of 35 cm per second in the column and the inlet split ratio was set at 20:1.
Quantification was achieved by comparing the retention times and peak area values of
unknown samples to those of commercial lipid standards (Nu-Chek Prep Inc., Elysian, MN,
USA) using the Hewlett-Packard Chemstation data system.
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2.3

Preparation and maintenance of human umbilical vein endothelial cells (HUVECs)
HUVECs were obtained from fresh umbilical cords donated by the Women’s and

Children’s Hospital, North Adelaide. They were cultured and used up to passage 5. For culture,
HUVECs were plated in gelatin-coated flasks at a density of 10000 cells per cm2. For general
culture and experiments requiring serum, HUVECs were grown in MesoEndo Cell Growth
Medium (Cell Applications, San Diego, CA, USA) supplemented with an extra 5% foetal
bovine serum (FBS) to make a total of 10% FBS. For experiments requiring serum-free media,
EBM-2 basal media plus SingleQuot kit supplements and growth factors (Lonza, Basel,
Switzerland), with serum omitted, were used. Cells were cultured in incubators at 37oC with
5% CO2. Cells were passaged when they reached 90% confluency, and experimental conditions
were added when cells were 80% confluent. Cells were passaged using Accutase® (BD
Biosciences, Franklin Lakes, NJ, USA) by first washing the cells with room-temperature
phosphate-buffered saline (PBS), then adding room-temperature Accutase®. Once cells were
fully detached, Accutase® was neutralised with warm media. Centrifugation was performed at
220 x g for 5 mins, and after supernatant was removed, cells were resuspended in growth media.
Cells were counted using Trypan blue exclusion. For experiments, HUVECs were cultured in
6-well plates.
2.4

Polymerase Chain Reaction
Reverse transcription polymerase chain reaction (RT-PCR) was performed after

extraction of ribonucleic acid (RNA) from either cultured cells or tissues, making
complementary deoxyribonucleic acid (cDNA), and then amplification and semi-quantification
of DNA. RNA extraction from cells was performed using either a Bio-Rad (Hercules, CA,
USA) Aurum™ Total RNA Mini Kit or using the TRI Reagent® method. RNA extraction of
tissues was performed using the Qiagen (Venlo, Netherlands) AllPrep DNA/RNA/Protein Mini
Kit.
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2.4.1 RNA Extraction from cultured cells using the Bio-Rad Aurum™ Total RNA
Mini kit
Cell culture media was aspirated, and then cells were washed with PBS at room
temperature. Cells were detached from culture plates using room-temperature Accutase® (BD
Biosciences, Franklin Lakes, NJ, USA). After neutralisation of Accutase® with warm media,
cell solutions were centrifuged at 220 x g for 5 mins at 4oC. Supernatant was aspirated, and
then cells were immediately processed for RNA extraction using the Bio-Rad (Hercules, CA,
USA) Aurum™ Total RNA Mini Kit. The Spin Protocol was followed as per the Instruction
Manual (Catalogue # 732-6820). In summary, cell pellets were treated with the lysis solution
and then 70% (w/v) ethanol. Subsequently, cell solutions were added to an RNA binding
column, and high-speed centrifugation was performed. The RNA binding column was washed
with low stringency and high stringency wash solutions, and then 40 µl of elution solution was
added to the RNA binding column for 1 min, followed by high-speed centrifugation. The eluted
RNA solution was quantified using the NanoDrop™ 8000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). RNA was either used immediately for cDNA synthesis or
stored at -80oC for later use.

2.4.2 RNA extraction from cultured cells using the TRI-Reagent method
The media from cultured cells was aspirated, and then the cells were washed with 1 ml
of cold (4oC) PBS. After the PBS was aspirated, 500 µl of TRI Reagent® (Sigma-Aldrich, St.
Louis, MO, USA) was added to each well of a 6-well plate and immediately frozen at -80oC.
After thawing at room temperature, cells were scraped off of 6-well plates using a cell scraper,
and the cell/TRI reagent solution was transferred to sterile 1.5 ml microcentrifuge tubes. One
tenth of the TRI reagent volume (50 µl) of 1-Bromo-3-chloropropane (Sigma-Aldrich, St.
Louis, MO, USA) was added, and the mixture was vortexed for 15 seconds, ensuring complete
mixing of both phases. The solution was centrifuged for 15 mins at 19000 x g at 4oC. The
aqueous phase was transferred to another sterile 1.5 ml microcentrifuge tube, and 250 µl of
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isopropanol was added. This solution was transferred to a -20oC freezer for RNA precipitation.
At least 24 hours later, the solution was vortexed, and centrifuged at 19000 x g at 4oC for 15
mins. The supernatant was removed using a pipette, and the RNA pellet was then washed by
adding 250 µl of ice-cold 75% ethanol. The solution was vortexed and centrifuged at 19000 x
g for 10 mins at 4oC. The ethanol was removed, and the RNA pellet was air-dried for 10 mins.
Pre-warmed (60oC) nuclease-free water (20 µl) was added to the RNA pellet, followed by
vortexing and brief centrifugation. The RNA solution was kept on ice until RNA quantification
was performed, using the NanoDrop 8000 spectrophotometer. RNA was stored at -80oC until
use.

2.4.3 RNA, DNA, and protein extraction from tissues using the Qiagen AllPrep
DNA/RNA/Protein Mini Kit
RNA was extracted from tissues (mouse aortas) using the Qiagen AllPrep
DNA/RNA/Protein Mini kit, and DNA and protein were extracted simultaneously. The
protocol followed was from the kit’s handbook. In summary, snap-frozen mouse aortas were
thawed on ice and then transferred to a 1.5 ml microcentrifuge tube. “Buffer RLT” (600 µl)
was added to tube, and then the aortas were homogenised using a Precellys24 Homogenizer
(Bertin Instruments, Montigny-le-Bretonneux, France). The lysate was centrifuged for 3 mins
at full speed, and the supernatant was then transferred to an AllPrep DNA spin column placed
in a 2 ml microcentrifuge tube. The tube was centrifuged for 30 seconds at >8000 x g, and the
spin column was placed in a new 2ml collection tube and stored at 4oC for later DNA
purification. The flow-through was used for RNA purification.
Pure ethanol (430 µl) was added to the flow-through, and mixed well by pipetting. Up
to 700 µl of sample was transferred to an RNeasy spin column placed in a 2 ml collection tube,
which was then centrifuged for 15 seconds at >8000 x g. The flow through was transferred to
a 2 ml collection tube for later protein purification. The RNeasy spin column was washed by
adding 700 µl of “Buffer RW1” and centrifuging at >8000 x g for 15 seconds. After discarding
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the flow-through, 500 µl of “Buffer RPE” was added to the spin column, centrifugation was
performed for 15 seconds at >8000 x g, and then this was repeated with a 2-minute spin. The
RNeasy spin column was transferred to a new 1.5 ml microcentrifuge tube, and 30 µl of prewarmed (70oC) nuclease-free water was added to the spin column membrane. After 5 mins,
centrifugation was performed for 1 min and > 8000 x g to elute the RNA. The RNA was then
quantified using the NanoDrop 8000 Spectrophotometer, and stored at -80oC until future use.
Protein purification was performed by adding 1000 µl of “Buffer APP” to the flowthrough collected earlier. The solution was mixed vigorously and thoroughly by vortexing, and
incubated for 10 mins at room temperature to precipitate protein. The solution in the 2 ml
collection tube was centrifuged at full-speed for 10 mins, and the supernatant was discarded.
Following this, 500 µl of 70% (w/v) ethanol was added to the protein pellet, centrifugation at
full speed for 1 minute was performed, and the supernatant was again discarded. The protein
pellet was dried for 10 mins at room temperature, then 250 µl of “Buffer ALO” and 10 µl of 8
M urea were added. The protein pellet solution was dissolved by prolonged vortexing and
heating to 95 degrees for 5 minutes using an Eppendorf Thermomixer (Hamburg, Germany).
The solution was cooled to room temperature and centrifuged for 1 min at full speed, and the
protein solution and residual pellet were stored immediately at -80oC.
For genomic DNA purification, 500 µl of “Buffer AW1” was added to the AllPrep
DNA spin column, which was then centrifuged for 15 seconds at >8000 x g. This step was
repeated with 500 µl of “Buffer AW2”, with 2 mins of centrifugation. The AllPrep DNA spin
column was placed in a sterile 1.5 ml microcentrifuge tube, and then 100 µl of prewarmed
(70oC) nuclease-free water was added to the spin column membrane. After 5 mins,
centrifugation was performed for 1 min at > 8000 x g. The eluted DNA was stored at 4oC.
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2.4.4. Conversion of RNA to complementary DNA (cDNA)
Prior to conversion to cDNA, all RNA samples to be used for the same experiment were
normalised to the same concentration. RNA was converted to cDNA using iScript™ Reverse
Transcription Supermix for RT-PCR (Bio-Rad, Hercules, CA, USA). A desired quantity of
RNA for the cDNA synthesis reaction was determined. RNA was thawed on ice, and the
required volume was added to iScript RT Supermix, which comprised 20% of the total reaction
mix (i.e. 4 µl iScript for a 20 µl cDNA reaction). The remaining volume was nuclease-free
water. The mix was vortexed and centrifuged, and then incubated in a thermal cycler (T100™
Thermal Cycler, Bio-Rad) using the following protocol: priming – 5 mins at 25oC, reverse
transcription – 30 mins at 42oC, and reverse transcription inactivation – 5 mins at 85oC. cDNA
was stored at 4oC until further use.

2.4.5 Reverse Transcription Polymerase Chain Reaction
RT-PCR was performed using a Bio-Rad CFX Connect™ Real-Time PCR Detection
System. Reactions were 20 µl in volume and were performed in 96-well plates. Reaction mixes
consisted of 10 µl of Bio-Rad SsoAdvanced™ Universal SYBR® Green Supermix, 6 µl of
nuclease-free water, 1 µl of forward primer, 1 µl of reverse primer, and 2 µl of cDNA. The
reaction protocol was set at: 50oC for 2 mins, 95oC for 15 mins, then 40 cycles of: 94oC for 15
seconds, 60-64oC (primer-specific based on optimisation) for 30 seconds, 72oC for 30 seconds,
then 65oC to 95oC at 0.5oC increments for 5 seconds each. Primer stocks were diluted to a
concentration of 100 µM, and the working solution was 10 µM. All RT-PCR reactions were
performed with reference genes (B2M for human, and 36B4 for mouse).
2.5

Primers for Polymerase Chain Reaction
For RT-PCR experiments, the primers used are listed in Table 2.1 below. All primers

were optimised prior to use in experiments.
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Table 2.1: List of human primers used in RT-PCR experiments
Human primers
Vascular Cell Adhesion Molecule 1 (VCAM-1)
Forward
Vascular Cell Adhesion Molecule 1 (VCAM-1)
Reverse
Intercellular Adhesion Molecule 1 (ICAM-1)
Forward
Intercellular Adhesion Molecule 1 (ICAM-1)
Reverse
Monocyte Chemoattractant protein 1 (MCP-1)
Forward
Monocyte Chemoattractant protein 1 (MCP-1)
Reverse
Nuclear Factor Kappa-Light-Chain-Enhancer of
Activated B cells p65 Subunit (NFkBp65)
Forward
Nuclear Factor Kappa-Light-Chain-Enhancer of
Activated B cells p65 Subunit (NFkBp65)
Reverse
Beta-2 microglobulin (B2M) Forward
Beta-2 microglobulin (B2M) Reverse
Peroxisome Proliferator-Activated Receptor
Gamma (PPAR-γ) Forward
Peroxisome Proliferator-Activated Receptor
Gamma (PPAR-γ) Reverse

5’ to 3’ sequence
AAGGCAGGCTGTAAAAGAATTGC
AGGTCATGGTCACAGAGCCACC
CAGAGTTGCAACCTCAGCCT
GGACACAGATGTCTGGGCATT
GATCTCAGTGCAGAGGCTCG
TGCTTG TCCAGGTGGTCCAT
ACTGCCGGGATGGCTTCTAT
AGGTCCCGCTTCTTCACACA
GAGTATGCCTGCCGTGTGAAC
CCAATCCAAATGCGGCATCTTC
CACAATGCCATCAGGTTTGG
GCTGGTCGATATCACTGGAGATC
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Table 2.2: List of mouse primers used in RT-PCR experiments
Mouse primers
Interleukin 1-beta (Il-1beta) Forward

5’ to 3’ sequence
TGGATGCTCTCATCAGGACAG

Interleukin 1-beta (Il-1beta) Reverse
Tumour necrosis factor alpha (TNF-α) Forward
Tumour necrosis factor alpha (TNF-α) Reverse
Monocyte chemoattractant protein 1 (MCP-1)
Forward
Monocyte chemoattractant protein 1 (MCP-1)
Reverse
Nuclear Factor Kappa-Light-Chain-Enhancer of
Activated B cells p65 Subunit (NFkBp65)
Forward
Nuclear Factor Kappa-Light-Chain-Enhancer of
Activated B cells p65 Subunit (NFkBp65) Reverse
Peroxisome Proliferator-Activated Receptor
Gamma (PPAR-γ) Forward
Peroxisome Proliferator-Activated Receptor
Gamma (PPAR-γ) Reverse
Ribosomal protein, large, P0 (Rplp0), a.k.a 36B4
Forward
Ribosomal protein, large, P0 (Rplp0), a.k.a 36B4
Reverse
Nucleotide-Binding Domain, Leucine-RichContaining Family, Pyrin Domain-Containing-3
(NLRP3) Forward
Nucleotide-Binding Domain, Leucine-RichContaining Family, Pyrin Domain-Containing-3
(NLRP3) Reverse

GAAATGCCACCTTTTGACAGTG
CAGGCGGTGCCTATGTCTC
CGATCACCCCGAAGTTCAGTAG
GCTGGAGCATCCACGTGTT

2.6

ATCTTGCTGGTGAATGAGTAGCA
ATTGCTGTGCCTACCCGAAA
GATGCTGGGAAGGTGTAGGG
CACAATGCCATCAGGTTTGG
GCTGGTCGATATCACTGGAGATC
CAACGGCAGCATTTATAACCC
CCCATTGATGATGGAGTGTGG
ATCAACAGGCGAGACCTCTG
GTCCTCCTGGCATACCATAGA

Mouse husbandry
Mice were housed and managed at the South Australian Health and Medical Research

Institute (SAHMRI), in accordance with the Australian code for the care and use of animals for
scientific purposes (National Health and Medical Research Council (2013) Australian code for
the care and use of animals for scientific purposes, 8th edition. Canberra: National Health and
Medical Research Council)(267). Mice were housed in cages with siblings of the same gender.
There were up to 5 mice per cage. Mice were monitored daily. C57Bl/6 mice and ApoE(-/-) mice
on a C57Bl/6 genetic background were obtained from The Jackson Laboratory (ME, USA).
Homozygous ApoE deficiency was confirmed on-site using the Genetic Engineering and
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Archiving Services (GENEAS) genotyping service. Mice were given food and water adlibitum. C57Bl/6 mice were fed a standard rodent chow diet (Teklad Global 18% Protein
Rodent Diet [Harlan Laboratories, Madison, WI, USA]). This diet contains 18.6% protein,
6.2% fat, 44.2% carbohydrates, and no cholesterol. ApoE(-/-) mice were fed the Teklad Global
18% Protein Rodent Diet until 8 weeks of age, and were then fed a high cholesterol, high fat
diet (SF00-219) from Specialty Feeds (Glen Forrest, Western Australia). This diet consists of
22% fat and 0.15% cholesterol. This diet has previously been demonstrated by our group to
significantly increase plasma cholesterol levels and lead to accelerated atherosclerosis
development(268). Ethics approval for all animal work was obtained from both the SAHMRI
Animal Ethics Committee and the University of Adelaide Animal Ethics Committee.
2.7

Oral gavaging of mice
The equipment used to gavage mice orally with either EPA, DHA, or olive oil included

three 50 µl SGE GT LL syringes (SGE Analytical Science Pty Ltd, Ringwood, Victoria,
Australia), three stainless steel 20-gauge ball-tipped animal feeding needles (Sigma-Aldrich
catalogue number CAD7902 (Sigma-Aldrich, St. Louis, MO, USA), sterile gauze, water, 70%
w/v ethanol, and disposable gloves. The EPA and DHA used for the study of acute vascular
inflammation were >99% pure free fatty acids, purchased from Nu-Chek Prep, Inc (Elysian,
MN, USA). The EPA and DHA used for the study of atherosclerosis and chronic inflammation
were >97% pure ethyl esters donated by Bizen Chemical Co. (Okayama, Japan). The Olive Oil
used for all experiments was Bertolli Olive Oil (Florence, Italy). Each needle and syringe pair
was used to deliver a single liquid, either EPA, DHA, or olive oil, and there was no crosscontamination.
Mice were gavaged in accordance with the SAHMRI Standard Operating Procedure
(SOP) (SOP9/098). The animal feeding needle was attached to the syringe, and the required
volume was slowly drawn up. The mouse was scruffed with the thumb and index finger, and
the middle finger was used to pull the head back to the neutral position. When the oropharynx
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and body were aligned and the mouse was still, the feeding needle was advanced into the
oropharynx, and into the oesophagus. The liquid was delivered, and the mouse was returned to
its cage and monitored for any signs of distress that may represent aspiration. The animal
feeding needle was flushed and rinsed with 70% ethanol, and then flushed and rinsed with tap
water. After drying, the needle was used for the next mouse.
2.8

Superficial facial vein bleeding (submandibular cheek bleeding) in mice
Superficial facial vein bleeding was performed using sterile 5 mm Goldenrod (Beacon

Falls, CT, USA) animal lancets, following the SAHMRI Standard Operating Procedure (SOP)
(4/087). In brief, the volume of blood to be taken without rehydration was determined
beforehand based on weight, in accordance with the SAHMRI SOP (4/086), with one drop of
blood being estimated to be 50 µl. No more than 150 µl was taken from any mouse at any time.
Mice were restrained by scruffing at the neck, using the thumb and index finger. The location
of the inferior branch of the superficial facial vein was determined as lying underneath the
visible sebaceous gland near the jaw. The intended puncture site was the common superficial
facial vein. This was estimated to be 2 mm superior and 2 mm posterior to the sebaceous gland.
A single pass was made with a lancet to elicit venous blood, which was collected for plasma
into Sarstedt (Nümbrecht, Germany) Microvette® 500 K3E 500 µl EDTA collection tubes.
After the predetermined blood volume was taken, pressure was applied with gauze until
haemostasis was achieved. Mice were observed for ill-health for 10 mins after this procedure,
and then returned to their cages if well. Blood was stored at 4oC until centrifugation, plasma
isolation, and plasma storage at -80oC.
2.9

Mouse general anaesthesia
Prior to general anaesthesia, mice were pre-oxygenated with 100% oxygen for 5 mins

in a closed chamber. Induction of general anaesthesia was performed using 3% isoflurane plus
supplemental oxygen delivered in the same closed chamber. Anaesthesia was confirmed using
the toe-pinch test. Maintenance anaesthesia was achieved with 1.5% isoflurane plus
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supplemental oxygen, delivered via a nose cone. To minimise dry eye from the nose cone, eye
drops were administered to both eyes immediately after induction. After surgery, isoflurane
was ceased, and 100% oxygen was delivered for 5 mins. Mice were allowed to recover alone
in pre-warmed (37oC) recovery boxes, and when behaviour and activity levels returned to
normal they were returned to their cages.
2.10

Mice humane killing and terminal cardiac puncture
Mice were humanely killed under general anaesthesia by both terminal cardiac puncture

and vital organ harvesting (heart, lungs and major blood vessels). After anaesthesia was
confirmed, betadine was applied to the chest and abdomen, and terminal cardiac puncture was
performed using a 25-gauge needle attached to a 1 ml syringe. The puncture was made 1 mm
left of the midline, below the ribcage. The needle was advanced until flashback was seen, and
after slight further advancement, complete exsanguination was performed. The heart, lungs,
and major blood vessels were removed routinely, and isoflurane was continued for the entire
procedure.
2.11 Cholesterol and triglyceride assays in mice
Plasma total cholesterol and triglyceride levels in mice were measured by colorimetric
assays, using LabAssay™ Cholesterol and LabAssay™ Triglyceride kits (Wako Pure
Chemical Industries, Osaka, Japan). The assays were performed in 96-well plates. Plasma
samples of 2 µl were added to 300 µl of chromogen reagent, and concentrations were calculated
after generating a standard curve from standards of known concentrations. Plates were mixed
and incubated for 5 mins at 37oC. They were then read using a GloMax® Discover microplate
reader (Promega Corporation, Madison, Wisconsin, USA) using a main wavelength of 600 nm
and a subtracted wavelength of 700 nm.
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2.12

Assessment and quantification of plaque burden, collagen content and medial

expansion
Mouse specimens of brachiocephalic artery and heart were stored in 10% neutralbuffered formalin after harvesting, followed by dehydration, clearing and embedded in paraffin
blocks. Specimens were cut at the level of the proximal brachiocephalic artery and the aortic
sinus into 5 µm sections using a microtome, and then mounted onto silane-coated slides. The
slides were then deparaffinised and rehydrated and subsequently stained with either
haematoxylin and eosin (H&E) for plaque quantification and assessment of medial thickness,
or the Masson’s trichrome stain for assessment of collagen content. Slides were mounted,
coverslipped and photographed using the Nanozoomer C9600-12 slide scanner (Hamamatsu
Photonics, Shizuoka, Japan). Image resolution was 228 nm per pixel. Images were saved
uncompressed and then converted to .tiff files using ImagePro Premier 9.1 (Rockville, MD,
USA) for analysis using ImageJ 1.51 (Rasband, W.S., ImageJ, U. S. National Institutes of
Health, Bethesda, MD, USA). To quantify plaque area, the total artery area or aortic sinus area
was measured using the Freehand selection tool. The area of plaque was then measured and
expressed as a percentage of total artery or aortic sinus area. The thicknesses of the intimal and
medial layers were measured using the Freehand selection tool, and expressed as a percentage
of total artery area (“intimal and medial thickness”). The collagen content of plaque in the
brachiocephalic artery or aortic sinus was quantified using a macro in ImageJ 1.51 published
by Kennedy DJ et al(269). The macro is detailed below:

run("Brightness/Contrast...");

set brightness and contrast to automatic

run("RGB Stack");

convert RGB image to a stack

run("Convert Stack to Images");

split stack to three images, Red, Blue and Green
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run("Image Calculator...", "image1=Blue operation=Divide image2=Red create 32-bit");
divide blue by red
run("Brightness/Contrast...");

set brightness and contrast to automatic

run("Subtract...", "value=1.2");

discard all image where blue intensity is not 120% of red

intensity
run("Multiply...", "value=10000000"); convert all decimal values to integers
run("Brightness/Contrast...");

set brightness and contrast to automatic

run("Max...", "value=1");

set max value to be 1

run("Min...", "value=0");

set min value to be 0

run("Measure");

add up 1s and express as fraction of total area

The collagen content was hence expressed as a percentage of total plaque area.
2.13

Immunohistochemical staining
Immunohistochemical staining of mouse specimens was performed using the Avidin-

Biotin peroxidase technique. Harvested organs were initially stored in 10% neutral-buffered
formalin for fixation, followed by dehydration, clearing and embedding in paraffin blocks.
Glass slides were coated with silane. Thermo Scientific Menzel X72 SuperFrost® Plus
(Thermo Fisher Scientific, Waltham, MA, USA) slides were loaded onto racks and rinsed in
100% ethanol. They were dipped in a silane solution comprised of a 1 in 50 dilution of 3aminopropyl-triethoxy-silane in 100% ethanol, and subsequently rinsed in 100% ethanol and
then deionised water before being dried. Specimens were cut into 5 µm sections using a
microtome, and placed in a waterbath filled with deionised water, and then mounted onto
silane-coated slides. The slides were dried in a 56oC oven for 1 hour.
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To deparaffinise and rehydrate the slides, they were heated to 70oC for 10 mins and
then sequentially incubated twice in 100% xylene for 3 mins each time, and then sequentially
incubated twice in 100% ethanol for 3 mins each time. Endogenous peroxidase was then
blocked by incubating slides in 0.5% hydrogen peroxide in methanol for 30 mins at room
temperature. The slides were then rinsed twice in PBS for 5 mins each time, and then placed
in the antigen retrieval buffer (10 mM sodium citrate buffer, pH 6). This was heated in a
microwave on the highest setting until the solution boiled. The solution was then transferred
to a second, calibrated microwave, which heated the solution to 98oC for 10 mins. The solution
was allowed to cool at room temperature. This was followed by two sequential PBS washes
for 5 mins each. Using a Pasteur pipette, the specimens were coated with 3% normal horse
serum (NHS) for 30 mins. The NHS was drained from the slides, and specimens were then
coated with the primary antibody at a concentration determined by prior optimisation.
Incubation occurred overnight. The following day the slides were rinsed twice with PBS for 5
mins each time, and then the specimens were coated with the secondary antibody for 30 mins
at a concentration determined by prior optimisation. The slides were washed twice in PBS for
5 mins each time. The tertiary antibody, a 1:1000 streptavidin peroxidase:NHS solution, was
added to the specimens for 60 mins. The specimens were washed twice in PBS for 5 mins each
time. A 75 mg/ml of 3,3’-diamino benzidine (DAB)/PBS solution was added to the specimens
for exactly 7 mins, and then the slides were thoroughly rinsed in running water for 10 mins.
The DAB was subsequently neutralised by adding an equal volume of 0.2 M potassium
permanganate and the same volume of 2.0 M sulphuric acid. The mixture was allowed to stand
overnight, and then 5% (w/v) of ascorbic acid was added until the colour disappeared. The
solution was then discarded. The slides were counterstained in haemotoxylin and coverslipped
using distyrene, plasticiser and xylene (DPX) Mounting Media (Labworks, Victoria, Australia)
and Deckgläser 24 x 50mm cover slips (Menzel-Gläser GmbH, Braunscheig, Germany).
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2.14

Antibodies used for immunohistochemical staining

Table 2.3:

Antibodies used for mouse acute vascular inflammation study

Company and
catalogue no.
Primary
antibodies
Abcam ab134047
Abcam ab119871
Abcam - ab8101
Abcam ab119830
Isotype controls
Abcam ab18450
Abcam ab18407
Abcam ab18541
Abcam ab125938
Secondary
antibodies
Abcam - ab7096
Abcam - ab7082

Name

Host

Reactivity

Conjugation

Clonality

Anti-VCAM1
antibody

rabbit

Mouse, rat,
human

Unconjugated

Monoclonal IgG

Anti-ICAM1 antibody
Anti-MCP1 antibody

rat
rat

Mouse
Mouse

Unconjugated
Unconjugated

Monoclonal IgG2b
Monoclonal IgG1

Anti-CD18 antibody

rat

mouse

Unconjugated

Monoclonal IgG2A

Rat IgG2A kappa
isotype control
Rat IgG1 kappa
isotype control
Rat IgG2b kappa
isotype control
Rabbit IgG isotype
control
Goat anti-rat IgG H&L
Biotin preadsorbed
Donkey anti-rabbit
IgG H&L Biotin
preadsorbed

Isotype

rat

Monoclonal IgG2A

rat
rat

Monoclonal IgG1 k
IgG2b
Monoclonal k

rabbit

Monoclonal IgG

goat

rat

donkey rabbit

Biotin

Polyclonal

IgG

Biotin

Polyclonal

IgG
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Table 2.4: Antibodies used for mouse atherosclerosis and chronic inflammation study
Company and
catalogue no.
Primary
antibodies
BD Biosciences
- 550292
Abcam ab32575
Isotype controls
Abcam ab18412
Abcam ab172730
Secondary
antibodies
Vector –
BA9400
Vector –
BA1000

2.15

Name
Purified Rat Anti-Mouse
CD107b (Mac-3)
Anti-actin alpha smooth
muscle antibody
Rat IgG kappa isotype
control
Rabbit IgG monoclonal
isotype control
Biotinylated Goat AntiRat IgG Antibody
(H+L)
Biotinylated Goat AntiRabbit IgG Antibody
(H+L)

Host

Reactivity Conjugation

rat

mouse
mouse,
rabbit rat, human

Clonality

Isotype

Unconjugated Monoclonal IgG1 k
Unconjugated Monoclonal IgG

rat

Monoclonal IgG1 k

rabbit

Monoclonal IgG

goat

rat

Biotin

Polyclonal

IgG

goat

rabbit

Biotin

Polyclonal

IgG

Immunohistochemical analysis using ImagePro Premier 9.1 and ImageJ
Slides were photographed using a Nanozoomer C9600-12 slide scanner (Hamamatsu

Photonics, Shizuoka, Japan). Image resolution was 228 nm per pixel. Images were saved
uncompressed and then analysed in either ImagePro Premier 9.1 (Rockville, MD, USA) or
converted to .tiff files and analysed using ImageJ 1.51.

2.15.1 Analysis using ImagePro Premier 9.1
After selecting and cropping a region of interest for analysis, the DAB analysis app was
used to quantify the degree of antibody staining. Staining intensity was expressed as Integrated
Optical Density (IOD) in units of lumens x pixels2 and corrected for total area.

2.15.2 Analysis using ImageJ
Antibody staining was quantified in ImageJ using the Colour Deconvolution plugin,
based on the technique described by Helps SC, et al(270). The original .ndip files were first
opened in ImagePro Premier 9.1 and cropped and saved into .tiff format. Cropped sizes were
either 7000 x 7000 pixels for quantification in brachiocephalic artery specimens, or 20000 x
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20000 pixels for quantification in aortic sinus specimens. The .tiff images were then opened in
Adobe Photoshop CS6 (Adobe Systems, San Jose, CA, USA), and the Magic Wand tool was
used to select the background (canvas). The background colour changed to white (RGB
255,255,255) using the paint bucket tool, to maximise contrast. The image was saved and then
opened in ImageJ. Uneven illuminated background was removed using the “rolling ball”
method as follows. The background was subtracted using the following commands: Process 
Subtract background  rolling ball radius of 50.0 pixels. DAB staining was quantified using
the Colour Deconvolution Plugin version 3.0.1 using the following commands: Plugins 
Colour Deconvolution  H DAB. Three separate images are returned, and Image 2 with brown
DAB staining visible being the image of interest. The region of interest for DAB analysis was
then traced from Image 2, and then subjected to histogram analysis using commands Analyze
 Histogram. The histogram list was then imported into a Microsoft Excel worksheet. The
histogram list provides the number of pixels at each pixel intensity. The darkest pixels, which
represent positive DAB staining are worth 0, whereas the lightest pixels are worth 255. These
values were inverted so that maximum DAB staining was worth 255, and absence of staining
was worth 0. To estimate the amount of DAB in a section, each pixel intensity was multiplied
by the number of pixels at that intensity (0 to 255) and then summed. Hence, this dimensionless
weighted DAB value (DABwt) = Σ[(255-histogramvalue) x (histogramvaluecount)]. To
express this as a percentage, this value was divided by the maximum theoretical DAB, where
each pixel in the image has a histogram value of 255, and multiplied by 100, obtain
“DABwt%”.
Therefore, DABwt% values obtained represent an estimate of the amount of DAB (and
thus antigen) on the original tissue section. The DABwt% can then be compared with different
sections (images) and the results subjected to statistical analysis.
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2.16

Oil Red O staining and analysis using ImageJ
Lipid content in mouse aortas was assessed and quantified by Oil Red O staining.

Harvested aortas were stored in formalin and then adventitial fat was carefully and thoroughly
removed under stereo microscopy. Aortas were then cut and opened en-face for staining and
returned to formalin until Oil Red O staining was performed. The Oil Red O solution for
staining consisted of 1 g of Oil Red O powder (Sigma-Aldrich), 250 ml of propan-2-ol, and
150 ml of MilliQ water (Millipore Corporation, Billerica, MA, USA). First, the Oil Red O
powder was added to the propan-2-ol while stirring. After 10 mins of stirring, the MilliQ water
was added, and stirring continued for another minute. The solution was left to stand for 6 mins,
and then filtered through a 0.2 μm vacuum hose. The solution was used to stain aortas
immediately.

2.16.1 Oil Red O staining method
Aortas with adventitial fat removed and cut for en-face staining were first rinsed in
distilled water and then dipped in 60% propan-2-ol solution, then incubated in the Oil Red-O
solution for 15 mins. They were then dipped in 60% propan-2-ol again, and then rinsed in
distilled water, before being transferred to 10% neutral-buffered formalin again, for later
pinning and photography.

2.16.2 Photography of stained aortas
Aortas were placed in 100 mm petri dishes filled with paraffin wax for pinning. Aortas
were pinned en-face using 0.15 mm rod diameter Minutien Pins (Fine Science Tools, North
Vancouver, British Columbia, Canada), to expose as much luminal surface area as possible.
Aortas were photographed using a Zeiss Axio Scope A1 microscope polarised light microscope
(Carl Zeiss AG, Oberkochen, Germany). All aortas were photographed with a colour
temperature of 5500K, and an exposure time of 5 milliseconds, which were found to be the
optimal settings. Images were saved in .tiff format. Three to four overlapping segments of each
aorta were photographed separately.
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2.16.3 Analysis of Oil Red O staining
Segments of images were merged in Adobe Photoshop CS6 using the Photomerge tool.
They were then opened in ImageJ 1.51 and then the background was subtracted using the
command Process  Subtract background, and selecting a rolling ball radius of 5.0 pixels,
which was found to be optimal. The region of interest was selected by tracing around the aorta
using the Freehand selection tool. An RGB stack was created, and the green channel was
selected. A threshold was set using the commands Image  Adjust  Threshold. The
minimum and maximum thresholds were set at 0 and 120 respectively as these settings were
found to be optimal. The total area staining red was then determined by selecting Results 
Area, and was expressed as a percentage of total aortic luminal surface area.
2.17

Laboratory analytes in humans
Venepuncture was performed on fasting human study participants by accessing forearm

veins using the needle and syringe method. Blood was collected in EDTA tubes for plasma,
and clot activating tubes for serum. Serum specimens were initially allowed to clot for 30 mins
at room temperature, and both serum and plasma specimens were stored at 4oC until laboratory
analysis was performed. Blood was sent to SA Pathology laboratories for commercial analysis
for lipid profile (total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein
cholesterol, and triglycerides), lipoprotein (a), and high sensitivity C-reactive protein (hsCRP). Human studies were performed at SAHMRI and were approved by the University of
Adelaide Human Research Ethics Committee, and authorised after a SAHMRI Site Specific
Assessment.
2.18

Statistical analysis
GraphPad Prism 7 (GraphPad Software Inc, La Jolla, CA, USA), SPSS 19 (IBM

Corporation, Armonk, New York, USA), and Microsoft Excel 2016 (Microsoft, Albuquerque,
NM, USA) were used to analyse data. Categorical data were analysed using the Chi-Square
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Test or Fisher’s Exact Test if n < 5 for any group. The D’Agostino-Pearson normality test was
performed to determine whether continuous data was normally-distributed. Normallydistributed data were analysed using either the T-test if comparing means between two groups,
or the One-way Analysis of Variance (ANOVA) if comparing means between multiple groups.
If correcting for multiple comparisons, the Dunnett test was used. If comparing means between
multiple groups adjusted for a covariate, an Analysis of Covariance (ANCOVA) was
performed. The Two-way ANOVA test was used to compare means between multiple groups
depending on two independent categorical variables. If continuous data were not normallydistributed, analysis was performed between two groups using the Mann-Whitney U Test, and
the Kruskal-Wallis test if more than two groups were being compared. If correcting for multiple
comparisons, Dunn’s test was used. Statistical correlations were analysed using a linear
regression model. Statistical significance was set at the 0.05 level.
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CHAPTER 3: THE IMPACT OF OMEGA-3 FATTY ACIDS ON CIRCULATING
MEDIATORS OF ATHEROSCLEROSIS – A SYSTEMATIC REVIEW
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ABSTRACT
Background: Atherosclerosis is a systemic disease with multiple established systemic risk
factors. Recent randomised trial evidence has demonstrated a reduction in major adverse
cardiovascular events with omega-3 fatty acid supplementation. Their high concentrations in
blood after ingestion present substantial opportunity to favourably affect the circulating
mediators of atherosclerosis. The aim of this systematic review was to evaluate the impact of
omega-3 fatty acids (O3FAs) compared to placebo on measured levels of circulating mediators
of atherosclerosis in humans. These fall into the following four classes: atherogenic
lipoproteins (native LDL, oxidised LDL, VLDL, IDL, Lp(a)), which are components of nonHDL cholesterol; inflammatory cytokines and adipokines (IL-1β, IL-6, IL-8, TNF-α, MCP-1,
IFN-γ, leptin, resistin); atherogenic amino acids and derivatives (homocysteine, asymmetric
dimethylarginine); and advanced glycation endproducts (AGEs).
Methods: To obtain the highest quality evidence from human clinical trials of O3FA
supplementation, only randomised, placebo-controlled trials from the Cochrane Library with
an NHMRC Evidence Level of I or II were included. Search dates were from database inception
until January 2018, with independent record screening by two authors. Atherogenic mediators
were required to be measured in blood either directly in vivo, or ex vivo in cell culture after
human omega-3 supplementation. The heterogeneity of omega-3 formulations available, and
the inclusion of in vivo and ex vivo studies, required qualitative rather than quantitative
assessments of effect sizes for each mediator.
Results: 1012 results were obtained, with 109 studies eligible for inclusion, comprised of 1
Cochrane systematic review, 6 non-Cochrane systematic reviews, and 102 randomised
controlled trials. It was concluded that O3FAs reduce atherosclerotic mediators from all four
classes. Specifically, significant reductions were noted for oxLDL, VLDL-C, non-HDL-C,
leptin, homocysteine, and AGEs. Mild reductions were noted for IL-6, and TNF-α. No
significant changes were noted for the other mediators evaluated.
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Conclusions: This systematic review of the literature demonstrates that omega-3 supplementation
in humans has favourable effects on all four classes of circulating atherogenic mediators. This
provides mechanistic insights for the reduction in cardiovascular events seen in a number of clinical
trials of both fish and fish oil consumption. There is a need to further elucidate the effects of O3FAs
at the tissue level, especially those of EPA compared to DHA, and to correlate these with clinical
outcomes.

I, Anthony Pisaniello, conceived, designed, executed and analysed all of the work included in
this chapter.

77

3.1

Introduction

3.1.1 Introduction and rationale for systematic review
Atherosclerosis is a complex inflammatory disease(4), and the factors leading to its
initiation and progression have been extensively studied but not been fully elucidated. As a
systemic disease, the mediators of atherosclerosis include systemic factors such as
hypertension(271-274), hyperlipidemia(273, 275-277), diabetes mellitus(278-280), tobacco smoking(281, and hyperhomocysteinaemia(284-286). There has been considerable interest in circulating

283)

atherogenic factors, particularly those that are pro-inflammatory, as new pathogenic roles for
cellular signalling molecules, chemokines, and lipoproteins are elucidated. It is predictable that
compounds with anti-inflammatory, anti-hypertensive, and lipid-modulating effects would
have favourable effects on atherosclerosis. Omega-3 fatty acids are such compounds(195, 287-289),
and there is evidence for anti-atherogenic effects, with reductions in atherosclerotic plaque
volume seen in animal studies(258, 261). Advances in plaque imaging have allowed changes in
plaque volume to be measured in vivo, however few such studies have been performed studying
the effects of omega-3s, and these have produced inconsistent results(290, 291).
Human cardiovascular outcome trials (CVOTs) of dietary omega-3 intake (i.e. fish
consumption) have demonstrated a dose-dependent reduction in mortality from coronary heart
disease(222). However, CVOTs of fish oil supplementation have produced inconsistent results
and have frequently suffered from methodological issues such as the use of low omega-3 doses.
Both the JELIS (2007) and GISSI Prevenzione (1999) studies demonstrated reductions in major
adverse cardiovascular events (MACE) in the primary and secondary prevention settings
respectively(226,

227)

. The later OMEGA (2010) and ORIGIN (2012) secondary prevention

studies, and the ASCEND (2018) and VITAL (2018) primary prevention studies, reported no
reduction in MACE, and thus challenged the purported cardioprotective effects of omega-3
fatty acids(229, 230, 232, 233). In contrast to these studies which mostly treated with no more than
1g of omega-3 fatty acids per day, the REDUCE-IT study (2018) evaluated the effects of 4 g
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per day of the prescription EPA formulation icosapent ethyl(234). In this study of
hypertriglyceridemic patients on statin therapy with a history of cardiovascular disease or
diabetes mellitus, EPA reduced the primary endpoint of a composite of cardiovascular death,
nonfatal MI, nonfatal stroke, coronary revascularisation and unstable angina by 25% compared
to placebo. This occurred irrespective of changes in triglyceride levels, and hence there are
likely to be alternative mechanisms for the benefits observed. EPA (as ethyl ester) was provided
at a dose of 1.8 g per day to statin-treated hyperlipidemic patients in the JELIS study, and a
significant, 19% relative reduction in the primary endpoint of any major coronary event was
seen, compared to placebo(227). REDUCE-IT and JELIS used higher-than-average omega-3
doses, and provided EPA only. The cardioprotective effects of omega-3 fatty acids are likely
to be both dose and formulation dependent, however the mechanisms for this observation are
at present unclear.
Omega-3 fatty acids are known to impact on multiple atherogenic conditions, such as
inflammation, hypertension and hyperlipidemia. Omega-3 fatty acids are known to modulate
inflammation through several mechanisms. These include incorporation into the phospholipids
of inflammatory cells(292, 293), reduced eicosanoid production(294), synthesis of resolvins(295),
inhibition of the pro-inflammatory NF-κB transcription pathway(296-298), induction of the antiinflammatory PPAR-γ transcription pathway(299), disruption of lipid rafts(300, 301), and binding
to the G-protein coupled receptor GPR120(302) which initiates an anti-inflammatory signalling
cascade. Omega-3 fatty acids have been shown to reduce systolic and diastolic blood
pressure(303), as well as triglycerides(304). The effects of omega-3 fatty acids on lipoproteins is
less pronounced, with increases in HDL-C and LDL-C seen with combinations of EPA and
DHA(194, 305, 306).
After oral consumption, omega-3 fatty acids appear in the bloodstream within an hour,
and are in their free forms for up to 8 hours before they are redistributed(307). Their
incorporation into tissues, however, including the time taken to do this and maximum
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concentration achievable, is highly variable(308). Indeed, after prolonged, high dose oral omega3 consumption, total concentrations in tissues can be as little as 1 per cent of total fatty
acids(308). This is in contrast to blood, in which omega-3s can comprise almost 10% of total
body fatty acids(309). Hence, there is substantial opportunity for omega-3 fatty acids to impact
the circulating mediators of atherosclerosis. The vascular endothelium has direct, constant
contact with the bloodstream, and minute changes in the levels of circulating atherogenic
mediators affect endothelial function. The atherogenicity of all of these factors involves
induction of inflammation in the vessel wall(310-316). If omega-3 fatty acids do indeed have
clinically-significant anti-atherogenic properties, it is likely that an important component of
these is their impact on circulating atherosclerosis mediators. This would be the earliest
mechanism of altering vascular inflammation. This has not been systematically investigated.

3.1.2 Objectives
The aim of this systematic review is to evaluate the current literature on the impact of
omega-3 fatty acids on circulating mediators of atherosclerosis. These mediators all have clear
evidence for their atherogenicity and can be categorised into four classes:
(i) Atherogenic lipoproteins, including (native) LDL(317,

318)

, oxidised LDL(319),

VLDL(320, 321), IDL(320), and Lp(a)(322). These lipoproteins are components of non-HDL
cholesterol.
(ii) Inflammatory cytokines and adipokines, including IL-1β(323-325), IL-6(326), IL8(327), TNF-α(328), MCP-1 (CCL2) (329, 330), IFN-γ(331), leptin(332, 333) and resistin(334, 335).
(iii) Atherogenic amino acids and derivatives, including homocysteine(336, 337) and
asymmetric dimethylarginine (ADMA)(315, 338, 339).
(iv) Advanced glycation endproducts (AGEs)(340, 341).
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This systematic review aims to incorporate the highest quality of evidence from human
clinical trials of omega-3 supplementation, through accessing only high-quality clinical trial
databases.
3.2

Review Protocol

This study was performed based on the preferred reporting items for systematic reviews and
meta-analyses (PRISMA) guidelines(342).

3.2.1 Sources
A comprehensive search of the medical literature was performed from database inception until
January 2018 using the Cochrane Library to obtain only the highest quality clinical trials.

3.2.2 Search strategy
The following search string was used for the Cochrane Library search:
("MeSH descriptor: [Fish Oils] explode all trees" OR "MeSH descriptor: [Fishes] explode all
trees" OR "MeSH descriptor: [Fatty Acids, Omega-3] explode all trees" OR “MeSH descriptor:
[Fatty Acids, Unsaturated] explode all trees” OR “MeSH descriptor: [Eicosapentaenoic Acid]
explode all trees” OR “MeSH descriptor: [Docosahexaenoic Acids] explode all trees” OR
“MeSH descriptor: [alpha-Linolenic Acid] explode all trees” OR “Docosapentaenoic acid”)
AND
(“MeSH descriptor: [Cholesterol, LDL] explode all trees” OR “Oxidized LDL” OR “oxidized
low density lipoprotein” OR “MeSH descriptor: [Cholesterol, VLDL] explode all trees” OR
“MeSH descriptor: [Lipoproteins, IDL] explode all trees” OR “MeSH descriptor:
[Lipoprotein(a)] explode all trees” OR “non-HDL” OR “non-HDL Cholesterol” OR “MeSH
descriptor: [Interleukin-1beta] explode all trees” OR “MeSH descriptor: [Interleukin-6]
explode all trees” OR “MeSH descriptor: [Interleukin-8] explode all trees” OR “MeSH
descriptor: [Tumor Necrosis Factor-alpha] explode all trees” OR “MeSH descriptor:
[Chemokine CCL2] explode all trees” OR “MeSH descriptor: [Interferon-gamma] explode all
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trees” OR “MeSH descriptor: [Leptin] explode all trees” OR “MeSH descriptor: [Resistin]
explode all trees” OR “MeSH descriptor: [Homocysteine] explode all trees” OR
“dimethylarginine” OR “MeSH descriptor: [Glycation End Products, Advanced] explode all
trees”)

3.2.3 Eligibility criteria
Only articles written in English were included. Only studies that measured the prespecified mediators in the context of omega-3 exposure were included. Studied had to be high
quality (NHMRC Evidence level I or II(343)) randomised placebo-controlled studies of omega3 supplementation. Atherogenic mediators were required to be measured in blood either
directly in vivo, or ex vivo in cell culture after human omega-3 supplementation. Studies in
which omega-3 levels were measured in the absence of omega-3 supplementation were
excluded. Studies were eligible if omega-3 supplementation included at least one of EPA, DPA
or DHA. Studies of gene expression of atherogenic mediators were not included.

3.2.4 Study selection
The titles, abstracts and keywords of every record were retrieved and separately
screened by two authors (AP and JA) to find potentially relevant studies for the full review.
Any discrepancies were resolved by discussion. Full text articles were retrieved if records
indicated that eligibility criteria were likely to be met. Duplicate records were excluded.

3.2.5 Data collection process
Data were extracted from the studies independently by AP and JA. Disagreements were
resolved by discussion. The data extracted were: study type, study design, study quality, sample
size, method and nature of omega-3 exposure, controls used, treatment duration, analytes
(mediators)

measured,

and

results

including

changes

in

measured

levels

with

intervention/exposure. When studies included more than one dose or duration of an omega-3
supplement, the results from the maximum dose and maximum duration were included. When
studies included separate EPA and DHA treatment arms, results for both were reported.
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3.2.6 Quality of studies
The quality of each study was appraised, and the level of evidence was graded from I
to IV based on the NHMRC Evidence Hierarchy(343) for human studies.

3.2.7 Summary measures
Changes in the levels of circulating atherogenic mediators were expressed as either as
a concentration change or a percentage change. Summaries of studies that measured percentage
changes were graphed separately to those that measured concentration changes.

3.2.8 Synthesis of results
Studies of omega-3 supplementation are heterogeneous, with different study designs,
omega-3 formulations, doses, durations, and placebo controls used. In this systematic review,
circulating atherogenic mediators were measured either in vivo or ex vivo, adding another
source of heterogeneity. Therefore, an overall effect size of omega-3 supplementation on any
individual mediator was assessed qualitatively, as it was not possible to accurately do so
quantitatively.
3.3

Results

3.3.1 Study characteristics and selection
The Cochrane Library search yielded 1012 results, of which 2 were Cochrane
systematic reviews, 14 were non-Cochrane systematic reviews and meta-analyses, 992 were
randomised controlled clinical trials, and 4 were economic evaluations. In total there were 1012
results to review.
One Cochrane systematic review, 6 non-Cochrane systematic reviews and metaanalyses, 102 randomised controlled trials, and 0 economic evaluations were eligible for
inclusion in this systematic review. Hence, 109 of 1012 studies were included in the analysis.
Reasons for study exclusion are itemised in Table 3.1 below.
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Table 3.1: Reasons for exclusion of studies from systematic review
Reason for study exclusion

No. of studies

Not a study of omega-3 supplementation

602

Results do not include pre-specified circulating mediators

132

Full text article not available

51

Multiple omega-3 formulations compared in the same study

25

Results are not clearly or suitably reported

22

Lack of a suitable choice or dose of a placebo

21

Omega-3 supplementation includes ALA only (no EPA, DPA or DHA)

16

Study of gene expression

7

Article not written in English

6

Unsuitable study design

5

Economic evaluation only

4

Lack of suitable omega-3 intervention or sufficient supplementation

3

Duplicate data from another article

3

Significant confounders present

3

Multiple subject groups for same intervention

2

Outcome measures are not relevant

1

TOTAL

903

3.3.2 Quality of studies
All studies, aside from the four economic evaluations, had an NHMRC evidence level
of I or II.
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3.3.3 Synthesis of results
The studies analysed for each atherogenic mediator were not compared to each other in
the form of a meta-analysis due to the clinical and methodological heterogeneity observed
across studies. For example, measurements of atherogenic mediators in human serum versus
in cell culture media supplemented with human serum are not comparable. Weighting systems
such as that described by Deeks et al(344) cannot be applied. Effect sizes and the homogeneity
of studies were also not comparable. Instead, the results of studies have been reported and
graphically represented. On each graph, a qualitatively-estimated overall effect for each
mediator is indicated. Systematic reviews and meta-analyses have suffixes of “S/R” and “M/A”
added to author names on forest plots to highlight the higher level of evidence. Studies with a
statistically significant overall effect are presented in blue. Studies are graphed together in the
same units. A 95% confidence interval is presented when reported, or when it can be calculated
from the original manuscript(345).
A summary of the included studies is presented in Appendix A.
3.3.3.1

Atherogenic lipoproteins
Sixty-one studies measured (native) LDL-C, including two systematic reviews and one

meta-analysis. In 16 studies, the net effect of omega-3s was a statistically significant increase
in LDL-C. In 7 studies, the net effect was a significant decrease in LDL-C. No significant
change was seen in 38 studies. Overall, omega-3s were concluded to not significantly alter
LDL-C, with the average change amongst positive studies of +0.11 mmol/L, and an average
change amongst all studies of +0.02 mmol/L, see Figure 3.1.

85

Studies of LDL-C

mmol/L change (95% CI)
+0.03 (no CI, p=0.15)

Mosca L et al 2017 ANCHOR., n=179

-0.08 (no CI, p=0.21)

Mosca L et al 2017 MARINE, n=36
Pederson H et al 2010. n=78

+0.2 (no CI, p=0.02)

Kastelein J et al 2014, n=364

+0.51 (0.03 to 0.99, p<0.001)

Bays H et al 2010 B, n=135

0.0 (no CI, p=0.43)

Maki K et al 2013, n=647

+0.02 (no CI, p>0.05)
+0.56 (0.03 to 1.09, p<0.001)

Davidson M et al 1997, n=26
Bays H et al 2015 ANCHOR, n=702

+0.05 (no CI, p=0.02)

Bays H et al 2015 MARINE, n=229

-0.05 (no CI, p = 0.62)

Ballantyne C et al 2012, n=702

+0.03 (0.00 to 0.07, p=0.0067)

Damsgaard C et al 2008, n=64

-0.02 (no CI, p=0.32)

Gidding S et al 2014, n=42

+0.21 (no CI, p=0.14)

Su H et al 2015, n=143

-0.54 (no CI, p=0.012)

Ciubotaru I et al 2003, n=30

-0.11 (no CI, p>0.05)

Vikøren L et al 2013 , n=34

-0.1 (no CI, p<0.05)

Pooya S et al 2010, n=81

-0.05 (no CI, p>0.05)

Gammelmark A et al 2012, n=50

+0.06 (no CI, p=0.33)

García-Alonso F et al 2012, n=18

+0.12 (no CI, p>0.05)

Tayebi-Khosroshahi H et al 2013, n=88

-0.19 (no CI, p=0.49)
-0.10 (no CI, p=0.36)

Vessby B et al 1990, n=14

+0.80 (0.08 to 1.52, p=0.0003)

Connor W et al 1993, n=16
Suzukawa M et al 1995, n=20

+0.15 (no CI, p<0.01)

Singer P et al 2004, n=65

-0.39 (no CI, p<0.05)

Benito P et al 2006, n=66

-0.26 (no CI, p=0.032)

Aadland E et al 2015, n=20

-0.22 (no CI, p=0.99)

Abbey M et al 1990, n=33

+0.24 (no CI, p<0.05)

Paoli A et al 2015, n=34

+0.1 (no CI, p>0.05)

Studies

Bitzur R et al 2010, n=67

0.0 (no CI, p=0.52)

Maki K et al 2008, n=39

+0.03 (-0.05 to 0.12, p=0.43)

Lewis N et al 2000, n=25

+0.07 (no CI, p<0.01)

Maki K et al 2015, n=102

-0.14 (no CI, p>0.05)
+0.6 (no CI, p=0.01)

Westerveld T et al 1993, n=24
Rytter D et al 2011, n=533

-0.3 (no CI, p>0.05)

Bloedon L et al 2008, n=62

-0.21 (no CI, p>0.05)

Bourque C et al 2003, n=17

-0.27 (-0.48 to -0.06, p<0.0001)
-0.6 (no CI, p>0.05)

Contacos C et al 1993, n=40

-0.008 (-0.02 to 0.0004, p=0.002)

Ballantyne C et al 2015, n=427
Jacobson T 2012, n=229

+0.12 (no CI, p>0.05)

Brinton E et al 2013, n=501

+0.05 (no CI, p=0.02)

Rizza S et al 2009, n=50

+0.07 (-0.44 to 0.58, p=0.60)

Moeinzadeh F et al 2016, n=52

-0.06 (no CI, p>0.05)

Bays H et al 2010 A, n=245

+0.14 (-0.29 to 0.57, p=0.24)

Mori T et al 2000 DHA, n=56

+0.34 (no CI, p=0.02)

Mori T et al 2000 EPA, n=56

+0.15 (no CI, p>0.05)

Bays H et al 2012, n=229

+0.01 (-0.02 to 0.02, p=0.82)

Maki K et al 2011, n=31

+0.12 (no CI, p=0.01)

Zhang Jet al 2010, n=92

+0.26 (no CI, p>0.05)

Poreba M et al 2017, n=74

-0.26 (-1.07 to 0.55, p=0.24)

Buckley R et al 2004 DHA, n=42

-0.14 (-0.48 to 0.20, p=0.14)

Buckley R et al 2004 EPA, n=42

-0.07 (-0.26 to 0.43, p=0.58)

Zheng J et al 2016, n=185

-0.35 (no CI, p=0.02)

Mori T et al 1991, n=27

+0.06 (no CI, p>0.05)

Bragt M et al 2012, n=20

+0.34 (no CI, p=0.035)

Dunbar R et al 2015, n=647

+0.04 (no CI, p>0.05)

Gharekhani A et al 2016, n=54

-0.52 (no CI, p=0.07)

Simons L et al 1985, n=25

+0.36 (no CI, p=0.05)

Tardivo A et al 2015, n=63

-0.05 (no CI, p>0.05)

Root M et al 2013, n=57

-0.01 (no CI, p= 0.81)

Eslick G et al 2009 S/R, n=16511

+0.06 (CI 0.03 to 0.09, p>0.05)

Bernstein A et al 2012 M/A, n=485

+0.23 (CI 0.16 to 0.30, p=0.08)

Hartweg J et al 2008 S/R, n=1075

+0.11 (CI 0.00 to 0.22, p=0.046)

-2

-1

Omega-3s
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0

1
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2

overall effect

Absolute change in mmol/L

Figure 3.1: Summary of studies of omega-3 fatty acids and LDL-C. Studies with
statistically significant changes are highlighted in blue. n=61 studies.
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Thirteen studies measured oxidised LDL (oxLDL), and in 6 studies omega-3 fatty acids
significantly reduced oxLDL levels. In no studies did omega-3 fatty acids significantly increase
oxLDL levels. Overall, omega-3 fatty acids were concluded to decrease oxLDL, with the
average change amongst positive studies of -7.7%, and an average change amongst all studies
of -2.5%, see Figure 3.2.
Studies of oxLDL

% change (95% CI)

Mosca L et al 2017 ANCHOR, n=179

-7.1 (-13.3 to -0.9, p=0.0002)

Mosca L et al 2017 MARINE, n=36

-11.0 (no CI, p=0.43)
-8 (no CI, p=0.882)

Mostad I et al 2008, n=26

-4.8 (-8.6 to -0.99, p<0.0001)

Studies

Bays H et al 2013 (ANCHOR), n=702
Bays H et al 2013 (MARINE), n=229

-6.9 (no CI, p=0.05)

Ando M et al 1999, n=38

-6.7 (no CI, p<0.01)

Maki K et al 2015, n=102

-0.5 (no CI, p>0.05)

Palomäki A et al 2010, n=37

-15.4 (no CI, p=0.024)

Bloedon L et al 2008, n=62

+3.8 (no CI, p=0.82)

Brinton E et al 2013, n=501

-5.47 (-9.82 to -1.12, p<0.0001)

Mesa M et al 2004 DHA, n=42

+6.73 (no CI, p>0.05)

Mesa M et al 2004 EPA, n=42

+9.79 (no CI, p>0.05)

Bloomer R et al 2009, n=14

+13% (no CI, p>0.05)

-20

Omega-3s
anti-atherogenic overall

0

effect

20

Omega-3s
pro-atherogenic

% change

Figure 3.2: Summary of studies of omega-3 fatty acids and oxidised LDL. Studies with
statistically significant changes are highlighted in blue. n=13 studies.

Twenty studies measured VLDL-C, and in 14 studies omega-3 fatty acids significantly
reduced VLDL-C levels. In no studies did omega-3 fatty acids significantly increase VLDL-C
levels. Overall, omega-3 fatty acids were concluded to decrease VLDL-C levels, with the
average change amongst positive studies of -0.33 mmol/L, and an average change amongst all
studies of -0.25 mmol/L, see Figure 3.3.
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Studies of VLDL-C

mmol/L change (95% CI)

Mosca L et al 2017 ANCHOR, n=179

-0.18 (-0.32 to -0.04, p<0.0001)
-0.03 (no CI, p=0.12)

Mosca L et al 2017 MARINE, n=36

-1.01 (-1.96 to -0.06, p<0.001)

Kastelein J et al 2014, n=364
Bays H et al 2010 B, n=135

-0.21 (-0.42 to -0.01, p<0.001)

Maki K et al 2013, n=647

-0.25 (-0.49 to -0.01, p<0.001)
-0.16 (-0.03 to -0.29, p<0.0001)

Studies

Ballantyne C et al 2012, n=702
Vessby B et al 1990, n=14

-0.20 (no CI, p=0.59)

Connor W et al 1993, n=16

-0.67 (-1.23 to -0.11, p=0.0001)
-0.27 (no CI, p<0.02)

Abbey M et al 1990, n=33

-0.41 ( -0.57 to -0.26, p<0.0001)

Maki K et al 2008, n=39
Bloedon L et al 2008, n=62

+0.21 (no CI, p>0.05)

Cantacos C et al 1993, n=40

-0.43 (no CI, p>0.05)

Ballantyne C et al 2015, n=427

-0.01 (-0.001 to -0.02, p=0.0002)

Brinton E et al 2013, n=501

-0.18 (-0.32 to -0.04, p<0.0001)

Bays H et al 2010 A, n=245

-0.36 (-0.70 to -0.02, p<0.001)

Bays H et al 2012, n=229

+0.03 (-0.07 to 0.13, p=0.23)

Maki K et al 2011, n=31

-0.1 (-0.18 to -0.02, p<0.0001)

Dunbar R et al 2015, n=647

-0.01 (no CI, p>0.05)

Simons L et al 1985, n=25

-0.68 (no CI, p=0.001)

Hartweg J et al 2008 S/R, n=1075

-0.07 (0.00 to -0.13, p=0.035)
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Figure 3.3: Summary of studies of omega-3 fatty acids and VLDL-C. Studies with
statistically significant changes are highlighted in blue. n=20 studies.

Five studies measured IDL-C, and in one study omega-3 fatty acids significantly
reduced IDL-C levels, with a change of -0.04 mmol/L. The average change amongst all studies
was -0.03 mmol/L. There was no significant effect of omega-3 fatty acids on IDL-C
demonstrated, see Figure 3.4.
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Studies

Studies of IDL-C

mmol/L change (95% CI)

Abbey M et al 1990, n=33

-0.04 (no CI, p<0.05)

Cantacos C et al 1993, n=40

-0.17 (no CI, p>0.05)

Ballantyne C et al 2015, n=427

+0.01 (-0.03 to 0.05, p=0.31)

Bays H et al 2012, n=229

+0.03 (-0.03 to 0.08, p=0.12)

Dunbar R et al 2015, n=647

+0.005 (no CI, p>0.05)

-0.5

Omega-3s
anti-atherogenic

0.0

Omega-3s 0.5
pro-atherogenic

overall effect

Absolute change in mmol/L

Figure 3.4: Summary of studies of omega-3 fatty acids and IDL-C. Studies with
statistically significant changes are highlighted in blue. n=5 studies.
Six studies measured Lp(a), and in two studies omega-3 fatty acids significantly
reduced Lp(a) levels, with an average change of -14.3%. Four studies showed no change in
Lp(a). The overall change from all studies was -1.8%, see Figure 3.5. Omega-3 fatty acids were
concluded to mildly reduce Lp(a) levels.

Studies of Lp(a)

Change (95% CI)

+1.25 (no CI, p>0.05)

Eritsland J et al 1995, n=549

Studies

Zeman M et al 2006, n=24

+11 (no CI, p>0.05)

Herrmann W et al 1995, n=53

-14.2 (no CI, p<0.01)

Bloedon L et al 2008, n=62

-14.3 (no CI, p<0.05)

Asztalos I et al 2016 DHA, n=121

+2.8 (-9.6 to 15.2, p=0.40)

Asztalos I et al 2016 EPA, n=121

+2.7 (-9.3 to 14.7, p=0.40)

-100

-50

0

Omega-3s
anti-atherogenic overall effect

50

Omega-3s
pro-atherogenic

100

% change

Figure 3.5: Summary of studies of omega-3 fatty acids and Lp(a). Studies with statistically
significant changes are highlighted in blue. n=6 studies.
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Total non-HDL cholesterol was measured in 17 studies, and in 12 studies there was a
significant reduction with omega-3 fatty acids. In 2 studies, non-HDL-C was significantly
increased. The average change was -0.24mmol/L, see Figure 3.6. Omega-3 fatty acids were
concluded to reduce non-HDL-C.
Studies of non-HDL-C

mmol/L change (95% CI)

-0.23 (-0.41 to -0.05, p<0.0001)

Mosca L et al 2017 ANCHOR, n=179

-0.23 (no CI, p=0.0082)

Mosca L et al 2017 MARINE, n=36
Maki K et al 2011, n=31

+0.01 (no CI, p=0.60)

Bays H et al 2010 A, n=245

-1.04 (-2.02 to -0.06, p<0.001)

Brinton E et al 2013, n=501

-0.37 (-0.66 to -0.08, p<0.0001)

Jacobson T 2012, n=229

-0.46 (-0.82 to -0.09, p<0.0001)

Ballantyne C et al 2015, n=427

-0.35 (-0.63 to -0.08, p<0.0001)

Studies

Maki K et al 2015, n=102

+0.07 (no CI, p>0.05)

Maki K et al 2008, n=39

-0.16 (-0.31 to -0.01, p<0.001)
-0.32 (no CI, p=0.72)

Metkus T et al 2013, n=48
Pederson H et al 2010, n=78

+0.14 (no CI, p=0.003)

Kastelein J et al 2014, n=364

-0.18 (no CI, p<0.05)

Bays H et al 2010 B, n=135

-0.35 (no CI, p=0.009)

Davidson M et al 1997, n=26

+0.32 (no CI, p<0.04)

Bays H et al 2015 ANCHOR, n=645

-0.18 (-0.32 to -0.04, p<0.0001)

Bays H et al 2015 MARINE, n=204

-0.59 (-1.06 to -0.12, p<0.0001)

Ballantyne C et al 2012, n=702

-0.16 (-0.03 to -0.29, p<0.0001)
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Figure 3.6: Summary of studies of omega-3 fatty acids and non-HDL-C. Studies with
statistically significant changes are highlighted in blue. n=17 studies.
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Atherogenic lipoproteins were overall reduced by omega-3 fatty acid supplementation,
both as a collective non-HDL-C class, and individually for VLDL-C and Lp(a). Notably,
oxLDL was reduced, and no change was seen in with LDL-C.
3.3.3.2

Inflammatory cytokines and adipokines
Changes in IL-1β with omega-3 supplementation were reported in either pg/ml units (6

studies) or as a percentage change (5 studies). In the former, 3 out of 6 studies demonstrated a
significant reduction in IL-1β with omega-3 supplementation, with an overall average change
of -0.6 pg/ml. In the latter, omega-3 supplementation did not significantly reduce IL-1β in any
of the studies, with an average change of +7.0%, see Figures 3.7 and 3.8. It was concluded that
omega-3 fatty acids did not significantly alter IL-1β.

Studies of IL-1β

pg/ml change (95% CI)

-0.68 (no CI, p<0.05)

Paoli A et al 2015, n=34

Studies

Lopez-Alarcon M et al 2012, n=63

-0.15 (no CI, p=0.0002)

Wallace F et al 2003, n=40

-1.52 (no CI, p>0.05)

Chiang Y et al 2012, n=25

-0.01 (-0.02 to 0.00, p>0.05)

Oliveira J et al 2015, n=83

0.0 (no CI, p=0.88)

Xin W et al 2012 M/A, n=465

-1.24 (-1.56 to -0.91, p<0.001)
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Figure 3.7: Summary of studies of omega-3 fatty acids and IL-1β reported as pg/ml.
Studies with statistically significant changes are highlighted in blue. n=6 studies.
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Studies of IL-1β

% change (95% CI)

Vega-López S et al 2004, n=80

+8.48 (no CI, p>0.05)
-22.3 (no CI,p>0.05)

Studies

Vedin I et al 2008, n=174
Tardivo A et al 2015, n=63

+64 (no CI, p=0.17)

Mocellin C et al 2013, n=11

0.0 (no CI, p=0.69)

Murphy K et al 2006, n=30

-15 (no CI, p>0.05)

-100

-50
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100
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Figure 3.8: Summary of studies of omega-3 fatty acids and IL-1β reported as %. No
studies had statistically significant changes. n=5 studies.

Changes in IL6 with omega-3 supplementation were likewise measured in both pg/ml
and % change. In the former, 9 out of 26 studies demonstrated a significant reduction after
omega-3 supplementation, with an average change of -0.3 pg/ml. In the latter, omega-3 fatty
acids reduced IL6 in 5 out of 14 studies, and increased it in 2, with an average change of 17.6%. Omega-3 fatty acids were concluded to mildly reduce IL6, see Figures 3.9 and 3.10.
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Studies of IL-6

pg/ml change (95% CI)

Damsgaard C et al 2008, n=64

+0.13 (no CI, p=0.33)

Gidding S et al 2014, n=42

+0.04 (no CI, p=0.12)

Su H et al 2015, n=143

-1.5 (no CI, p>0.05)

Ciubotaru I et al 2003, n=30

-0.05 (no CI, p<0.05)

Gammelmark A et al 2012, n=50

-0.55 (no CI, p=0.40)

Studies

Metkus T et al 2013, n=48

-0.62 (no CI, p=0.006)

Itariu B et al 2012, n=55

-0.32 (no CI, p=0.04)

Paoli A et al 2015, n=34

-0.76 (no CI, p<0.05)

Bays H et al 2013 (ANCHOR), n=702

-0.1 (-0.51 to 0.31, p=0.36)

Bays H et al 2013 (MARINE), n=229

+0.1 (-0.80 to 0.99, p=0.67)

Bloedon L et al 2008, n=62

-0.1 (-0.76 to 0.56, p=0.56)

Rizza S et al 2009, n=50

+0.3 (no CI, p=0.82)

Muldoon M et al 2016, n=261

+0.16 (no CI, p=0.84)

Yusof H et al 2008, n=21

+0.03 (no CI, p>0.05)

Lopez-Alarcon M et al 2012, n=63

-0.42 (-0.77 to -0.07, p=0.0001)

Poreba M et al 2017, n=74

+0.1 (-0.46 to 0.66, p=0.50)

Kooshki A et al 2011, n=34

+6.5 (no CI, p>0.05)

Wallace F et al 2003, n=40

-8.5 (no CI, p<0.05)

Jellema A et al 2004, n=11

-0.31 (-0.7 to 0.1, p>0.01)

Haghiac M et al 2015, n=72

+0.1 (0.0 to 0.2, p=0.3)

Derosa G et al 2012, n=157

-0.5 (-0.8 to -0.2, p<0.05)

Chiang Y et al 2012, n=25

-0.06 (-0.07 to -0.04, p>0.05)

Oliveira J et al 2015, n=83

-0.04 (no CI, p=0.94)

Root M et al 2013, n=57

+0.21 (no CI, p=0.51)

Li K et al 2014 M/A, n=4601

-0.22 (-0.38 to -0.06, p<0.0001)

Xin W et al 2012 M/A, n=465

-1.24 (-1.56 to -0.91, p=0.02)
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Figure 3.9: Summary of studies of omega-3 fatty acids and IL6 reported as pg/ml. Studies
with statistically significant changes are highlighted in blue. n=26 studies.
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Studies of IL-6

%change (95% CI)
-12.8 (no CI, p=0.42)

Damsgaard C et al 2009

-1.3 (no CI, p>0.05)

Vega-López S et al 2004, n=80
Asztalos I et al 2016 DHA, n=121

+4.4 (-72.1 to 80.9, p=0.82)

Asztalos I et al 2016 EPA, n=121

-0.8 (-14.7 to 13.1, p=0.82)

Bell S et al 1996, n=19

+13.8 (no CI, p=0.01)

Studies

Gharekhani A et al 2014, n=54

-5.2 (-16.7 to 6.3, p=0.11)

Zhang J et al 2010, n=92

-14.3 (no CI, p<0.01)
-64.3 (no CI, p=0.001)

Tartibian B et al 2011, n=45

-57.6 (no CI, p=0.8)

Hung A et al 2015, n=34

-31.5 (no CI, p=0.34)

Sundrarjun T et al 2004, n=35

-41.1 (-71.4 to -28.1, p=0.01)

Vedin I et al 2008, n=174
Flock M et al 2014, n=116

+11 (no CI, p<0.05)

Tardivo A et al 2015, n=63

-28.5 (no CI, p=0.03)

Skouroliakou M et al 2016, n=60

-100

-31 (-90 to -20, p<0.05)

-50
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anti-atherogenic
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50

Omega-3s
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Figure 3.10: Summary of studies of omega-3 fatty acids and IL6 reported as %. Studies
with statistically significant changes are highlighted in blue. n=14 studies.

The effect of omega-3 supplementation on IL8 was measured in both pg/ml (1 study)
and % change in 2 studies. One study in the latter demonstrated a statistically significant
reduction. No overall effect of omega-3s could be established (see Figure 3.11).
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Studies of IL-8

% change (95% CI)

Vedin I et al 2008, n=174

Studies

+9.6 (-27 to 33.2, p>0.05)

Skouroliakou M et al 2015, n=60

-100

-48 (no CI, p<0.05)
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Omega-3s
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Figure 3.11: Summary of studies of omega-3 fatty acids and IL-8. The study with a
statistically significant change is highlighted in blue. n=2 studies.

Changes in TNF-α were measured in pg/ml and %, and for the former, 6 out of 17
studies demonstrated a reduction with omega-3 supplementation, with an average change of 0.6 pg/ml. For the latter, omega-3s significantly reduced TNF-α in 3 out of 16 studies, and
increased TNF-α in one study. The average change was -5.0% (see Figures 3.12 and 3.13).
Omega-3s were concluded to mildly reduce TNF-α.

95

Studies

Studies of TNF- α

pg/ml change (95% CI)

Gammelmark A et al 2012, n=50

+0.06 (no CI, p=0.77)

Metkus T et a 2013, n=48

-0.36 (no CI, p=0.04)

Paoli A et al 2015, n=34

-1.3 (no CI, p<0.05)

Rizza S et al 2009, n=50

-2.1 (no CI, p=0.05)

Nilsson A et al 2012, n=40

-0.48 (no CI, p>0.05)

Malekshahi Moghadam A et al 2012, n=84

-5.1 (no CI, p=0.002)

Lopez-Alarcon M et al 2012, n=63

-0.07 (-0.34 to 0.20, p=0.36)

Poreba M et al 2017, n=74

-0.01 (-0.12 to 0.10, p=0.73)

Wallace F et al 2003, n=40

+0.89 (no CI, p>0.05)

Bragt M et al 2012, n=20

0.0 (-0.3 to 0.3, p>0.05)
-0.27 (-0.30 to -0.24, p=0.3)

Jellema A et al 2004, n=11
Derosa G et al 2012, n=157

-0.6 (-0.8 to -0.4, p<0.05)

Chiang Y et al 2012, n=25

+0.03 (0.02 to 0.05, p>0.05)

Oliveira J et al 2015, n=83

-0.11 (no CI, p=0.51)

Root M et al 2013, n=57

+0.14 (no CI, p=0.75)

Li K et al 2014 M/A, n=4601

-0.11 (-0.24 to 0.03, p=0.121)

Xin W et al 2012 M/A, n=465

-0.62 (-1.08 to -0.16, p=0.009)
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Figure 3.12: Summary of studies of omegas-3 fatty acids and TNF-α reported in pg/ml.
Studies with statistically significant changes are highlighted in blue. n=17 studies.
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Studies of TNF- α

% change (95% CI)

Kooshki A et al 2011, n=34

-40 (no CI, p>0.05)

Andrade P et al 2007, n=20

-24 (no CI, p>0.05)
+0.92 (no CI, p>0.05)

Vega-López S et al 2004, n=80
Asztalos I et al 2016 DHA, n=121

+4.0 (-15.9 to 23.9, p=0.45)

Asztalos I et al 2016 EPA, n=121

+3.5 (-13.9 to 20.9, p=0.45)
-4.5 (no CI, p=0.97)

Studies

Gharekhani A et al 2014, n=54

-34.7 (no CI, p=0.001)

Tartibian B et al 2011, n=45

+82.9 (no CI, p=0.8)

Hung A et al 2015, n=34
Sundrarjun T et al 2004, n=35

-31.5 (no CI, p<0.05)

Bloomer R et al 2009, n=14

-18.8 (no CI, p<0.05)

Vedin I et al 2008, n=174

+5.5 (-11 to 24, p>0.05)

Flock M et al 2014 n=116

+7.0 (-7 to 28, p>0.05)

Tardivo A et al 2015, n=63

-28.8 (no CI, p=0.12)

Mocellin C et al 2013, n=11

-1 (no CI, p = 0.10)

Murphy K et al 2006, n=30

-4 (no CI, p>0.05)

Skouroliakou M et al 2016, n=60

+10 (no CI, p<0.05)
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Figure 3.13: Summary of studies of omegas-3 fatty acids and TNF-α reported in %.
Studies with statistically significant changes are highlighted in blue. n=16 studies.

MCP-1 was measured in 3 studies, in both pg/ml and % changes. In the former, 1 out
of 2 studies demonstrated a significant reduction with omega-3 fatty acids, and there was no
significant change with the latter (see Figures 3.14 and 3.15). No significant effect of omega3s on MCP-1 could be demonstrated.
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Studies of MCP-1

ng/ml change (95% CI)

Damsgaard C et al 2008, n=64

Studies

-20 (no CI, p=0.03)

+10 (-18 to 38, p=0.204)

Bragt M et al 2012, n=20

-50

Omega-3s
anti-atherogenic

0

Omega-3s
pro-atherogenic

50

overall effect

Absolute change (ng/ml)

Figure 3.14: Summary of studies of omega-3 fatty acids and MCP-1 reported in ng/ml.
The study with a statistically significant change is highlighted in blue. n=2 studies.
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Studies

Studies of MCP-1

Hung A et al 2015, n=34

-200

% change (95% CI)

-50 (-150.4 to 50.4, p = 0.08)

-100
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100

Omega-3s
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200
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Figure 3.15: Summary of studies of omega-3 fatty acids and MCP-1 reported in %. The
single study did not have a statistically significant change.

The effects of omega-3 fatty acids on IFN-γ were measured in 2 studies as % change.
In one study there was a statistically-significant reduction, with an overall change of -53% (see
Figure 3.16). Given the small sample size, no significant effect of omega-3s could be
demonstrated.
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Studies of IFN- γ

% change (95% CI)

-87.2 (no CI, p<0.05)

Wallace F et al 2003, n=40

-18.8 (no CI, p>0.05)

Studies

Andrade P et al 2007, n=20

-100

-50

Omega-3s
anti-atherogenic

0

50

Omega-3s
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Figure 3.16: Summary of studies of omega-3 fatty acids and IFN-γ. The single study with
a statistically significant change is highlighted in blue. n=2 studies.

The adipokine leptin was measured in 9 studies, and in 4 there was a significant
reduction with omega-3 fatty acids. The average change was -0.22 ng/ml (see Figure 3.17). It
was concluded that omega-3 fatty acids reduced leptin levels.
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Studies of Leptin

ng/ml change (95% CI)

Mori T et al 2004, n=63

-5.08 (no CI, p=0.003)
-5.0 (no CI, p=0.10)

Itariu B et al 2012, n=55

+1.43 (no CI, p>0.05)

Studies

Nielsen A et al 2007, n=31

-3.0 (-5.50 to -0.50, p=0.0001)

Mostowick M et al 2013, n=48
Sabour H et al 2015, n=104

-1.4 (no CI, p=0.63)

Poreba M et al 2017, n=74

-2.69 (no CI, p=0.01)

Gharekhani A et al 2016, n=54

+7.43 (no CI, p=0.21)

Haghiac M et al 2015, n=72

+8 (no CI, p=0.3)

Hariri M et al 2014 S/R, n=915

-1.76 (-3.17 to -0.24, p=0.02)

-10

Omega-3s
anti-atherogenic

0
overall
effect

10

Omega-3s
pro-atherogenic

Absolute change (ng/ml)

Figure 3.17: Summary of studies of omega-3 fatty acids and leptin. Studies with
statistically significant changes are highlighted in blue. n= 9 studies.

The adipokine resistin was not measured in any of the studies.
The atherogenic inflammatory mediators were overall mildly reduced by omega-3 fatty
acids, with effects on the cytokines IL6 and TNF-α, as well as the adipokine leptin.
3.3.3.3

Atherogenic amino acids and derivatives
Homocysteine was evaluated in 11 studies, and in 8 studies omega-3 fatty acids

significantly reduced circulating homocysteine levels. In one study homocysteine was
significantly elevated, and the overall average change was -1.8 μmol/L (see Figure 3.18).
Omega-3 fatty acids were concluded to significantly reduce homocysteine levels.
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Studies of Homocysteine

µ mol/L change (95% CI)

Olszewski AJ et al 1993, n=15

-2.46 (no CI, p<0.05)

Studies

Pooya S et al 2010, n=81

-3.1 (-6.0 to -0.18, p<0.001)

García-Alonso F et al 2012, n=18

-2.44 (no CI, p>0.05)

Tayebi-Khosroshahi H et al 2013, n=88

-3.61 (no CI, p=0.03)

Grundt H et al 2003, n=300

-1.5 (no CI, p=0.02)

Zeman M et al 2006, n=24

-4.4 (no CI, p=0.01)

Benito P et al 2006, n=66

-1.1 (no CI, p<0.001)

Bourque C et al 2003, n=17

+0.40 (0.08 to 0.72, p<0.0001)

Fontani G et al 2005, n=33

-1.45 (no CI, p<0.008)

Beavers K et al 2008, n=69

+2.00 (-0.76 to 3.26, p=0.49)

Huang T et al 2011 M/A, n=702

-1.59 (-2.34 to -0.83, p<0.0001)
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Figure 3.18: Summary of studies of omega-3 fatty acids and homocysteine. Studies with
statistically significant changes are highlighted in blue. n= 11 studies.

The impact of omega-3 fatty acids on asymmetric dimethylarginine (ADMA) was
evaluated in two studies. No significant changes were seen, with an average change of +3
μmol/L (see Figure 3.19)
Omega-3 fatty acids significantly reduced the atherogenic amino acid homocysteine,
however there was insufficient evidence in the literature to draw conclusions regarding effects
on ADMA.
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Studies of ADMA

µ mol/L change (95% CI)

Haberka et al 2011

Studies

+6.2 (no CI, p=0.43)

Hung et al 2015

-0.2 (-0.22 to 0.18, p=0.7)
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Figure 3.19: Summary of studies of omega-3 fatty acids and ADMA. The two studies did
not have statistically significant changes. n=2 studies.

3.3.3.4

Advanced glycation end products
Changes in levels of advanced glycation end products (AGEs) with omega-3 fatty acid

supplementation were investigated in a single study. AGEs are conventionally measured in
arbitrary units (AUs), and a 2.1 AU reduction was seen (see Figure 3.20).
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Studies

Studies of AGEs

AU change (95% CI)

Mirhashemi S et al 2016, n=60

-10

-2.1 (-4.5 to -0.14, p=0.001)
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Omega-3s
anti-atherogenic
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overall effect
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Omega-3s
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10

Arbitrary units (AU)

Figure 3.20: Single study of omega-3 fatty acids on advanced glycation endproducts
(AGEs). The result was statistically significant and presented in blue.

3.4

Discussion
This systematic review evaluated the impact of omega-3 fatty acids on circulating

atherogenic mediators, and included only high-quality studies catalogued in the Cochrane
library. Systematic reviews, meta-analyses, and randomised placebo-controlled trials were
included exclusively. The recently-published clinical trial REDUCE-IT provided evidence for
an atheroprotective effect of omega-3 fatty acids(234), however previously published CVOTs of
omega-3 fatty acids, especially those of fish oil supplementation, produced variable results and
suffered from limitations of study design(346). To understand the cardioprotective effects of
omega-3 fatty acids, and the possible reasons for disparity amongst studies, it is essential to
directly study their effects on atherogenic mediators. Despite the associations of innumerable
circulating factors with atherosclerosis, only mediators with clear evidence for direct
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atherogenicity were evaluated. Given the heterogeneity of study design, which included both
in vivo and in vitro studies, it was not possible to apply a weighting to individual studies as is
commonly performed in systematic reviews. Nonetheless, general conclusions could be made
from the results generated.
Omega-3 fatty acids reduced levels of circulating atherogenic markers in all four
classes. Among the atherogenic lipoproteins studied, non-HDL cholesterol, oxLDL, VLDL-C
and Lp(a) were reduced by omega-3 fatty acids. LDL-C levels were not significantly altered
by omega-3 fatty acids. It is important to note that triglycerides were not included in this review
as they are not directly atherogenic(347). Rather, high triglyceride levels associate with higher
cardiovascular risk by virtue of triglyceride-rich lipoproteins and remnant particles(347). The
mechanisms by which omega-3s reduce levels of atherogenic lipoproteins are not completely
understood. There is evidence that omega-3 fatty acids reduce VLDL production rate(348), and
this may be due to their ability to reduce hepatic fat content(349) or reduce fatty acid availability
for triglyceride and subsequent VLDL production by means of increased fatty acid
oxidation(350, 351). Omega-3 fatty acids have been shown to increase hepatic production of LDL
particles(348), which likely explains the increased LDL-C levels seen in some studies.
Omega-3 fatty acids reduced the cytokines IL6 and TNF-α to a mild degree. This is
likely due to the inhibitory effects of omega-3s on the pro-inflammatory NF-κB transcription
pathway(195), as well as being a natural ligand for the anti-inflammatory nuclear receptor PPARγ(352). Despite the known inhibitory effects of omega-3 fatty acids on activation of the NLRP3
inflammasome(353-355), no overall effect was seen on IL-1β levels. This suggests additional
effects of omega-3s on IL-1β regulation. This is particularly relevant given the reduction in
major adverse cardiovascular events seen with IL-1β lowering seen in the CANTOS study(120).
In this study, canakinumab reduced recurrent cardiovascular events in patients with a history
of myocardial infarction and elevated C-reactive protein levels, without lowering lipid levels.
The effects of omega-3 fatty acids on the inflammasome, in particular the regulation of IL-1β,
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require further study. Insufficient studies of IL8, MCP-1, IFN-γ and resistin were included in
this systematic review to allow conclusions to be made.
Omega-3 fatty acids significantly reduced homocysteine levels, likely due to regulatory
effects on genes associated with homocysteine metabolism(356). The upregulation of
cystathionine-γ-lyase (CSE) with both EPA and DHA, the upregulation of 5methyltetrahydrofolate reductase (MTHFR) with DHA and ALA, and the downregulation of
methionine adenosyltransferase (MAT) with EPA, DHA and ALA, have all been demonstrated,
and likely contribute to the significant reductions in homocysteine levels seen in this systematic
review(356). Only two studies measured ADMA levels, with no effects observed.
A single study measured advanced glycation endproducts, demonstrating a significant
reduction. The mechanisms by which omega-3 fatty acids may reduce AGEs are unclear,
although NFκB has been implicated in their formation(357). Given the significant role of AGEs
in atherogenesis, the lack of high-quality studies yielded by this review suggests an important
area of future investigation. This may identify new roles for omega-3 fatty acids in the
management of patients with diabetes mellitus.
This systematic review provides mechanistic insights into the atheroprotective effects
of omega-3 fatty acids. They reduce levels of all four classes of circulating atherogenic
mediators and hence this is their earliest mechanism of reducing vascular inflammation after
ingestion. Given that the atheroprotective effects of omega-3 fatty acids appear to be doseresponsive based on dietary studies, and have been demonstrated with high omega-3 doses in
fish oil studies, there may now be further impetus to routinely measure omega-3 levels in blood
and aim for high levels. Thus far, no correlation has been shown between the concentration of
blood omega-3 levels and the degree of suppression of circulating atherogenic mediators,
although this would be predicted. Several methods exist for measuring and expressing blood
omega-3 levels. Firstly, measuring the proportion of total fatty acids in whole blood comprised
of omega-3s, which has an inverse association with sudden death(212). Secondly, measuring the
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total omega-3 content of the red cell component of blood, which forms the basis of the Omega3 Index. This value has cut-offs that predict a higher mortality (< 4%) or a lower mortality (>
8%)(213). Thirdly, measuring the ratio of pro-inflammatory omega-6s to anti-inflammatory
omega-3s in whole blood, i.e. the omega 6:3 ratio. It is conceivable that since omega-6 and
omega-3 fatty acids compete with each other for incorporation into cell membranes(216, 217), a
higher relative omega-6 content could dampen the beneficial effects of omega-3s even if they
were present in high concentrations. The measurement of blood omega-3 fatty acid content and
its relationship with circulating atherosclerotic mediators, and ultimately cardiovascular
outcomes requires further investigation.
This systematic review has several limitations. The literature search was restricted to
studies with an NHMRC Class I or II level of evidence, and were extracted from a single
database (Cochrane). This was to maximise the quality of articles retrieved, and to ensure that
the conclusions drawn were informed by robust evidence. This limited the number of studies
that could be included. In view of the heterogeneity of the study designs, individual studies
could not be weighted against each other. Hence, studies with a higher level of evidence and
those with a high number of participants could not be appropriately apportioned greater
significance. The possible effects of concomitant use of 3-hydroxy-3-methyl-glutarylcoenzyme A (HMG Co-A) reductase inhibitors by subjects were not accounted for in this
review, however this is unlikely to significantly confound the results given the randomised
nature of the included studies. This review did not investigate the relative effects of the two
main omega-3 fatty acids, EPA and DHA, as the vast majority of studies used combinations of
EPA and DHA.
3.5

Conclusions
This systematic review of the literature demonstrates that omega-3 fatty acids have

favourable effects on all four classes of circulating atherogenic mediators. They modestly
reduce atherogenic cytokines and adipokines, and this likely reflects the complexities of their
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regulation. Atherogenic lipoproteins as well as homocysteine are reduced by omega-3s to a
greater degree, and a single study of advanced glycation endproducts demonstrated a
significant reduction. The findings of this systematic review provide mechanistic insights for
the reduction in cardiovascular events seen in a number of CVOTs of fish and fish oil
consumption. The reduction in circulating atherogenic mediators by omega-3s, suggests that
there may be value in targeting specific blood omega-3 levels, and further research is required
in this area. Moreover, there is a need to elucidate the effects of omega-3 fatty acids, especially
the differential effects of EPA versus DHA on mediators of atherogenesis at the tissue level,
and to correlate these with clinical outcomes.
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3.6

Appendix A: Summary of included studies

AUTHORS

COMORBIDITIES

STUDY TYPE

SAMPLE
SIZE

NATURE OF INTERVENTION

CONTROL

Aadland E et al 2015(358)

RCT placebo controlled

20

EPA + DHA

Abbey M et al 1990(359)

RCT placebo controlled

33

EPA + DHA

TREATMENT
DURATION

ANALYTES
MEASURED

4 weeks

LDL

6 weeks

IDL, VLDL, LDL

7 months

oxLDL

RCT placebo controlled

38

EPA

control diet
safflower
oil
control
capsules

al 2007(361)

RCT placebo controlled

20

EPA + DHA

mineral oil

6 weeks

IFN, TNF

2016(362)

RCT placebo controlled

121

EPA or DHA

6 weeks

RCT placebo controlled

702

ICOSAPENT ETHYL (EPA)

RCT placebo controlled

427

ICOSAPENT ETHYL (EPA)

olive oil
control
capsules
control
capsules

12 weeks

TNF, IL6, LDL, Lp(a)
LDL, non-HDL, VLDL,
HDL
VLDL, LDL, IDL, nonHDL

Hyperlipidemia

RCT placebo controlled

245

EPA + DHA

16 weeks

VLDL, LDL, non-HDL

Bays H et al 2010 B(366)

Hypertriglyceridemia

RCT placebo controlled

135

EPA + DHA

8 weeks

LDL, VLDL

Bays H et al 2012(367)

Hypertriglyceridemia

RCT placebo controlled

229

ICOSAPENT ETHYL (EPA)

12 weeks

IDL, VLDL, LDL

RCT placebo controlled

931

ICOSAPENT ETHYL (EPA)

12 weeks

oxLDL, IL6

Metabolic syndrome

RCT placebo controlled

849

EPA

corn oil
control
capsules
control
capsules
control
capsules
control
capsules

12 weeks

LDL, non-HDL

End stage kidney disease

RCT placebo controlled

69

EPA + DHA

6 months

homocysteine

HIV

RCT placebo controlled

19

EPA + DHA

corn oil
safflower
oil

6 weeks

IL6, TNF

Metabolic syndrome

RCT placebo controlled
Meta-analysis of 11
RCTs

66

EPA + DHA

milk

3 months

LDL, homocysteine

485

Algal oil (41% DHA)

multiple

4-17 weeks

LDL

Ando M et al 1999(360)
Andrade PM et

Asztalos I et al
Ballantyne C
2012(363)
Ballantyne C
2015(364)

Bays H et al 2010

ESKD on haemodialysis

et

al

et

al

A(365)

Bays H et al 2013(368)
Bays H et al 2015(369)
Beavers K et al

2008(370)

Bell S et al 1996(371)
2006(372)

Benito P et al
Bernstein A et al 2012
M/A(373)
Bitzur R et al

2010(374)

12 weeks

RCT placebo controlled

67

EPA + DHA

corn oil

12 weeks

LDL

Bloedon L et al 2008(375)

RCT placebo controlled

62

EPA + DHA

control diet

10 weeks

Lp(a), LDL, VLDL, IL6

2009(376)

RCT placebo controlled

14

EPA + DHA

soybean oil

6 weeks

TNF, oxLDL

Bourque C et al 2003(377)

RCT placebo controlled

17

EPA + DHA

27 days

homocysteine, LDL

RCT placebo controlled

20

EPA + DHA

control diet
sunflower
oil

6 weeks

LDL, MCP1,

Bloomer R et al

Bragt M et al 2012(378)

Overweight and obese

109

Brinton E et al 2013(379)

Type
2
DM
and
hypertriglyceridemia

12 weeks

oxLDL, LDL,
non-HDL

olive oil
low omega3 diet
sunflower
oil

4 weeks

LDL

4 weeks

IL1b, TNF, IL6

5 weeks

LDL, IL6

6 months

VLDL, LDL

EPA + DHA

olive oil
control
capsules

18 weeks

VLDL, LDL, IDL

64

EPA + DHA

olive oil

8 weeks

IL6, LDL

RCT placebo controlled

64

EPA + DHA

8 weeks

IL6

RCT placebo controlled

26

DHA

6 weeks

LDL, non-HDL

RCT placebo controlled

157

EPA + DHA

olive oil
vegetable
oils (corn
and
soybean)
sucrose,
mannitol,
mineral
salts

6 months

IL6, TNF

Hypertriglyceridemia

RCT placebo controlled

647

EPA + DHA

6 weeks

LDL, VLDL, IDL

Coronary artery disease

RCT placebo controlled
Systematic review of 47
RCTs

549

EPA + DHA

olive oil
control
capsules

6 months

Lp(a)

16511

EPA ± DHA

multiple

3-182 weeks

LDL

RCT placebo controlled

116

EPA + DHA

soybean oil

5 months

IL6, TNF

RCT placebo controlled

33

EPA + DHA

olive oil

70 days

homocysteine

RCT placebo controlled

50

EPA + DHA

6 weeks

IL6, TNF, LDL

RCT placebo controlled

18

EPA + DHA

olive oil
tomato
juice

2 weeks

homocysteine, LDL

ESKD on haemodialysis

RCT placebo controlled

54

EPA + DHA

paraffin oil

4 months

IL6, TNF

ESKD on haemodialysis

RCT placebo controlled

54

EPA + DHA

paraffin oil

4 months

LDL, leptin

Hypertriglyceridemia

RCT placebo controlled

42

EPA + DHA

corn oil

8 weeks

LDL, IL6

RCT placebo controlled

300

EPA + DHA

corn oil

12 months

homocysteine

RCT placebo controlled

501

Buckley R et al 2004(380)

RCT placebo controlled

42

EPA + DHA

Chiang Y et al 2012(381)

RCT placebo controlled

25

EPA + DHA

Ciubotaru I et al 2003(382)

RCT placebo controlled

30

EPA + DHA

RCT placebo controlled

16

EPA + DHA

RCT placebo controlled

40

RCT placebo controlled

Connor W et al

1993(383)

Type 2 DM

Contacos C et al 1993(384)
Damsgaard C et al
2008(385)
Damsgaard C et al
2009(386)

Davidson M et al 1997(387)

Elevated triglycerides and
LDL

Derosa G et al 2012(388)
Dunbar R et al

2015(389)

Eritsland J et al 1995(390)
Eslick G et al 2009 S/R(391)
Flock M et al

2014(392)

Fontani G et al 2005(393)
Gammelmark A et al
2012(394)
García-Alonso F et al
2012(395)
Gharekhani A et al
2014(396)
Gharekhani A et al
2016(397)
Gidding S et al 2014(398)
Grundt H et al

2003(399)

ICOSAPENT ETHYL (EPA)

control
capsules

VLDL,

110

Haberka M et al 2011(400)
Haghiac M et al 2015(401)
Hariri M et al 2015
S/R(402)
Hartweg J et al S/R
2008(403)
Herrmann W et al
1995(404)
Huang T et al 2011
M/A(405)

Obesity and pregnancy

Type 2 DM

Hung A et al 2015(406)
Itariu B et al

2012(407)

Severe obesity

Jacobson T 2012(408)

RCT placebo controlled

40

EPA + DHA

RCT placebo controlled
Systematic review of 14
RCTs
Systematic review of 23
RCTs

72

EPA + DHA

control
therapy
wheat germ
oil

915

EPA + DHA

1075

1 month

ADMA

until delivery

IL6, IL8, TNF, leptin

multiple

4-24 weeks

leptin

EPA + DHA

multiple

3-24 weeks

LDL, VLDL

RCT placebo controlled
Meta-analysis of 11
RCTs

53

EPA + DHA

rapeseed oil

4 weeks

Lp(a)

702

EPA + DHA

6-48 weeks

homocysteine

RCT placebo controlled

34

EPA + DHA

multiple
control
capsules

6 weeks

ADMA, IL6, TNF, MCP1

RCT placebo controlled

55

EPA + DHA

8 weeks

RCT placebo controlled

229

butterfat
control
capsules
sunflower
oil

leptin, IL6
oxLDL, LDL,
non-HDL

12 weeks

IL6, TNF
VLDL, HDL, LDL, nonHDL

10 weeks

IL6, TNF

EPA

12 weeks

Jellema A et al 2004(409)

Obesity and pregnancy

RCT placebo controlled

11

EPA + DHA

Kastelein J et al 2014(206)

Hypertriglyceridemia

RCT placebo controlled

364

EPA + DHA

Kooshki A et al 2011(410)

ESKD on haemodialysis

RCT placebo controlled

34

EPA + DHA

olive oil
medium
chain trigs

RCT placebo controlled
Meta-analysis of 68
RCTs

25

EPA + DHA

control diet

6 weeks

LDL

4601

EPA + DHA

multiple

2-26 weeks

IL6, TNF

14 days

IL6, IL1b, TNF

6 weeks

VLDL, LDL, non-HDL

Lewis N et al

2000(411)

6 weeks

VLDL,

Li K, et al 2014 M/A(412)
Lopez-Alarcon M et al
2012(413)

Septic neonates

RCT placebo controlled

63

DHA

Maki K et al 2008(414)

Mixed dyslipidemia

RCT placebo controlled

39

EPA + DHA

olive oil
vegetable
oil

RCT placebo controlled

31

EPA + DHA

soy oil

6 weeks

VLDL LDL

RCT placebo controlled

647

EPA + DHA

olive oil

6 weeks

LDL, VLDL

EPA

8 weeks

LDL, oxLDL, non-HDL

8 weeks

TNF

Maki K et al

2011(415)

Maki K et al 2013(416)

Hypertriglyceridemia
statins

2015(417)

Hypertriglyceridemia

RCT placebo controlled

102

Type 2 DM

RCT placebo controlled

84

EPA + DHA

olive oil
sunflower
oil

RCT placebo controlled

42

EPA + DHA

olive oil

4 weeks

oxLDL

RCT placebo controlled

48

EPA + DHA

corn oil

8 weeks

TNF, IL6, non-HDL

Maki K et al
Malekshahi Moghadam A
et al 2012(418)
Mesa M et al

2004(419)

Metkus T et al 2013(420)

on

HIV
with
hypertriglyceridemia

111

Mirhashemi
2016(421)

S

Mocellin C et al
Moeinzadeh F
2016(423)
Mori T et al

et

al

2013(422)
et

al

Type
2
DM
nephropathy

with

RCT placebo controlled

60

EPA + DHA

Colorectal Cancer

RCT placebo controlled

11

EPA + DHA

ESKD on haemodialysis

RCT placebo controlled

52
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12 weeks
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27
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olive oil

3 weeks
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Hyperlipidemia
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56
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CHAPTER 4: Fish Oil Cell Uptake Study of INflammation (FOCUS IN). A
RANDOMISED CONTROLLED TRIAL OF FISH OIL SUPPLEMENTATION IN
HEALTHY VOLUNTEERS
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ABSTRACT
Background: Acute vascular inflammation (AVI) is an early and critical stage of
atherogenesis. Omega-3 fatty acids have anti-inflammatory properties, and although they have
been studied in the setting of AVI, the study settings have typically not reflected physiological
conditions. With the findings of the recent REDUCE-IT study that omega-3 fatty acids reduce
cardiovascular events in high-risk patients, there is a need to understand the factors underlying
this benefit. This study aimed to examine the effects of omega-3 fatty acids on AVI on a cellular
level, in an in vitro setting that was physiological and translatable.
Methods: Forty healthy volunteers with a low baseline omega-3 fatty acid consumption were
randomised to treatment with either (1) fish oil high in EPA (86% of total mass), (2) fish oil
high in DHA (90% of total mass), (3) fish oil with a standard 2:1 EPA:DHA ratio, or (4) placebo
oil, for 30 days. Baseline and post-treatment heart rate (HR), blood pressure (BP), lipids
(including total cholesterol, LDL-C, HDL-C, and triglycerides), fatty acid profile, and
inflammatory markers (high-sensitivity CRP and lipoprotein[a]) were measured. Serum taken
pre- and post-treatment was added to tumour necrosis factor-alpha-stimulated human umbilical
vein endothelial cells (HUVECs) in culture. Gene expression of markers of AVI: VCAM-1,
ICAM-1, MCP-1 and NFκBp65 were measured by RT-PCR. To identify any associations
between gene expression and participant characteristics, correlations were made between the
expression of inflammatory markers and lipid parameters, omega 6:3 ratio, blood EPA content,
blood DHA content, and saturated fats.
Results: The baseline parameters of participants included: age 38.5±11.0 years, 70% female,
LDL-C 2.9±0.8 mmol/L, HDL-C 1.6±0.3 mmol/L, and triglycerides 1.1±0.5 mmol/L. Blood
EPA and DHA levels increased significantly and predictably in the different fish oil groups
compared to placebo. DHA reduced triglycerides by 27% (p=0.02 compared to placebo, see
Abstract Table). None of the fish oil treatments significantly altered cholesterol parameters,
115

heart rate or systolic BP. DHA reduced diastolic BP by 4.1±1.8 mmHg, which was significantly
more than placebo (p=0.05, corrected for baseline values). The gene expression of MCP-1 by
TNF-stimulated HUVECs reduced by 59% in the EPA group compared to baseline (p=0.02),
and was 25% lower than in the placebo group (p=0.03, corrected for baseline values). No
significant correlation was present between the expression of markers of AVI and blood
omega-3 levels. A positive, significant association was present between HDL-C levels and both
VCAM-1 (r=0.36, p=0.02) and MCP-1 (r=0.40, p=0.01) expression.
Conclusions: The administration of serum from healthy volunteers supplemented with EPA to
TNF-stimulated endothelial cells reduced gene expression of MCP-1, indicating a favourable
effect of EPA on AVI. Higher fasting HDL-C levels associated with greater serum-induced
expression of endothelial inflammatory factors implicated in early atherosclerosis. The positive
correlation between HDL-C and endothelial inflammatory factors is consistent with HDL
dysfunctionality at very high HDL-C levels, and this warrants further investigation.
Abstract Table: Changes in lipid parameters and inflammatory markers

LDL-C
HDL-C
TG
CRP
VCAM-1
ICAM-1
MCP-1

High EPA
0%
-1%
+3%

+22%
+5%
+27%
-59%
p=0.02*
NFκB-p65
-6%
*P value compared with baseline

High DHA
-7%
+7%
-27%
P=0.02*
+22%
-31%
-69%
-22%

EPA:DHA 2:1
-7%
+1%
-18%

Placebo
-4%
+6%
+8%

P value
0.49
0.37
0.03

-17%
-23%
-42%
0%

-25%
+4%
-21%
+9%

0.28
0.41
0.19
0.03

-40%

-40%

-7%

0.51

I, Anthony Pisaniello, conceived, designed, executed and analysed all of the work included in
this chapter.

116

4.1

Background
Since the time a cardioprotective effect of polyunsaturated fatty acids was first

proposed(221), researchers have been considering and investigating potential antiatherosclerotic mechanisms. In the randomised controlled trials of fish oil in the primary and
secondary prevention setting that demonstrated a reduction in major adverse cardiac events,
such as JELIS(227) and GISSI-Prevenzione(463), the benefits were observed independent of
cholesterol levels. Given the inflammatory nature of atherosclerosis(4), it may be the antiinflammatory effects of fish oil that have contributed to their atheroprotective effects. Although
the anti-inflammatory effects of fish oil are wide-ranging, it is likely to be the effects on
vascular inflammation that are most important in the setting of cardiovascular disease.
Previous studies have examined the effects of omega-3 fatty acids on markers of
vascular inflammation, particularly in the in vitro setting. Acute vascular inflammation (AVI)
can be induced by stimulating vascular endothelial or smooth muscle cells with proinflammatory agents such as TNF-α and lipopolysaccharide. The adhesion molecules and
cytokines produced can be measured at the gene and protein level. Chronic vascular
inflammation (CVI) as it pertains to atherosclerosis is more complex, as it occurs in conjunction
with plaque formation and not in isolation(464). To summarise the effects of omega-3 fatty acids
on in vitro models of AVI from less than 10 published studies, both EPA and DHA reduce
adhesion molecule expression, with a greater effect seen with DHA compared to EPA(242, 244247)

. In these studies, EPA and DHA were added in purified forms. Although these studies have

provided mechanistic insights into the effects of omega-3 fatty acids on AVI, they have limited
translatability as they do not model in vivo conditions. Since omega-3 fatty acids undergo
metabolism and oxidation after oral consumption, the genetic, humoral and cellular responses
in vivo are likely to be different to what is measured in the cell culture setting. Indeed, oxidised
omega-3 fatty acids have different actions to pure unoxidised fatty acids, and are still
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beneficial, if not superior(250). Sethi et al demonstrated that oxidised, but not native unoxidised
EPA significantly inhibited human neutrophil and monocyte adhesion to endothelial cells in
vitro by inhibiting endothelial adhesion receptor expression(251). Similarly, Mishra et al
demonstrated that oxidised but not unoxidised EPA and DHA inhibit cytokine-induced
endothelial expression of MCP-1 and IL-8(252). A translatable, physiological method of
studying the effects of omega-3 fatty acids is to deliver them to cells after oral consumption.
The concept of adding serum from humans to endothelial cells in culture and studying its
effects has been utilised previously and demonstrated to be effective(465).
Fish oil is available in numerous formulations commercially, including with high
concentrations of EPA or DHA. The most commonly available preparations have an EPA:DHA
ratio of between 1.5:1 and 3:1(466). The availability of a wide range of fish oil products allows
the relative effects of EPA and DHA on AVI to be studied.

4.1.1 Aims and rationale of study
The primary objective of the FOCUS IN study was to evaluate and compare the effects
of different omega-3 fish oil preparations on endothelial cell markers of acute vascular
inflammation after supplementation in healthy volunteers. FOCUS IN should identify an
optimal omega-3 fish oil formulation which could be further studied in a primary and secondary
prevention setting.
The omega-3 formulations studied in FOCUS IN would be (1) high in EPA, (2) high in
DHA, and (3) have a standard 2:1 ratio of EPA:DHA. These formulations would be compared
with a placebo. Although the cardioprotective effects of omega-3 fatty acid supplementation
have been questioned in a recent meta-analysis(467), the formulations and doses evaluated in
that meta-analysis were highly heterogeneous. In high-risk patients, daily doses of ≥ 4 grams
of omega-3 fatty acids have been shown to optimally reduce blood pressure, triglycerides, total
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cholesterol, and circulating inflammatory markers(209, 368, 468). Furthermore, this dose has been
shown to reduce major adverse cardiac events(234).

4.1.2 Hypotheses
The hypotheses of this study were that:
•

Omega-3 fatty acids would reduce endothelial cell markers of AVI, with EPA having
a superior effect over DHA.

•

Changes in endothelial cell markers of acute vascular inflammation with omega-3
fatty acids would occur independent of any effects on plasma cholesterol and
triglyceride levels.

•

Blood levels of omega-3 fatty acids would correlate inversely with the gene
expression of markers of AVI.

4.2

Methods

4.2.1 Study outline
Forty healthy adult volunteers were recruited from the staff and students of the South
Australian Health and Medical Research Institute for participation in the study. The volunteers
were required to fulfil the eligibility criteria listed below:
Eligibility criteria
Healthy males and females aged ≥ 18 years
Has not taken omega-3 supplements or eaten more than one fish meal per week in the
preceding 6 months.
No bleeding tendency or significant health problems
Not allergic to fish or fish oil supplements
Not currently taking medications that are anti-inflammatory or increase bleeding risk.
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Not currently pregnant or breastfeeding
No anticipated need to stop taking fish oil in the next 30 days, such as upcoming
surgery.
Volunteers who satisfied the eligibility criteria underwent a baseline health assessment at
a clinic visit, which included measurement of height, weight, blood pressure and heart rate. A
blood sample (20 mL) was taken by venepuncture; half of the sample was used to extract serum
(as per Section 2.1) and then stored at -80oC, and half was used for biochemical analysis. For
this, 30 microlitres of whole blood was spotted onto dry blood spot cards for fatty acid analysis
(as per Section 2.2), and the remainder was analysed for serum levels of total cholesterol, LDLC, HDL-C, high-sensitivity C-reactive protein (hs-CRP) and lipoprotein(a) (Lp(a)).
The forty participants were randomised in a double-blind fashion to one of four treatment
groups using random number generation by an unblinded investigator.
The four treatment groups (10 participants each) were:
(1) A high EPA-containing fish oil, “PharmEPA® Step 1 Restore” (Igennus HealthCare
Nutrition, Cambridge, UK). Each 580mg capsule contains 500mg of EPA (86% of total mass)
and no detectable DHA. Omega-3 is in triglyceride form. Participants were give 8 capsules per
day to achieve 4 g of omega-3.
(2) A high DHA-containing fish oil, “Nature’s OwnTM Red Algal Omega-3” (Sanofi Consumer
Healthcare, Virginia, QLD, Australia). Each 787.5mg capsule contains 707.5mg of DHA (90%
by mass), and 30mg of EPA (4% by mass). Omega-3 is in triglyceride form. Participants were
given 6 capsules per day to achieve 4 g of omega-3.
(3) Fish oil containing a standard EPA:DHA ratio of 2:1, “AlaskOmega® 400200 TG”
(Bioriginal, Den Bommel, Netherlands). Each 1000mg capsule contains 420mg of EPA (42%

120

by mass) and 209mg of DHA (21% by mass). Omega-3 is in triglyceride form. Participants
were given 7 capsules per day to achieve 4 g of omega-3.
(4) Placebo capsule (Bioriginal, Den Bommel, Netherlands). Each 1000mg capsule contains a
mixture of palm oil, sunflower oil, rapeseed oil, and fish oil to preserve the smell and taste of
fish oil. Each capsule contained 1% EPA by mass and 0.6% DHA by mass. Participants were
given 7 capsules per day.
The participants took the capsules daily for 30 days. During this period, participants kept a
diary of capsule consumption and fish intake. After study completion a second health
assessment was performed and a blood sample was taken, as before.

4.2.2 Cell culture experiments
A cell culture model of acute vascular inflammation was used to study the impact of
the different omega-3 treatments on this process. The stored serum from each participant, taken
before and after treatment, was added to cells in culture with the method described below.
Human Umbilical Vein Endothelial Cells (HUVECs) were obtained from fresh
umbilical cords donated by the Women’s and Children’s Hospital, North Adelaide. They were
plated in gelatin-coated flasks at a density of 10000 cells per cm2. They were cultured using
MesoEndo Cell Growth Medium (Cell Applications, San Diego, CA, USA) supplemented with
an extra 5% of foetal bovine serum (FBS) to make a total of 10% FBS. Passage 3 HUVECs
were plated onto 6-well plates until they reached 75% confluence, with 2 ml of media used per
well. They were then washed twice with warm sterile PBS and then cultured for 24 hours in
EBM-2 basal media plus SingleQuot kit supplements and growth factors without the serum
aliquot (Lonza, Basel, Switzerland). The serum was taken from participants at baseline and
again at end of study, and was added for 24 hours at a concentration of 10%. Control conditions
used 10% foetal bovine serum. All wells were then washed twice with warm sterile PBS, and
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then fresh EBM-2 basal media plus SingleQuot kit supplements and growth factors except for
serum was added again. For each condition, there was either TNF or no TNF added for 4 hours
in serum-free media. For TNF conditions, human TNF-α (Sigma-Aldrich, St. Louis, MO, USA)
was added at a concentration of 10 ng/ml. This dose and duration have been demonstrated to
significantly increase cell adhesion molecule expression(469, 470).
The cell culture media was then aspirated from each well, immediately placed on dry
ice and stored at -80oC. The cells were washed with PBS at 4oC, and the Tri-reagent method
was then used to extract RNA from the cells (as per Section 2.4.2). The RNA was quantified
using a NanoDrop™ 8000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). The concentration of RNA was normalised between all samples and then RNA was
reverse transcribed to cDNA (as per Section 2.4.4). Reverse transcription PCR was performed
(as per Section 2.4.5) to measure the relative expression of the following human genes: VCAM1, ICAM-1, MCP-1 and NFkBp65, with B2M being used as a reference gene (see Section 2.5
for primers). All PCR reactions used 100ng of cDNA. Due to the large number of 96-well PCR
plates used for this experiment, control conditions were used on each PCR plate. These
conditions were the culture conditions of (1) HUVECs cultured in 10% FBS, and (2) HUVECs
cultured in 10% FBS plus TNF-α. Inter-PCR-plate calibration was performed using Bio-Rad
CFX ManagerTM software version 3.0.1224.1015 (Hercules, CA, USA). Data analysis was
performed using GraphPad Prism 7 (La Jolla, CA, USA). To identify any associations between
gene expression and participant characteristics, correlations were made between the expression
of inflammatory markers and lipid parameters (total cholesterol, LDL, HDL, triglycerides),
omega 6:3 ratio, blood EPA content, blood DHA content, and saturated fats.
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4.2.3 Statistical and data analysis
4.2.3.1

Sample size calculation
The sample size of 10 participants per group was based on a study by Jiang et al(471).

The most important factor for calculating sample size was the gene expression of VCAM-1. In
Jiang et al’s study, the active treatment, irbesartan, reduced TNF-α-induced VCAM gene
expression by 45% and this was statistically significant. Using a one-way ANOVA power
calculation for 4 groups with a significance level of 0.05, with 80% power, for an effect size
of 0.45, a sample size of 10 subjects per group was required.
4.2.3.2

Statistical methods
Participant data were de-identified, and statistical analysis was performed using

GraphPad Prism 7 software. This analysis was performed blinded to treatment allocation, and
according to the intention-to-treat principle. The D’Agostino-Pearson normality test was
performed to determine whether continuous data were normally-distributed. Normallydistributed data were analysed using the One-way Analysis of Variance (ANOVA) to compare
means between multiple groups. If correcting for multiple comparisons, the Dunnett test was
used. Results were expressed as mean ± standard error of the mean (SEM). If continuous data
were not normally-distributed, analysis was performed using the Kruskal-Wallis test, with
Dunn’s test used to correct for multiple comparisons. Results were expressed as median +
interquartile range (IQR). Statistical correlations were analysed using a linear regression
model. Statistical significance was set at the 0.05 level.

4.2.4 Ethical and site approval
Ethics approval was obtained from the University of Adelaide Human Research Ethics
Committee. The trial was registered with the Australian New Zealand Clinical Trials Registry
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(Trial ID: ACTRN12616000928415). Site specific authorisation was obtained from the South
Australian Health and Medical Research Institute.

4.3

Results

4.3.1 Baseline participant characteristics
The demographics of the participants are summarised in Table 4.1. Seventy percent of
participants were female, and the mean age of participants was 38.5 years (see Table 4.1).
Participants in the EPA group were older, but otherwise participants in all four groups were
evenly matched. The baseline body mass index (BMI), resting heart rate, systolic and diastolic
BP, lipid parameters, high-sensitivity CRP, Lp(a), and percentage of EPA and DHA in blood
are presented in Table 4.1. These parameters were not significantly different between allocated
treatment groups at baseline. Participants on average were mildly overweight with a normal
blood pressure and mildly elevated resting heart rate. Total cholesterol and LDL-C levels were
at the upper end of normal, and the inflammatory markers were low. EPA and DHA levels
were consistent with a low omega-3 intake.
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Table 4.1 – Summary of baseline participant characteristics by treatment group

Number of participants

Placebo
10

Std Fish Oil*
10

EPA
10

DHA
10

p value
NA

Male (%)

40

30

30

20

0.36

Age (SD)

34.6 (7.1)

32.7 (7.8)

47.5 (10.2)

39.3 (12.6)

0.02

BMI (SD)

25.4 (2.8)

24.6 (2.2)

25.4 (4.8)

26.1 (3.9)

0.81

Resting HR bpm (SD)

77.8 (8.5)

69.2 (11.4)

70.2 (7.4)

67.4 (11.4)

0.11

Systolic BP mmHg (SD)

126.7 (19.5)

124.3 (12.3)

116.5 (14.2)

119.9 (12.3)

0.43

Diastolic BP mmHg (SD)

80.6 (9.3)

78.8 (6.2)

76.6 (9.5)

76.2 (10.4)

0.67

Tchol mmol/L (SD)

5.0 (0.8)

4.5 (0.8)

5.3 (0.7)

5.3 (1.2)

0.23

LDL-C mmol/L (SD)

3.0 (1.1)

2.4 (0.6)

3.1 (0.6)

3.2 (0.8)

0.11

HDL-C mmol/L (SD)

1.5 (0.2)

1.7 (0.4)

1.7 (0.3)

1.6 (0.4)

0.24

Trigs mmol/L (IQR)

1.3 (1.1-1.5)

0.9 (0.7-1.3)

0.9 (0.7-1.1)

1.0 (0.7-1.2)

0.4

hs-CRP mg/L (IQR)

1.1 (0.9-1.9)

0.7 (0.5-1.4)

0.4 (0.3-2.1)

1.0 (0.8-2.9)

0.5

Lp(a) g/L (IQR)

0.1 (0-0.3)

0.1 (0-0.2)

0.1 (0-1.4)

0.4 (0.1-0.6)

0.72

EPA % (IQR)

0.5 (0.4-0.8)

0.7 (0.6-0.8)

0.8 (0.5-0.9)

0.5 (0.4-0.7)

0.35

DHA % (IQR)

1.7 (1.5-1.8)

1.9 (1.6-2.3)

1.9 (1.6-2.3)

1.7 (1.4-1.8)

0.12

*Std Fish Oil = standard fish oil

Capsule compliance was assessed by an unblinded investigator based on the return of a
capsule diary. Capsule compliance in the study was high (94±5%). There was no significant
difference in capsule compliance between treatment groups (p=0.63). The average number of
treatment days was 30.5±4, and did not differ significantly between treatment groups (p=0.38).
One participant discontinued the capsules after 6 days due to gastrointestinal side effects,
however completed the follow up assessment and investigations.

4.3.2 Effect of fish oil treatment on physical and biochemical measures
Effects on physical measures
None of the fish oil treatments had a significant effect on resting heart rate (p=0.33, corrected
for baseline values, see Figure 4.1).
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Change in heart rate

Beats per min

10
5
0
-5
-10

Placebo Std Fish Oil

EPA

DHA

Treatment group
Figure 4.1: Effect of fish oil supplementation on resting heart rate. n = 10 per group.
Results expressed as mean ± SEM.
No fish oil treatment had a significant effect on systolic blood pressure (p=0.54). DHA reduced
diastolic blood pressure by 4.1±1.8 mmHg, which was significantly more than placebo (p=0.05,
corrected for baseline values, see Figure 4.2).
Change in diastolic blood pressure

10

10

5

5

mmHg

mmHg

Change in systolic blood pressure

0
-5
-10

*

0
-5

Placebo Std Fish Oil

EPA

DHA

-10

Placebo Std Fish Oil

Treatment group

EPA

DHA

Treatment group

Figure 4.2: Effect of fish oil supplementation on systolic and diastolic blood pressure. n =
10 per group. *p=0.05. Results expressed as mean ± SEM.
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None of the fish oil treatments resulted in a significant change in body weight (p=0.80
corrected for baseline values, see Figure 4.3).

Change in weight
1.0

kg

0.5
0.0
-0.5
-1.0

Placebo Std Fish Oil

EPA

DHA

Treatment group
Figure 4.3: Effect of fish oil supplementation on body weight. n = 10 per group. Results
expressed as mean ± SEM.

Effects on blood fatty acid levels
The distribution of fatty acids in blood was significantly altered by the fish oil
treatments. Both EPA and standard fish oil (which has a predominance of EPA) significantly
increased EPA levels in the blood by an average of 253% each (p<0.001 for each, corrected
for baseline values, see Figure 4.4). There was a slight but non-significant increase in the DHA
treatment group.
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Figure 4.4: Effect of fish oil supplementation on EPA levels in blood, expressed as a
percentage of total fatty acids. ***p<0.001. n = 10 per group. Results expressed as mean
± SEM.

Both DHA and standard fish oil supplementation significantly increased DHA levels in
blood by 145% (p<0.001) and 28% (p=0.02) respectively, corrected for baseline values (see
Figure 4.5). The changes seen in EPA and DHA levels after fish oil supplementation confirm
the efficacy of, and compliance with, the respective capsules.
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Figure 4.5: Effect of fish oil supplementation on DHA levels in blood, expressed as a
percentage of total fatty acids. ****p<0.0001, *p<0.05. n = 10 per group. Results
expressed as mean ± SEM.

The omega 6:3 ratio, which has a U-shaped association with mortality(472), was not
significantly different between treatment groups at baseline (p=0.79), with a mean ratio of
7.3±1.1. After supplementation, the omega 6:3 ratio was significantly lower in all fish oil
treatment groups compared to placebo (43 – 49% reductions, p<0.0001 for all comparisons,
see Figure 4.6).
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Figure 4.6: Ratio of omega-6 to omega-3 at the end of the study. ****p<0.0001. n = 10 per
group. Results expressed as mean ± SEM.

Effects on serum lipids and inflammatory markers
There were no significant differences between treatment groups in levels of either total
cholesterol (p=0.29), LDL (p=0.49), or HDL (p=0.37) when correcting for baseline values (see
Figure 4.7). DHA significantly reduced triglyceride levels, by an average of 0.31 mmol/L (27%
reduction, p=0.018 corrected for baseline values). There was a numerical but non-significant
reduction in triglycerides in the standard fish oil group of 0.18 mmol/L (p=0.08, corrected for
baseline values, see Figure 4.7).
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Figure 4.7: Effect of fish oil supplementation on total cholesterol, LDL-C, HDL-C and
triglycerides. *p<0.05. n = 10 per group. Results expressed as mean ± SEM, except for
triglycerides, which is median + interquartile range.

Levels of lipoprotein(a), which is a particle associated with increased cardiovascular
risk(473) and is pro-inflammatory(474), were measured before and after treatment. Complete
results were only obtained for 4 to 7 participants per group, because on multiple occasions the
request for this uncommonly-performed test was incorrectly interpreted as another lipoprotein
or as lipase. Lp(a) levels were low in this cohort, with a median level at baseline of 0.15 (IQR
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0.00 – 0.47) g/L (reference range 0 - 0.3 g/L). Fish oil supplementation did not significantly
alter Lp(a) levels (p=0.65, corrected for baseline values, see Figure 4.8).

Change in Lipoprotein(a)
0.05

g/L

0.00

-0.05

-0.10

Placebo Std Fish Oil

EPA

DHA

Treatment group
Figure 4.8: Effect of fish oil supplementation on lipoprotein(a) levels. n = 4-7 per group.
Results expressed as median + interquartile range.

High-sensitivity C-reactive protein (hs-CRP) levels were generally low, with a median
of 0.9 (IQR 0.42 – 2.1) mg/L (reference range 0 - 2mg/L). Fish oil supplementation did not
significantly alter hs-CRP levels (p=0.28, corrected for baseline values, see Figure 4.9). There
was a trend towards an increase in hs-CRP levels in the EPA group (p=0.10).
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Figure 4.9: Effect of fish oil supplementation on hs-CRP levels. n = 10 per group. Results
expressed as median + interquartile range.

4.3.3 In vitro studies of vascular inflammation
Gene expression of VCAM-1, ICAM-1, MCP-1 and NFκB-p65 was measured by RTPCR in HUVECs co-incubated with serum from participants before and after treatment, and
with or without TNF stimulation. As expected, only conditions with TNF stimulation resulted
in significantly increased gene expression. This gene expression was compared between the
different treatment group allocations at baseline, and was not significantly different (p=0.68
for VCAM-1, p=0.65 for ICAM-1, p=0.16 for MCP-1, and p=0.83 for NFκBp65). This was
predictable as the participants were healthy and had comparable characteristics as evident in
Table 4.1. Relative gene expression was set at 100% for the TNF-stimulated expression with
serum taken at baseline.
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The VCAM-1 expression of TNF-stimulated HUVECs co-incubated with serum
obtained at study completion was not significantly different between treatment groups. There
was a trend towards a reduction in the standard fish oil group compared to placebo (35%

Relative gene expression (%)

reduction, p=0.11 corrected for baseline values, see Figure 4.10).
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Figure 4.10: Relative gene expression of VCAM-1 by TNF-stimulated HUVECs coincubated with serum obtained at study completion, relative to baseline. n = 40 for
combined baseline and n = 10 for treatment groups. Results expressed as mean ± SEM.
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ICAM-1 expression was also not significantly different between treatment groups

Relative gene expression (%)

(p=0.25, corrected for baseline values, see Figure 4.11).
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Figure 4.11: Relative gene expression of ICAM-1 by TNF-stimulated HUVECs coincubated with serum obtained at study completion, relative to baseline. n = 40 for
combined baseline and n = 10 for treatment groups. Results expressed as mean ± SEM.

MCP-1 expression was 25% lower in the EPA group compared to placebo (p=0.03
corrected for baseline values, see Figure 4.12). There was a trend towards a reduction in the
standard fish oil group compared to placebo (19% reduction, p=0.10 corrected for baseline
values).
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Figure 4.12: Relative gene expression of MCP-1 by TNF-stimulated HUVECs coincubated with serum obtained at study completion, relative to baseline. *p<0.05. n = 40
for combined baseline and n = 10 for treatment groups. Results expressed as mean ± SEM.

Gene expression of the pro-inflammatory transcription factor NFκBp65 was not significantly
altered by any fish oil supplement (p=0.63 corrected for baseline values, see Figure 4.13).
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Figure 4.13: Relative gene expression of NFκBp65 by TNF-stimulated HUVECs coincubated with serum obtained at study completion, relative to baseline. n = 40 for
combined baseline and n = 10 for treatment groups. Results expressed as mean ± SEM.

4.3.4 Correlations between inflammatory markers and circulating factors
The expression of VCAM-1, ICAM-1, MCP-1 and NFκBp65 by stimulated HUVECs
was correlated with the following patient characteristics to determine whether any significant
associations exist: total cholesterol, LDL-C, HDL-C, triglycerides, omega 6:3 ratio, blood EPA
levels, blood DHA levels, and saturated fats.
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Total cholesterol
No significant correlations were present between total cholesterol and VCAM-1,
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Figure 4.14: Correlations of gene expression of VCAM-1, ICAM-1, MCP-1, NFκBp65
and total cholesterol. n = 40 for each graph.
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LDL-C
No significant correlations were present between LDL-C and VCAM-1, ICAM-1,

VCAM-1 vs LDL-C
r = -0.06, p = 0.72

200
150
100
50
0

1

2

3

4

5

300
200
100
0

1

2

3

4

LDL-C (mmol/L)

MCP-1 vs LDL-C

NFkBp65 vs LDL-C
r = -0.15, p = 0.35

r = 0.13, p = 0.40

300
200
100

1

r = -0.19, p = 0.23

400

LDL-C (mmol/L)

400

0

Normalised ICAM-1 expression

250

ICAM-1 vs LDL-C

2

3

4

LDL-C (mmol/L)

5

Normalised NFkBp65 expression

Normalised MCP-1 expression

Normalised VCAM-1 expression

MCP-1 or NFκBp65 (see Figure 4.15).

300

5

200

100

0

1

2

3

4

5

LDL-C (mmol/L)

Figure 4.15: Correlations of gene expression of VCAM-1, ICAM-1, MCP-1, NFκBp65
and LDL-C. n = 40 for each graph.
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HDL-C
A positive, significant association was present between HDL-C levels and both VCAM-
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Figure 4.16: Correlations of gene expression of VCAM-1, ICAM-1, MCP-1, NFκBp65
and HDL-C. n = 40 for each graph.
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Triglycerides
A non-significant inverse correlation (r = -0.3, p=0.06) was present between VCAM-1
and triglyceride levels. No significant correlations were present between triglycerides and
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Figure 4.17: Correlations of gene expression of VCAM-1, ICAM-1, MCP-1, NFκBp65
and triglycerides. n = 40 for each graph.
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Omega 6:3 ratio
Despite the omega-6 and omega-3 fatty acids having pro- and anti-inflammatory
properties, respectively, there was no significant association between the omega 6:3 ratio and
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Figure 4.18: Correlations of gene expression of VCAM-1, ICAM-1, MCP-1, NFκBp65
and omega 6:3 ratio. n = 40 for each graph.
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Saturated fats
Despite the proinflammatory nature of saturated fatty acids(475), no significant
association was found between the percentage of saturated fats in blood and gene expression

250

r = 0.13, p = 0.42

200
150
100
50
0
40

400

45

50

55

ICAM-1 vs saturated fats
400

r = 0.08, p = 0.63

300
200
100
0
40

45

50

Saturated fats (%)

Saturated fats (%)

MCP-1 vs saturated fats

NFkBp65 vs saturated fats

r = -0.17, p = 0.30

300
200
100
0
40

Normalised VCAM-1 expression

VCAM-1 vs saturated fats

45

50

55

Saturated fats (%)

Normalised NFkBp65 expression

Normalised MCP-1 expression

Normalised VCAM-1 expression

of inflammatory markers (see Figure 4.19).

300

55

r = 0.04, p = 0.79

200

100

0
40

45

50

55

Saturated fats (%)

Figure 4.19: Correlations of gene expression of VCAM-1, ICAM-1, MCP-1, NFκBp65
and saturated fats. n = 40 for each graph.
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4.4

Discussion
The FOCUS IN study evaluated the impact of high dose omega-3 fatty acids on markers

of acute vascular inflammation in an in vitro model. By supplementing healthy volunteers with
4 grams of either EPA, DHA, standard fish oil or placebo daily for 30 days, the differential
effects of EPA versus DHA were studied. To minimise confounders, participants were required
to have a low baseline omega-3 intake, and have no significant medical illnesses or take regular
medications such as anti-inflammatories. The addition of serum from participants to TNFstimulated HUVECs before and after fish oil supplementation achieved two goals: (1) the
omega-3s were delivered to cells in a physiological manner rather than in a chemically-pure
state, and (2) the differential effects of EPA versus DHA could be studied and compared with
combination therapy, all at a sufficient dose. One of the major limitations of previous human
fish oil studies has been insufficient dosing. In the recently published ASCEND study, which
assessed the effect of fish oil on cardiovascular events in patients with diabetes mellitus, only
one capsule of fish oil was given per day, providing less than 1 g of omega-3 fatty acids(232).
Similarly, in the recently-published meta-analysis by Aung et al of omega-3 trials assessing
cardiovascular outcomes(467), 6 out of the 10 trials used less than or equal to 1 g of omega-3 per
day. Such doses are widely considered to be insufficient to produce a clinical benefit. The
negative conclusions from these studies therefore need to be interpreted with caution.
Participants in the FOCUS IN study were generally well-matched at baseline, aside
from those in the EPA group being older. The dose of 4 g of omega-3 per day was well
tolerated, with only one participant experiencing side effects, and it achieved the desired goal
of significantly increasing blood omega-3 levels. Those supplemented with either EPA or
standard fish oil had a >200 % increase in EPA levels. Those supplemented with DHA had an
almost 150 % increase in circulating DHA levels. These changes also translated into a reduced
omega 6:3 ratio. Although a lower omega 6:3 ratio has long been considered desirable for
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reducing the risk of chronic diseases(476), the recently-identified U-shaped association with
mortality(472) indicates that this interpretation of the ratio may be an oversimplification. Indeed,
there is evidence that higher levels of specific omega-6 fatty acids (namely linoleic acid)(477)
confer more mortality benefit than others, and this likely to also be the case for omega-3s.
Hence, the individual fatty acid contributors to the omega 6:3 ratio may be more important than
the value.
At follow-up, DHA significantly reduced diastolic blood pressure, and produced a
numerical but non-significant reduction in systolic blood pressure. Previous studies have
demonstrated a blood pressure lowering effect of omega-3 fatty acids(209-211), but this is the first
study to compare EPA with DHA, and identified a superior effect with DHA. DHA
significantly reduced triglyceride levels, although none of the fish oil supplements affected
total cholesterol, LDL or HDL levels. The 27% reduction in triglyceride levels is consistent
with the magnitude of effect previously described, of 25 to 34%(194, 478). This greater reduction
in triglycerides with DHA compared to EPA is consistent with previous studies that have
compared the two fatty acids directly(479-483). Lp(a) levels were reduced to the greatest extent
in the DHA group, although not significantly, and this should be investigated in future studies.
In the cell culture experiments, serum from healthy volunteers supplemented with one
of three types of fish oil or with placebo was added to TNF-stimulated HUVECs in culture,
and the effects on gene expression of inflammatory markers were measured. Fatty acids in
blood are either incorporated into the phospholipids of red blood cell membranes(484) or
circulate freely or bound to albumin(485). Serum is therefore an effective method of fatty acid
delivery to cells in culture. EPA significantly reduced the gene expression of MCP-1 in TNFstimulated HUVECs. The oral administration of 4 g of EPA per day to healthy adults is
sufficient to reduce markers of acute vascular inflammation and is independent of effects on
circulating inflammatory markers and lipids. There were trends towards reductions in both
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VCAM-1 and MCP-1 with standard fish oil, which contains a predominance of EPA, and which
increased EPA levels to a similar extent as the EPA treatment in this study. The mechanisms
by which EPA and DHA demonstrate differential effects on acute vascular inflammation are
not fully understood, and require further investigation.
Correlations were studied between gene expression of inflammatory markers and levels
of total cholesterol, LDL-C, HDL-C, triglycerides, omega 6:3 ratio, blood EPA, blood DHA,
and saturated fats taken at baseline. A striking positive association was present between HDLC levels and both VCAM-1 and MCP-1 expression. Although the HDL molecule has antiinflammatory properties(486), with higher levels being associated with lower rates of
cardiovascular events and mortality(487, 488), there is evidence that extremely high circulating
HDL-C levels are paradoxically associated with increased mortality(489). The reasons for this
are unclear and require further investigation, however the results from this study suggest a
possible harmful, pro-inflammatory effect at the highest HDL-C levels. This could be
consistent with a hypothesis that the functionality of HDLs is compromised at extremely high
levels, with the concentration of HDL cholesterol no longer reflecting HDL function, and such
dysfunctional HDLs being harmful(490). If this is the case, this would have implications for the
interpretation of the results of studies of HDL-raising therapies on cardiovascular outcomes(491494)

.
The limitations of this study include the small sample size of 10 participants per group.

The numerical reductions seen in the gene expression of VCAM-1, ICAM-1 and MCP-1 after
different fish oil treatments may have reached statistical significance in the setting of a larger
cohort. However, the high threshold for a demonstrable reduction in gene expression in this
small study highlighted the superior effect of EPA over other treatments. The requirement for
healthy volunteers in this study allowed the effects of the fish oil preparations on inflammation
to be demonstrated with minimal confounding factors. However, physical ambulatory
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measures such as heart rate and blood pressure, as well as circulating factors such as lipids and
inflammatory markers, were largely in the normal range for these healthy volunteers.
Therefore, the effects of fish oil preparations on these variables were not expected to
significantly reduce them even though significant beneficial effects may have been
demonstrated in individuals at high cardiovascular risk. The changes seen in the gene
expression of markers of AVI do not necessarily predict the changes that would occur in vivo
or even at the protein level. Studies in the in vivo setting are required to confirm the in vitro
findings.
There are several clinical implications of this study. In a healthy population, high dose
omega-3 fatty acids would not be expected to significantly reduce heart rate, body weight, or
systolic blood pressure. DHA would likely reduce diastolic blood pressure modestly, however
the requirement of 4 g per day of omega-3 to achieve this would not be economical or practical.
Furthermore, the predicted 0.5 mmol/L reduction in triglycerides seen with DHA would be
unlikely to translate into a significant benefit. High dose EPA reduced the inflammatory
response to endothelial injury in this study, and in a healthy population the number needed to
treat to prevent an ischaemic event would be high. For the general population, there is not a
strong indication for daily high dose omega-3 fatty acid consumption based on this study.
Those at high cardiovascular risk and those with established atherosclerotic disease may well
derive benefit, and indeed these groups were the target of the recent REDUCE-IT study, which
evaluated 4 grams of EPA daily in the form of icosapent ethyl(234). The 25% reduction in the
incidence of first major cardiovascular event, and 30% reduction in total events occurred in
statin-treated patients with hypertriglyceridemia and history of atherosclerosis or diabetes(495).
Icosapent ethyl is EPA in ethyl ester form which differs from EPA in triglyceride form used in
FOCUS IN. The benefits seen in FOCUS IN and REDUCE-IT suggest that the antiinflammatory and anti-atherosclerotic effects of EPA are not limited to a specific form.
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The association seen between high plasma HDL-C levels and a greater inflammatory
response in HUVECs to TNF-α seen in FOCUS IN is consistent with a hypothesis of disturbed
HDL functionality at high HDL-C levels. Future studies will be required to redefine a target
HDL-C range, however the concept of HDL-C being invariably regarded as “good cholesterol”
in patient and population education needs to be reconsidered.
In conclusion, the results of the FOCUS IN study provide evidence for a beneficial
effect of EPA on markers of acute vascular inflammation by virtue of a reduction in MCP-1 by
stimulated endothelial cells. The magnitude of the anti-inflammatory effect is modest, as the
other inflammatory markers studied were not significantly reduced. DHA on the other hand, is
superior for triglyceride reduction as previously described, as well as blood pressure lowering,
which is a new finding. The results of FOCUS IN provide a mechanistic rationale for the
reduction in major adverse cardiovascular events with high-dose EPA seen in the recentlypublished REDUCE-IT study(234). This study’s findings demonstrated in vitro need to be
confirmed in an in vivo model of AVI.
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CHAPTER 5: THE IMPACT OF OMEGA-3 FATTY ACIDS ON ACUTE VASCULAR
INFLAMMATION IN A MOUSE MODEL
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ABSTRACT
Background: Acute vascular inflammation (AVI) is an early and critical stage of
atherogenesis. The anti-inflammatory properties of omega-3 fatty acids have been
demonstrated in a number of settings, however their effects on AVI, and in particular, the
relative effects of EPA compared to DHA, have not been well defined. This is particularly
relevant, given the recently published findings of a reduction in major adverse cardiovascular
events with EPA treatment. Previous in vitro and in vivo studies have had methodological
limitations, whereby omega-3s have not been administered in a physiological manner, have
been subject to oxidation, or have not been provided in a pure form. The aim of this study was
to determine the effects of pure EPA versus DHA on AVI in an established animal model.
Methods: Forty, 8-week-old C57BL/6 chow-fed mice were randomised to supplementation
with 600mg/kg/day of either EPA, DHA, olive oil as an oil control, or no treatment, for 30 days
by oral gavage. Non-occlusive collars were surgically implanted around the right carotid artery
to induce AVI. After 48 hours, the mice were humanely killed. The carotids underwent
immunohistochemical staining for the inflammatory factors VCAM-1, ICAM-1, MCP-1 and
CD18. Blood was analysed for cholesterol, triglycerides, and fatty acids. Correlations were
made between blood omega-3 levels and the protein expression of markers of AVI.
Results: Thirty-eight mice (95%) had successful carotid collaring. The collared carotids of
mice had significantly more expression of all inflammatory factors compared to uncollared
carotids which were used as internal controls (p<0.01 for all comparisons). EPA reduced the
expression of VCAM-1 and MCP-1 by 43% and 38% respectively in collared carotids
compared to no treatment (p<0.05 for both comparisons). There were numerical reductions in
ICAM-1 and CD18 expression with EPA, which did not reach statistical significance.
Furthermore, there was a numerical reduction in all four markers of AVI with DHA, which was
less than EPA in each case, and not statistically significant. Plasma cholesterol and triglycerides
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did not differ between treatment groups. EPA and DHA supplementation increased their
respective blood levels by 272% and 62% (p<0.0001). There were significant inverse
correlations observed between blood levels of both EPA and DHA and the expression of all
four markers of AVI on immunohistochemistry. Furthermore, significant inverse correlations
were also observed between the blood EPA:DHA ratio and all four markers of AVI.
Conclusions: Pre-treatment with EPA, but not DHA, significantly reduced acute vascular
inflammation in a mouse model. This protective effect was present independent of plasma
cholesterol and triglyceride levels, which were not significantly altered by any of the
treatments. The greater effect of EPA compared to DHA in reducing AVI was further supported
by significant inverse correlations observed between the EPA:DHA ratio and all four markers
of AVI studied. The findings of this study may provide a mechanistic contribution underlying
the significant cardiovascular benefit seen with EPA treatment in the recent REDUCE-IT
study. Further studies of the effects of omega-3 fatty acids on vascular inflammation, including
different ratios of EPA:DHA, are warranted.
I, Anthony Pisaniello, conceived, designed, executed and analysed all of the work included in
this chapter.

151

5.1

Background
In recent decades, there has been increasing interest in the role of omega-3

polyunsaturated fatty acids in inflammation. Preclinical studies have identified a number of
anti-inflammatory as well as pro-resolving properties of omega-3 fatty acids(195, 196). The antiinflammatory properties of the omega-3 fatty acids eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) have been demonstrated on multiple levels, including cellular,
humoral, signal transduction, and gene expression(496), although there is a paucity of quality
data on the impact on acute vascular inflammation (AVI).
AVI is an early and critical stage of atherogenesis(4). For example, minute changes in
LDL, glucose, blood pressure, and inflammatory markers, lead to increased endothelial cell
permeability, which permits the migration of circulating LDL into the subendothelial space.
Concurrent with this, endothelial cells switch to a secretory phenotype, producing a
hyperplastic, multilayered basal lamina, which further traps LDL in the subendothelium(8).
Trapped LDL is oxidised by macrophages, generating pro-inflammatory free radicals and
monocyte chemoattractant protein 1 (MCP-1). The recruitment of monocytes to the
subendothelium, and of platelets to the endothelial cell surface (after expression of vonWillebrand factor by activated endothelial cells), triggers a plethora of changes; these include
the release of pro-inflammatory cytokines, activation of pro-inflammatory signal transduction
pathways, and an increase in the adhesiveness of the endothelial cell surface(9-11, 57). These
changes of AVI promote the formation of atherosclerotic lesions, ultimately culminating in
either plaque rupture or erosion.
Physiological mechanisms exist to partly counteract the atherogenic effects of AVI,
such as the efflux of LDL from the subendothelial space(497), and the release of heme
oxygenase-1 (HO-1) which reduces monocyte transmigration and toxicity to endothelial
cells(7). The implications of preventing or reducing AVI and hence retarding atherogenesis are
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significant, given that cardiovascular disease is the leading cause of death worldwide(1). Since
macroscopic evidence of atherosclerosis has been identified in humans as early as the foetal
stage, i.e. in the form of fatty streaks(498), supplementation with a safe agent that reduces AVI
has the potential for use in primary cardiovascular prevention in all age groups.
Previous studies have explored, with limitations, the effects of omega-3 fatty acids,
found abundantly in fish and fish oil, on markers of AVI. These include measuring the
expression of cell adhesion molecules and endothelium-derived cytokines, and using various
methods of exposure to omega-3s, such as direct addition to cell culture media, oral
supplementation in the form of capsules or the addition to food, and the use of transgenic
animals that can synthesise omega-3s due to the encoding of omega-3 fatty acid desaturase(244,
499-503)

. Endothelial cell permeability, adhesion molecule expression, and chemotaxis of

leucocytes have all been studied in the setting of omega-3 supplementation. Although omega3 fatty acids have not been shown to reduce lipopolysaccharide-induced endothelial cell
permeability(504), they do reduce adhesion molecule expression by endothelial cells in
culture(244, 505, 506) and chemotaxis of monocytes(507). However, the direct administration of
purified omega-3 fatty acids to cells cultured in vitro is not physiological, and hence does not
model in vivo exposure to fatty acids which have undergone modification during metabolism.
In Chapter 4 of this thesis, omega-3 fatty acids were delivered to endothelial cells by adding
human serum obtained before and after fish oil consumption. The omega-3 fatty acids were
therefore presented to cells after ingestion and metabolism. Fish oil that was high in EPA (86%
total mass) reduced gene expression of MCP-1 by TNF-stimulated human umbilical vein
endothelial cells. EPA was superior to both DHA and standard fish oil (2:1 EPA:DHA ratio).
The results of FOCUS-IN need to be confirmed at a protein level and in an in vivo setting.
Previous animal studies of the effects of omega-3s on AVI have been limited by
difficulties in eliciting a local endothelial insult without inducing atherosclerotic lesions.
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Kockx M et al described a method of inducing AVI in the arterial wall of rabbits by surgically
implanting a non-occlusive silicone elastic collar around the carotid arteries, and demonstrated
intense infiltration of polymorphonuclear leucocytes from 6 hours to 3 days post-surgery(508).
Short-term collar application did not induce atherosclerotic lesions, and this method was safely
and effectively replicated in mice by von der Thusen et al(509). Application of a periarterial
collar to the carotid artery increases the production of reactive oxygen species, and stimulates
neutrophil recruitment, adhesion molecule expression, and inflammatory cytokine
production(510). Previous studies have most commonly administered omega-3 fatty acids to
animals by means of dietary supplementation, leading to difficulties with quantifying intake,
and also resulting in fatty acid oxidation. Oral gavage of unoxidised and appropriately stored
fatty acids overcomes this problem. The use of the short-term carotid collar model in animals
supplemented with omega-3 fatty acids by oral gavage is a physiological way to study their
effects on pure vascular inflammation. Furthermore, direct comparisons can be made between
the effects of EPA versus DHA.

5.1.1 Aims and rationale of study
The aim of this study was to determine the impact of individual omega-3 fatty acids,
administered in a physiological manner, on acute vascular inflammation in an established
animal model. The non-occlusive periarterial collar model elicits features of pure vascular
inflammation when used for less than 72 hours(503, 510). Chow-fed C57Bl/6 mice do not have a
propensity to develop atherosclerosis, and hence were used for this experiment. The pretreatment of mice with omega-3 fatty acids and then subsequent induction of AVI mimics the
primary prevention clinical setting. In this animal study, the collared carotids could be
harvested so that protein expression of markers of AVI could be measured and compared
between different omega-3 formulations.
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5.1.2 Hypotheses
The primary hypotheses of this study were that:
(1)

Pre-treatment with high-dose omega-3 fatty acids reduces the degree of acute
vascular inflammation induced by periarterial collaring.

(2)

There is a differential effect among omega-3 fatty acids, with EPA reducing
markers of acute vascular inflammation more than DHA.

(3)

Blood levels of omega-3 fatty acids, especially EPA, have an inverse
correlation with the degree of acute vascular inflammation.

5.2

Methods

5.2.1 Study outline
Forty 8-week-old C57Bl/6 mice fed a standard rodent chow diet were randomised
equally to supplementation with either EPA, DHA, olive oil, or no treatment for 30 days, by
oral gavage. EPA and DHA were >99% pure free fatty acids purchased from Nu-Chek Prep,
Inc (Elysian, Minnesota, USA), and all treatments were administered at a dose of 600
mg/kg/day. Periarterial collaring of the right carotid artery was then performed under general
anaesthesia. The collar was left in place for 48 hours, and then mice were subsequently
humanely killed (See Figure 5.1). Blood was harvested for plasma total cholesterol and
triglyceride levels, and fatty acid analysis. Both carotid arteries were harvested for
immunohistochemical staining for VCAM-1, ICAM-1, MCP-1 and CD18. The left carotid
artery was a within-animal control.
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This study was approved by the animal ethics committees of both the South Australian
Health and Medical Research Institute, and the University of Adelaide.

Figure 5.1: Schematic representation of the study outline. After randomisation to one of
four treatment groups, the mice were gavaged daily for 30 days, then had 48 hours of
carotid collaring before being humanely killed.

5.2.2 Diet and preparation of EPA, DHA, and olive oil
Mice were fed the Teklad Global 18% Protein Rodent Diet (Harlan Laboratories,
Madison, WI, USA) and had free access to food and water. Free fatty acids were aliquoted into
200 µl microcentrifuge tubes, which were sealed under nitrogen gas using paraffin film. Tubes
were stored at -20oC, protected from light, in between uses. Each tube was resealed under
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nitrogen gas using paraffin film after each use. Olive oil was prepared as above although was
stored at room temperature as it solidifies when refrigerated.

5.2.3 Periarterial collaring method
1.

Silicone tubing with internal diameter 0.64 mm and outer diameter 1.2 mm
(BlueSky Scientific, Burnside, SA, Australia) was cut to a length of 4 mm. Two
cuts were then made into the tubing lengthwise, 0.5 mm apart, so that a sliver of
tubing was removed.

2.

The mouse was pre-oxygenated with 100% FiO2 for five minutes, and then
anaesthetised with 3% isoflurane for induction and 1.5% isoflurane for
maintenance.

3.

The anterior neck was shaved, and povidone-iodine was applied to the skin. After
administration of subcutaneous buprenorphine (0.1 mg/kg) and intradermal
lignocaine (50 μl) into the area to be incised, a midline incision was made into the
skin of the neck and thorax. After blunt dissection and retraction of deep tissues,
the right common carotid artery was exposed.

4.

The right common carotid artery was gently separated from the jugular vein and the
vagus nerve, and then lifted by passing suture material underneath and suspending
the vessel. The silicone tubing was slipped around the carotid artery from beneath
while suspended, using haemostats. The tubing was placed proximal to the aorta,
away from the carotid bifurcation, to avoid contact with local microscopic nerve
bundles (see Figure 5.2).

5.

A small metal clip applicator (Weck Hemoclip® Plus EZ Load Applier (Teleflex
Medical, North Carolina, USA) was used to gently apply a metal clip to the tubing
to secure its position without compressing the vessel.
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6.

The midline incision was closed with 6-0 nylon sutures, and isoflurane was ceased.
The mouse was given supplemental oxygen again, 100% FiO2 for 5 minutes, and
after the recovery period was returned to its cage.

Figure 5.2: Schematic representation of collar placement on right carotid artery.
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5.2.4 Fatty acid analysis
Whole blood was spotted onto pre-made dry blood spot (DBS) cards for fatty acid
analysis. DBS cards were hand-made using cardboard and PUFACoat paper (developed by Dr.
Ge Liu and Professor Robert Gibson at the FoodPlus Research Centre, University of Adelaide).
PUFACoat paper stabilises fatty acids in biological samples for at least 9 weeks when stored
at room temperature, and for at least 18 months when stored at -20oC. Immediately after blood
collection, 30 µl of whole blood was pipetted directly onto the PUFACoat paper, and the DBS
cards were then stored in sealed foil bags with desiccant at -20oC prior to processing. The
blood-stained area of the PUFACoat paper was cut out and placed in 5 ml capped scintillation
vials filled with 2 ml of 1% H2SO4. The vials were then heated to 70oC for 2.5 hours. After the
first 30 mins, the caps were released briefly to expel gas and the vials were vortexed. After
each subsequent 30-minute period the vials were vortexed only. The vials were allowed to
cool to room temperature, and then 250 µl of distilled water and 700 µl of heptane were added
to the vials, which were then vortexed. Using a Pasteur pipette, the top layer was transferred to
a gas chromatography (GC) vial. The GC vial was sealed and then stored at -20oC until GC
analysis was performed. GC analysis was performed using a Hewlett-Packard 6890 system
(Palo Alto, CA, USA) equipped with a BPX70 capillary column 50 m×0.32 mm, film thickness
0.25 µm (SGC Pty Ltd., Vic, Australia), programmed temperature vaporisation injector and a
flame ionisation detector (FID). The injector temperature was set at 250 °C and the FID
temperature at 300 °C, a programmed temperature ramp (140–240 °C) was used. Helium gas
was utilised as a carrier at a flow rate of 35 cm per second in the column and the inlet split ratio
was set at 20:1. Quantification was achieved by comparing the retention times and peak area
values of unknown samples to those of commercial lipid standards (Nu-Chek Prep Inc.,
Elysian, MN, USA) using the Hewlett-Packard Chemstation data system.
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5.2.5 Tissue harvesting
Blood from terminal cardiac puncture was spotted onto dry blood spot cards (40 µl in
total), which were then stored at -20 oC for later fatty acid analysis as per Section 2.2. The
remaining blood was collected in EDTA tubes for plasma extraction, and later analysed for
plasma total cholesterol and triglycerides as described in Section 2.11. The left ventricle was
flushed with normal saline, and both carotid arteries were harvested and stored in 10% neutral
buffered formalin for later immunohistochemical analysis as described in Section 2.13.

5.2.6 Immunohistochemistry
Sections (5mm) of the vessels were cut, dewaxed, and rehydrated as described(511).
Sections were stained with rabbit anti-mouse/rat/human VCAM-1 (1:1000; Abcam ab134047),
rat anti-mouse ICAM-1 (1:200; Abcam ab119871), rat anti-mouse MCP-1 (1:50; Abcam
ab8101), and rat anti-mouse CD18 (1:1000; Abcam ab119830) antibodies to assess endothelial
expression of markers of AVI.
Quantification was performed using ImagePro Premier v9.1 (Media Cybernetics, Silver
Spring, MD, USA). The threshold for positive staining was determined by a blinded
pathologist. Image analysis results, which represent the average positive staining above the
threshold for individual arterial sections, are expressed as the Integrated Optical Density in
units of lumens x pixels2. All IgG controls were negative.

5.2.7 Statistical and data analysis
5.2.7.1

Sample size calculation
The sample size of 40 mice was calculated based on data from the paper by Borissoff

et al(512). The neutrophil count in the vessel wall was considered the most important factor for
calculating sample size. In Borissoff et al’s study, perivascular carotid collars were applied,
with a resulting density of neutrophils of 151±48 per standardised area of vessel wall measured
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by immunofluorescence staining for Ly6G+ cells. This was statistically significantly decreased
after pharmacological intervention to 83±28 neutrophils per standardised area. To detect a
significant difference in neutrophil count in the artery wall assuming a power of 80% and alpha
set at 0.05, a one-way ANOVA power calculation derived a sample size of 9 per group, with 4
groups in total. To account for a predicted 10% failure rate based on a pilot study of the
procedure, one extra mouse per group was added.
5.2.7.2

Statistical methods
GraphPad Prism 7 (GraphPad Software Inc, La Jolla, CA, USA) and Microsoft Excel

2016 (Microsoft, Albuquerque, NM, USA) were used to analyse data. The D’Agostino-Pearson
normality test was performed to determine whether continuous data were normally-distributed.
Normally-distributed data were analysed using the One-way Analysis of Variance (ANOVA)
to compare means between multiple groups, and results were expressed as mean ± standard
error of the mean (SEM). If correcting for multiple comparisons, the Dunnett test was used. If
continuous data were not normally-distributed, analysis was performed using the KruskalWallis test, and results were expressed as median + interquartile range (IQR). If correcting for
multiple comparisons, Dunn’s test used. Statistical correlations were analysed using a linear
regression model. Statistical significance was set at the 0.05 level.

5.3

Results
Thirty-eight out of forty mice (95%) completed the study. One mouse died during

anaesthesia prior to the commencement of surgery, and another developed a reduced
respiratory rate in the recovery period and was culled on humane grounds.
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5.3.1 Omega-3 supplementation in mice modulates fatty acid profiles
A complete fatty acid profile of blood taken at study completion was obtained.
Individual fatty acid levels in whole blood were expressed as a percentage of total fatty acid
content. The relative proportions of all major fatty acids, i.e. saturated fatty acids, trans-fatty
acids, monounsaturated fatty acids, and polyunsaturated fatty acids (including omega-3 and
omega-6) for mice in each treatment group are presented in Figure 5.3. Saturated fatty acids
and omega-6 polyunsaturated fatty acids comprised the majority of fatty acids in each group.
Trans-fatty acids comprised less than 1% of total fatty acids in each group.

Fatty acid content of blood

35.0%

5.9%

37.2%

47.4%

6.7%

11.3%

0.4%

No treatment group

37.5%

EPA group

44.2%

11.8%

0.0%

Olive oil group

37.1%

42.3%

9.1% 11.1%

Saturated fatty acids
Trans-fatty acids
Monounsaturates
Omega-3 polyunsaturates
Omega-6 polyunsaturates

0.1%

9.2%

43.3%

10.2%

0.1%

DHA group

Figure 5.3 Relative proportions of all major types of fatty acids in blood in all treatment
groups at study completion, as measured by dry blood spot analysis.
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5.3.1.1

Polyunsaturated omega-3 fatty acids
Polyunsaturated fatty acids are omega-3 or omega-6 fatty acids that have more than one

double bond in the fatty acid chain. As expected, the total omega-3 fatty acid content in blood
was significantly higher in the EPA- (9.07±0.22%, p=0.0001) and DHA-supplemented groups
(9.20±0.38%, p=0.0001) compared to the no treatment group (5.90±0.45%), see Figure 5.4.
There was no significant difference in the olive oil group (6.72±0.40%, p=0.29) compared to
the no treatment group. The same trend was also observed for EPA and DHA blood levels.
That is, EPA levels were significantly higher in the EPA- (1.07±0.04%, p<0.0001) and DHAsupplemented groups (0.56±0.06%, p<0.0001) compared to the no treatment group
(0.23±0.05%). DHA levels were significantly higher in the EPA- (6.32±0.17%, p=0.0012) and
DHA-supplemented groups (7.64±0.34%, p<0.0001) compared to the no treatment group
(4.71±0.36%), see Figures 5.5 and 5.6.

Post-treatment blood omega-3 levels
Omega-3 fatty acid
content of blood (%)

15

****
****

10

5

0

NT

OO

EPA

DHA

Treatment group
Figure 5.4: Total omega-3 fatty acid content in blood from mice in each treatment group.
Data are presented as mean ± SEM. n = 9-10 per group. NT = No treatment. OO = Olive
oil. ****p≤0.0001
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Figure 5.5: Blood levels of EPA for mice in each treatment group. Data are presented as
mean ± SEM. n = 9-10 per group. ****p<0.0001
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Figure 5.6: Blood levels of DHA for mice in each treatment group. Data are presented as
mean ± SEM. n = 9-10 per group. ****p<0.0001, ***p<0.001
Levels of docosapentaenoic acid (DPA) were significantly higher in mice treated with
EPA (1.21±0.05%) compared to those in the no treatment group (0.57±0.04%, p<0.0001), see
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Table 5.1. This was expected, given that DPA is the intermediary product during conversion
of EPA to DHA.
The essential omega-3 fatty acid alpha-linolenic acid (ALA), obtained by rodents from
their diet, comprised only 0.43±0.06% of total blood fatty acids in the no treatment group. This
was not significantly different in the olive oil (0.39±0.06%, p=0.87), EPA (0.47±0.04%,
p=0.91) or DHA (0.47±0.04%, p=0.94) treatment groups, see Table 5.1.
Table 5.1: Post-treatment levels of fatty acids in blood as a percentage of total fatty acid
content.
Fatty acids

Treatment Groups
NT

Olive Oil

EPA

DHA

Total Omega-3 (%)

5.90±0.45

6.72±0.40

9.07±0.22****

9.20±0.38****

EPA (%)

0.29±0.03

0.26±0.03

1.07±0.04****

0.56±0.06****

DHA (%)

4.71±0.36

5.53±0.32

6.32±0.17***

7.64±0.34****

DPA (%)

0.57±0.04

0.56±0.05

1.21±0.05****

0.53±0.02

ALA (%)

0.43±0.06

0.39±0.06

0.47±0.04

0.47±0.04

Total Omega-6 (%)

35.02±1.21

37.22±1.08

37.51±0.31

37.13±0.51

Linoleic acid (%)

20.35±0.55

20.34±0.65

23.05±0.43*

23.27±0.69*

Arachidonic acid (%)

12.22±0.71

14.28±0.59*

12.16±0.27

11.56±0.47

Total Monounsaturated Fats (%)

11.31±0.33

11.83±0.37

11.07±0.28

10.23±0.35^^

Total Trans-fatty Acids (%)

0.4±0.11

0±0**

0.05±0.04**

0.13±0.09*

Total Saturated Fats (%)

47.37±1.37

44.22±1.34*

42.29±0.31**

43.31±0.53*

*p<0.05, **p<0.01, ***p<0.001, ****p≤0.0001 compared to NT. ^^p<0.01 compared to
OO.
5.3.1.2

Polyunsaturated omega-6 fatty acids
Omega-6 fatty acids comprised 35.02±1.21% of total blood fatty acids in the no

treatment group. This was not significantly different in the olive oil (37.22±1.08%, p=0.19),
EPA (37.51±0.31%, p=0.11), or DHA (37.13±0.51%, p=0.22) treatment groups, see Figure
5.7. The most prevalent omega-6 fatty acids were linoleic acid and arachidonic acid. Linoleic
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acid comprised 20.35±0.55% of total fatty acids in the no treatment group, and this was
statistically significantly greater in the EPA (23.05±0.65, p=0.005) and DHA (23.27±0.69,
p=0.003) treatment groups, although the numerical differences were modest, see Table 5.1.
Arachidonic acid comprised 12.22±0.71% of total fatty acids in the no treatment group. This
was significantly greater in the olive oil treatment group (14.28±0.59, p=0.03), but was not
significantly different in either the EPA (12.16±0.27, p=0.94) or DHA (11.56±0.47, p=0.62)
treatment groups, see Table 5.1.

Post-treatment blood omega-6 levels
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Figure 5.7: Total omega-6 levels in blood expressed as a percentage of total fatty acids.
Data are presented as mean ± SEM. n = 9-10 per group.
5.3.1.3

Ratio of omega 6:3
The ratio of omega-6 to omega-3, which in humans has a positive association with

cardiovascular mortality(220), was 6.15±0.31 : 1 in the no treatment group. This was not
significantly different in the olive oil group (5.63±0.20 : 1, p=0.21). As expected, the omega
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6:3 ratio was significantly lower in mice supplemented with EPA (4.16±0.11 : 1, p=0.0001)
and DHA (4.07±0.13 : 1, p=0.0001), see Figure 5.8.

Post-treatment omega-6:omega-3 ratio
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Figure 5.8: Comparison of omega-6/omega-3 ratios in blood between treatment groups.
Data are presented as mean ± SEM. n = 9-10 per group. p≤0.0001.
5.3.1.4

Monounsaturated fatty acids
Monounsaturated fatty acids contain a single double bond in the fatty acid chain, and

consist of omega-7 and omega-9 fatty acids. In the no treatment group, monounsaturated fatty
acids comprised 11.31±0.33% of total fatty acid content. Given the high proportion of the oleic
acid (omega-9) in olive oil, the olive oil treatment group had the highest proportion
(11.83±0.37%) of monounsaturates, although the numerical differences were modest. The EPA
(11.07±0.88%, p=0.91) and DHA (10.23±0.35%, p=0.07) treatment groups did not have
significantly different levels of monounsaturates, see Table 5.1.
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5.3.1.5

Trans-fatty acids
Trans-fatty acids comprised less than 1% of total blood fatty acids in all groups. This

value was 0.4±0.11% in the no treatment group. All supplements reduced trans-fatty acid
levels, demonstrating the effect of fatty acid substitution. The olive oil (0.0±0.00%, p=0.001),
EPA (0.05±0.04%, p=0.003) and DHA (0.13±0.07%, p=0.03) treatment groups had
significantly lower levels, see Table 5.1.
5.3.1.6

Saturated fatty acids
Saturated fatty acids were the major fatty acid component of blood, comprising

47.37±1.37% of all fatty acid content in the no treatment group. All supplements reduced
saturated fatty acid levels. The olive oil treatment group (44.22±1.34%, p=0.034), the EPA
treatment group (42.29±0.31%, p=0.003), and the DHA treatment group (43.31±0.53%,
p=0.015) all had significantly lower levels, see Table 5.1.

5.3.2 Plasma cholesterol and triglycerides were not altered with omega-3
supplementation
Plasma total cholesterol and triglyceride levels, obtained at the time of death, were low
in all treatment groups, consistent with the use of a non-atherogenic mouse model. Total
cholesterol was 2.01±0.09 mmol/L in the no treatment group, and supplementation did not
significantly alter this. Total cholesterol levels were 1.68±0.26 mmol/L in the olive oil group
(p=0.37), 1.82±0.12 mmol/L in the EPA group (p=0.73), and 1.72±0.14 mmol/L in the DHA
group (p=0.45), see Figure 5.9.
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Figure 5.9: Total plasma cholesterol levels in different treatment groups at end of study.
Data are presented as mean ± SEM. n = 9-10 per group.
Plasma triglyceride levels were 0.53±0.05 mmol/L in the no treatment group, and did
not significantly differ in the olive oil (0.48±0.07 mmol/L, p=0.90), EPA (0.61±0.07 mmol/L,
p=0.64), or DHA (0.63±0.06 mmol/L, p=0.52) treatment groups, see Figure 5.10.
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Figure 5.10: Plasma triglyceride levels in different treatment groups at study completion.
Data are presented as mean ± SEM. n = 9-10 per group.

5.3.3 Endothelial expression of markers of acute vascular inflammation were
significantly reduced with omega-3 supplementation
Immunohistochemical (IHC) staining of carotid arteries was performed for the
following markers of acute vascular inflammation: VCAM-1, ICAM-1, MCP-1 and CD18.
Staining of collared carotids was markedly increased compared to uncollared carotids,
demonstrating the intense vascular inflammatory response produced by the collaring method.
As demonstrated in Figure 5.11, the expression of all four markers was significantly increased
in collared (right) carotids compared to uncollared (left) carotids.
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Figure 5.11: Protein expression of VCAM-1, ICAM-1, MCP-1 and CD18 measured by
IHC of collared compared to uncollared carotid arteries. Data are presented as mean ±
SEM. n = 9-10 per group. ****p<0.0001, ***p<0.001

VCAM-1

Compared with collared carotids from mice on no treatment, EPA-treated mice had a
42.8±3.38% reduction in VCAM-1 expression (p=0.02). There was no significant change in
VCAM-1 expression in the olive oil group (+5.78±7.40%, p=0.97). There was a notable
reduction in the DHA (-27.5±7.82%) group, however it did not reach statistical significance
(p=0.25), see Figures 5.12 and 5.13.
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Figure 5.12: Quantification of VCAM-1 staining by IHC in collared carotids for each
treatment group. Data are presented as mean ± SEM. n = 6-10 per group. *p<0.05
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Figure 5.13: Representative IHC staining for VCAM-1 in collared carotid arteries.
Staining is visible in the endothelium (arrows). Carotid specimens are from mice treated
with (A) No Treatment, (B) Olive Oil, (C) EPA, and (D) DHA. The EPA group has much
less endothelial staining compared to the No Treatment group.
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ICAM-1

ICAM-1 expression was not significantly different between treatment groups. There
were numerical but non-significant reductions in ICAM-1 expression in the olive oil (13.2±2.01%, p=0.79), EPA (-28.8±0.33%, p=0.18), and DHA (-27.9±2.01%, p=0.28)
treatment groups compared to the no treatment group, see Figure 5.14.
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Figure 5.14: Quantification of ICAM-1 expression by IHC in collared carotids for each
treatment group. Data are presented as mean ± SEM. n = 6-10 per group.
MCP-1

Compared with mice in the no treatment group, mice in the EPA-treated group had a
significant reduction (-40.9±6.59%, p=0.03) in MCP-1 expression in collared carotid arteries.
There was no significant change in MCP-1 expression in the olive oil- (+13.5±2.68%, p=0.75)
or DHA- (-24.3±1.87%, p=0.33) treated groups compared with the no treatment group, see
Figures 5.15 and 5.16.
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Figure 5.15: Quantification of MCP-1 expression by IHC in collared carotids for each
treatment group. Data are presented as mean ± SEM. n= 6-10 per group. *p<0.05
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Figure 5.16: Representative IHC staining for MCP-1 in collared carotid arteries from
mice treated with (A) No Treatment, (B) Olive Oil, (C) EPA, and (D) DHA. Endothelial
staining is least visible in the EPA-treated group.
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CD18

CD18 expression was not significantly different between treatment groups. There were
numerical but non-significant reductions in CD18 expression in the EPA (-27.1±9.27%,
p=0.32) and DHA (-26.1±13.00%, p=0.44) treatment groups compared to the no treatment
group. The olive oil-treated group had a numerical but non-significant increase in CD18
expression (+21.1±0.85%, p=0.60), see Figure 5.17.
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Figure 5.17: CD18 expression by IHC in collared carotids by treatment group. Data are
presented as mean ± SEM. n = 6-9 per group.

5.3.4 Both EPA and DHA blood levels had an inverse correlation with inflammatory
markers
The markers of AVI measured by IHC were correlated with blood levels of EPA and
DHA, and a significant inverse relationship was demonstrated. There were significant inverse
correlations present between blood levels of EPA, and all four inflammatory markers, see
Figure 5.18.
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Figure 5.18: Correlations between blood levels of EPA and the protein expression of
VCAM-1, ICAM-1, MCP-1 and CD18 as measured by IHC.

Similarly, there were significant inverse correlations between blood levels of DHA and
the protein expression of all four markers of AVI in the vessel wall, see Figure 5.19. This was
in the context of a numerical but non-significant reduction in VCAM-1 and MCP-1 protein
expression in the collared carotid of DHA-treated mice. This likely reflects a genuine antiinflammatory effect that has not been fully demonstrated due to a modest study sample size.
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Figure 5.19: Correlations between blood levels of DHA and the protein expression of
VCAM-1, ICAM-1, MCP-1 and CD18 as measured by IHC.
The superior anti-inflammatory properties of EPA compared to DHA was again
demonstrated when correlating the protein expression of markers of AVI with the ratio of EPA
to DHA in blood. There was a significant inverse correlation with all four markers, consistent
with the greater anti-inflammatory effect seen with EPA, see Figure 5.20.
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Figure 5.20: Correlations between the EPA:DHA ratio in blood and the protein
expression of VCAM-1, ICAM-1, MCP-1 and CD18 as measured by IHC.

5.4

Discussion
In this study, we sought to determine the impact of omega-3 fatty acids, in particular

the comparative effects of EPA and DHA, on AVI in an in vivo model. The omega-3 fatty acid
EPA has been shown in this study to reduce periarterial collar-induced acute vascular
inflammation (AVI), as evidenced by reduced endothelial protein expression of VCAM-1 and
MCP-1. Notable reductions in markers of AVI were seen with DHA, which did not achieve
statistical significance and may reflect the low sample size of 10 mice per treatment group.
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These outcomes were in the context of EPA and DHA supplementation having no effect on
cholesterol or triglyceride levels, which were low in all mice.
The effectiveness of the oral gavage method and the method of supplement preparation
were confirmed by the significant increase in blood omega-3 levels after 30 days of omega-3
supplementation. Omega-3 fatty acids can be administered in various biochemical forms,
including phospholipid, free fatty acid, triglyceride, and ethyl ester forms. The free fatty acid
form is the most bioavailable(513) and was used in this study. The dose chosen was equivalent
to ten times the dose used in many recent human clinical trials of 4 grams per day. Four grams
per day equates to 60mg/kg/day for a 70kg human, and hence 600mg/kg/day was used in this
mouse study to ensure sufficient dosing.
In eukaryotes, fatty acids may undergo enzymatic conversion to other fatty acid species,
by such processes as elongation, desaturation, chain shortening and beta-oxidation. This allows
multiple diverse species of fatty acids to be generated from the presence of a single fatty acid.
These processes however, are inefficient, and hence supplementation with a specific fatty acid
produces the highest blood and tissue concentrations of that fatty acid. EPA (20:5ω3) can be
elongated, Δ6 desaturated, and beta-oxidised to DHA (22:6ω3) via the intermediary, DPA
(22:5ω3)(514). Likewise DHA can be retroconverted directly back to EPA, but without an
intermediary(515). It follows that supplementation with either EPA or DHA in this study
significantly increased both EPA and DHA levels, with a natural predominance of the fatty
acid being supplemented. Likewise, DPA, which is formed by the elongation of EPA, was
significantly increased in the EPA-supplemented mice, but not in the DHA-supplemented
mice.
The essential omega-3 fatty acid alpha-linolenic acid (18:3ω3) was not increased by
supplementation with either EPA or DHA, as EPA does not readily undergo carbon chain
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shortening. Blood levels of alpha-linolenic acid hence reflect the presence of this fatty acid in
diet. Supplementation with olive oil, rich in the omega-9 oleic acid (18:1ω9), did not alter total
omega-3 levels or total omega-6 levels. Arachidonic acid (20:4ω6) was increased by olive oil,
and this is likely because oleic acid is a precursor of arachidonic acid.
A low omega-6/omega-3 ratio is associated with lower levels of oxidative stress,
inflammation, and endothelial dysfunction(516). Reductions of >30% were seen in the EPAand DHA-supplemented mice, despite the high background blood levels of omega-6 fatty acids.
The levels of monounsaturated fatty acids, comprised of omega-7 and omega-9 fatty acids,
were naturally highest in the mice supplemented with olive oil. Trans-fatty acids, which are
atherogenic and promote inflammation and oxidative stress(517) are present in very low levels
in standard rodent diets, and this was reflected in the trans-fatty acid blood levels.
Supplementation with large quantities of alternative fatty acids, in the form of EPA, DHA and
olive oil in this study, reduced trans-fatty acid levels to nearly undetectable in each case.
Saturated fats were present in high concentrations in all mice in the study, which is consistent
with previous fatty acid profiling in mice(518,

519)

. Supplementation with high doses of

unsaturated fatty acids in this study led to reductions in the proportions of saturated fatty acids
in all groups. Thus, it is emphasised that the omega-6/omega-3 ratio, and levels of trans-fatty
and saturated fatty acids, are lowered by substitution by more favourable fatty acids, namely
monounsaturated fatty acids and omega-3 polyunsaturated fatty acids.
Periarterial, non-occlusive collaring for 48 hours produced an intense inflammatory
response throughout the vessel wall. VCAM-1 and ICAM-1, which are adhesion molecules
that are upregulated during early vascular inflammation(520), were present in significant
concentrations in the endothelium of collared carotids. MCP-1, another marker of early
vascular inflammation, which regulates migration of monocytes into the vessel wall(521), was
similarly induced in the endothelium by collaring. Leucocyte recruitment to the vessel wall is
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a key, early event in acute vascular inflammation(522), and this was studied using the panleucocyte marker CD18. CD18 was also induced in the endothelium by collaring. The
numerical reductions in endothelial protein expression of all factors by both EPA and DHA is
consistent with the known anti-inflammatory effects of omega-3 fatty acids(195). The significant
reductions seen in VCAM-1 and MCP-1 in the mice supplemented with EPA provides evidence
for a differential anti-inflammatory effect on acute vascular inflammation between EPA and
DHA. Significant inverse correlations were present between blood levels of both EPA and
DHA and the expression of VCAM-1, ICAM-1, MCP-1, and CD18. However, a higher
EPA:DHA ratio in blood correlated with lower levels of all four inflammatory markers. This
further demonstrates the superior anti-inflammatory effect of EPA compared to DHA, while
also providing evidence of the anti-inflammatory properties of DHA. The superior antiinflammatory effect of EPA may simply reflect a more potent anti-inflammatory effect, or
different mechanisms of action.
Omega-3 fatty acids are known to modulate inflammation through several mechanisms.
These include incorporation into the phospholipids of inflammatory cells(292,

293)

, reduced

eicosanoid production(294), synthesis of resolvins(295), inhibition of the pro-inflammatory NFκB transcription pathway(296-298), induction of the anti-inflammatory PPAR-γ transcription
pathway(299), disruption of lipid rafts(300, 301), and binding to the G-protein coupled receptor
GPR120(302), which initiates an anti-inflammatory signalling cascade. The expression of
VCAM-1, ICAM-1 and MCP-1 are regulated via the NF-κB transcription pathway(523).
Additionally, ICAM-1 is regulated by the MRTF-A/B pathway(524) and is inhibited by mIR22(525), both of which are not known to be a target of omega-3 fatty acids. This may explain the
lack of a significant reduction in ICAM-1 expression observed. Moreover, the recruitment of
leucocytes to the vessel wall, measured by CD18, is regulated by several factors(526), some of
which are not a target of omega-3 fatty acids. There is a paucity of quality data on the
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differential effects of EPA versus DHA on inflammation. Some studies that have examined
this in vitro have noted comparable downregulation of gene expression of inflammatory
markers with both EPA and DHA(527-529), or seen differential effects between the two fatty acids
that have been discordant between studies(530, 531). Other in vitro studies have demonstrated
differential effects of EPA compared to DHA on the expression of regulatory genes by
concanavalin A-treated T-lymphocytes (DHA superior)(532), and in lipopolysaccharidestimulated THP-1 macrophages (EPA superior)(527). The specific pathways studied were
cytokines and related receptors, signal transduction pathways, transcription factors, immune
response, cell cycle, defence and repair, apoptosis, DNA synthesis, cell adhesion, cytoskeleton,
and hormone receptors(527, 532). These studies have provided some mechanistic clues to explain
differential effects on inflammation but much further study is required.
Whether there is a differential effect of EPA compared to DHA on chronic vascular
inflammation and atherosclerosis is yet to be determined. This is relevant since there is now
clear evidence that certain anti-inflammatory therapies reduce cardiovascular events. The
CANTOS study evaluated the effects of canakinumab, a monoclonal antibody that targets
interleukin 1-β, which plays an important role in the pathogenic mechanisms leading to
vascular inflammation(236). Canakinumab reduced cardiovascular death, nonfatal MI and
nonfatal stroke compared to placebo in patients with a previous history of MI and an elevated
C-reactive protein, independent of lipid levels. Thrombosis is a major pathophysiological event
leading to these cardiovascular endpoints, with plaque rupture being the most common
cause(533). The intense inflammatory milieu present in ruptured plaques is a potential target for
therapies such as omega-3 fatty acids that reduce acute inflammation. Although EPA has not
been compared directly with DHA in cardiovascular outcome trials, high-dose EPA has been
shown to significantly reduce major adverse cardiovascular events. The recently-published
REDUCE-IT study evaluated high-dose EPA (4 grams daily of icosapent ethyl) in
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hypertrigyceridemic patients who had established cardiovascular disease or were diabetics with
other cardiovascular risk factors. Icosapent ethyl reduced the primary endpoint of a composite
of cardiovascular death, nonfatal MI, nonfatal stroke, coronary revascularisation and unstable
angina by 25% (first event) and 30% (all events) compared to placebo(234). The reductions in
triglyceride levels that occurred with icosapent ethyl did not influence its efficacy in reducing
the primary endpoint. This further highlights the importance of inflammation reduction as a
mediator of atheroprotection in this study, and the likelihood that targeting acute inflammation
impacts all stages of atherogenesis from endothelial dysfunction to thrombosis. Future welldesigned studies of omega-3 fatty acids on acute vascular inflammation are warranted, and will
have implications for a number of acute and chronic vascular diseases.
The limitations of this study include a small sample size of 10 mice per group. There
were numerical reductions in the protein expression of all four markers of acute vascular
inflammation with both EPA and DHA supplementation. EPA had a greater anti-inflammatory
effect than DHA, however only reached statistical significance for VCAM-1 and MCP-1. It is
likely that with a greater sample size, significant reductions would have been demonstrated for
both EPA and DHA. This study was designed to directly compare pure EPA with pure DHA,
and no mice were supplemented with formulations with different ratios of EPA and DHA.
Therefore this study was unable to identify an optimal EPA:DHA ratio to reduce acute vascular
inflammation. The design of this study best modelled a primary prevention setting, as wildtype
mice fed a standard rodent diet were pre-treated with omega-3s and then given an acute
inflammatory insult. An additional treatment arm in which mice were first collared and then
treated with omega-3s would have permitted a comparison of primary prevention versus acute
therapy. However, attempting to orally gavage mice after neck surgery would have
significantly increased the risk of wound dehiscence and aspiration and therefore was not
attempted.
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This is the first animal study of the differential effects of EPA versus DHA
supplementation on pure acute vascular inflammation. Pre-treatment with high dose EPA
significantly reduced protein expression of VCAM-1 and MCP-1 in an established perivascular
collar model of AVI. This occurred independent of lipid levels, and was supported by strong
inverse correlations seen between blood EPA levels as well as the EPA:DHA ratio with protein
expression of all four markers of AVI studied. This was consistent with the findings of Chapter
4, where gene expression of MCP-1 was reduced by EPA in an in vitro model of AVI. The
recently published REDUCE-IT study demonstrated a significant reduction in major adverse
cardiovascular events with high dose EPA supplementation, and the effects of EPA on AVI
may contribute to this. Moreover, the effects of EPA and DHA on chronic vascular
inflammation and atherogenesis require further study, to further elucidate a mechanistic
rationale for the results of REDUCE-IT.

5.5

Appendix A – Periarterial collaring materials

1.

Normal saline

2.

Betadine

3.

Isoflurane for anaesthesia

4.

Anaesthetic machine with nose cone and oxygenation chamber

5.

Dissecting microscope

6.

Small metal clip applicator [Weck Hemoclip® Plus EZ Load Applier (Teleflex

Medical, North Carolina, USA)], with small metal clips
7.

Silicone tubing with 0.64 mm internal diameter, 1.2 mm outer diameter (Catalogue

number: JHS06412, Blue Sky Scientific, Burnside, SA, Australia).
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8.

Clippers for fur removal

9.

Lignocaine for injection, diluted to 0.5% in normal saline

10.

Buprenorphine

11.

6/0 nylon sutures (Dyloc D602D sutures, Dynek, SA, Australia).

12.

Heatpad

13.

Cotton tips

14.

25 gauge or smaller needles for injection

15.

1 ml syringes

16.

Metal retractors

17.

Scalpel

18.

Small, blunt forceps x 2

19.

Suture holder

20.

Ligation aid (hook-shaped)

21.

Ruler

22.

Blunt haemostats for blunt dissection

23.

Small, fine scissors

24.

Lubricating eye drops

25.

Recovery box
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CHAPTER 6: THE IMPACT OF OMEGA-3 FATTY ACIDS ON
ATHEROSCLEROSIS AND CHRONIC VASCULAR INFLAMMATION
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ABSTRACT
Background: Despite the significant advances that have occurred in the prevention and
management of cardiovascular disease, there remains a significant residual risk in the general
population. Inflammation has received considerable attention as a target for new therapies.
Omega-3 fatty acids have anti-inflammatory properties, and clinical evidence is emerging that
supports an atheroprotective role, especially when provided at a high dose. Previous animal
studies have attempted to evaluate the effects of omega-3 fatty acids on atherogenesis, which
have frequently had methodological limitations, and have not explored the relative effects of
EPA versus DHA. This study aimed to determine the effects of omega-3 fatty acids on chronic
vascular inflammation and atherogenesis, specifically the burden and characteristics of
atherosclerotic plaque, in an animal model. The relative effects of EPA were to be compared
with DHA.
Methods: Forty 8-week-old ApoE-deficient mice, 20 of each sex, were fed an atherogenic diet
for 16 weeks to induce chronic vascular inflammation and advanced atherosclerotic plaques.
After the first 8 weeks, a blood sample was taken for fatty acid and lipid analysis. The mice
were then randomised equally to supplementation with 600mg/kg/day of either (1) EPA, (2)
DHA, (3) olive oil as an oil control, or (4) no treatment, by oral gavage, to be given for the
final 8 weeks. The mice were subsequently humanely killed and a terminal blood sample was
taken for fatty acid and lipid analysis. Organs were harvested, and plaque burden, intimal and
medial layer expansion, plaque collagen content, smooth muscle cell content and inflammatory
cell content were measured in the aortic sinuses and brachiocephalic arteries. The aortas were
stained for lipid using Oil Red O. Aortas were snap-frozen, and gene expression of markers of
chronic inflammation and regulatory transcription factors were measured by RT-PCR
(including IL-1β, TNF-α, MCP-1, NFκB-p65, and PPAR-γ). Correlations were made between
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the blood concentrations of EPA, DHA, and the EPA:DHA ratio at study completion and the
plaque, lipid, and inflammatory measures.
Results: 38 out of 40 mice completed the study. Blood EPA and DHA levels increased
significantly in the respective treatment groups. Plasma cholesterol levels were high in all mice
after 8 weeks (17.96±5.4 mmol/L), continued to increase in the no treatment and placebo
groups, but stabilised in the EPA and DHA treatment groups. Triglyceride levels were elevated
in all mice after 8 weeks (2.27±0.70 mmol/L), and were significantly reduced by EPA and
DHA treatment. All mice developed advanced atherosclerotic plaques, however the burden of
plaque in the aortic sinuses and brachiocephalic arteries did not differ among treatment groups.
Although the combined thickness of the intima and media was similar between treatment
groups, there was an inverse correlation between blood EPA levels and intimal plus medial
thickness (r=-0.49, p=0.04). Collagen content, a marker of plaque stability, did not significantly
differ among treatment groups in the aortic sinus or brachiocephalic artery plaques. In these
sites, the density of smooth muscle actin staining and macrophage (CD107b) staining on
immunohistochemistry was similar among treatment groups. Lipid was present throughout the
aorta in all mice, with 6.3 (IQR 5.0 – 10.6) % of the aortic surface staining positively for Oil
Red-O in the no treatment group; this did not differ significantly among treatment groups. In
aortic tissue, the gene expression of markers of chronic inflammation, IL-1β and TNF-α, were
significantly lower in the mice treated with EPA (-44.3% [p=0.04] and -48.8% [p=0.04],
respectively). There were significant inverse correlations present between IL-1β and TNF-α
expression and both blood EPA levels and the EPA:DHA ratio.
Conclusions: In an atherogenic mouse model, supplementation with both EPA and DHA
stabilised cholesterol levels and reduced triglyceride levels. Despite this, neither EPA nor DHA
had a significant effect on plaque burden, lipid burden, markers of plaque stability, or the
inflammatory cell content of plaque. EPA significantly reduced gene expression of the markers
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of chronic vascular inflammation IL-1β and TNF-α in the arterial wall, with a strong inverse
correlation present between these markers and blood EPA levels and the EPA:DHA ratio. The
findings of this study, in particular the reduction in chronic vascular inflammation by EPA
supplementation, may provide a mechanistic contribution to the reduction in major adverse
cardiac events seen with EPA in the recently-published REDUCE-IT trial. The
pharmacodynamics of individual omega-3 fatty acids and their effects on all stages of
atherogenesis require continued investigation.

I, Anthony Pisaniello, conceived, designed, executed and analysed all of the work included in
this chapter.
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6.1

Background
Cardiovascular disease is the leading cause of death worldwide, with the largest

contribution being from atherosclerotic diseases(1). Significant advances in the prevention and
treatment of atherosclerotic diseases have led to major reductions in morbidity and mortality(2).
Despite these advances, there remains a substantial residual cardiovascular risk in the general
population(3). There have been continued efforts to identify and target new atherogenic
pathways, and much attention has been focused on the role of inflammation, which is present
in all stages of atherogenesis(534). Given the essential contribution of acute and chronic vascular
inflammation to atherogenesis, agents that attenuate these processes are likely to have antiatherosclerotic properties and reduce cardiovascular risk. This has recently been demonstrated
using canakunimb, a monoclonal antibody to interleukin-1β, which contributes significantly to
the inflammatory state of plaques, especially in the vessel wall(79-81). Canakinumab reduced
cardiovascular events in patients with a previous myocardial infarction and a raised C-reactive
protein levels(120). The same may be applicable to omega-3 fatty acids, which have beneficial
effects on inflammation(535, 536), as well as on endothelial function(537, 538), oxidative stress(197,
, and lipids(540, 541). As demonstrated in Chapter 4 and 5 of this thesis, omega-3 fatty acids,

539)

in particular eicosapentaenoic acid (EPA), reduce acute vascular inflammation (AVI). Since
AVI is an early and critical stage of atherogenesis, it is predictable that omega-3 fatty acid
supplementation would reduce the volume and inflammatory nature of atherosclerotic plaques.
Moreover, inflammation in plaque promotes vulnerability(542, 543), and hence omega-3s may
also have a favourable effect on plaque stability. The effects of omega-3 fatty acids on the
pathology of chronic vascular inflammation and atherosclerosis have been studied
predominantly in animal models of atherosclerosis. In a study by Matsumoto et al, EPA
improved plaque and lipid burden in ApoE-deficient mice, and improved plaque stability and
inflammatory cell content in LDLR-deficient mice(255). However a similar study by Xu et al,
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which assessed the effects of combined EPA and DHA in the form of fish oil on plaque and
lipid burden in ApoE-deficient mice demonstrated no benefit(254). Favourable effects of
combined EPA and DHA on the inflammatory state were seen in a study by Li et al, where
efferocytosis by macrophages was increased in the atherosclerotic plaques of ob/ob mice(256).
The prevalence of inflammatory cells, namely macrophages, dendritic cells and CD4+ T cells
in atherosclerotic plaques, was reduced by EPA supplementation in LDLR-deficient mice in a
study by Nakajima et al(259). In that study, EPA was also shown to significantly regress
atherosclerotic plaque. DHA on the other hand, has been less studied in the setting of chronic
vascular inflammation and atherosclerosis, yet was shown in one study to reduce
atherosclerotic lesion size in ApoE-deficient mice when added to their diet(260). These studies
have provided evidence for beneficial effects of omega-3 fatty acids on chronic vascular
inflammation and atherosclerosis, which require further investigation. These studies have not
directly compared EPA with DHA. The method of supplementation used in these animal
studies, i.e. the addition of omega-3 fatty acids to food has limitations such as a propensity for
both fatty acid oxidation and variability in dosing.
Cardiovascular outcome trials (CVOTs) of omega-3 supplementation in the primary
and secondary prevention settings have produced variable results(226-230, 232, 233), despite overall
positive results from dietary studies(222-224). Some of the limitations of those CVOTs were
overcome by the well-designed REDUCE-IT trial, which demonstrated a 25% reduction in
major adverse cardiovascular events with EPA supplementation(234). Although there was no
comparison with DHA in REDUCE-IT, data from a recent cohort study by Veno et al provided
evidence for a superior atheroprotective effect of EPA compared to DHA(544). Middle-aged
adult subjects had adipose tissue analysed for fatty acid content at baseline, and were followed
for a median period of 13.5 years for the development of ischaemic strokes. There was a
significant inverse correlation between EPA content and ischaemic stroke risk (HR 0.74, 95%
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CI, 0.62–0.88), which was not present for DHA or for total omega-3 fatty acid content(544). The
evidence for a cardioprotective effect of omega-3 fatty acids mandates further evaluation of
mechanisms of benefit. This may include beneficial effects on chronic vascular inflammation
and on the characteristics and burden of plaque. Given the results of REDUCE-IT, the
comparative effects of EPA compared to DHA in a model of secondary prevention would be
of significant interest.

6.1.1 Aims and rationale of study
The aims of this study were to:
(1) Determine in an animal model of atherosclerosis the impact of omega-3 fatty acids on (i)
plaque burden, characteristics, inflammatory content and stability, (ii) arterial lipid burden and
circulating lipids, and (iii) markers of chronic inflammation in the vessel wall.
(2) Compare the relative effects of EPA versus DHA supplementation on the above measures.

An ideal animal model for this study is the ApoE-deficient mouse fed an atherogenic
diet, which rapidly develops advanced atherosclerotic lesions that resemble those of
humans(545). The very high cholesterol levels induce endothelial dysfunction as early as four
weeks of age, followed by fatty streak formation by 6 weeks, and early inflammatory
atherosclerotic plaques by 10 weeks of age(546). By 10-15 weeks of age, foam cell formation
and smooth muscle cell proliferation are evident, and after 20 weeks of age advanced plaques
are seen, progressing from the proximal aorta distally throughout the arterial tree, characterised
by a necrotic core and fibrous cap(547). Precise quantities of omega-3 fatty acids can be
administered to mice by oral gavage, and mice do not have a natural aversion to the taste or
odour of fish unlike other animals such as rabbits, which are often used to study
atherosclerosis(548).
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6.1.2 Hypotheses
The hypotheses of this study were that:
(1)

Omega-3 fatty acids alter the development of atherosclerotic plaques by

reducing total plaque content, reducing intimal and medial proliferation, reducing
inflammatory cell content, and increasing collagen and smooth muscle cell content.
(2)

Omega-3 fatty acids reduce the lipid content of aortic lesions independent of

effects on plasma cholesterol and triglyceride levels.
(3)

Omega-3 fatty acids reduce markers of chronic vascular inflammation in the

arterial wall.
(4)

For all of the above measures, EPA will have a greater effect compared to DHA.

(5)

A significant inverse correlation will be present between blood omega-3 levels,

especially EPA, and the above measures of plaque, lipid and vascular inflammation.

6.2

Methods

6.2.1 Study outline
Forty 8-week-old chow-fed ApoE-deficient mice, 20 of each sex, previously fed a
standard rodent chow diet, were commenced on an atherogenic diet (22% fat, 0.15%
cholesterol, SF00-219, Specialty Feeds, Glen Forrest, WA, Australia) for 16 weeks. Mice were
weighed at baseline and then weekly thereafter. After 8 weeks, a blood sample was taken by
superficial facial vein bleeding. Whole blood was spotted onto dry blood spot cards for fatty
acid analysis. Blood was also collected for plasma total cholesterol and triglycerides. The mice
were then randomised equally to daily supplementation with either EPA, DHA, olive oil (OO),
or no treatment for the last 8 weeks of the 16-week period, by oral gavage. EPA and DHA were
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in the form of ethyl esters (>97% purity), and were provided by Bizen Chemical Company
(Okayama, Japan). The olive oil was Bertolli brand (Florence, Italy). The dose administered
was 600 mg/kg/day. At the end of the treatment period, the mice were humanely killed as per
Section 2.10, and the blood that was obtained from terminal cardiac puncture was analysed for
fatty acids, plasma total cholesterol and plasma triglycerides. The study outline is presented
schematically in Figure 6.1. Organ harvesting was then performed. Organs were stored in 10%
neutral-buffered formalin (NBF) or snap-frozen in liquid nitrogen.

Figure 6.1: Schematic representation of study outline. Forty ApoE-deficient mice were
randomised equally to one of four treatment groups. After 8 weeks on an atherogenic
diet, a cheek bleed was performed and treatment by oral gavage was commenced. After
a further 8 weeks the mice were humanely killed.
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The harvested hearts were sectioned parallel to the aortic valve, through its entire depth,
in 5 µm increments. Sections were stained for haematoxylin and eosin, as well as the Masson’s
trichrome stain, to allow quantification of plaque burden, intimal and medial expansion, and
plaque collagen content. In addition, sections were assessed for the presence of smooth muscle
cells by immunohistochemical staining for smooth muscle actin. Quantification of all
immunohistochemical staining was performed using ImageJ software as per Section 2.15. The
inflammatory content of plaque was assessed by immunohistochemical staining for
macrophages using the CD107b (Mac3) stain. The brachiocephalic artery was sectioned
through its entire length, and staining and quantification were as per the aortic valves. The
aortas were stained for lipid using the Oil Red O and quantified using ImageJ software as per
Section 2.16. The snap-frozen aortas were homogenised, and gene expression of markers of
chronic inflammation and regulatory transcription factors were measured by PCR. These
comprised IL-1β, TNF-α, MCP-1, NFκB-p65, and PPAR-γ. Correlations were made between
the blood concentrations of EPA, DHA, and the EPA:DHA ratio at study completion and the
plaque, lipid, and inflammatory measures.

6.2.2 Statistical methods
6.2.2.1

Sample size calculation
The sample size calculation for this study was based on a paper by Liu M et al(549). The

macrophage content of plaques was deemed to be the most important factor in demonstrating
differences between treatment groups. In Liu M et al’s study, 17% of the atherosclerotic plaque
area of ApoE-deficient mice fed an atherogenic diet stained positively for macrophages.
Treatment with the active drug (simvastatin) reduced this to 10%, and was significantly greater
than an inactive vehicle. Using a one-way ANOVA power calculation for 4 groups with a
significance level of 0.05, with 80% power, and a standard deviation of 10, a sample size of 40
was chosen, i.e. 10 mice per group.
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6.2.2.2

Statistical analysis
GraphPad Prism 7 (GraphPad Software Inc, La Jolla, California, USA), SPSS 19 (IBM

Corporation, Armonk, New York, USA), and Microsoft Excel 2016 (Microsoft, Albuquerque,
New Mexico, USA) were used to analyse data. The D’Agostino-Pearson normality test was
performed to determine whether continuous data were normally-distributed. Normallydistributed data were analysed using either the T-test if comparing means between two groups,
or the One-way Analysis of Variance (ANOVA) if comparing means between multiple groups.
If correcting for multiple comparisons, the Dunnett test was used. If comparing means between
multiple groups adjusted for a covariate, an Analysis of Covariance (ANCOVA) was
performed. Results were expressed as mean ± standard error of the mean (SEM). If continuous
data were not normally-distributed, analysis was performed using the Kruskal-Wallis test, with
Dunn’s test used to correct for multiple comparisons. Results were expressed as median +
interquartile range (IQR). Statistical correlations were analysed using a linear regression
model. Statistical significance was set at the 0.05 level.

6.3 Results
Thirty-eight out of 40 mice completed the study. Two mice were culled on humane
grounds; one after pulmonary aspiration occurred following oral gavage in the 9th week of
supplementation (DHA group), and another due to the development of significant dermatitis
(olive oil group).

6.3.1 Mouse body weight increased appropriately in the omega-3 treatment groups
At baseline, the 8-week-old ApoE-deficient mice fed a standard chow diet had a mean
weight of 22.63±0.51 g. On the atherogenic diet, this increased by approximately 1.2 g per
week to 32.40±0.13 g by 8 weeks. There were no significant differences between mice
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allocated to different treatment groups at baseline (p=0.65) or after 8 weeks (p=0.52). In the no
treatment group, the mice gained 5.90±0.50 g from weeks 9 to 16. This did not significantly
differ in the EPA or DHA treatment groups (p=0.50 and p=0.10 respectively, adjusted for
differences in weight after 8 weeks). Olive oil reduced further weight gain, with only a
2.22±0.47 g increase over the last 8 weeks of the study, which was notably less than that of the
no treatment group (p=0.004), see Figure 6.2.
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Figure 6.2: Weight of mice in each treatment group over the 16-week atherogenic feeding
period. Note that treatment began after 8 weeks on this diet. n = 9-10 per group. Results
expressed as mean ± SEM. NT = No treatment, OO = Olive oil.
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6.3.2 Fatty acid analysis of whole blood
6.3.2.1

Summary of fatty acid content of blood by treatment group
A complete fatty acid profile of blood was taken after 8 weeks and then again after 16

weeks of atherogenic feeding. This was to record the fatty acid content of blood before and
after supplementation, and to confirm the effectiveness of the oral gavage delivery method.
Fatty acid levels in whole blood were expressed as a percentage of total fatty acid content. The
highest proportion of fatty acids in blood were monounsaturated and saturated fatty acids.
Omega-6 fatty acids were more prevalent than omega-3s, and trans-fatty acids were the least
prevalent overall. The relative proportions of all major fatty acids at study completion are
presented in Figure 6.3.

3.8%

4.1%

10.9%

Saturated fatty acids
Trans-fatty acids
Monounsaturates
Omega-3 polyunsaturates
Omega-6 polyunsaturates

11.5%

37.4%

38.2%
45.6%

45.6%

1.3%

1.5%

No treatment group

Olive Oil group

6.9%

8.1%

13.3%

10.0%
40.7%

41.8%
38.3%

37.5%

1.5%

EPA group

1.6%

DHA group

Figure 6.3: Relative proportions of all major fatty acid groups in blood at study
completion, separated by treatment group.
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6.3.2.2

Polyunsaturated omega-3 fatty acids

Total omega-3 fatty acid content

The SF00-219 rodent atherogenic diet has very low levels of omega-3 fatty acids
(0.35% of total), and amongst those, it is predominantly composed of alpha-linolenic acid.
After 8 weeks on this diet, the mean omega-3 content of blood for all mice was 2.60±0.11%.
In the no treatment group, with continued feeding of the atherogenic diet, the total omega-3
content of blood increased by study completion to 3.79± 0.28%. A similar outcome was seen
in the olive oil group, with an increase to 4.06±0.21%. As predicted, EPA and DHA
supplementation markedly increased total omega-3 levels, with significantly higher values
compared to that of the no treatment group (13.34±0.96%; p=0.001, and 9.98±0.67%;
p<0.0001, respectively), see Figure 6.4.
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Figure 6.4: Proportion of total blood fatty acids comprised of omega-3s at study
completion. n = 9–10 per group. Results expressed as mean ± SEM. ****p<0.0001.
***p<0.001.
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Eicosapentaenoic acid levels in blood

The omega-3 fatty acids with established anti-inflammatory properties are EPA, DPA
and DHA. In rodents, the plant-derived omega-3 fatty acid ALA (18:3ω3), is not efficiently
converted to longer chain omega-3 fatty acids. Hence, blood levels of EPA (20:5ω3), DPA
(22:5ω3) and DHA (22:6ω3) reflect their respective supplementation in a dose-dependent
manner. Favourable properties of EPA include its superior hypolipidemic effect, and its effect
on endothelial function. After 8 weeks, which was before randomisation, blood EPA levels
were 0.60±0.02% of total fatty acid content in the 40 mice. Over the subsequent 8 weeks, blood
EPA content increased mildly in the no treatment and olive oil groups to 0.97±0.07% and
0.98±0.06%, respectively. Blood EPA levels were markedly increased in the EPA
(9.27±0.81%) and DHA (3.68±0.29%) groups (p<0.0001 for both comparisons with the no
treatment group). EPA supplementation naturally produced significantly higher levels of EPA
than did DHA supplementation (p<0.0001), see Figure 6.5.
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Figure 6.5: The percentage of EPA in whole blood at study completion. n = 9-10 per
group. Results expressed as mean ± SEM. ****p<0.0001.
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Docosahexaenoic acid levels in blood

DHA is the most unsaturated omega-3 fatty acid, and the one present in highest
concentrations in blood and tissue. After 8 weeks of atherogenic feeding, DHA comprised
1.41±0.07% of total fatty acids in the 40 mice. By study completion, those in the no treatment
and olive oil groups had a mild increase in DHA levels, to 2.13±0.18% and 2.3±0.15%,
respectively. EPA supplementation only mildly increased DHA levels (to 2.70±0.16%; p=0.23
for comparison with the no treatment group). DHA supplementation was highly effective at
increasing blood DHA levels, which were significantly greater than those in all other groups
(5.52±0.38%; p<0.0001 for all comparisons), see Figure 6.6.
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Figure 6.6: The percentage of DHA in whole blood at study completion. n = 9-10 per
group. Results expressed as mean ± SEM. ****p<0.0001.
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Docosapentaenoic acid (DPA) levels in blood

DPA is an intermediary between the conversion of EPA to DHA, although the
retroconversion of DHA to EPA does not have the DPA intermediary in rodents. It is present
in lower concentrations in blood and tissue, and has received considerably less attention than
EPA and DHA. Consequently, its effects on inflammation and atherosclerosis are largely
unknown. After 8 weeks of atherogenic feeding, DPA comprised 0.32±0.01% of total fatty
acids in the 40 mice. This remained low in the no treatment and olive oil groups for the duration
of the study, with levels of 0.38±0.03% and 0.40±0.02%, at study completion, respectively.
There was a predictable increase in DPA levels (231%) in the EPA-treated mice to 1.06±0.05%,
see Figure 6.7. As expected, pure DHA supplementation did not significantly alter DPA levels.
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Figure 6.7: The percentage of DPA in whole blood at study completion. n = 9-10 per
group. Results expressed as mean ± SEM. ****p<0.0001.
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Alpha-linolenic acid (ALA)

ALA (18:3ω3) is present in low quantities in the bloodstream of rodents, and much of
the ALA that is present is used as a substrate for the synthesis of EPA (20:5ω3) and DHA
(22:6ω3). Longer chain omega-3s are not readily converted back to ALA, but despite this, small
increases in ALA levels are expected after supplementation with longer chain omega-3s. After
8 weeks, ALA comprised 0.27±0.01% of total fatty acids in the 40 mice. Small increases
occurred in the no treatment and olive oil groups by the end of the study, to 0.32±0.02% and
0.34±0.02%, respectively. Despite the prolonged, high-dose omega-3 supplementation, there
were no significant increases in ALA levels in the EPA (0.27%±0.03%; p=0.43) or DHA
(0.37±0.03%; p=0.51) treatment groups, see Table 6.1. ALA levels were higher in those treated
with DHA compared to EPA (p=0.03), despite the higher total omega-3 levels in the EPA
group.
Table 6.1: Summary of blood fatty acids levels in each treatment group at study
completion.
Fatty acids in blood

Treatment Groups
NT

Olive Oil

EPA

DHA

Total omega-3 (%)

3.79±0.28

4.06±0.21

13.34±0.96****

9.98±0.67****

EPA (%)

0.97±0.07

0.98±0.06

9.27±0.81****

3.68±0.29****

DHA (%)

2.13±0.18

2.34±0.15

2.70±0.16****

5.52±0.38****

DPA (%)

0.38±0.03

0.40±0.02

1.06±0.05****

0.43±0.03

ALA (%)

0.32±0.02

0.34±0.02

0.27±0.03

0.37±0.03

Total omega-6 (%)

10.9±0.53

11.57±0.51

6.92±0.24****

8.14±0.29****

Linoleic acid (%)

5.23±0.19

5.48±0.14

4.16±0.14****

5.04±0.10

Arachidonic acid (%)

4.67±0.33

4.96±0.32

2.13±0.11****

2.34±0.16****

Total Monounsaturated Fats (%)

45.58±0.69

45.64±0.76

37.53±0.82****

38.32±0.59****

Total Trans-fatty Acids (%)

1.52±0.09

1.34±0.11

1.54±0.12

1.61±0.11

Total Saturated Fats (%)

38.15±0.63

37.38±0.73

40.70±0.97

41.82±0.94*

*p<0.05, ****p<0.0001 compared to NT. Results expressed as mean ± SEM.
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6.3.2.3

Polyunsaturated omega-6 fatty acids

Total omega-6 fatty acid content
Omega-6 fatty acids have pro-inflammatory properties, and are highly prevalent in
“Western-type” diets. After 8 weeks, omega-6 comprised 9.59±0.24% of total fatty acids in the
40 mice. With the continued atherogenic feeding, this increased to 10.90±0.53% and
11.57±0.51% in the no treatment and olive oil groups, respectively. Omega-3 supplementation
had a favourable effect by significantly reducing omega-6 levels, likely by simple fatty acid
substitution. In the EPA and DHA groups, the relative proportions of omega-6 significantly
decreased, to 6.92±0.24% and 8.14±0.29%, respectively (p<0.0001 for both comparisons with
no treatment), see Figure 6.8.
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Figure 6.8: The proportion of total fatty acids in blood comprised of omega-6 fatty acids
at study completion. n = 9-10 per group. Results expressed as mean ± SEM. ****p<0.0001.
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Linoleic acid

The two main omega-6 fatty acids are linoleic acid (LA) and arachidonic acid (AA).
The enzymes that convert LA (18:2ω6) to AA (20:4ω6) are the same as those that convert ALA
to EPA and DHA. Therefore, higher LA levels result in less conversion of ALA to EPA and
DHA. After 8 weeks, linoleic acid comprised 5.03±0.10% of total fatty acids in the 40 mice.
This did not increase with ongoing atherogenic feeding, and was 5.23±0.19% in the no
treatment group and 5.48±0.14% in the olive oil group. DHA supplementation did not alter LA
levels (5.08±0.14%; p=0.999), however EPA supplementation significantly reduced LA levels
to 4.16±0.12% (p<0.0001), see Table 6.1.
Arachidonic acid

Arachidonic acid (AA) is a biologically important fatty acid as it is a substrate for the
production of eicosanoids, hormone-like mediators of tissue inflammation. After 8 weeks,
arachidonic acid comprised 3.65±0.14% of total fatty acids in the 40 mice. With the ongoing
atherogenic diet, this increased in the no treatment (4.67±0.33%) and olive oil (4.96±0.32%)
groups. EPA and DHA supplementation reduced the proportion of arachidonic acid in blood to
2.13±0.11% and 2.34±0.16% respectively, and these were significantly lower than in the no
treatment group (p<0.0001 for both comparisons), see Table 6.1.
Omega-6/Omega-3 ratio

The omega-6/omega-3 ratio is a summary of the ratio of pro-inflammatory omega-6 to
anti-inflammatory omega-3 fatty acids. Higher levels favour a pro-inflammatory state and
confer a higher mortality risk(472). After 8 weeks on the atherogenic diet, the 40 mice had a
mean omega-6/omega-3 ratio of 3.81±0.07. In the no treatment and olive oil groups, the omega6/omega-3 ratios reduced by the end of the study to 2.95±0.14 and 2.86±0.08, respectively. In
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the EPA and DHA groups, there were major reductions, to 0.54±0.03 and 0.84±0.04
respectively (p<0.0001 for comparisons with the no treatment group), see Figure 6.9.
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Figure 6.9: The blood omega-6:omega-3 ratio for all treatment groups at study
completion. n = 9-10 per group. Results expressed as mean ± SEM. ****p<0.0001.

6.3.2.4

Monounsaturated fatty acids

Total monounsaturated fatty acid content

The monounsaturated fatty acids (omega-7 and omega-9) are the most biologically
neutral of the fatty acids from an inflammatory perspective. However, mere substitution of
unfavourable fatty acids with monounsaturates, leads to a reduction in inflammation. After 8
weeks, monounsaturated fatty acids comprised 43.76±0.33% of all blood fatty acids in the 40
mice. This was unchanged in both the no treatment (45.6±0.69%) and olive oil (45.6±0.76%)
groups, despite the high concentration of omega-9s in olive oil. By comparison, there were
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significant reductions, in the EPA (37.5±0.82%; p<0.0001) and DHA (38.3±0.59%; p<0.0001)
treatment groups, see Table 6.1.
6.3.2.5

Trans-fatty acids

Total trans-fatty acids

Trans-fatty acids, which promote inflammation and increase cardiovascular risk, are
present in low levels in rodent diets. After 8 weeks, trans-fatty acids comprised only
1.46±0.04% of total blood fatty acids in the 40 mice. There was no significant change by the
end of the study regardless of treatment group (no treatment: 1.52±0.09%, olive oil:
1.34±0.11%, EPA: 1.54±0.12%, and DHA: 1.61±0.11%; p=0.88 for comparison between
treatment groups, see Table 6.1).
6.3.2.6

Saturated fats

Total saturated fatty acids
Saturated fats lack double bonds and do not readily undergo conformational changes to
other fatty acid species. Saturated fats are pro-inflammatory although have not been
conclusively shown to increase cardiovascular risk(137). After 8 weeks, saturated fatty acids
comprised 42.6±0.36% of total blood fatty acids of the 40 mice. In the no treatment and olive
oil groups, this decreased to 38.2±0.63% and 37.4±0.73%, respectively. This value was
40.7±0.97% in the EPA group (p=0.10), and 41.8±0.94% in the DHA group, which was
significantly higher than the no treatment group (p=0.02), see Table 6.1.

6.3.3 Plasma cholesterol and triglycerides
Total cholesterol
All mice developed hypercholesterolaemia after 8 weeks on the atherogenic diet with a

mean total cholesterol level of 17.96±0.9 mmol/L. Before treatments commenced, there were
no significant differences in total cholesterol levels between mice allocated to each treatment
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group (p=0.53). In the no treatment and olive oil groups, total cholesterol levels continued to
increase for the last 8 weeks of the study, to 20.13±1.1 mmol/L and 27.21±2.9 mmol/L,
respectively, with significant increases from their 8-week levels (p=0.005 and p=0.02,
respectively). Both EPA and DHA stabilised total cholesterol levels, with an increase by
0.0±2.8 mmol/L to 20.8±1.6 mmol/L in the EPA group (p=0.999 for change from the levels at
8 weeks), and an increase by 2.75±1.9 mmol/L to 19.96±1.3 mmol/L in the DHA group (p=0.16
for change from the levels after 8 weeks), see Figure 6.10.
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Figure 6.10: Changes in plasma total cholesterol levels for mice in each treatment group
from 8 weeks until study completion. n = 9-10 per group. Results are expressed as mean
± SEM. **p<0.01. *p<0.05. NT = no treatment, OO = olive oil.
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Triglycerides

Triglyceride levels were mildly elevated after 8 weeks, with a mean level of 2.27±0.70
mmol/L. There were no significant differences between allocated treatment groups (p=0.25).
In the no treatment group, the mean triglyceride level after 16 weeks was not significantly
different to that after 8 weeks, with a -0.11±0.30 mmol/L change (p=0.71). In the olive oil
group, there was mild, non-significant reduction of 0.56±0.30 mmol/L (p=0.08). This reduction
is consistent with the known triglyceride-lowering effects of diets high in monounsaturated
fatty acids. In the EPA and DHA groups, triglyceride levels reduced by 0.73±0.27 mmol/L
(p=0.02), and 1.02±0.22 mmol/L (p=0.0002), respectively, see Figure 6.11.
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Figure 6.11: Changes in plasma triglyceride levels for mice in each treatment group from
8 weeks until study completion. n = 9-10 per group. Results expressed as mean ± SEM.
***p<0.001. *p<0.05. NT = no treatment, OO = olive oil.
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6.3.4 Atherosclerotic plaque quantification
Brachiocephalic artery
The brachiocephalic artery is a site of predilection for plaque formation in ApoEdeficient mice fed an atherogenic diet. In this study, brachiocephalic arteries were harvested
from male mice, resulting in a maximum of 5 mice per treatment group. When plaque was
present it was quantified and expressed as a percentage of total cross-sectional artery area. In
the no treatment group, plaque comprised 32.0 (IQR 24 - 40) % of total cross-sectional artery
area. There were no significant differences in plaque burden in the olive oil [30.3 (13-38) %,
p=0.46] and EPA [27.1 (16.3 – 51.5) %, p=0.54] groups. Mice in the DHA group had notably
less plaque compared to the no treatment group [18.1 (16.3 – 20.7) %], although it did not reach
statistical significance in the context of a small sample size (p=0.09), see Figure 6.12.
Representative images from haematoxylin and eosin-stained sections are presented in Figure
6.13.
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Figure 6.12: Comparison of brachiocephalic artery plaque burden as a percentage of total
cross-sectional area. n= 3-4 per group. Results expressed as median + interquartile range.
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Figure 6.13: Representative haematoxylin and eosin-stained sections of brachiocephalic
arteries from mice in each treatment group. Advanced plaques are seen, including
cholesterol crystals and intimal and medial expansion. No significant differences are
present between treatment groups.
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Aortic sinuses
Plaque burden in the aortic sinuses was expressed as the percentage area of each sinus
comprised of plaque. The plaque burden in each sinus was averaged for each mouse. In the no
treatment group, plaque comprised 34.2 (IQR 19 – 35) % of total sinus area. This was similar
to the plaque burden seen in the brachiocephalic arteries. There were no significant differences
among treatment groups (p=0.95 for the overall comparison), see Figure 6.14. In the olive oil
group, plaque comprised 33.5 (26.1 – 39.6) % of total sinus area, and in the EPA and DHA
groups plaque comprised 32.8 (20.1 – 37.3) % and 30.5 (26.1 – 35.6) % of total sinus area,
respectively. Representative images from haematoxylin and eosin-stained slides are presented
in Figure 6.15.
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Figure 6.14: Comparison of plaque burden in the aortic sinuses between treatment
groups. n = 4 per group. Results expressed as median + interquartile range.
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Figure 6.15: Representative haematoxylin and eosin-stained sections of the aortic sinuses
from mice in each treatment group. Advanced plaques with inflammatory infiltrates and
cholesterol crystals can be seen. No significant differences were present between
treatment groups.

6.3.5 Expansion of the intima and media in the artery wall
Following endothelial injury, an early event in atherogenesis, smooth muscle cells
(SMCs) are recruited to the intima and proliferate. Over time, this expands the extracellular
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matrix and results in thickening of the intimal and medial layers of the arterial wall. This
thickening narrows the lumen. The impact of omega-3 supplementation on this process was
quantified histologically in the brachiocephalic artery specimens. The area comprised by the
intimal and medial layers was measured and expressed as a proportion of the total area of the
artery wall. In the no treatment group, the median value was 30.7 (IQR 26.1 – 37.2) %. In the
olive oil group, this was significantly greater at 48.2 (38.6 – 52.0) % (p=0.02). However, there
were no significant differences noted in the EPA [36.2 (28.5 – 42.6) % (p=0.42)] or DHA [39.9
(34.5 – 49.2) % (p=0.10)] treatment groups, see Figure 6.16). The representative H & E sections
of plaque in Figure 6.13 also demonstrate expansion of the intimal and medial layers.
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Figure 6.16: The percentage of total artery wall area comprised of the intima and media,
compared between treatment groups. n = 4-6 per group. Results expressed as median +
interquartile range. *p<0.05.
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6.3.6 Collagen content of plaque as a measure of stability
Atherosclerotic plaques that are stable are less prone to rupture. The amount and
organisation of matrix collagen is positively associated with the mechanical stability of the
fibrous cap(550). In advanced plaques, inflammatory cells release metalloproteinases (MMPs),
which degrade collagen and cause apoptosis of collagen-producing SMCs. The collagen
content of plaques in the brachiocephalic arteries and aortic sinuses were quantified using the
Masson’s trichrome stain. Collagen comprised 60.6 (IQR 55.1 – 68.6) % of brachiocephalic
artery plaque in the no treatment group. There were no significant differences in collagen
content amongst different treatment groups, with mean values for the olive oil, EPA, and DHA
treatment groups of 60.1 (38.1 – 70.3) %, 65.6 (46.2 – 71.8) %, and 48.8 (36.9 – 62.5) %,
respectively (p=0.65 for differences between the groups), see Figure 6.17. Representative
images of slides stained with Masson’s trichrome stain from each treatment group are presented
in Figure 6.18.
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Figure 6.17: Comparison of the collagen content of plaque in the brachiocephalic arteries
between treatment groups. n = 3-5 per group. Results expressed as median + interquartile
range.
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Figure 6.18: Representative sections of brachiocephalic arteries from mice in each
treatment group stained with the Masson’s Trichrome stain. The collagen content of
plaques was high, and not significantly different between treatment groups.
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Plaque in the aortic sinuses had a higher collagen content than that in the
brachiocephalic arteries. In the no treatment group this was 83.4±1.1%, and not significantly
different in the EPA (72.9±5.4%, p=0.11) or DHA (73.5±2.5%, p=0.11) treatment groups. It
was significantly reduced in the olive oil treatment group (70.9±4.0%, p=0.04), see Figure 6.19.
Representative images of aortic sinus plaques stained with the Masson’s trichrome stain are
presented in Figure 6.20.

Collagen content
(% of total plaque area)

Collagen content of plaque
in the aortic sinuses
100

*

80
60
40
20
0

NT

OO

EPA

DHA

Treatment group

Figure 6.19: Comparison of the collagen content of aortic sinus plaques between
treatment groups. n = 7-8 per group. Results expressed as mean ± SEM. *p<0.05
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Figure 6.20: Representative sections of aortic sinuses from mice in each treatment group
stained with the Masson’s Trichrome stain. The content of collagen, stained blue, was
higher than that of the brachiocephalic artery plaque, and was not significantly different
between treatment groups.
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6.3.7 Smooth muscle cell content of plaque
In atherosclerotic plaques SMCs contribute to the formation of the fibrous cap. With
degradation of SMCs and collagen by MMPs in inflammatory plaques, SMC content and
plaque stability are reduced. Brachiocephalic artery and aortic sinus sections underwent
immunohistochemical staining for SMCs in plaque using the smooth muscle actin (SMA)
antibody. The density of SMA staining in the brachiocephalic arteries in the no treatment group
was 43.2 (IQR 38.8 – 56.3) % of the maximum possible. No significant differences were seen
between treatment groups (p=0.45), with 25.5 (25.2 – 54.1) % in the olive oil group, 32.2 (24.4
– 54.1) % in the EPA group, and 51.7 (33.2 – 59.0) % in the DHA group, see Figure 6.21.
Representative images are shown in Figure 6.22.
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Figure 6.21: Smooth muscle cell content of brachiocephalic artery plaques, measured by
IHC staining for smooth muscle actin (SMA). n = 3-5 per group. Results expressed as
median + interquartile range.
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Figure 6.22: Representative images of brachiocephalic arteries in each treatment group
stained for smooth muscle actin. Staining was positive throughout plaques and did not
significantly differ between treatment groups.
The density of SMA staining in aortic sinus plaques was less than that of the
brachiocephalic artery plaques. In the no treatment group, the staining density of SMA was
19.1 (IQR 18.2 – 21.4) % of the maximum possible. No significant differences were present
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between treatment groups (p = 0.94). In the olive oil, EPA, and DHA treatment groups, the
staining density was 17.3 (16.0 – 25.1) %, 20.4 (18.4 – 21.9) %, and 19.1 (13.7 – 21.6) %,
respectively, see Figure 6.23. The pattern of staining was diffuse in the brachiocephalic artery
plaques. The aortic sinus plaques had a striking intensity of staining localised to the plaque
surface, consistent with the location of the fibrous cap, see Figure 6.24.
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Figure 6.23: Density of IHC staining for smooth muscle actin (SMA) in aortic sinus
plaques. n = 7-8 per group. Results expressed as median + interquartile range.
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Figure 6.24: Representative images of aortic sinus plaques stained for smooth muscle
actin. Intense staining is present on the surface of plaques. No differences in staining
density were present between treatment groups.

222

6.3.8 Chronic inflammation in plaque and in the vessel wall
6.3.8.1

Macrophage content of plaques
Atherosclerotic plaques with a high inflammatory cell content are more biologically

active and vulnerable(551). Macrophages are highly prevalent at sites of chronic inflammation,
and play a critical role in all stages of atherosclerosis. The macrophage content of plaques was
measured by performing immunohistochemical staining of brachiocephalic arteries and aortic
sinuses for CD107b (Mac3), which is expressed on the surface of macrophages. In the no
treatment group, the staining density of CD107b in brachiocephalic artery plaques was 22.1
(IQR 21.5 – 27.8) % of the maximum possible. This was not significantly different amongst
treatment groups (p=0.14), with 26.2 (16.9 – 46.7) % in the olive oil group, 20.1 (16.4 – 25.5)
% in the EPA group, and 39.3 (36.1 – 45.9) % in the DHA group, see Figures 6.25 and 6.26.
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Figure 6.25: Density of IHC staining for CD107b (Mac3) in brachiocephalic artery
plaques. n = 3-4 per group. Results expressed as median + interquartile range.
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Figure 6.26: Representative images of brachiocephalic artery plaques stained for the
macrophage marker CD107b (Mac3). Staining is present diffusely throughout plaque,
and the density of staining is no different between treatment groups.

Aortic sinus plaques had less CD107b staining than the brachiocephalic plaques, with
a median plaque staining density of 6.1 (IQR 5.4 – 7.5) % of the maximum possible in the no
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treatment group. This was consistent with other measures of plaque stability, indicating that
brachiocephalic artery plaques were more vulnerable than aortic sinus plaques. There were no
significant differences in the olive oil and EPA groups, with staining densities of 7.1 (6.8 – 8.1)
% and 7.0 (6.3 – 10.5) %, respectively. Staining was unexpectedly higher in the DHA group
[9.7 (7.2 – 12.4) %], and reached borderline significance (p = 0.05), see Figures 6.27 and 6.28.
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Figure 6.27: Density of IHC staining for CD107b (Mac3) in aortic sinus plaques. Results
expressed as median + interquartile range. n = 6-8 per group. *p=0.05
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Figure 6.28: Representative images of aortic sinus plaques stained for CD107b (Mac3).
Staining is diffuse throughout plaque but weaker than that seen in brachiocephalic artery
plaques. There was a greater density of staining in the DHA group which reached
borderline significance.
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6.3.8.2

Chronic inflammation in the vessel wall
Prolonged atherogenic feeding in ApoE-deficient mice induces a chronic inflammatory

state. The following markers and transcriptional regulators of chronic inflammation were
measured at the gene level by RT-PCR in snap-frozen aortas: IL-1β, TNF-α, MCP-1, NFκBp65, and PPAR-γ. IL-1β is a potent pro-inflammatory cytokine that is produced after NFκBdependent activation of the inflammasome, and is prevalent in states of chronic inflammation.
It is produced by endothelial cells and macrophages in the setting of atherosclerosis. TNF-α is
a cytokine secreted by numerous immune cells including those in the vessel wall at sites of
acute and chronic injury. Its presence stimulates other inflammatory mediators that contribute
to a chronic inflammatory milieu. MCP-1 is a chemotactic cytokine which is highly expressed
in atherosclerotic lesions. It recruits leukocytes to sites of endothelial injury and induces
chronic vascular inflammation. The transcription factor NFκB regulates the transcription of
pro-inflammatory genes. NFκB is detectable in atherosclerotic plaques, with higher levels seen
in plaques that are unstable, and p65 is its most important subunit. PPAR-γ regulates the
transcription of anti-inflammatory genes, and is also detectable in plaques.
Compared to the no treatment group, the relative gene expression of IL-1β in the EPA
group was 44.3 (IQR 33.4 – 51.8) % lower (p=0.04). In the DHA group it was 48.8 % (25.2 –
51.8) lower, but it did not reach statistical significance (p=0.06). Gene expression was 33.5
(16.4 – 80.8) % greater in IL-1β expression in the olive oil group, but was not statistically
significant (p=0.56), see Figure 6.29.
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Figure 6.29: Relative gene expression of IL-1β in mouse aortas, measured by RT-PCR.
Notable reductions were seen in the EPA and DHA treatment groups. n = 4-6 per group.
Results expressed as median + interquartile range. *p<0.05.

Similarly, the EPA and DHA groups had significantly lower TNF-α expression
compared to the no treatment group. Gene expression was 47.9 (IQR 31.0 – 63.2) % lower in
the EPA group (p=0.04), and 49.8 (27.4 – 70.1) % lower in the DHA group (p = 0.05). Gene
expression was 20.3 (-22.2 – 46.6) % lower in the olive oil group, which was not statistically
significant (p = 0.26), see Figure 6.30.

228

Relative gene expression (%)

Gene expression of TNF-alpha
in aortas
p = 0.05

300

*

200

100

0

NT

OO

EPA

DHA

Treatment group
Figure 6.30: Relative gene expression of TNF-α in mouse aortas, measured by RT-PCR.
TNF-α was significantly reduced by EPA and DHA. n = 4-6 per group. Results expressed
as median + interquartile range. *p<0.05.

Despite the reductions in IL-1β and TNF-α seen with EPA and DHA, there were no
significant differences between treatment groups seen for MCP-1 expression. Compared to the
no treatment group, MCP-1 gene expression was 6.2 (-25.8 – 37.5) % lower in the EPA group
(p=0.79), and 36.3 (24.0 – 51.0) % lower in the DHA group (p=0.15). Gene expression was 4.0
(-47.4 - 95) % greater in the olive oil group (p=0.79), see Figure 6.31.
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Figure 6.31: Relative gene expression of MCP-1 in mouse aortas, measured by RT-PCR.
n = 4-6 per group. Results expressed as median + interquartile range.

Gene expression of the transcription factors NFκBp65 (pro-inflammatory) and PPARγ (anti-inflammatory) were similar in all treatment groups, see Figures 6.32 and 6.33.
Compared to the no treatment group, the gene expression of NFκBp65 was 5.6 (-16.7 – 44.7)
% greater in the EPA group (p=0.65), 21.4 (-16.1 – 50.9) % greater in the DHA group (p=0.43),
and 11.3 (-31.1 – 19.8) % greater in the olive oil group (p=0.96). Compared to the no treatment
group, the gene expression of PPAR- γ was 15.7 (-30.1 – 67.2) % greater in the EPA group
(p=0.98), 41.8 (-20.1 – 92.3) % greater in the DHA group (p=0.69), and 55.3 (27.3 – 107.0) %
greater in the olive oil group (p=0.29). Functional changes in transcription factors are likely to
be more important than the magnitude of gene expression.
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Figure 6.32: Relative gene expression of NFκBp65 in mouse aortas, measured by RTPCR. n = 4-6 per group. Results expressed as median + interquartile range.
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Figure 6.33: Relative gene expression of PPAR-γ in mouse aortas, measured by RT-PCR.
n = 4-6 per group. Data are presented as median + interquartile range.
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6.3.9 Lipid content of the aorta
After 16 weeks of atherogenic feeding, the aortas of all ApoE-deficient mice stained
positively for Oil Red-O. Lipid was present diffusely throughout the aorta in all mice. In the
no treatment group, 6.3 (IQR 5.0 – 10.6) % of the aortic surface area stained positively for Oil
Red-O. Treatment with neither olive oil, EPA or DHA significantly modified aortic lipid
content, with 7.1 (5.2 – 13.0) %, 6.9 (6.6 – 8.1) %, and 4.4 (4.1 – 8.1) % of aortic surface area
staining positively, respectively (p>0.99 for all comparisons with no treatment), see Figures
6.34 and 6.35. The lack of effect of EPA or DHA on aortic lipid burden was in spite of their
favourable effects on plasma cholesterol and triglycerides.

% stained area (Oil Red O)

Aortic lipid burden
p = 0.85

20
15
10
5
0

NT

OO

EPA

DHA

Treatment group
Figure 6.34: Burden of lipid in the aorta, as a proportion of total aortic surface area. n =
4-5 per group. Results expressed as median + interquartile range.
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Figure 6.35: Representative images from analysis of Oil Red-O staining in aortas pinned
en-face. Lipid deposition spans the entire length of the aorta, with a similar lipid burden
amongst the different treatment groups.

6.3.10 Correlations between blood omega-3 levels and measures of plaque burden,
plaque characteristics, lipid burden and vascular inflammation
The blood concentrations of EPA, DHA and the EPA:DHA ratio at study completion
were correlated with (1) all measures of plaque burden, stability, inflammatory cell content, (2)
gene expression of markers of inflammation in the vessel wall, and (3) the burden of lipid in
the aorta. A summary of the correlation (Spearman) coefficient and level of statistical
significance for each correlation is presented in Table 6.2. No significant correlation was seen
between blood omega-3 concentrations and the burden of plaque in the aortic sinuses or
brachiocephalic arteries, however there was a significant inverse correlation between EPA
levels and the thickness of the intima and media in the arterial wall (see Figure 6.36).
233

Table 6.2: Summary of correlations between blood concentrations of EPA, DHA, and the
ratio of EPA to DHA with measures of plaque burden and characteristics, lipid burden
and vascular inflammation.

Parameter
Aortic sinus plaque burden
BCA plaque burden
Arterial intimal + medial thickness
Aortic sinus plaque collagen
BCA plaque collagen
SMA staining in aortic sinus plaque
SMA staining in BCA plaque
CD107b staining in aortic sinus plaque
CD107b staining in BCA plaque
IL-1β expression in arterial wall
TNF-α expression in arterial wall
MCP-1 expression in arterial wall
NFκBp65 expression in arterial wall
PPAR-γ expression in arterial wall
Lipid burden in aorta (Oil Red-O)

Correlation coefficient and significance level
EPA

r = -0.07, p = 0.82
r = 0.10, p = 0.74
r = -0.49, p = 0.04
r = -0.22, p = 0.25
r = -0.06, p = 0.85
r = 0.06, p = 0.76
r = 0.13, p = 0.66
r = 0.32, p = 0.09
r = -0.04, p = 0.89
r = -0.63, p = 0.009
r = -0.50, p = 0.04
r = -0.13, p = 0.61
r = -0.11, p = 0.66
r = -0.31, p = 0.21
r = -0.21, p = 0.39

DHA

r = 0.11, p = 0.70
r = -0.36, p = 0.22
r = -0.11, p = 0.67
r = -0.34, p = 0.06
r = -0.47, p = 0.09
r = 0.09, p = 0.65
r = 0.56, p = 0.54
r = 0.58, p = 0.0008
r = 0.66, p = 0.01
r = -0.47, p = 0.06
r = -0.45, p = 0.06
r = -0.43, p = 0.07
r = -0.13, p = 0.62
r = -0.13, p = 0.60
r = -0.40, p = 0.09

EPA:DHA

r = 0.05, p = 0.86
r = 0.08, p = 0.79
r = -0.39, p = 0.11
r = -0.12, p = 0.53
r = -0.13, p = 0.65
r = 0.04, p = 0.83
r = 0.12, p = 0.68
r = 0.05, p = 0.79
r = -0.29, p = 0.32
r = -0.67, p = 0.004
r = -0.47, p = 0.049
r = 0.02, p = 0.93
r = -0.02, p = 0.95
r = -0.35, p = 0.16
r = 0.18, p = 0.46

BCA = brachiocephalic artery. SMA = smooth muscle actin.
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Figure 6.36: Correlation between blood EPA concentration at study completion and
intimal plus medial thickness in the artery wall. n = 18 mice.
No significant correlation was present between omega-3 levels and two important
measures of plaque stability, i.e. collagen content and smooth muscle actin staining (See Table
6.2). The macrophage content of both aortic sinus and brachiocephalic artery plaques correlated
positively and significantly with blood DHA levels, indicating that DHA may have a proinflammatory effect in atherosclerotic plaques (See Figures 6.37 and 6.38).
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Figure 6.37: Correlation between blood DHA concentration at study completion and
staining for CD107b (Mac3) in aortic sinus plaques. n = 30 mice.
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Figure 6.38: Correlation between blood DHA concentration at study completion and
staining for CD107b (Mac3) in brachiocephalic artery plaques. n = 14 mice.
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Consistent with the reductions in gene expression of IL-1β and TNF-α in the arterial
wall occurring with EPA supplementation, there was a significant inverse correlation present
between (1) blood EPA levels and (2) the EPA:DHA ratio with the expression of those genes
(see Figures 6.39 to 6.42). No significant correlations were demonstrated between blood
omega-3 levels and the gene expression of MCP-1, NFκBp65, or PPAR-γ in the arterial wall
(see Table 6.2). Furthermore, no significant correlations were demonstrated between blood
omega-3 levels and the burden of lipid in the aorta (see Table 6.2).
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Figure 6.39: Correlation between blood EPA concentration at study completion and the
gene expression of IL-1β in the arterial wall. n = 17 mice.

237

Relative gene expression
of IL-1β (%)

EPA:DHA vs gene expression of IL-1β
in artery wall
400

r = -0.67, p = 0.004

300
200
100
0

0

1

2

3

4

5

Blood EPA:DHA ratio
Figure 6.40: Correlation between blood EPA:DHA ratio at study completion and the gene
expression of IL-1β in the arterial wall. n = 17 mice.
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Figure 6.41: Correlation between blood EPA concentration at study completion and the
gene expression of TNF-α in the arterial wall. n = 18 mice.
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Figure 6.42: Correlation between blood EPA:DHA ratio at study completion and the gene
expression of TNF-α in the arterial wall. n = 18 mice.

6.4

Discussion
This is the first study comparing direct supplementation of purified EPA with DHA on

atherogenesis and chronic vascular inflammation in a mouse model. Previous studies have
administered combinations of EPA and DHA, or individual fatty acids alone, typically by their
addition to diet. Chapters 4 and 5 of this thesis demonstrated that EPA reduces acute vascular
inflammation and has a superior effect over DHA. This chapter extends the study of omega-3
fatty acids to their effects on the development of advanced atherosclerotic lesions and on
chronic vascular inflammation. ApoE-deficient mice fed an atherogenic diet were
supplemented with high dose EPA, DHA, olive oil, or had no treatment, for the last 8 weeks of
a 16-week atherogenic feeding period prior to being humanely killed. The dose chosen was
equivalent to ten times the dose used in many recent human clinical trials of 4 grams per day.
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Four grams per day equates to 60 mg/kg/day for a 70kg human, and hence 600 mg/kg/day was
used in this mouse study to ensure sufficient dosing. The effects of treatments on the rate of
weight gain, lipid levels, the burden of plaque and lipid, the inflammatory characteristics and
stability of atherosclerotic plaque, and on chronic inflammation of the vessel wall were
quantified.
The neutral effects of EPA and DHA on the rate of weight gain in this study are
consistent with previous studies showing no effect of omega-3 fatty acid supplementation on
body weight(552-554). Olive oil reduced the rate of weight gain, and this may be because oleic
acid, its dominant fatty acid, is a substrate for the lipid messenger oleoylethanolamide, which
induces satiety after fat consumption(555).
The effect of fish oil on total cholesterol levels has been studied extensively, but this is
one of few studies using pure EPA and DHA. The stabilising effect of EPA and DHA on
cholesterol levels demonstrated in this study is consistent with a study by Guo et al, where
EPA, DPA, and DHA were administered to C57Bl/6 mice fed an atherogenic diet, and all three
fatty acids reduced total cholesterol and LDL levels(556). These cholesterol-lowering effects of
omega-3 fatty acids are in contrast to the small increase typically seen in humans(541), and even
differ between rodent species(557). Mechanisms for this effect in mice may be the activation of
AMP-activated protein kinase(558), activation of fatty acid oxidation genes(559), and suppression
of liver fatty acid synthesis(560).
Triglyceride levels were naturally elevated in all mice after 8 weeks, as ApoE-deficient
mice have reduced triglyceride clearance(561). Both EPA and DHA significantly reduced these
levels by the end of the study. This is consistent with findings from Guo et al’s study, with
EPA, DPA, and DHA all reducing triglyceride levels. Previous animal studies have also shown
reductions in plasma triglycerides with combination omega-3 (EPA plus DHA)
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supplementation(558, 562), and a triglyceride-lowering effect with DHA administered alone(563).
Human studies have likewise consistently demonstrated triglyceride lowering with omega3s(207,

564)

. This has been attributed to reduced triglyceride production and increased

clearance(565). Specifically, the stimulation of PPAR-α causes beta-oxidation of fatty acids,
which reduces their availability for VLDL production(559). The superior effect of DHA in
reducing triglyceride levels compared to EPA in the current study is also consistent with human
studies(288, 479, 480, 482, 483, 566).
Neither EPA nor DHA altered the burden of atherosclerotic plaque. Atherosclerotic
plaques were quantified at sites of predilection for advanced plaque formation, namely the
aortic sinuses and brachiocephalic arteries. Omega-3 fatty acids have numerous pleiotropic
effects beyond lipid lowering, which lower cardiovascular risk(567), but which were clearly
insufficient to lead to a measurable anti-atherosclerotic effect. In the current study, plaque in
the aortic sinuses and brachiocephalic arteries was extensive and morphologically advanced.
The burden of plaque was similar in both locations (32-34% of total area), however the stability
of plaque was higher in the aortic sinuses as evidenced by a higher collagen content, a high
concentration of smooth muscle cells on the plaque surface, and a lower inflammatory cell
(macrophage) content. Blood flow at arterial branch points (such as the brachiocephalic artery)
is subject to abnormal haemodynamic shear stress, which induces endothelial dysfunction and
promotes atherosclerosis(568) compared to sites of more laminar flow, such as the aortic root.
This explains the discrepant findings at the two sites. It is plausible that omega-3s would have
a favourable effect on arterial shear stress given the reductions in arterial stiffness(569) and
increases in local nitric oxide production(570) previously demonstrated. However, this has not
been studied directly using omega-3 fatty acids and warrants further investigation.
Furthermore, neither EPA nor DHA reduced the degree of expansion of the arterial intima and
media. There was, however, a significant inverse correlation between the content of EPA in
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blood and the thickness of the intima and media. This is consistent with evidence for an
association between higher blood omega-3 levels and lower carotid intima-media thickness in
certain population groups, however a greater association of EPA compared to DHA has not
been previously reported(571,

572)

. The collagen content, smooth muscle cell content, and

inflammatory cell (macrophage) content were not altered by any of the treatments. However,
there was a significant positive correlation between DHA levels and the macrophage content
of plaques. This would naturally be considered to represent a pro-inflammatory relationship of
DHA with plaque. This is in contrast to evidence of a macrophage-lowering effect of omega-3
fatty acids, which has been demonstrated in carotid endarterectomy specimens after fish oil
supplementation(253). It has been suggested that omega-3 fatty acids lower macrophage content
in plaque by inducing their death by apoptosis(253). Macrophages in plaque contribute to plaque
instability, both pathologically(573) and clinically(574), and hence their apoptosis would generally
be considered beneficial. However, apoptotic macrophages in plaques are incompletely
scavenged, and their death results in the release of extracellular lipid into plaque. The cellular
debris and extracellular lipid may propagate the chronic inflammatory response in plaque(575).
Therefore, the positive correlation of DHA with plaque macrophage content demonstrated in
this study suggests, but does not necessarily imply, a pro-atherosclerotic relationship, with EPA
being more protective than DHA.
Lipid was detected using Oil Red-O staining throughout the aorta. EPA and DHA did
not reduce lipid burden despite lowering serum cholesterol and triglyceride levels. Although
the positive and continuous association between serum cholesterol and atherosclerosis has been
well-established(275, 576), only recently has the lipid content of plaque become quantifiable in
vivo, using near-infrared spectroscopy (NIRS)(577-579). Unlike total plaque burden, the lipid
content of plaque does not correlate directly with serum cholesterol levels. Rather, changes in
the lipid content of plaque has been associated with changes in HDL-C but not other lipid
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parameters(580). This may explain the discordance between serum cholesterol levels and aortic
lipid burden. Given that only 4-5 mice per treatment group had aortic Oil Red-O staining
performed, an effect on plaque lipid by omega-3 fatty acids cannot be excluded. Larger studies
will be required to further elucidate the differential effects of EPA and DHA on plaque lipid,
and the clinical implications of this.
EPA significantly reduced the gene expression of two important markers of chronic
vascular inflammation in plaque, IL-1β and TNF-α. There was also a significant inverse
correlation between the gene expression of both IL-1β and TNF-α and blood levels of EPA as
well as the EPA:DHA ratio. This provides evidence for a differential and superior effect of
EPA compared to DHA on chronic vascular inflammation. The suppressive effect of EPA on
IL-1β gene expression may be due to its effects on the inflammasome. There are numerous
stimulators of the inflammasome in atherosclerotic plaques, including cholesterol crystals and
inflammatory cytokines. Indeed, there are significant amounts of NLRP3, caspase-I and IL-1β
in plaques(74). Hence, the requirement for a two-step activation process for the inflammasome
and subsequent IL-1β generation is not a hindrance for continued inflammatory activity in
atherosclerotic plaques. Dietary fatty acid composition is sensed by the NLRP3 inflammasome
in human macrophages, and omega-3 fatty acids (studied in the forms of fish oil and DHA)
have been shown to have an inhibitory effect(353, 354, 581). Williams-Bey et al demonstrated that
inhibition of the G-Protein-coupled Receptor, GPR120, also known as Free Fatty Acid
Receptor 4, was necessary for this to occur, which suppressed the nuclear translocation of NFκB(581). It is likely that EPA inhibits the inflammasome by the same mechanisms demonstrated
for fish oil and DHA. Based on the success of IL-1β inhibition on reducing cardiovascular
events in high risk patients(120), it is likely that the cardioprotective effects of high-dose EPA
seen in the REDUCE-IT trial are partly due to this mechanism(234).
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The suppressive effect of omega-3 fatty acids on TNF-α has been demonstrated for both
circulating and tissue forms. Circulating TNF-α has been reduced with fish oil supplementation
in both mice(582) and humans(583). In vitro studies have corroborated this with reductions seen
in endotoxin-induced TNF production by monocytes(296, 584) after the addition of omega-3 fatty
acids. This was shown to be due to inhibition of NFκB activation(297, 298). TNF-α has been
measured in the vessel wall by Western Blot after EPA supplementation in a rabbit model of
acute vascular inflammation. In this study, pre-treatment of Japanese white rabbits for 1 week
with high dose EPA resulting in a reduction in TNF-α levels in the vessel wall both before and
3 days after carotid cuff placement(585). In the setting of chronic vascular inflammation and
atherosclerosis, a study of LDL-R-deficient mice fed an atherogenic diet demonstrated a
reduction in gene expression of TNF-α in established atherosclerotic plaques after EPA
supplementation(259). A proposed mechanism elucidated by Vassiliou et al is that the omega-3
metabolite Resolvin D1 inhibits T cell proliferation (a source of TNF-α) through increasing
indoleamine 2,3-dioxygenase expression in dendritic cells(586). This is the first study to compare
the effects of EPA with DHA on the gene expression of TNF-α in vessel wall in the setting of
chronic vascular inflammation, and hence the finding of a superior effect of EPA is a novel
finding.
An important limitation of this study is the small sample size. Although a power
calculation guided the overall allocation of 10 mice per treatment group, several analyses of
plaque, inflammation and lipid were performed with only 5 mice per treatment group because
they included only mice of a single sex. Hence, these analyses per underpowered, and the
negative results should be interpreted with caution.
Supplementation of omega-3 fatty acids for the final 8 weeks of a 16-week atherogenic
feeding period in ApoE-deficient mice models a clinical scenario of the commencement of fish
oil supplementation in an adult with atherosclerotic cardiovascular disease. Nakashima et al
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demonstrated that by 15 weeks of age, approximately the same age that the mice in the current
study were randomised to treatments, ApoE-deficient mice fed an atherogenic diet have
developed foam cell lesions, smooth muscle cell proliferation and early fibrous plaques(546).
Neither EPA nor DHA significantly altered the burden of plaque or several measures of its
stability. Nor did EPA or DHA alter lipid burden in the aorta. Consistent with the reduction in
acute vascular inflammation in collared carotid arteries by EPA seen in Chapter 5, the current
study demonstrates a reduction in markers of chronic vascular inflammation in aortas with EPA
treatment. Furthermore, these reductions were significantly inversely correlated with blood
EPA levels. These findings may contribute to the mechanisms underlying the reduction in
major adverse cardiac events seen with EPA in the recently-published REDUCE-IT trial(234).
The results of the current study predict a superior atheroprotective effect of EPA compared to
DHA, however this will need to be confirmed in clinical trials. Although atherosclerosis is
fundamentally an inflammatory disease(4), the neutral effect of omega-3s on atherogenesis
despite a clear anti-inflammatory effect highlights the complex mechanisms underlying this
disease process. The pharmacodynamics of individual omega-3 fatty acids and their effects on
atherogenic mediators require continued investigation.
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CHAPTER 7: DISCUSSION
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7.1

Rationale for body of work
The effects of omega-3 fatty acids on atherosclerosis have been studied extensively,

including mechanistic studies, observational studies, clinical trials, and epidemiological
research. Throughout the period of investigation, which has continued for approximately half
a century, there have been discrepancies in the findings of these studies, with numerous
examples. Mechanistic studies typically demonstrated beneficial effects of omega-3 fatty acids
on inflammation and atherogenesis. Observational studies, both prospective and retrospective,
have most commonly demonstrated inverse associations between fish and fish oil consumption
as well as blood omega-3 levels on cardiovascular events and mortality. Notably, these inverse
associations were more consistent with fish compared to fish oil consumption. Clinical trials
of fish oil have produced varied results, however, from an overall neutral effect to significant
reductions in cardiovascular events and mortality. Neutral effects were seen more commonly,
and identified a paradox of basic research studies identifying cardioprotective properties of
omega-3 fatty acids that did not reliably translate into clinical benefit. Moreover, omega-3 fatty
acids have consistently been shown to reduce inflammation and triglyceride levels, with both
associated with increased cardiovascular risk.
The omega-3 formulations used in basic and clinical studies have been highly
heterogeneous, including a variety of doses and EPA:DHA ratios. There is a possibility that an
optimal ratio of EPA:DHA exists, and that a dose threshold may be required to achieve an
atheroprotective effect. Furthermore, the form in which omega-3 fatty acids are consumed may
also play an important role. In most oily fish, omega-3 fatty acids are primarily in triglyceride
form, and to a lesser extent phospholipid and free fatty acid forms. However, fish oil
supplements are predominantly in either ethyl ester or triglyceride forms. The doses of omega3 fatty acids used in prospective clinical studies have often been ≤ 1 gram per day, with issues
of intolerance, compliance, bleeding risk, and cost all being considered in study design.
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However, in pre-clinical studies, omega-3 fatty acids have commonly been supplemented at
comparatively high doses, such as 5% of total food intake for animal studies. The latter is an
example of a commonly-implemented method of omega-3 supplementation, which has
limitations both due to the imprecision of measuring total omega-3 intake and also due to
oxidation of fatty acids that occurs upon exposure to air.
The question of whether fish oil consumption is atheroprotective has been confounded
broadly by the limitations and heterogeneity of previous study designs, the temporal changes
in background anti-atherosclerotic therapies, and the lack of specific omega-3 target levels.
The current body of work aimed to answer several important questions about the role of omega3 fatty acids for atheroprotection by focusing on vascular inflammation. There has been
increasing recognition of the role of inflammation in all stages of atherogenesis, and given the
established anti-inflammatory properties of omega-3 fatty acids, it was important to investigate
their impact on the inflammatory processes in the vessel wall that promote atherosclerosis.
7.2

Findings of individual studies

7.2.1 The impact of omega-3 fatty acids on circulating mediators of atherosclerosis
– a systematic review
This systematic review, which included only high-quality (NHMRC Evidence Level I
or II) randomised, placebo-controlled omega-3 fatty acid studies indexed in the Cochrane
Library, demonstrated that supplementation with omega-3 fatty acids reduced levels of all four
classes of atherogenic mediators. These four classes were: atherogenic lipoproteins,
atherogenic cytokines and adipokines, atherogenic amino acids and derivatives, and advanced
glycation endproducts. Atherogenic mediators were required to be measured in blood either
directly in vivo, or ex vivo in cell culture after human omega-3 supplementation. The Cochrane
Library search yielded 1012 results, of which 109 studies were eligible for inclusion in the final
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analysis. These comprised 1 Cochrane systematic review, 6 non-Cochrane systematic reviews
and meta-analyses, and 102 randomised controlled trials. Each mediator was assessed
individually, and the overall effect of omega-3 fatty acids was evaluated qualitatively due to
the heterogeneity of study types included. The fatty acid contents of the supplements studied
were highly variable, although mostly included mixtures of EPA and DHA, such as what occurs
in standard fish oil. Significant reductions were noted for oxLDL, VLDL-C, non-HDL-C,
leptin, homocysteine, and advanced glycation endproducts. Mild reductions were noted for IL6, and TNF-α. No significant changes were noted for the other mediators evaluated.
Amongst included studies, there was significant heterogeneity in sample size, duration
of supplementation, the choice of placebo, and omega-3 formulation. Although this systematic
review did not attempt to segregate studies based on omega-3 dose or measured blood omega3 levels, it is predictable that the degree of suppression of atherogenic mediators would
correlate with blood omega-3 concentrations. This, as well as the relative effects of EPA versus
DHA, and the effects on vascular inflammation measured at the tissue level, requires further
evaluation.

7.2.2 Fish Oil Cell Uptake Study of INflammation (FOCUS IN). A randomised
controlled trial of fish oil supplementation in healthy volunteers.
The FOCUS IN study enrolled 40 healthy adult volunteers with a low baseline omega3 intake, and randomised them in a double-blind fashion to four grams per day of either (1) fish
oil high in EPA, (2) fish oil high in DHA, (3) fish oil with a standard 2:1 EPA: DHA ratio, or
(4) a placebo oil as an oil control, for 30 days. Participants in the EPA group were older,
however the groups were otherwise evenly matched at baseline in terms of age, gender, body
mass index, resting heart rate and blood pressure, lipid profile, inflammatory profile and
omega-3 status.
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There were no significant differences in resting heart rate or systolic blood pressure
between the 4 treatment groups, although DHA significantly reduced diastolic blood pressure
compared to placebo. Total cholesterol, LDL-C and HDL-C did not significantly differ
between treatment groups, although DHA significantly reduced triglyceride levels. Highsensitivity CRP and lipoprotein (a) levels did not significantly differ between treatment groups.
Serum collected before and after treatment was added to human umbilical vein
endothelial cells (HUVECs) in culture at a concentration of 10%, before and after TNF-α
stimulation (10ng/ml). Changes in the gene expression of the following markers of vascular
inflammation were measured by RT-PCR: VCAM-1, ICAM-1, MCP-1 and NFκBp65. Serum
from participants taking EPA reduced the gene expression of MCP-1 by TNF-stimulated
HUVECs by 25% compared to placebo (p=0.03). No significant differences were seen between
treatment groups for the other markers.
The expression of VCAM-1, ICAM-1, MCP-1 and NFκBp65 by stimulated HUVECs
was correlated with the following patient characteristics to determine whether any significant
associations exist: total cholesterol, LDL-C, HDL-C, triglycerides, omega 6:3 ratio, blood EPA
levels, blood DHA levels, and blood saturated fats. HDL-C levels correlated positively and
significantly with both VCAM-1 (r=0.36, p=0.02) and MCP-1 (r=0.40, p=0.01) expression.
This is consistent with HDL dysfunctionality at very high HDL-C levels, and this warrants
further investigation.

7.2.3 The impact of omega-3 fatty acids on acute vascular inflammation in a mouse
model
In this study, eight-week-old C57Bl/6 mice fed a chow diet were randomised to
supplementation with 600mg/kg/day of either EPA, DHA, olive oil as an oil control, or no
treatment, for 30 days by oral gavage. Subsequently, pure acute vascular inflammation was
induced using the surgical application of non-occlusive silicon elastic collars to the right carotid
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artery, which remained in place for 48 hours. Subsequently, the mice were humanely killed and
both carotid arteries were harvested for immunohistochemical analysis for markers of acute
vascular inflammation, namely VCAM-1, ICAM-1, MCP-1 and CD18. A blood sample was
obtained by terminal cardiac puncture.
Carotid collaring significantly upregulated the protein expression of all markers
measured. EPA reduced the protein expression of VCAM-1 and MCP-1 by 43% and 38%
respectively in collared carotids compared to no treatment (p<0.05 for both comparisons).
There were numerical reductions in ICAM-1 and CD18 expression with EPA, which did not
reach statistical significance. Furthermore, there was a numerical reduction in all four markers
of AVI with DHA, which was less than EPA in each case, and not statistically significant.
Plasma total cholesterol and triglycerides were low, and did not differ significantly
between treatment groups. EPA and DHA supplementation increased their respective blood
levels by 272% and 62% (p<0.0001). There were significant inverse correlations observed
between blood levels of both EPA and DHA and the expression of all four markers of AVI on
immunohistochemistry. Furthermore, significant inverse correlations were also observed
between the blood EPA:DHA ratio and all four markers of AVI, consistent with the superior
effect of EPA compared to DHA.
The reduction in protein expression of markers of AVI by EPA supplementation
measured in the arterial wall, is consistent with the in vitro gene expression findings of FOCUS
IN.

7.2.4 The impact of omega-3 fatty acids on atherosclerosis and chronic vascular
inflammation
In this study, forty 8-week-old ApoE-deficient mice were fed an atherogenic diet for 16
weeks to induce chronic vascular inflammation and advanced atherosclerotic plaques. After 8
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weeks, a blood sample was taken and the mice were randomised to supplementation with
600mg/kg/day of either: (1) EPA, (2) DHA, (3) olive oil as an oil control, or (4) no treatment.
Supplementation was performed by oral gavage, and continued for the last 8 weeks of the 16week treatment period, after which time the mice were humanely killed and blood and organ
harvesting were performed.
The body weight of mice in all four treatment groups increased over the atherogenic
feeding period, with no effect of EPA or DHA. Plasma total cholesterol levels were high in all
mice after 8 weeks, and were stabilised by both EPA and DHA. Plasma triglyceride levels were
elevated in all mice after 8 weeks, and EPA and DHA significantly reduced these levels by
study completion.
Atherosclerotic plaque was measured in the aortic sinuses and brachiocephalic arteries.
Although advanced plaques had developed by study completion, no differences in plaque
burden were demonstrated between treatment groups. Similarly, the thickness of the intimal
and medial layers, and the collagen content of plaques did not differ among treatment groups.
The smooth muscle cell content and macrophage content of plaques, measured by
immunohistochemical staining for smooth muscle actin and CD107b, did not differ between
treatment groups. Hence, omega-3 supplementation did not impact on measures of plaque
stability. The lipid content of aortas was assessed by Oil Red-O staining, and in all mice lipid
was distributed diffusely throughout the aorta. Omega-3 supplementation did not significantly
impact the burden of lipid.
In aortic tissue, the gene expression of markers of chronic inflammation, IL-1β and
TNF-α, were significantly lower in the mice treated with EPA (-44.3% [p=0.04] and -48.8%
[p=0.04], respectively). Consistent with this beneficial effect on EPA on chronic vascular
inflammation, there were significant inverse correlations present between IL-1β and TNF-α
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expression and both blood EPA levels and the EPA:DHA ratio. Blood EPA levels also
correlated inversely with intimal and medial thickness in the artery wall. This finding suggests
a signal for a favourable effect of EPA on plaque, that may not have been demonstrated due to
the low sample size in this study (n < 5 mice for some measures).
7.3

Overarching conclusions
Omega-3 fatty acids reduce vascular inflammation from the earliest stages of

endothelial injury to the advanced stages of atherosclerosis. In the in vitro study FOCUS IN,
and in the acute and chronic mouse studies, EPA was consistently shown to be superior than
DHA. Omega-3 fatty acids reduce triglyceride levels and stabilise cholesterol levels.
Nonetheless, the beneficial effects of omega-3 fatty acids on vascular inflammation in the
experimental studies have largely occurred independent of effects on both cholesterol and
triglyceride levels. Despite the critical role of vascular inflammation in atherogenesis, and the
reduction in circulating atherogenic mediators by omega-3 fatty acids established in the
systematic review, omega-3 fatty acids did not improve plaque burden or characteristics, nor
lipid burden. In view of the small sample size of the chronic mouse study, which was less than
5 mice for some analyses, an atheroprotective effect has not been excluded. Moreover, the
findings of the recent REDUCE-IT study demonstrated a significant reduction in major adverse
cardiovascular events with high-dose EPA supplementation(234).
In the experimental studies presented in this thesis, omega-3 fatty acids were
supplemented at high doses. In FOCUS IN, this was 4 grams of omega-3 per day. In both
mouse studies, a daily omega-3 dose of 600mg/kg was given (equivalent to 40 grams per day
for a weight of 70kg). Consistent with the results of previous dietary omega-3 studies(222, 223),
which demonstrated dose-dependent effects, and the high dose of EPA ethyl esters (4 grams
per day) utilised in the positive REDUCE-IT trial, it is likely that high doses of omega-3 fatty
acids are required to demonstrate beneficial effects.
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7.4

Clinical implications of research findings

7.4.1 Omega-3 fatty acids for primary prevention
In this body of work, the beneficial effects of omega-3 fatty acids on vascular
inflammation have been demonstrated in experimental studies that model primary and
secondary prevention settings. In FOCUS IN, serum from healthy volunteers supplemented
with fish oil was added to HUVECs in culture for a duration of 24 hours, prior to the addition
of an inflammatory stimulus (TNF-α). Similarly, in the mouse study of AVI, omega-3 fatty
acids were supplemented for 30 days prior to the induction of AVI by carotid collaring.
However, in the chronic mouse study, the ApoE-deficient mice were 16 weeks of age and had
had 8 weeks of atherogenic feeding prior to the commencement of omega-3 supplementation.
By this stage, foam cell lesions, smooth muscle cell proliferation and early fibrous plaques
would likely have developed(546).
Regular high-dose consumption of omega-3 fatty acids, whether in dietary or
supplement form, is likely to have a role in the primary prevention of cardiovascular disease.
Since macroscopic evidence of atherosclerosis has been identified in humans as early as the
foetal stage, i.e. in the form of fatty streaks(498), omega-3 supplementation has the potential for
use in primary cardiovascular prevention in all age groups. High-dose omega-3 consumption
on a population level for primary prevention is not feasible, however, for several reasons.
Firstly, the number needed to treat in order to prevent one cardiovascular event has not been
established and is likely to be high. Secondly, to achieve 4 grams of omega-3 fatty acids per
day would be prohibitively expensive and potentially cumbersome for the consumer. For
example, in the FOCUS IN study, 6-8 capsules per day were required for each of the
supplements. Thirdly, as the main source of omega-3 fatty acids is marine-derived,
consideration must be given to sustainability of the aquaculture industry and the risk of
extinction to fish populations(587). In recent years, Australian scientists have been among those
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pioneering the development of genetically-modified crops that produce omega-3 oils, as a
sustainable source(588-590). Finally, although generally well-tolerated, fish oil consumption is
associated with a number of mild adverse effects that may lead to discontinuation, in
particularly gastrointestinal complaints(591).
A more feasible approach for the use of omega-3 fatty acids for primary prevention
would be to target specific population subgroups. Conceivably, these could include individuals
with risk factors that have been shown to be ameliorated by omega-3 fatty acids. Based on the
results of the systematic review, individuals with elevated VLDL-C and non-HDL-C levels,
hyperhomocysteinemia, the overweight or obese (likely to have elevated leptin levels), and
those with hyperglycaemia or vascular diabetic complications (expected to have circulating
advanced glycation endproducts) could have a slowed progression of atherogenesis. The two
experimental studies that modelled primary prevention (FOCUS IN and the mouse collar study)
were conducted using subjects with minimal cardiovascular risk factors (healthy volunteers
and wild-type mice), however some additional target groups could be surmised. For example,
individuals with very high levels of HDL-C, which correlated positively with VCAM-1 and
MCP-1, may be a target for therapies that reduce these inflammatory markers, namely EPA. In
addition, among these subgroups, individuals with low blood omega-3 levels, especially EPA,
are likely to have a greater inflammatory response to a future vascular insult, which could be
reduced by omega-3 supplementation. Triglyceride levels, although not a focus of this body of
work, were lowered by omega-3 fatty acids in the experimental studies - their atherogenic
effects being exerted by virtue of their incorporation into atherogenic triglyceride-rich
lipoproteins. Prospective studies will be required to demonstrate the effectiveness of targeting
these population subgroups for primary prevention, however REDUCE-IT produced
encouraging findings. Almost 30% of patients in REDUCE-IT were in the primary prevention
setting, i.e. were diabetics with elevated triglyceride levels and other risk factors but no
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established history of cardiovascular disease. Although not statistically-significant, the hazard
ratio for the primary endpoint for these patients was 12% lower in the icosapent ethyl group
compared to placebo(234).

7.4.2 Omega-3 fatty acids for secondary prevention
The results of the chronic mouse study suggest promising roles for the use of omega-3
fatty acids in the secondary prevention setting. In the context of established atherosclerosis,
omega-3 fatty acids did not significantly reduce plaque burden or favourably modify plaque
characteristics seen histologically. Furthermore, atheromatous lesions were no less lipidic.
These findings would naturally suggest that in patients with atherosclerotic cardiovascular
disease, omega-3 fatty acids would not modify the risk of future acute plaque events or
progressive myocardial ischaemia. However, markers of chronic inflammation in the vessel
wall were significantly reduced by EPA. Given the intensely inflammatory nature of ruptured
plaques, it is possible that the significant reduction in acute plaque events with icosapent ethyl
reported in REDUCE-IT was partially driven by a reduction in vascular inflammation. If indeed
modifications in the cytokine profile of the vessel wall in the setting of atherosclerosis are
sufficient to contribute to a reduction in major adverse cardiovascular events, then this may
require a paradigm shift in cardiovascular risk assessment, in particular the role of plaque
imaging. The traditional focus on the assessment of the characteristics of intracoronary plaque
using intravascular ultrasound and optical coherence tomography, could be complemented in
future by the increased use of functional molecular imaging. Indeed, several radionuclide
tracers are available such as 18F fluorodeoxyglucose (FDG) and 18F sodium fluoride that can
detect and measure aspects of plaque inflammation when combined with imaging modalities
such as positron emission tomography and computed tomography(592, 593).
In the days immediately following an acute coronary syndrome (ACS), culprit plaques
are highly inflamed and may be most responsive to anti-inflammatory therapies(594,

595)

.
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Features of both acute and chronic vascular inflammation are present in these plaques, and
hence high-dose EPA supplementation may be beneficial in the early post-ACS period. A
reduction in vascular inflammation could contribute to reduced coronary spasm and infarct size
in the acute period, and a reduction in recurrent events in the long term.
7.5

Suggestions for future research

7.5.1 Elucidating the differential mechanistic effects of EPA compared to DHA
The experimental studies demonstrated a superior effect of EPA compared to DHA for
the reduction of vascular inflammation. The mechanisms underlying these differences need to
be further elucidated. Although structurally very similar, there is emerging evidence for
different pharmacodynamic effects of these two molecules. Differences in effects on adhesion
molecule expression with EPA compared to DHA, for example, may relate to differences in
(1) the inhibition of the translocation of TLR4 into lipid raft domains, (2) the suppression of
TAK1 phosphorylation, (3) the attenuation of NFκB activity by suppressing p38 and IκBα
activation, and (4) the induction of the expression of the anti-inflammatory and NFκBsuppressor gene A20(246). The differences in the magnitude of effects may partly relate to their
concentration and assembly in cell membrane phospholipids; for example DHA is incorporated
into (sphingomyelin and cholesterol-rich) membrane rafts with more than twice the affinity of
EPA(249). Hence, although much of the focus of the effects of fatty acids has been on their
pharmacodynamics, differences in pharmacokinetics may also be relevant.
Future mechanistic omega-3 studies should use purified forms of EPA and DHA
provided for sufficient duration to allow for incorporation into the cell membranes of interest,
and with care taken to minimise oxidation.
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7.5.2 Targeting blood omega-3 concentrations
The inverse correlations between blood omega-3 levels and markers of vascular
inflammation demonstrated in the experimental studies provide further evidence for a dosedependent effect. As with blood pressure and lipid targets, there is a rationale for establishing
a therapeutic target for blood omega-3 levels. The Omega-3 Index, which is the percentage of
EPA and DHA in red blood cell fatty acids, identified a cut-off value (< 4%) that associates
with coronary heart disease mortality(213), but this index does not profile individual fatty acids.
This is critically important, given the consistent demonstration of stronger correlations with
EPA levels in the experimental studies. A sub-study of the JELIS trial examined the
relationships between various plasma fatty acid concentrations and the risk of coronary events
using a Cox proportional hazard model. High plasma EPA concentrations, but not DHA
concentrations, were significantly inversely associated with major coronary events, with a
hazard ratio of 0.71 for those with the highest tier of EPA concentrations(596). Ohnishi et al
examined this association further, and found that a ratio of EPA to arachidonic acid of > 0.75
also significantly inversely associated with major coronary events(597). This provided further
evidence for the prognostic value of blood omega-6:omega-3 ratios, with a focus on individual
fatty acids.
To establish therapeutic blood omega-3 concentrations, future cardiovascular outcome
trials will need to achieve both high omega-3 levels and a range of levels, and hence consider
both the dose and bioavailability of omega-3 sources. For the currently ongoing STRENGTH
trial, the treatment group has received a high dose of omega-3 (4 grams per day) provided as
free fatty acids (omega-3 carboxylic acids), which do not require hydrolysis by pancreatic
lipase and therefore have optimal intestinal absorption(235). This large (>13000 participants
recruited) randomised, placebo-controlled trial, is investigating the effects of omega-3
carboxylic acids on the risk of cardiovascular events in statin-treated patients with high
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triglyceride and low HDL-C levels. Fatty acid levels in both plasma and red blood cells have
been taken at baseline, during treatment, and at the end of treatment, and will be correlated
with clinical events(235).
Future clinical studies should evaluate the therapeutic effects of achieving specific
blood omega-3 concentrations in the context of the complete fatty acid profile in a range of
clinical settings.

7.5.3 The concept of dysfunctionality
Fatty acids undergo metabolism, oxidation, shortening, elongation and conversion to
other fatty acids after oral ingestion. Oxidation changes the structure and function of fatty acids,
and longer chain polyunsaturated fatty acids are more susceptible to oxidation due to the higher
number of double bonds present. It has been proposed that oxidised products in fish oils may
attenuate their beneficial effects(598). However, Mishra et al provided evidence that the antiinflammatory effects of fish oil on the endothelium after cytokine stimulation result from the
inhibitory effects of oxidised omega-3 fatty acids on NF-κB activation(252). It is not clear at
present to what extent conformational changes in omega-3 fatty acids after oral ingestion may
lead to dysfunction, and further research is needed in this area.
The incorporation of fatty acids into cellular membranes is critical to their effects on
downstream signalling. Fatty acids incorporate into the membrane rafts of the most abundant
phospholipids, initially phosphatidylcholine and phosphatidylethanolamine(599). Fatty acid
uptake is an active process regulated by fatty acid transporters(600). Hence, there may be
pathophysiological conditions which reduce fatty acid uptake by fatty acid transporters, leading
to a state of “fatty acid resistance” akin to insulin resistance. The conditions which may
contribute to a fatty acid-resistant state and limit the functional effects of omega-3
supplementation would be worthy of exploration.
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FOCUS IN demonstrated a strongly-positive correlation between blood levels of HDLC and the gene expression of VCAM-1 and MCP-1 by stimulated HUVECs. The correlations
were not a primary focus of the study, but occurred on a background of a recent report from
two prospective cohort studies of extremely high levels of HDL-C being associated with
increased all-cause mortality(489). This paradoxical association raises the possibility of HDL
dysfunctionality at very high levels. If this is the case, HDL may develop pro-inflammatory
properties. The effects of HDL particles on the vessel wall in the setting of extreme HDL-C
levels warrant further investigation.
Despite the advances that have occurred in our understanding of the impact of omega3 fatty acids on atherogenesis over the last half-century, there remain significant knowledge
deficits that will lead to fertile and exciting areas for continued investigation. The findings of
this body of work provide mechanistic insights into the atheroprotective effects of omega-3
fatty acids, particularly EPA, and may inform the design of future clinical studies.

260

8. REFERENCES

261

1.

World Health O. World health statistics 2018 : monitoring health for the SDGs. 2018.

2.

Nabel EG, Braunwald E. A tale of coronary artery disease and myocardial infarction.
The New England journal of medicine. 2012 Jan 5;366(1):54-63. DOI:
10.1056/NEJMra1112570.

3.

Fruchart JC, Sacks F, Hermans MP, Assmann G, Brown WV, Ceska R, et al. The
Residual Risk Reduction Initiative: a call to action to reduce residual vascular risk in
patients with dyslipidemia. The American journal of cardiology. 2008 Nov 17;102(10
Suppl):1k-34k. DOI: 10.1016/s0002-9149(08)01833-x.

4.

Ross R. Atherosclerosis is an inflammatory disease. Am Heart J. 1999 Nov;138(5 Pt
2):S419-20.

5.

Wick G, Grundtman C. Inflammation and atherosclerosis. 2012. Cited in: /z-wcorg/.

6.

Mundi S, Massaro M, Scoditti E, Carluccio MA, van Hinsbergh VWM, Iruela-Arispe
ML, et al. Endothelial permeability, LDL deposition, and cardiovascular risk factors-a
review. Cardiovascular research. 2018 Jan 1;114(1):35-52. DOI: 10.1093/cvr/cvx226.

7.

Morita T. Heme oxygenase and atherosclerosis. Arteriosclerosis, thrombosis, and
vascular biology. 2005 Sep;25(9):1786-95. DOI:
10.1161/01.atv.0000178169.95781.49.

8.

Filip DA, Nistor A, Bulla A, Radu A, Lupu F, Simionescu M. Cellular events in the
development of valvular atherosclerotic lesions induced by experimental
hypercholesterolemia. Atherosclerosis. 1987 Oct;67(2-3):199-214.

9.

Mompeo B, Popov D, Sima A, Constantinescu E, Simionescu M. Diabetes-induced
structural changes of venous and arterial endothelium and smooth muscle cells.
Journal of submicroscopic cytology and pathology. 1998 Oct;30(4):475-84.

262

10.

de Winther MP, Kanters E, Kraal G, Hofker MH. Nuclear factor kappaB signaling in
atherogenesis. Arteriosclerosis, thrombosis, and vascular biology. 2005
May;25(5):904-14. DOI: 10.1161/01.atv.0000160340.72641.87.

11.

Collins T, Cybulsky MI. NF-kappaB: pivotal mediator or innocent bystander in
atherogenesis? The Journal of clinical investigation. 2001 Feb;107(3):255-64. DOI:
10.1172/jci10373.

12.

Yu XH, Fu YC, Zhang DW, Yin K, Tang CK. Foam cells in atherosclerosis. Clinica
chimica acta; international journal of clinical chemistry. 2013 Sep 23;424:245-52.
DOI: 10.1016/j.cca.2013.06.006.

13.

Weis M, Schlichting CL, Engleman EG, Cooke JP. Endothelial determinants of
dendritic cell adhesion and migration: new implications for vascular diseases.
Arteriosclerosis, thrombosis, and vascular biology. 2002 Nov 1;22(11):1817-23.

14.

Baidya SG, Zeng QT. Helper T cells and atherosclerosis: the cytokine web.
Postgraduate medical journal. 2005 Dec;81(962):746-52. DOI:
10.1136/pgmj.2004.029827.

15.

Zen K, Parkos CA. Neutrophil migration across endothelium: transcellular or
paracellular? Blood. 2005;106(2):394-5. DOI: 10.1182/blood-2005-04-1671.

16.

Yang L, Froio RM, Sciuto TE, Dvorak AM, Alon R, Luscinskas FW. ICAM-1
regulates neutrophil adhesion and transcellular migration of TNF-alpha-activated
vascular endothelium under flow. Blood. 2005 Jul 15;106(2):584-92. DOI:
10.1182/blood-2004-12-4942.

17.

Haley KJ, Lilly CM, Yang JH, Feng Y, Kennedy SP, Turi TG, et al. Overexpression
of eotaxin and the CCR3 receptor in human atherosclerosis: using genomic
technology to identify a potential novel pathway of vascular inflammation.
Circulation. 2000 Oct 31;102(18):2185-9.
263

18.

Willems S, Vink A, Bot I, Quax PH, de Borst GJ, de Vries JP, et al. Mast cells in
human carotid atherosclerotic plaques are associated with intraplaque microvessel
density and the occurrence of future cardiovascular events. European heart journal.
2013 Dec;34(48):3699-706. DOI: 10.1093/eurheartj/eht186.

19.

Bennett MR, Sinha S, Owens GK. Vascular Smooth Muscle Cells in Atherosclerosis.
Circulation research. 2016 Feb 19;118(4):692-702. DOI:
10.1161/circresaha.115.306361.

20.

Campbell JH, Popadynec L, Nestel PJ, Campbell GR. Lipid accumulation in arterial
smooth muscle cells. Influence of phenotype. Atherosclerosis. 1983 Jun;47(3):279-95.

21.

Tiwari RL, Singh V, Barthwal MK. Macrophages: an elusive yet emerging
therapeutic target of atherosclerosis. Medicinal research reviews. 2008 Jul;28(4):483544. DOI: 10.1002/med.20118.

22.

Tabas I, Tall A, Accili D. The impact of macrophage insulin resistance on advanced
atherosclerotic plaque progression. Circulation research. 2010 Jan 8;106(1):58-67.
DOI: 10.1161/circresaha.109.208488.

23.

Burke AP, Farb A, Malcom GT, Liang YH, Smialek J, Virmani R. Coronary risk
factors and plaque morphology in men with coronary disease who died suddenly. The
New England journal of medicine. 1997 May 1;336(18):1276-82. DOI:
10.1056/nejm199705013361802.

24.

Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons from sudden
coronary death: a comprehensive morphological classification scheme for
atherosclerotic lesions. Arteriosclerosis, thrombosis, and vascular biology. 2000
May;20(5):1262-75.

264

25.

Quillard T, Franck G, Mawson T, Folco E, Libby P. Mechanisms of erosion of
atherosclerotic plaques. Current opinion in lipidology. 2017 Oct;28(5):434-41. DOI:
10.1097/mol.0000000000000440.

26.

Chandran S, Watkins J, Abdul-Aziz A, Shafat M, Calvert PA, Bowles KM, et al.
Inflammatory Differences in Plaque Erosion and Rupture in Patients With STSegment Elevation Myocardial Infarction. Journal of the American Heart Association.
2017 May 3;6(5). DOI: 10.1161/jaha.117.005868.

27.

Jinnouchi H, Virmani R, Finn AV. Are characteristics of plaque erosion defined by
optical coherence tomography similar to true erosion in pathology? European heart
journal. 2018 Jun 7;39(22):2086-9. DOI: 10.1093/eurheartj/ehy113.

28.

Partida RA, Libby P, Crea F, Jang IK. Plaque erosion: a new in vivo diagnosis and a
potential major shift in the management of patients with acute coronary syndromes.
European heart journal. 2018 Jun 7;39(22):2070-6. DOI: 10.1093/eurheartj/ehx786.

29.

Dai J, Xing L, Jia H, Zhu Y, Zhang S, Hu S, et al. In vivo predictors of plaque erosion
in patients with ST-segment elevation myocardial infarction: a clinical,
angiographical, and intravascular optical coherence tomography study. European
heart journal. 2018 Jun 7;39(22):2077-85. DOI: 10.1093/eurheartj/ehy101.

30.

Tricot O, Mallat Z, Heymes C, Belmin J, Leseche G, Tedgui A. Relation between
endothelial cell apoptosis and blood flow direction in human atherosclerotic plaques.
Circulation. 2000 May 30;101(21):2450-3.

31.

Ferrante G, Nakano M, Prati F, Niccoli G, Mallus MT, Ramazzotti V, et al. High
levels of systemic myeloperoxidase are associated with coronary plaque erosion in
patients with acute coronary syndromes: a clinicopathological study. Circulation.
2010 Dec 14;122(24):2505-13. DOI: 10.1161/circulationaha.110.955302.

265

32.

Quillard T, Araujo HA, Franck G, Shvartz E, Sukhova G, Libby P. TLR2 and
neutrophils potentiate endothelial stress, apoptosis and detachment: implications for
superficial erosion. European heart journal. 2015 Jun 7;36(22):1394-404. DOI:
10.1093/eurheartj/ehv044.

33.

Pasterkamp G, den Ruijter HM, Libby P. Temporal shifts in clinical presentation and
underlying mechanisms of atherosclerotic disease. Nature reviews Cardiology. 2017
Jan;14(1):21-9. DOI: 10.1038/nrcardio.2016.166.

34.

Chen YC, Peter K. Determining the characteristics of human atherosclerosis: A
difficult but indispensable task providing the direction and proof of concept for
pioneering atherosclerosis research in animal models. Atherosclerosis. 2015
Aug;241(2):595-6. DOI: 10.1016/j.atherosclerosis.2015.06.009.

35.

Ley K, Huo Y. VCAM-1 is critical in atherosclerosis. The Journal of clinical
investigation. 2001 May;107(10):1209-10. DOI: 10.1172/jci13005.

36.

Cook-Mills JM, Marchese ME, Abdala-Valencia H. Vascular cell adhesion molecule1 expression and signaling during disease: regulation by reactive oxygen species and
antioxidants. Antioxidants & redox signaling. 2011 Sep 15;15(6):1607-38. DOI:
10.1089/ars.2010.3522.

37.

Shu HB, Agranoff AB, Nabel EG, Leung K, Duckett CS, Neish AS, et al. Differential
regulation of vascular cell adhesion molecule 1 gene expression by specific NF-kappa
B subunits in endothelial and epithelial cells. Molecular and cellular biology. 1993
Oct;13(10):6283-9.

38.

Alon R, Kassner PD, Carr MW, Finger EB, Hemler ME, Springer TA. The integrin
VLA-4 supports tethering and rolling in flow on VCAM-1. The Journal of cell
biology. 1995 Mar;128(6):1243-53.

266

39.

Cerutti C, Ridley AJ. Endothelial cell-cell adhesion and signaling. Experimental cell
research. 2017 Sep 1;358(1):31-8. DOI: 10.1016/j.yexcr.2017.06.003.

40.

Ledebur HC, Parks TP. Transcriptional regulation of the intercellular adhesion
molecule-1 gene by inflammatory cytokines in human endothelial cells. Essential
roles of a variant NF-kappa B site and p65 homodimers. The Journal of biological
chemistry. 1995 Jan 13;270(2):933-43.

41.

van de Stolpe A, van der Saag PT. Intercellular adhesion molecule-1. Journal of
molecular medicine (Berlin, Germany). 1996 Jan;74(1):13-33.

42.

El-Gamal D, Holzer M, Gauster M, Schicho R, Binder V, Konya V, et al. Cyanate is a
novel inducer of endothelial icam-1 expression. Antioxidants & redox signaling. 2012
Jan 15;16(2):129-37. DOI: 10.1089/ars.2011.4090.

43.

Koedam JA, Cramer EM, Briend E, Furie B, Furie BC, Wagner DD. P-selectin, a
granule membrane protein of platelets and endothelial cells, follows the regulated
secretory pathway in AtT-20 cells. The Journal of cell biology. 1992 Feb;116(3):61725.

44.

Blann AD, Nadar SK, Lip GY. The adhesion molecule P-selectin and cardiovascular
disease. European heart journal. 2003 Dec;24(24):2166-79.

45.

Khew-Goodall Y, Butcher CM, Litwin MS, Newlands S, Korpelainen EI, Noack LM,
et al. Chronic expression of P-selectin on endothelial cells stimulated by the T-cell
cytokine, interleukin-3. Blood. 1996 Feb 15;87(4):1432-8.

46.

Wong D, Dorovini-Zis K. Regualtion by cytokines and lipopolysaccharide of Eselectin expression by human brain microvessel endothelial cells in primary culture.
Journal of neuropathology and experimental neurology. 1996 Feb;55(2):225-35.

267

47.

Chiu JJ, Chen CN, Lee PL, Yang CT, Chuang HS, Chien S, et al. Analysis of the
effect of disturbed flow on monocytic adhesion to endothelial cells. Journal of
biomechanics. 2003 Dec;36(12):1883-95.

48.

Chappell DC, Varner SE, Nerem RM, Medford RM, Alexander RW. Oscillatory shear
stress stimulates adhesion molecule expression in cultured human endothelium.
Circulation research. 1998 Mar 23;82(5):532-9.

49.

Collins T, Read MA, Neish AS, Whitley MZ, Thanos D, Maniatis T. Transcriptional
regulation of endothelial cell adhesion molecules: NF-kappa B and cytokine-inducible
enhancers. FASEB journal : official publication of the Federation of American
Societies for Experimental Biology. 1995 Jul;9(10):899-909.

50.

Munro JM, Lo SK, Corless C, Robertson MJ, Lee NC, Barnhill RL, et al. Expression
of sialyl-Lewis X, an E-selectin ligand, in inflammation, immune processes, and
lymphoid tissues. The American journal of pathology. 1992 Dec;141(6):1397-408.

51.

Kansas GS. Selectins and their ligands: current concepts and controversies. Blood.
1996 Nov 1;88(9):3259-87.

52.

Yoshimura T, Robinson EA, Tanaka S, Appella E, Leonard EJ. Purification and
amino acid analysis of two human monocyte chemoattractants produced by
phytohemagglutinin-stimulated human blood mononuclear leukocytes. Journal of
immunology. 1989 Mar 15;142(6):1956-62.

53.

Carr MW, Roth SJ, Luther E, Rose SS, Springer TA. Monocyte chemoattractant
protein 1 acts as a T-lymphocyte chemoattractant. Proceedings of the National
Academy of Sciences of the United States of America. 1994 Apr 26;91(9):3652-6.

54.

Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant protein-1
(MCP-1): an overview. Journal of interferon & cytokine research : the official journal

268

of the International Society for Interferon and Cytokine Research. 2009
Jun;29(6):313-26. DOI: 10.1089/jir.2008.0027.
55.

Auffray C, Fogg D, Garfa M, Elain G, Join-Lambert O, Kayal S, et al. Monitoring of
blood vessels and tissues by a population of monocytes with patrolling behavior.
Science (New York, NY). 2007 Aug 3;317(5838):666-70. DOI:
10.1126/science.1142883.

56.

Carlin LM, Stamatiades EG, Auffray C, Hanna RN, Glover L, Vizcay-Barrena G, et
al. Nr4a1-dependent Ly6C(low) monocytes monitor endothelial cells and orchestrate
their disposal. Cell. 2013 Apr 11;153(2):362-75. DOI: 10.1016/j.cell.2013.03.010.

57.

Knorr M, Munzel T, Wenzel P. Interplay of NK cells and monocytes in vascular
inflammation and myocardial infarction. Frontiers in physiology. 2014;5:295. DOI:
10.3389/fphys.2014.00295.

58.

Newby AC. Metalloproteinase expression in monocytes and macrophages and its
relationship to atherosclerotic plaque instability. Arteriosclerosis, thrombosis, and
vascular biology. 2008 Dec;28(12):2108-14. DOI: 10.1161/atvbaha.108.173898.

59.

Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nature reviews
Immunology. 2005 Dec;5(12):953-64. DOI: 10.1038/nri1733.

60.

Martinez FO, Helming L, Gordon S. Alternative activation of macrophages: an
immunologic functional perspective. Annu Rev Immunol. 2009;27:451-83. DOI:
10.1146/annurev.immunol.021908.132532.

61.

Schmidt S, Moser M, Sperandio M. The molecular basis of leukocyte recruitment and
its deficiencies. Molecular immunology. 2013 Aug;55(1):49-58. DOI:
10.1016/j.molimm.2012.11.006.

62.

Phillipson M, Heit B, Colarusso P, Liu L, Ballantyne CM, Kubes P. Intraluminal
crawling of neutrophils to emigration sites: a molecularly distinct process from
269

adhesion in the recruitment cascade. The Journal of experimental medicine. 2006 Nov
27;203(12):2569-75. DOI: 10.1084/jem.20060925.
63.

Mantovani A, Cassatella MA, Costantini C, Jaillon S. Neutrophils in the activation
and regulation of innate and adaptive immunity. Nature reviews Immunology. 2011
Jul 25;11(8):519-31. DOI: 10.1038/nri3024.

64.

El Kebir D, Filep JG. Targeting neutrophil apoptosis for enhancing the resolution of
inflammation. Cells. 2013 May 22;2(2):330-48. DOI: 10.3390/cells2020330.

65.

Fox S, Leitch AE, Duffin R, Haslett C, Rossi AG. Neutrophil apoptosis: relevance to
the innate immune response and inflammatory disease. Journal of innate immunity.
2010;2(3):216-27. DOI: 10.1159/000284367.

66.

Doerfler ME, Danner RL, Shelhamer JH, Parrillo JE. Bacterial lipopolysaccharides
prime human neutrophils for enhanced production of leukotriene B4. The Journal of
clinical investigation. 1989 Mar;83(3):970-7. DOI: 10.1172/jci113983.

67.

Sheppard FR, Kelher MR, Moore EE, McLaughlin NJ, Banerjee A, Silliman CC.
Structural organization of the neutrophil NADPH oxidase: phosphorylation and
translocation during priming and activation. Journal of leukocyte biology. 2005
Nov;78(5):1025-42. DOI: 10.1189/jlb.0804442.

68.

Mayadas TN, Cullere X, Lowell CA. The multifaceted functions of neutrophils.
Annual review of pathology. 2014;9:181-218. DOI: 10.1146/annurev-pathol-020712164023.

69.

Dinarello CA. Blocking IL-1 in systemic inflammation. The Journal of experimental
medicine. 2005 May 2;201(9):1355-9. DOI: 10.1084/jem.20050640.

70.

Dinarello CA. Immunological and inflammatory functions of the interleukin-1 family.
Annu Rev Immunol. 2009;27:519-50. DOI:
10.1146/annurev.immunol.021908.132612.
270

71.

Gaestel M, Kotlyarov A, Kracht M. Targeting innate immunity protein kinase
signalling in inflammation. Nature reviews Drug discovery. 2009 Jun;8(6):480-99.
DOI: 10.1038/nrd2829.

72.

Libby P. Interleukin-1 Beta as a Target for Atherosclerosis Therapy: Biological Basis
of CANTOS and Beyond. Journal of the American College of Cardiology. 2017 Oct
31;70(18):2278-89. DOI: 10.1016/j.jacc.2017.09.028.

73.

Franchi L, Eigenbrod T, Munoz-Planillo R, Nunez G. The inflammasome: a caspase1-activation platform that regulates immune responses and disease pathogenesis.
Nature immunology. 2009 Mar;10(3):241-7. DOI: 10.1038/ni.1703.

74.

Paramel Varghese G, Folkersen L, Strawbridge RJ, Halvorsen B, Yndestad A,
Ranheim T, et al. NLRP3 Inflammasome Expression and Activation in Human
Atherosclerosis. Journal of the American Heart Association. 2016 May 20;5(5). DOI:
10.1161/jaha.115.003031.

75.

Xiao H, Lu M, Lin TY, Chen Z, Chen G, Wang WC, et al. Sterol regulatory element
binding protein 2 activation of NLRP3 inflammasome in endothelium mediates
hemodynamic-induced atherosclerosis susceptibility. Circulation. 2013 Aug
6;128(6):632-42. DOI: 10.1161/circulationaha.113.002714.

76.

Folco EJ, Sukhova GK, Quillard T, Libby P. Moderate hypoxia potentiates
interleukin-1beta production in activated human macrophages. Circulation research.
2014 Oct 24;115(10):875-83. DOI: 10.1161/circresaha.115.304437.

77.

Rajamaki K, Nordstrom T, Nurmi K, Akerman KE, Kovanen PT, Oorni K, et al.
Extracellular acidosis is a novel danger signal alerting innate immunity via the
NLRP3 inflammasome. The Journal of biological chemistry. 2013 May
10;288(19):13410-9. DOI: 10.1074/jbc.M112.426254.

271

78.

Loppnow H, Libby P. Proliferating or interleukin 1-activated human vascular smooth
muscle cells secrete copious interleukin 6. The Journal of clinical investigation. 1990
Mar;85(3):731-8. DOI: 10.1172/jci114498.

79.

Shimokawa H, Ito A, Fukumoto Y, Kadokami T, Nakaike R, Sakata M, et al. Chronic
treatment with interleukin-1 beta induces coronary intimal lesions and vasospastic
responses in pigs in vivo. The role of platelet-derived growth factor. The Journal of
clinical investigation. 1996 Feb 1;97(3):769-76. DOI: 10.1172/jci118476.

80.

Nicklin MJ, Hughes DE, Barton JL, Ure JM, Duff GW. Arterial inflammation in mice
lacking the interleukin 1 receptor antagonist gene. The Journal of experimental
medicine. 2000 Jan 17;191(2):303-12.

81.

Isoda K, Kitagaki M, Niida T, Kondo H, Matsubara O, Kikuchi M, et al. Deficiency
of interleukin-1 receptor antagonist promotes spontaneous femoral artery aneurysm
formation in mice. The American journal of pathology. 2012 Mar;180(3):1254-63.
DOI: 10.1016/j.ajpath.2011.11.028.

82.

Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S. The pro- and antiinflammatory properties of the cytokine interleukin-6. Biochimica et biophysica acta.
2011 May;1813(5):878-88. DOI: 10.1016/j.bbamcr.2011.01.034.

83.

Romano M, Sironi M, Toniatti C, Polentarutti N, Fruscella P, Ghezzi P, et al. Role of
IL-6 and its soluble receptor in induction of chemokines and leukocyte recruitment.
Immunity. 1997 Mar;6(3):315-25.

84.

Hurst SM, Wilkinson TS, McLoughlin RM, Jones S, Horiuchi S, Yamamoto N, et al.
Il-6 and its soluble receptor orchestrate a temporal switch in the pattern of leukocyte
recruitment seen during acute inflammation. Immunity. 2001 Jun;14(6):705-14.

272

85.

Kaplanski G, Marin V, Montero-Julian F, Mantovani A, Farnarier C. IL-6: a regulator
of the transition from neutrophil to monocyte recruitment during inflammation.
Trends in immunology. 2003 Jan;24(1):25-9.

86.

Eddahri F, Denanglaire S, Bureau F, Spolski R, Leonard WJ, Leo O, et al.
Interleukin-6/STAT3 signaling regulates the ability of naive T cells to acquire B-cell
help capacities. Blood. 2009 Mar 12;113(11):2426-33. DOI: 10.1182/blood-2008-04154682.

87.

Frisdal E, Lesnik P, Olivier M, Robillard P, Chapman MJ, Huby T, et al. Interleukin-6
protects human macrophages from cellular cholesterol accumulation and attenuates
the proinflammatory response. The Journal of biological chemistry. 2011 Sep
2;286(35):30926-36. DOI: 10.1074/jbc.M111.264325.

88.

Neumann FJ, Ott I, Marx N, Luther T, Kenngott S, Gawaz M, et al. Effect of human
recombinant interleukin-6 and interleukin-8 on monocyte procoagulant activity.
Arteriosclerosis, thrombosis, and vascular biology. 1997 Dec;17(12):3399-405.

89.

Davi G, Patrono C. Platelet activation and atherothrombosis. The New England
journal of medicine. 2007 Dec 13;357(24):2482-94. DOI: 10.1056/NEJMra071014.

90.

Lotz M, Guerne PA. Interleukin-6 induces the synthesis of tissue inhibitor of
metalloproteinases-1/erythroid potentiating activity (TIMP-1/EPA). The Journal of
biological chemistry. 1991 Feb 5;266(4):2017-20.

91.

Azzawi M, Hasleton P. Tumour necrosis factor alpha and the cardiovascular system:
its role in cardiac allograft rejection and heart disease. Cardiovascular research. 1999
Sep;43(4):850-9.

92.

Gordon HM, Kucera G, Salvo R, Boss JM. Tumor necrosis factor induces genes
involved in inflammation, cellular and tissue repair, and metabolism in murine
fibroblasts. Journal of immunology. 1992 Jun 15;148(12):4021-7.
273

93.

Chensue SW, Remick DG, Shmyr-Forsch C, Beals TF, Kunkel SL.
Immunohistochemical demonstration of cytoplasmic and membrane-associated tumor
necrosis factor in murine macrophages. The American journal of pathology. 1988
Dec;133(3):564-72.

94.

Wajant H, Pfizenmaier K, Scheurich P. Tumor necrosis factor signaling. Cell death
and differentiation. 2003 Jan;10(1):45-65. DOI: 10.1038/sj.cdd.4401189.

95.

Hiscott J, Marois J, Garoufalis J, D'Addario M, Roulston A, Kwan I, et al.
Characterization of a functional NF-kappa B site in the human interleukin 1 beta
promoter: evidence for a positive autoregulatory loop. Molecular and cellular biology.
1993 Oct;13(10):6231-40.

96.

Iademarco MF, McQuillan JJ, Rosen GD, Dean DC. Characterization of the promoter
for vascular cell adhesion molecule-1 (VCAM-1). The Journal of biological
chemistry. 1992 Aug 15;267(23):16323-9.

97.

Sica A, Tan TH, Rice N, Kretzschmar M, Ghosh P, Young HA. The c-rel
protooncogene product c-Rel but not NF-kappa B binds to the intronic region of the
human interferon-gamma gene at a site related to an interferon-stimulable response
element. Proceedings of the National Academy of Sciences of the United States of
America. 1992 Mar 1;89(5):1740-4.

98.

Ueda A, Okuda K, Ohno S, Shirai A, Igarashi T, Matsunaga K, et al. NF-kappa B and
Sp1 regulate transcription of the human monocyte chemoattractant protein-1 gene.
Journal of immunology. 1994 Sep 1;153(5):2052-63.

99.

Baetu TM, Kwon H, Sharma S, Grandvaux N, Hiscott J. Disruption of NF-kappaB
signaling reveals a novel role for NF-kappaB in the regulation of TNF-related
apoptosis-inducing ligand expression. Journal of immunology. 2001 Sep
15;167(6):3164-73.
274

100.

Johnson CM, Tapping RI. Microbial products stimulate human Toll-like receptor 2
expression through histone modification surrounding a proximal NF-kappaB-binding
site. The Journal of biological chemistry. 2007 Oct 26;282(43):31197-205. DOI:
10.1074/jbc.M705151200.

101.

Takeshita F, Suzuki K, Sasaki S, Ishii N, Klinman DM, Ishii KJ. Transcriptional
regulation of the human TLR9 gene. Journal of immunology. 2004 Aug
15;173(4):2552-61.

102.

Mackman N, Brand K, Edgington TS. Lipopolysaccharide-mediated transcriptional
activation of the human tissue factor gene in THP-1 monocytic cells requires both
activator protein 1 and nuclear factor kappa B binding sites. The Journal of
experimental medicine. 1991 Dec 1;174(6):1517-26.

103.

Chilov D, Kukk E, Taira S, Jeltsch M, Kaukonen J, Palotie A, et al. Genomic
organization of human and mouse genes for vascular endothelial growth factor C. The
Journal of biological chemistry. 1997 Oct 3;272(40):25176-83.

104.

Shaul YD, Seger R. The MEK/ERK cascade: from signaling specificity to diverse
functions. Biochimica et biophysica acta. 2007 Aug;1773(8):1213-26. DOI:
10.1016/j.bbamcr.2006.10.005.

105.

Rahaman SO, Lennon DJ, Febbraio M, Podrez EA, Hazen SL, Silverstein RL. A
CD36-dependent signaling cascade is necessary for macrophage foam cell formation.
Cell metabolism. 2006 Sep;4(3):211-21. DOI: 10.1016/j.cmet.2006.06.007.

106.

Zhao M, Liu Y, Wang X, New L, Han J, Brunk UT. Activation of the p38 MAP
kinase pathway is required for foam cell formation from macrophages exposed to
oxidized LDL. APMIS : acta pathologica, microbiologica, et immunologica
Scandinavica. 2002 Jun;110(6):458-68.

275

107.

Tanaka K, Oda N, Iwasaka C, Abe M, Sato Y. Induction of Ets-1 in endothelial cells
during reendothelialization after denuding injury. Journal of cellular physiology. 1998
Aug;176(2):235-44. DOI: 10.1002/(sici)1097-4652(199808)176:2<235::aidjcp2>3.0.co;2-p.

108.

Muslin AJ. MAPK signalling in cardiovascular health and disease: molecular
mechanisms and therapeutic targets. Clinical science. 2008 Oct;115(7):203-18. DOI:
10.1042/cs20070430.

109.

Boesten LS, Zadelaar AS, van Nieuwkoop A, Gijbels MJ, de Winther MP, Havekes
LM, et al. Tumor necrosis factor-alpha promotes atherosclerotic lesion progression in
APOE*3-Leiden transgenic mice. Cardiovascular research. 2005 Apr 1;66(1):179-85.
DOI: 10.1016/j.cardiores.2005.01.001.

110.

Galis ZS, Muszynski M, Sukhova GK, Simon-Morrissey E, Libby P. Enhanced
expression of vascular matrix metalloproteinases induced in vitro by cytokines and in
regions of human atherosclerotic lesions. Annals of the New York Academy of
Sciences. 1995 Jan 17;748:501-7.

111.

Psaltis PJ, Puranik AS, Spoon DB, Chue CD, Hoffman SJ, Witt TA, et al.
Characterization of a resident population of adventitial macrophage progenitor cells in
postnatal vasculature. Circulation research. 2014 Jul 18;115(3):364-75. DOI:
10.1161/circresaha.115.303299.

112.

Khallou-Laschet J, Varthaman A, Fornasa G, Compain C, Gaston AT, Clement M, et
al. Macrophage plasticity in experimental atherosclerosis. PloS one. 2010 Jan
25;5(1):e8852. DOI: 10.1371/journal.pone.0008852.

113.

Martinez FO, Sica A, Mantovani A, Locati M. Macrophage activation and
polarization. Frontiers in bioscience : a journal and virtual library. 2008 Jan 1;13:45361.
276

114.

Shirai T, Hilhorst M, Harrison DG, Goronzy JJ, Weyand CM. Macrophages in
vascular inflammation--From atherosclerosis to vasculitis. Autoimmunity. 2015
May;48(3):139-51. DOI: 10.3109/08916934.2015.1027815.

115.

Varga Z, Sabzwari SRA, Vargova V. Cardiovascular Risk of Nonsteroidal AntiInflammatory Drugs: An Under-Recognized Public Health Issue. Cureus. 2017 Apr
8;9(4):e1144. DOI: 10.7759/cureus.1144.

116.

Buttgereit F, Burmester GR, Lipworth BJ. Inflammation, glucocorticoids and risk of
cardiovascular disease. Nature clinical practice Rheumatology. 2009 Jan;5(1):18-9.
DOI: 10.1038/ncprheum0963.

117.

Ridker PM, Everett BM, Pradhan A, MacFadyen JG, Solomon DH, Zaharris E, et al.
Low-Dose Methotrexate for the Prevention of Atherosclerotic Events. The New
England journal of medicine. 2019 Feb 21;380(8):752-62. DOI:
10.1056/NEJMoa1809798.

118.

Nidorf SM, Eikelboom JW, Budgeon CA, Thompson PL. Low-dose colchicine for
secondary prevention of cardiovascular disease. Journal of the American College of
Cardiology. 2013 Jan 29;61(4):404-10. DOI: 10.1016/j.jacc.2012.10.027.

119.

Ben-Chetrit E, Levy M. Colchicine: 1998 update. Seminars in Arthritis and
Rheumatism. 1998 1998/08/01/;28(1):48-59. DOI: https://doi.org/10.1016/S00490172(98)80028-0.

120.

Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et al.
Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. The New
England journal of medicine. 2017 Sep 21;377(12):1119-31. DOI:
10.1056/NEJMoa1707914.

277

121.

Albert MA, Danielson E, Rifai N, Ridker PM. Effect of statin therapy on C-reactive
protein levels: the pravastatin inflammation/CRP evaluation (PRINCE): a randomized
trial and cohort study. Jama. 2001 Jul 4;286(1):64-70.

122.

Laufs U, Liao JK. Post-transcriptional regulation of endothelial nitric oxide synthase
mRNA stability by Rho GTPase. The Journal of biological chemistry. 1998 Sep
11;273(37):24266-71.

123.

Brouet A, Sonveaux P, Dessy C, Moniotte S, Balligand JL, Feron O. Hsp90 and
caveolin are key targets for the proangiogenic nitric oxide-mediated effects of statins.
Circulation research. 2001 Nov 9;89(10):866-73.

124.

Ortego M, Bustos C, Hernandez-Presa MA, Tunon J, Diaz C, Hernandez G, et al.
Atorvastatin reduces NF-kappaB activation and chemokine expression in vascular
smooth muscle cells and mononuclear cells. Atherosclerosis. 1999 Dec;147(2):25361.

125.

Ali F, Hamdulay SS, Kinderlerer AR, Boyle JJ, Lidington EA, Yamaguchi T, et al.
Statin-mediated cytoprotection of human vascular endothelial cells: a role for
Kruppel-like factor 2-dependent induction of heme oxygenase-1. Journal of
thrombosis and haemostasis : JTH. 2007 Dec;5(12):2537-46. DOI: 10.1111/j.15387836.2007.02787.x.

126.

Loppnow H, Zhang L, Buerke M, Lautenschlager M, Chen L, Frister A, et al. Statins
potently reduce the cytokine-mediated IL-6 release in SMC/MNC cocultures. Journal
of cellular and molecular medicine. 2011 Apr;15(4):994-1004. DOI: 10.1111/j.15824934.2010.01036.x.

127.

Stumpf C, Petzi S, Seybold K, Wasmeier G, Arnold M, Raaz D, et al. Atorvastatin
enhances interleukin-10 levels and improves cardiac function in rats after acute

278

myocardial infarction. Clinical science. 2009 Jan;116(1):45-52. DOI:
10.1042/cs20080042.
128.

Prevention of cardiovascular events and death with pravastatin in patients with
coronary heart disease and a broad range of initial cholesterol levels. The New
England journal of medicine. 1998 Nov 5;339(19):1349-57. DOI:
10.1056/nejm199811053391902.

129.

MRC/BHF Heart Protection Study of cholesterol lowering with simvastatin in 20,536
high-risk individuals: a randomised placebo-controlled trial. Lancet (London,
England). 2002 Jul 6;360(9326):7-22. DOI: 10.1016/s0140-6736(02)09327-3.

130.

Ridker PM, Danielson E, Fonseca FA, Genest J, Gotto AM, Jr., Kastelein JJ, et al.
Rosuvastatin to prevent vascular events in men and women with elevated C-reactive
protein. N Engl J Med. 2008 Nov 20;359(21):2195-207. DOI:
10.1056/NEJMoa0807646.

131.

Hagemann JW, Tallent WH, Barve JA, Ismail IA, Gunstone FD. Polymorphism in
single-acid triglycerides of positional and geometric isomers of octadecenoic acid.
AOCS Journal of the American Oil Chemists' Society. 1975;52(6):204-7. Cited in: /zwcorg/.

132.

Di Pasquale MG. The essentials of essential fatty acids. Journal of dietary
supplements. 2009;6(2):143-61. DOI: 10.1080/19390210902861841.

133.

Hastings N, Agaba M, Tocher DR, Leaver MJ, Dick JR, Sargent JR, et al. A
vertebrate fatty acid desaturase with Delta 5 and Delta 6 activities. Proceedings of the
National Academy of Sciences of the United States of America. 2001 Dec
4;98(25):14304-9. DOI: 10.1073/pnas.251516598.

279

134.

Keys A, Anderson JT, Grande F. Serum cholesterol response to changes in the diet:
IV. Particular saturated fatty acids in the diet. Metabolism: clinical and experimental.
1965 Jul;14(7):776-87.

135.

Katan MB, Zock PL, Mensink RP. Effects of fats and fatty acids on blood lipids in
humans: an overview. The American journal of clinical nutrition. 1994 Dec;60(6
Suppl):1017s-22s. DOI: 10.1093/ajcn/60.6.1017S.

136.

Mensink RP. Effects of stearic acid on plasma lipid and lipoproteins in humans.
Lipids. 2005 Dec;40(12):1201-5.

137.

Siri-Tarino PW, Sun Q, Hu FB, Krauss RM. Meta-analysis of prospective cohort
studies evaluating the association of saturated fat with cardiovascular disease. The
American journal of clinical nutrition. 2010 Mar;91(3):535-46. DOI:
10.3945/ajcn.2009.27725.

138.

Nettleton JA, Legrand P, Mensink RP. ISSFAL 2014 Debate: It Is Time to Update
Saturated Fat Recommendations. Annals of nutrition & metabolism. 2015;66(23):104-8. DOI: 10.1159/000371585.

139.

Jakobsen MU, O'Reilly EJ, Heitmann BL, Pereira MA, Balter K, Fraser GE, et al.
Major types of dietary fat and risk of coronary heart disease: a pooled analysis of 11
cohort studies. The American journal of clinical nutrition. 2009 May;89(5):1425-32.
DOI: 10.3945/ajcn.2008.27124.

140.

Glass CK, Olefsky JM. Inflammation and lipid signaling in the etiology of insulin
resistance. Cell metabolism. 2012 May 2;15(5):635-45. DOI:
10.1016/j.cmet.2012.04.001.

141.

Erridge C, Attina T, Spickett CM, Webb DJ. A high-fat meal induces low-grade
endotoxemia: evidence of a novel mechanism of postprandial inflammation. The

280

American journal of clinical nutrition. 2007 Nov;86(5):1286-92. DOI:
10.1093/ajcn/86.5.1286.
142.

Lee JY, Sohn KH, Rhee SH, Hwang D. Saturated fatty acids, but not unsaturated fatty
acids, induce the expression of cyclooxygenase-2 mediated through Toll-like receptor
4. The Journal of biological chemistry. 2001 May 18;276(20):16683-9. DOI:
10.1074/jbc.M011695200.

143.

Dijkstra AJ, Hamilton RJ, Hamm W. Trans fatty acids. Oxford [etc.]: Blackwell
Publishing; 2008.

144.

Reuss R, McKague E, Webb T, Cunningham J, Joseph B, Thoma C, et al. Trans Fatty
Acids in Australia and New Zealand. Australasian Epidemiologist. 2009;16(1):20-2.
Cited in: /z-wcorg/.

145.

Allison DB, Egan SK, Barraj LM, Caughman C, Infante M, Heimbach JT. Estimated
Intakes of Trans Fatty and Other Fatty Acids in the US Population. Journal of the
American Dietetic Association Journal of the American Dietetic Association.
1999;99(2):166-74. Cited in: /z-wcorg/.

146.

Mensink RP, Zock PL, Kester AD, Katan MB. Effects of dietary fatty acids and
carbohydrates on the ratio of serum total to HDL cholesterol and on serum lipids and
apolipoproteins: a meta-analysis of 60 controlled trials. The American journal of
clinical nutrition. 2003 May;77(5):1146-55. DOI: 10.1093/ajcn/77.5.1146.

147.

Mauger JF, Lichtenstein AH, Ausman LM, Jalbert SM, Jauhiainen M, Ehnholm C, et
al. Effect of different forms of dietary hydrogenated fats on LDL particle size. The
American journal of clinical nutrition. 2003 Sep;78(3):370-5. DOI:
10.1093/ajcn/78.3.370.

148.

Lopez-Garcia E, Schulze MB, Meigs JB, Manson JE, Rifai N, Stampfer MJ, et al.
Consumption of trans fatty acids is related to plasma biomarkers of inflammation and
281

endothelial dysfunction. The Journal of nutrition. 2005 Mar;135(3):562-6. DOI:
10.1093/jn/135.3.562.
149.

Mozaffarian D, Rimm EB, King IB, Lawler RL, McDonald GB, Levy WC. trans fatty
acids and systemic inflammation in heart failure. The American journal of clinical
nutrition. 2004 Dec;80(6):1521-5. DOI: 10.1093/ajcn/80.6.1521.

150.

de Roos NM, Bots ML, Katan MB. Replacement of dietary saturated fatty acids by
trans fatty acids lowers serum HDL cholesterol and impairs endothelial function in
healthy men and women. Arteriosclerosis, thrombosis, and vascular biology. 2001
Jul;21(7):1233-7.

151.

Mozaffarian D, Katan MB, Ascherio A, Stampfer MJ, Willett WC. Trans fatty acids
and cardiovascular disease. The New England journal of medicine. 2006 Apr
13;354(15):1601-13. DOI: 10.1056/NEJMra054035.

152.

Pietinen P, Ascherio A, Korhonen P, Hartman AM, Willett WC, Albanes D, et al.
Intake of fatty acids and risk of coronary heart disease in a cohort of Finnish men. The
Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study. American journal of
epidemiology. 1997 May 15;145(10):876-87.

153.

Oomen CM, Ocke MC, Feskens EJ, van Erp-Baart MA, Kok FJ, Kromhout D.
Association between trans fatty acid intake and 10-year risk of coronary heart disease
in the Zutphen Elderly Study: a prospective population-based study. Lancet (London,
England). 2001 Mar 10;357(9258):746-51.

154.

Oh K, Hu FB, Manson JE, Stampfer MJ, Willett WC. Dietary fat intake and risk of
coronary heart disease in women: 20 years of follow-up of the nurses' health study.
American journal of epidemiology. 2005 Apr 1;161(7):672-9. DOI:
10.1093/aje/kwi085.

282

155.

Ascherio A, Rimm EB, Giovannucci EL, Spiegelman D, Stampfer M, Willett WC.
Dietary fat and risk of coronary heart disease in men: cohort follow up study in the
United States. Bmj. 1996 Jul 13;313(7049):84-90.

156.

Lemaitre RN, King IB, Raghunathan TE, Pearce RM, Weinmann S, Knopp RH, et al.
Cell membrane trans-fatty acids and the risk of primary cardiac arrest. Circulation.
2002 Feb 12;105(6):697-701.

157.

van Tol A, Zock PL, van Gent T, Scheek LM, Katan MB. Dietary trans fatty acids
increase serum cholesterylester transfer protein activity in man. Atherosclerosis. 1995
May;115(1):129-34.

158.

Blewett N, Australia, New Zealand Food Regulation Ministerial C. Labelling logic :
review of food labelling law and policy (2011). [Canberra]: [Dept. of Health and
Ageing]; 2011.

159.

Zong G, Li Y, Sampson L, Dougherty LW, Willett WC, Wanders AJ, et al.
Monounsaturated fats from plant and animal sources in relation to risk of coronary
heart disease among US men and women. The American journal of clinical nutrition.
2018 Mar 1;107(3):445-53. DOI: 10.1093/ajcn/nqx004.

160.

Schwingshackl L, Hoffmann G. Monounsaturated fatty acids, olive oil and health
status: a systematic review and meta-analysis of cohort studies. Lipids in health and
disease. 2014 Oct 1;13:154. DOI: 10.1186/1476-511x-13-154.

161.

van Dijk SJ, Feskens EJ, Bos MB, Hoelen DW, Heijligenberg R, Bromhaar MG, et al.
A saturated fatty acid-rich diet induces an obesity-linked proinflammatory gene
expression profile in adipose tissue of subjects at risk of metabolic syndrome. The
American journal of clinical nutrition. 2009 Dec;90(6):1656-64. DOI:
10.3945/ajcn.2009.27792.

283

162.

Chrysohoou C, Panagiotakos DB, Pitsavos C, Das UN, Stefanadis C. Adherence to
the Mediterranean diet attenuates inflammation and coagulation process in healthy
adults: The ATTICA Study. Journal of the American College of Cardiology. 2004 Jul
7;44(1):152-8. DOI: 10.1016/j.jacc.2004.03.039.

163.

Estruch R, Ros E, Salas-Salvado J, Covas MI, Corella D, Aros F, et al. Primary
prevention of cardiovascular disease with a Mediterranean diet. The New England
journal of medicine. 2013 Apr 4;368(14):1279-90. DOI: 0.

164.

Mayneris-Perxachs J, Sala-Vila A, Chisaguano M, Castellote AI, Estruch R, Covas
MI, et al. Effects of 1-year intervention with a Mediterranean diet on plasma fatty acid
composition and metabolic syndrome in a population at high cardiovascular risk. PloS
one. 2014;9(3):e85202. DOI: 10.1371/journal.pone.0085202.

165.

Estruch R, Ros E, Salas-Salvado J, Covas MI, Corella D, Aros F, et al. Retraction and
Republication: Primary Prevention of Cardiovascular Disease with a Mediterranean
Diet. N Engl J Med 2013;368:1279-90. The New England journal of medicine. 2018
Jun 21;378(25):2441-2. DOI: 10.1056/NEJMc1806491.

166.

Estruch R, Ros E, Salas-Salvadó J, Covas M-I, Corella D, Arós F, et al. Primary
Prevention of Cardiovascular Disease with a Mediterranean Diet Supplemented with
Extra-Virgin Olive Oil or Nuts. New England Journal of Medicine. 2018;378(25):e34.
DOI: 10.1056/NEJMoa1800389.

167.

Finucane OM, Lyons CL, Murphy AM, Reynolds CM, Klinger R, Healy NP, et al.
Monounsaturated fatty acid-enriched high-fat diets impede adipose NLRP3
inflammasome-mediated IL-1beta secretion and insulin resistance despite obesity.
Diabetes. 2015 Jun;64(6):2116-28. DOI: 10.2337/db14-1098.

284

168.

Ralston JC, Lyons CL, Kennedy EB, Kirwan AM, Roche HM. Fatty Acids and
NLRP3 Inflammasome-Mediated Inflammation in Metabolic Tissues. Annual review
of nutrition. 2017 Aug 21;37:77-102. DOI: 10.1146/annurev-nutr-071816-064836.

169.

Bang HO, Dyerberg J, Sinclair HM. The composition of the Eskimo food in north
western Greenland. The American journal of clinical nutrition. 1980
Dec;33(12):2657-61. DOI: 10.1093/ajcn/33.12.2657.

170.

Yang ZH, Miyahara H, Takemura S, Hatanaka A. Dietary saury oil reduces
hyperglycemia and hyperlipidemia in diabetic KKAy mice and in diet-induced obese
C57BL/6J mice by altering gene expression. Lipids. 2011 May;46(5):425-34. DOI:
10.1007/s11745-011-3553-1.

171.

Gabrielsson BG, Wikstrom J, Jakubowicz R, Marmon SK, Carlsson NG, Jansson N,
et al. Dietary herring improves plasma lipid profiles and reduces atherosclerosis in
obese low-density lipoprotein receptor-deficient mice. International journal of
molecular medicine. 2012 Mar;29(3):331-7. DOI: 10.3892/ijmm.2011.856.

172.

Yang ZH, Miyahara H, Iwasaki Y, Takeo J, Katayama M. Dietary supplementation
with long-chain monounsaturated fatty acids attenuates obesity-related metabolic
dysfunction and increases expression of PPAR gamma in adipose tissue in type 2
diabetic KK-Ay mice. Nutrition & metabolism. 2013 Jan 30;10(1):16. DOI:
10.1186/1743-7075-10-16.

173.

Yang ZH, Bando M, Sakurai T, Chen Y, Emma-Okon B, Wilhite B, et al. Long-chain
monounsaturated fatty acid-rich fish oil attenuates the development of atherosclerosis
in mouse models. Molecular nutrition & food research. 2016 Oct;60(10):2208-18.
DOI: 10.1002/mnfr.201600142.

285

174.

Bibus D, Lands B. Balancing proportions of competing omega-3 and omega-6 highly
unsaturated fatty acids (HUFA) in tissue lipids. Prostaglandins, leukotrienes, and
essential fatty acids. 2015 Aug;99:19-23. DOI: 10.1016/j.plefa.2015.04.005.

175.

Patterson E, Wall R, Fitzgerald GF, Ross RP, Stanton C. Health implications of high
dietary omega-6 polyunsaturated Fatty acids. Journal of nutrition and metabolism.
2012;2012:539426. DOI: 10.1155/2012/539426.

176.

Harris WS, Mozaffarian D, Rimm E, Kris-Etherton P, Rudel LL, Appel LJ, et al.
Omega-6 fatty acids and risk for cardiovascular disease: a science advisory from the
American Heart Association Nutrition Subcommittee of the Council on Nutrition,
Physical Activity, and Metabolism; Council on Cardiovascular Nursing; and Council
on Epidemiology and Prevention. Circulation. 2009 Feb 17;119(6):902-7. DOI:
10.1161/circulationaha.108.191627.

177.

Brock TG, McNish RW, Peters-Golden M. Arachidonic acid is preferentially
metabolized by cyclooxygenase-2 to prostacyclin and prostaglandin E2. The Journal
of biological chemistry. 1999 Apr 23;274(17):11660-6.

178.

Serhan CN. Lipoxins and aspirin-triggered 15-epi-lipoxins are the first lipid mediators
of endogenous anti-inflammation and resolution. Prostaglandins, leukotrienes, and
essential fatty acids. 2005 Sep-Oct;73(3-4):141-62. DOI: 10.1016/j.plefa.2005.05.002.

179.

Node K, Huo Y, Ruan X, Yang B, Spiecker M, Ley K, et al. Anti-inflammatory
properties of cytochrome P450 epoxygenase-derived eicosanoids. Science (New
York, NY). 1999 Aug 20;285(5431):1276-9.

180.

Ferrucci L, Cherubini A, Bandinelli S, Bartali B, Corsi A, Lauretani F, et al.
Relationship of plasma polyunsaturated fatty acids to circulating inflammatory
markers. The Journal of clinical endocrinology and metabolism. 2006 Feb;91(2):43946. DOI: 10.1210/jc.2005-1303.
286

181.

Gerster H. Can adults adequately convert alpha-linolenic acid (18:3n-3) to
eicosapentaenoic acid (20:5n-3) and docosahexaenoic acid (22:6n-3)? International
journal for vitamin and nutrition research Internationale Zeitschrift fur Vitamin- und
Ernahrungsforschung Journal international de vitaminologie et de nutrition.
1998;68(3):159-73.

182.

Kidd PM. Omega-3 DHA and EPA for cognition, behavior, and mood: clinical
findings and structural-functional synergies with cell membrane phospholipids.
Alternative medicine review : a journal of clinical therapeutic. 2007 Sep;12(3):20727.

183.

Guesnet P, Alessandri JM. Docosahexaenoic acid (DHA) and the developing central
nervous system (CNS) - Implications for dietary recommendations. Biochimie. 2011
Jan;93(1):7-12. DOI: 10.1016/j.biochi.2010.05.005.

184.

Gould JF, Treyvaud K, Yelland LN, Anderson PJ, Smithers LG, McPhee AJ, et al.
Seven-Year Follow-up of Children Born to Women in a Randomized Trial of Prenatal
DHA Supplementation. Jama. 2017 Mar 21;317(11):1173-5. DOI:
10.1001/jama.2016.21303.

185.

Jahangard L, Sadeghi A, Ahmadpanah M, Holsboer-Trachsler E, Sadeghi Bahmani D,
Haghighi M, et al. Influence of adjuvant omega-3-polyunsaturated fatty acids on
depression, sleep, and emotion regulation among outpatients with major depressive
disorders - Results from a double-blind, randomized and placebo-controlled clinical
trial. Journal of psychiatric research. 2018 Dec;107:48-56. DOI:
10.1016/j.jpsychires.2018.09.016.

186.

Bai ZG, Bo A, Wu SJ, Gai QY, Chi I. Omega-3 polyunsaturated fatty acids and
reduction of depressive symptoms in older adults: A systematic review and meta-

287

analysis. Journal of affective disorders. 2018 Dec 1;241:241-8. DOI:
10.1016/j.jad.2018.07.057.
187.

Schefft C, Kilarski LL, Bschor T, Kohler S. Efficacy of adding nutritional
supplements in unipolar depression: A systematic review and meta-analysis. European
neuropsychopharmacology : the journal of the European College of
Neuropsychopharmacology. 2017 Nov;27(11):1090-109. DOI:
10.1016/j.euroneuro.2017.07.004.

188.

Grosso G, Micek A, Marventano S, Castellano S, Mistretta A, Pajak A, et al. Dietary
n-3 PUFA, fish consumption and depression: A systematic review and meta-analysis
of observational studies. Journal of affective disorders. 2016 Nov 15;205:269-81.
DOI: 10.1016/j.jad.2016.08.011.

189.

Heydari B, Abdullah S, Pottala JV, Shah R, Abbasi S, Mandry D, et al. Effect of
Omega-3 Acid Ethyl Esters on Left Ventricular Remodeling After Acute Myocardial
Infarction: The OMEGA-REMODEL Randomized Clinical Trial. Circulation. 2016
Aug 2;134(5):378-91. DOI: 10.1161/circulationaha.115.019949.

190.

Gluck T, Alter P. Marine omega-3 highly unsaturated fatty acids: From mechanisms
to clinical implications in heart failure and arrhythmias. Vascular pharmacology. 2016
Jul;82:11-9. DOI: 10.1016/j.vph.2016.03.007.

191.

Maczewski M, Duda M, Marciszek M, Kolodziejczyk J, Dobrzyn P, Dobrzyn A, et al.
Omega-3 Fatty Acids Do Not Protect Against Arrhythmias in Acute Nonreperfused
Myocardial Infarction Despite Some Antiarrhythmic Effects. Journal of cellular
biochemistry. 2016 Nov;117(11):2570-82. DOI: 10.1002/jcb.25550.

192.

Khoueiry G, Abi Rafeh N, Sullivan E, Saiful F, Jaffery Z, Kenigsberg DN, et al. Do
omega-3 polyunsaturated fatty acids reduce risk of sudden cardiac death and
ventricular arrhythmias? A meta-analysis of randomized trials. Heart & lung : the
288

journal of critical care. 2013 Jul-Aug;42(4):251-6. DOI:
10.1016/j.hrtlng.2013.03.006.
193.

Jiang Y, Tan HC, Tam WWS, Lim TW, Wang W. A meta-analysis on Omega-3
supplements in preventing recurrence of atrial fibrillation. Oncotarget. 2018 Jan
19;9(5):6586-94. DOI: 10.18632/oncotarget.23783.

194.

Harris WS. n-3 fatty acids and serum lipoproteins: human studies. Am J Clin Nutr.
1997 May;65(5 Suppl):1645S-54S.

195.

Calder PC. Marine omega-3 fatty acids and inflammatory processes: Effects,
mechanisms and clinical relevance. Biochim Biophys Acta. 2015 Apr;1851(4):46984. DOI: 10.1016/j.bbalip.2014.08.010.

196.

Serhan CN, Petasis NA. Resolvins and protectins in inflammation resolution.
Chemical reviews. 2011 Oct 12;111(10):5922-43. DOI: 10.1021/cr100396c.

197.

Sakai C, Ishida M, Ohba H, Yamashita H, Uchida H, Yoshizumi M, et al. Fish oil
omega-3 polyunsaturated fatty acids attenuate oxidative stress-induced DNA damage
in vascular endothelial cells. PloS one. 2017;12(11):e0187934. DOI:
10.1371/journal.pone.0187934.

198.

Fortin PR, Lew RA, Liang MH, Wright EA, Beckett LA, Chalmers TC, et al.
Validation of a meta-analysis: The effects of fish oil in rheumatoid arthritis. Journal of
Clinical Epidemiology Journal of Clinical Epidemiology. 1995;48(11):1379-90. Cited
in: /z-wcorg/.

199.

Hodge L, Salome CM, Hughes JM, Liu-Brennan D, Rimmer J, Allman M, et al.
Effect of dietary intake of omega-3 and omega-6 fatty acids on severity of asthma in
children. The European respiratory journal. 1998 Feb;11(2):361-5.

289

200.

Nagakura T, Matsuda S, Shichijyo K, Sugimoto H, Hata K. Dietary supplementation
with fish oil rich in omega-3 polyunsaturated fatty acids in children with bronchial
asthma. The European respiratory journal. 2000 Nov;16(5):861-5.

201.

Woods RK, Thien FC, Abramson MJ. Dietary marine fatty acids (fish oil) for asthma
in adults and children. The Cochrane database of systematic reviews.
2002(3):Cd001283. DOI: 10.1002/14651858.cd001283.

202.

Kouchaki E, Afarini M, Abolhassani J, Mirhosseini N, Bahmani F, Masoud SA, et al.
High-dose -3 Fatty Acid Plus Vitamin D3 Supplementation Affects Clinical
Symptoms and Metabolic Status of Patients with Multiple Sclerosis: A Randomized
Controlled Clinical Trial. The Journal of nutrition. 2018;148(8):1380-6. Cited in: /zwcorg/.

203.

Calder PC. Fatty acids and immune function: relevance to inflammatory bowel
diseases. International reviews of immunology. 2009;28(6):506-34. DOI:
10.3109/08830180903197480.

204.

Goncalves P, Magro F, Martel F. Metabolic inflammation in inflammatory bowel
disease: crosstalk between adipose tissue and bowel. Inflammatory bowel diseases.
2015 Feb;21(2):453-67. DOI: 10.1097/mib.0000000000000209.

205.

Cabre E, Manosa M, Gassull MA. Omega-3 fatty acids and inflammatory bowel
diseases - a systematic review. The British journal of nutrition. 2012 Jun;107 Suppl
2:S240-52. DOI: 10.1017/s0007114512001626.

206.

Kastelein JJ, Maki KC, Susekov A, Ezhov M, Nordestgaard BG, Machielse BN, et al.
Omega-3 free fatty acids for the treatment of severe hypertriglyceridemia: the
EpanoVa fOr Lowering Very high triglyceridEs (EVOLVE) trial. Journal of clinical
lipidology. 2014 Jan-Feb;8(1):94-106. DOI: 10.1016/j.jacl.2013.10.003.

290

207.

Pirillo A, Catapano AL. Omega-3 polyunsaturated fatty acids in the treatment of
hypertriglyceridaemia. International journal of cardiology. 2013 Dec 20;170(2 Suppl
1):S16-20. DOI: 10.1016/j.ijcard.2013.06.040.

208.

Musa-Veloso K, Binns MA, Kocenas AC, Poon T, Elliot JA, Rice H, et al. Longchain omega-3 fatty acids eicosapentaenoic acid and docosahexaenoic acid dosedependently reduce fasting serum triglycerides. Nutrition reviews. 2010
Mar;68(3):155-67. DOI: 10.1111/j.1753-4887.2010.00272.x.

209.

Morris MC, Sacks F, Rosner B. Does fish oil lower blood pressure? A meta-analysis
of controlled trials. Circulation. 1993 Aug;88(2):523-33.

210.

Geleijnse JM, Giltay EJ, Grobbee DE, Donders AR, Kok FJ. Blood pressure response
to fish oil supplementation: metaregression analysis of randomized trials. Journal of
hypertension. 2002 Aug;20(8):1493-9.

211.

Mori TA, Burke V, Puddey IB, Shaw JE, Beilin LJ. Effect of fish diets and weight
loss on serum leptin concentration in overweight, treated-hypertensive subjects.
Journal of hypertension. 2004 Oct;22(10):1983-90.

212.

Albert CM, Campos H, Stampfer MJ, Ridker PM, Manson JE, Willett WC, et al.
Blood levels of long-chain n-3 fatty acids and the risk of sudden death. N Engl J Med.
2002 Apr 11;346(15):1113-8. DOI: 10.1056/NEJMoa012918.

213.

Harris WS, Del Gobbo L, Tintle NL. The Omega-3 Index and relative risk for
coronary heart disease mortality: Estimation from 10 cohort studies. Atherosclerosis.
2017 Jul;262:51-4. DOI: 10.1016/j.atherosclerosis.2017.05.007.

214.

Mingay E, Veysey M, Lucock M, Niblett S, King K, Patterson A, et al. Sexdependent association between omega-3 index and body weight status in older
Australians. Journal of Nutrition & Intermediary Metabolism Journal of Nutrition &
Intermediary Metabolism. 2016;5:70-7. Cited in: /z-wcorg/.
291

215.

Simopoulos AP. An Increase in the Omega-6/Omega-3 Fatty Acid Ratio Increases the
Risk for Obesity. Nutrients. 2016 Mar 2;8(3):128. DOI: 10.3390/nu8030128.

216.

Surette ME. The science behind dietary omega-3 fatty acids. CMAJ : Canadian
Medical Association journal = journal de l'Association medicale canadienne. 2008 Jan
15;178(2):177-80. DOI: 10.1503/cmaj.071356.

217.

Iritani N, Fujikawa S. Competitive incorporation of dietary omega-3 and omega-6
polyunsaturated fatty acids into the tissue phospholipids in rats. Journal of nutritional
science and vitaminology. 1982 Dec;28(6):621-9.

218.

Lands B, Bibus D, Stark KD. Dynamic interactions of n-3 and n-6 fatty acid nutrients.
Prostaglandins, leukotrienes, and essential fatty acids. 2018 Sep;136:15-21. DOI:
10.1016/j.plefa.2017.01.012.

219.

Simopoulos AP. The importance of the omega-6/omega-3 fatty acid ratio in
cardiovascular disease and other chronic diseases. Experimental biology and medicine
(Maywood, NJ). 2008 Jun;233(6):674-88. DOI: 10.3181/0711-mr-311.

220.

de Lorgeril M, Renaud S, Mamelle N, Salen P, Martin JL, Monjaud I, et al.
Mediterranean alpha-linolenic acid-rich diet in secondary prevention of coronary
heart disease. Lancet (London, England). 1994 Jun 11;343(8911):1454-9.

221.

Bang HO, Dyerberg J, Nielsen AB. Plasma lipid and lipoprotein pattern in
Greenlandic West-coast Eskimos. Lancet (London, England). 1971 Jun
5;1(7710):1143-5.

222.

Zheng J, Huang T, Yu Y, Hu X, Yang B, Li D. Fish consumption and CHD mortality:
an updated meta-analysis of seventeen cohort studies. Public health nutrition. 2012
Apr;15(4):725-37. DOI: 10.1017/s1368980011002254.

223.

Musa-Veloso K, Binns MA, Kocenas A, Chung C, Rice H, Oppedal-Olsen H, et al.
Impact of low v. moderate intakes of long-chain n-3 fatty acids on risk of coronary
292

heart disease. The British journal of nutrition. 2011 Oct;106(8):1129-41. DOI:
10.1017/s0007114511001644.
224.

Burr ML, Fehily AM, Gilbert JF, Rogers S, Holliday RM, Sweetnam PM, et al.
Effects of changes in fat, fish, and fibre intakes on death and myocardial reinfarction:
diet and reinfarction trial (DART). Lancet (London, England). 1989 Sep
30;2(8666):757-61.

225.

Wachira JK, Larson MK, Harris WS. n-3 Fatty acids affect haemostasis but do not
increase the risk of bleeding: clinical observations and mechanistic insights. The
British journal of nutrition. 2014 May;111(9):1652-62. DOI:
10.1017/s000711451300425x.

226.

Dietary supplementation with n-3 polyunsaturated fatty acids and vitamin E after
myocardial infarction: results of the GISSI-Prevenzione trial. Gruppo Italiano per lo
Studio della Sopravvivenza nell'Infarto miocardico. Lancet (London, England). 1999
Aug 7;354(9177):447-55.

227.

Yokoyama M, Origasa H, Matsuzaki M, Matsuzawa Y, Saito Y, Ishikawa Y, et al.
Effects of eicosapentaenoic acid on major coronary events in hypercholesterolaemic
patients (JELIS): a randomised open-label, blinded endpoint analysis. Lancet
(London, England). 2007 Mar 31;369(9567):1090-8. DOI: 10.1016/s01406736(07)60527-3.

228.

Kromhout D, Giltay EJ, Geleijnse JM. n-3 fatty acids and cardiovascular events after
myocardial infarction. The New England journal of medicine. 2010 Nov
18;363(21):2015-26. DOI: 10.1056/NEJMoa1003603.

229.

Rauch B, Schiele R, Schneider S, Diller F, Victor N, Gohlke H, et al. OMEGA, a
randomized, placebo-controlled trial to test the effect of highly purified omega-3 fatty

293

acids on top of modern guideline-adjusted therapy after myocardial infarction.
Circulation. 2010 Nov 23;122(21):2152-9. DOI: 10.1161/circulationaha.110.948562.
230.

Bosch J, Gerstein HC, Dagenais GR, Diaz R, Dyal L, Jung H, et al. n-3 fatty acids and
cardiovascular outcomes in patients with dysglycemia. The New England journal of
medicine. 2012 Jul 26;367(4):309-18. DOI: 10.1056/NEJMoa1203859.

231.

Mozaffarian D, Rimm EB. Fish intake, contaminants, and human health: evaluating
the risks and the benefits. Jama. 2006 Oct 18;296(15):1885-99. DOI:
10.1001/jama.296.15.1885.

232.

Bowman L, Mafham M, Wallendszus K, Stevens W, Buck G, Barton J, et al. Effects
of n-3 Fatty Acid Supplements in Diabetes Mellitus. N Engl J Med. 2018 Oct
18;379(16):1540-50. DOI: 10.1056/NEJMoa1804989.

233.

Manson JE, Cook NR, Lee IM, Christen W, Bassuk SS, Mora S, et al. Marine n-3
Fatty Acids and Prevention of Cardiovascular Disease and Cancer. The New England
journal of medicine. 2019 Jan 3;380(1):23-32. DOI: 10.1056/NEJMoa1811403.

234.

Bhatt DL, Steg PG, Miller M, Brinton EA, Jacobson TA, Ketchum SB, et al.
Cardiovascular Risk Reduction with Icosapent Ethyl for Hypertriglyceridemia. The
New England journal of medicine. 2018 Nov 10. DOI: 10.1056/NEJMoa1812792.

235.

Nicholls SJ, Lincoff AM, Bash D, Ballantyne CM, Barter PJ, Davidson MH, et al.
Assessment of omega-3 carboxylic acids in statin-treated patients with high levels of
triglycerides and low levels of high-density lipoprotein cholesterol: Rationale and
design of the STRENGTH trial. Clinical cardiology. 2018 Oct;41(10):1281-8. DOI:
10.1002/clc.23055.

236.

Merhi-Soussi F, Kwak BR, Magne D, Chadjichristos C, Berti M, Pelli G, et al.
Interleukin-1 plays a major role in vascular inflammation and atherosclerosis in male

294

apolipoprotein E-knockout mice. Cardiovascular research. 2005 Jun 1;66(3):583-93.
DOI: 10.1016/j.cardiores.2005.01.008.
237.

De Stefano A, Mannucci L, Tamburi F, Cardillo C, Schinzari F, Rovella V, et al. LpPLA2, a new biomarker of vascular disorders in metabolic diseases. International
journal of immunopathology and pharmacology. 2019 JanDec;33:2058738419827154. DOI: 10.1177/2058738419827154.

238.

Nicholls SJ, Kastelein JJ, Schwartz GG, Bash D, Rosenson RS, Cavender MA, et al.
Varespladib and cardiovascular events in patients with an acute coronary syndrome:
the VISTA-16 randomized clinical trial. JAMA. 2014 Jan 15;311(3):252-62. DOI:
10.1001/jama.2013.282836.

239.

White HD, Held C, Stewart R, Tarka E, Brown R, Davies RY, et al. Darapladib for
preventing ischemic events in stable coronary heart disease. The New England journal
of medicine. 2014 May 1;370(18):1702-11. DOI: 10.1056/NEJMoa1315878.

240.

Manson JE, Cook NR, Lee IM, Christen W, Bassuk SS, Mora S, et al. Marine n-3
Fatty Acids and Prevention of Cardiovascular Disease and Cancer. N Engl J Med.
2018 Nov 10. DOI: 10.1056/NEJMoa1811403.

241.

Tedgui A, Mallat Z. Cytokines in atherosclerosis: pathogenic and regulatory
pathways. Physiol Rev. 2006 Apr;86(2):515-81. DOI: 10.1152/physrev.00024.2005.

242.

Chatterjee A, Sharma A, Chen M, Toy R, Mottola G, Conte MS. The pro-resolving
lipid mediator maresin 1 (MaR1) attenuates inflammatory signaling pathways in
vascular smooth muscle and endothelial cells. PloS one. 2014;9(11):e113480. DOI:
10.1371/journal.pone.0113480.

243.

Salic K, Morrison MC, Verschuren L, Wielinga PY, Wu L, Kleemann R, et al.
Resolvin E1 attenuates atherosclerosis in absence of cholesterol-lowering effects and

295

on top of atorvastatin. Atherosclerosis. 2016 Jul;250:158-65. DOI:
10.1016/j.atherosclerosis.2016.05.001.
244.

De Caterina R, Cybulsky MI, Clinton SK, Gimbrone MA, Jr., Libby P. The omega-3
fatty acid docosahexaenoate reduces cytokine-induced expression of proatherogenic
and proinflammatory proteins in human endothelial cells. Arteriosclerosis and
thrombosis : a journal of vascular biology / American Heart Association. 1994
Nov;14(11):1829-36.

245.

Yates CM, Tull SP, Madden J, Calder PC, Grimble RF, Nash GB, et al.
Docosahexaenoic acid inhibits the adhesion of flowing neutrophils to cytokine
stimulated human umbilical vein endothelial cells. The Journal of nutrition. 2011
Jul;141(7):1331-4. DOI: 10.3945/jn.111.139287.

246.

Huang CY, Sheu WH, Chiang AN. Docosahexaenoic acid and eicosapentaenoic acid
suppress adhesion molecule expression in human aortic endothelial cells via
differential mechanisms. Molecular nutrition & food research. 2015 Apr;59(4):75162. DOI: 10.1002/mnfr.201400687.

247.

Wang TM, Chen CJ, Lee TS, Chao HY, Wu WH, Hsieh SC, et al. Docosahexaenoic
acid attenuates VCAM-1 expression and NF-kappaB activation in TNF-alpha-treated
human aortic endothelial cells. The Journal of nutritional biochemistry. 2011
Feb;22(2):187-94. DOI: 10.1016/j.jnutbio.2010.01.007.

248.

Stillwell W, Wassall SR. Docosahexaenoic acid: membrane properties of a unique
fatty acid. Chemistry and physics of lipids. 2003 Nov;126(1):1-27.

249.

Williams JA, Batten SE, Harris M, Rockett BD, Shaikh SR, Stillwell W, et al.
Docosahexaenoic and eicosapentaenoic acids segregate differently between raft and
nonraft domains. Biophysical journal. 2012 Jul 18;103(2):228-37. DOI:
10.1016/j.bpj.2012.06.016.
296

250.

Yin H, Brooks JD, Gao L, Porter NA, Morrow JD. Identification of novel
autoxidation products of the omega-3 fatty acid eicosapentaenoic acid in vitro and in
vivo. The Journal of biological chemistry. 2007 Oct 12;282(41):29890-901. DOI:
10.1074/jbc.M703108200.

251.

Sethi S, Ziouzenkova O, Ni H, Wagner DD, Plutzky J, Mayadas TN. Oxidized
omega-3 fatty acids in fish oil inhibit leukocyte-endothelial interactions through
activation of PPAR alpha. Blood. 2002 Aug 15;100(4):1340-6. DOI: 10.1182/blood2002-01-0316.

252.

Mishra A, Chaudhary A, Sethi S. Oxidized omega-3 fatty acids inhibit NF-kappaB
activation via a PPARalpha-dependent pathway. Arteriosclerosis, thrombosis, and
vascular biology. 2004 Sep;24(9):1621-7. DOI:
10.1161/01.atv.0000137191.02577.86.

253.

Thies F, Garry JM, Yaqoob P, Rerkasem K, Williams J, Shearman CP, et al.
Association of n-3 polyunsaturated fatty acids with stability of atherosclerotic
plaques: a randomised controlled trial. Lancet (London, England). 2003 Feb
8;361(9356):477-85. DOI: 10.1016/s0140-6736(03)12468-3.

254.

Xu Z, Riediger N, Innis S, Moghadasian MH. Fish oil significantly alters fatty acid
profiles in various lipid fractions but not atherogenesis in apo E-KO mice. European
journal of nutrition. 2007 Mar;46(2):103-10. DOI: 10.1007/s00394-006-0638-3.

255.

Matsumoto M, Sata M, Fukuda D, Tanaka K, Soma M, Hirata Y, et al. Orally
administered eicosapentaenoic acid reduces and stabilizes atherosclerotic lesions in
ApoE-deficient mice. Atherosclerosis. 2008 Apr;197(2):524-33. DOI:
10.1016/j.atherosclerosis.2007.07.023.

256.

Li S, Sun Y, Liang CP, Thorp EB, Han S, Jehle AW, et al. Defective phagocytosis of
apoptotic cells by macrophages in atherosclerotic lesions of ob/ob mice and reversal
297

by a fish oil diet. Circulation research. 2009 Nov 20;105(11):1072-82. DOI:
10.1161/circresaha.109.199570.
257.

Altenburg JD, Siddiqui RA. Docosahexaenoic acid downregulates interferon gammainduced expression of CXCL16 in human aortic smooth muscle cells. Biochemical
and biophysical research communications. 2010 Jan 1;391(1):609-14. DOI:
10.1016/j.bbrc.2009.11.107.

258.

Takashima A, Fukuda D, Tanaka K, Higashikuni Y, Hirata Y, Nishimoto S, et al.
Combination of n-3 polyunsaturated fatty acids reduces atherogenesis in
apolipoprotein E-deficient mice by inhibiting macrophage activation. Atherosclerosis.
2016 Nov;254:142-50. DOI: 10.1016/j.atherosclerosis.2016.10.002.

259.

Nakajima K, Yamashita T, Kita T, Takeda M, Sasaki N, Kasahara K, et al. Orally
administered eicosapentaenoic acid induces rapid regression of atherosclerosis via
modulating the phenotype of dendritic cells in LDL receptor-deficient mice.
Arteriosclerosis, thrombosis, and vascular biology. 2011 Sep;31(9):1963-72. DOI:
10.1161/atvbaha.111.229443.

260.

Tan Z, Le K, Moghadasian M, Shahidi F. Enzymatic synthesis of phytosteryl
docosahexaneates and evaluation of their anti-atherogenic effects in apo-E deficient
mice. Food chemistry. 2012 Oct 15;134(4):2097-104. DOI:
10.1016/j.foodchem.2012.04.009.

261.

Liu L, Hu Q, Wu H, Xue Y, Cai L, Fang M, et al. Protective role of n6/n3 PUFA
supplementation with varying DHA/EPA ratios against atherosclerosis in mice. The
Journal of nutritional biochemistry. 2016 Jun;32:171-80. DOI:
10.1016/j.jnutbio.2016.02.010.

298

262.

Arterburn LM, Hall EB, Oken H. Distribution, interconversion, and dose response of
n-3 fatty acids in humans. The American journal of clinical nutrition. 2006 Jun;83(6
Suppl):1467s-76s. DOI: 10.1093/ajcn/83.6.1467S.

263.

King SS, Abughazaleh AA, Webel SK, Jones KL. Circulating fatty acid profiles in
response to three levels of dietary omega-3 fatty acid supplementation in horses.
Journal of animal science. 2008 May;86(5):1114-23. DOI: 10.2527/jas.2007-0682.

264.

Tu WC, Muhlhausler BS, Yelland LN, Gibson RA. Correlations between blood and
tissue omega-3 LCPUFA status following dietary ALA intervention in rats.
Prostaglandins, leukotrienes, and essential fatty acids. 2013 Jan;88(1):53-60. DOI:
10.1016/j.plefa.2012.04.005.

265.

Scientific Opinion on the Tolerable Upper Intake Level of eicosapentaenoic acid
(EPA), docosahexaenoic acid (DHA) and docosapentaenoic acid (DPA). 2012. Cited
in: /z-wcorg/.

266.

Liu G, Muhlhausler BS, Gibson RA. A method for long term stabilisation of long
chain polyunsaturated fatty acids in dried blood spots and its clinical application.
Prostaglandins Leukot Essent Fatty Acids. 2014 Dec;91(6):251-60. DOI:
10.1016/j.plefa.2014.09.009.

267.

National H, Medical Research C, Australian Research C, Universities A, Csiro.
Australian code for the care and use of animals for scientific purposes. 2013. Cited in:
/z-wcorg/.

268.

Di Bartolo BA, Chan J, Bennett MR, Cartland S, Bao S, Tuch BE, et al. TNF-related
apoptosis-inducing ligand (TRAIL) protects against diabetes and atherosclerosis in
Apoe (-)/(-) mice. Diabetologia. 2011 Dec;54(12):3157-67. DOI: 10.1007/s00125011-2308-0.

299

269.

Kennedy DJ, Vetteth S, Periyasamy SM, Kanj M, Fedorova L, Khouri S, et al. Central
role for the cardiotonic steroid marinobufagenin in the pathogenesis of experimental
uremic cardiomyopathy. Hypertension (Dallas, Tex : 1979). 2006 Mar;47(3):488-95.
DOI: 10.1161/01.hyp.0000202594.82271.92.

270.

Helps SC, Thornton E, Kleinig TJ, Manavis J, Vink R. Automatic nonsubjective
estimation of antigen content visualized by immunohistochemistry using color
deconvolution. Applied immunohistochemistry & molecular morphology : AIMM.
2012 Jan;20(1):82-90. DOI: 10.1097/PAI.0b013e31821fc8cd.

271.

Hollander W. Role of hypertension in atherosclerosis and cardiovascular disease. Am
J Cardiol. 1976 Nov 23;38(6):786-800.

272.

Paterson JC, Mills J, Lockwood CH. The role of hypertension in the progression of
atherosclerosis. Can Med Assoc J. 1960 Jan 09;82:65-70.

273.

Dawber TR, Moore FE, Mann GV. Coronary heart disease in the Framingham study.
American journal of public health and the nation's health. 1957 Apr;47(4 Pt 2):4-24.

274.

Alexander RW. Theodore Cooper Memorial Lecture. Hypertension and the
pathogenesis of atherosclerosis. Oxidative stress and the mediation of arterial
inflammatory response: a new perspective. Hypertension. 1995 Feb;25(2):155-61.

275.

Stamler J, Wentworth D, Neaton JD. Is relationship between serum cholesterol and
risk of premature death from coronary heart disease continuous and graded? Findings
in 356,222 primary screenees of the Multiple Risk Factor Intervention Trial (MRFIT).
JAMA. 1986 Nov 28;256(20):2823-8.

276.

Keys A, Menotti A, Aravanis C, Blackburn H, Djordevic BS, Buzina R, et al. The
seven countries study: 2,289 deaths in 15 years. Prev Med. 1984 Mar;13(2):141-54.

277.

Anderson KM, Castelli WP, Levy D. Cholesterol and mortality. 30 years of follow-up
from the Framingham study. JAMA. 1987 Apr 24;257(16):2176-80.
300

278.

Liebow IM, Hellerstein HK, Miller B. Arteriosclerotic heart disease in diabetes
mellitus; a clinical study of 383 patients. Am J Med. 1955 Mar;18(3):438-47.

279.

Garcia MJ, McNamara PM, Gordon T, Kannel WB. Morbidity and mortality in
diabetics in the Framingham population. Sixteen year follow-up study. Diabetes. 1974
Feb;23(2):105-11.

280.

Lemp GF, Vander Zwaag R, Hughes JP, Maddock V, Kroetz F, Ramanathan KB, et
al. Association between the severity of diabetes mellitus and coronary arterial
atherosclerosis. Am J Cardiol. 1987 Nov 01;60(13):1015-9.

281.

Doll R, Hill AB. Lung cancer and other causes of death in relation to smoking; a
second report on the mortality of British doctors. Br Med J. 1956 Nov
10;2(5001):1071-81.

282.

Herbert WH. Cigarette smoking and arteriographically demonstrable coronary artery
disease. Chest. 1975 Jan;67(1):49-52.

283.

Powell JT. Vascular damage from smoking: disease mechanisms at the arterial wall.
Vasc Med. 1998;3(1):21-8. DOI: 10.1177/1358836x9800300105.

284.

Genest JJ, Jr., McNamara JR, Salem DN, Wilson PW, Schaefer EJ, Malinow MR.
Plasma homocyst(e)ine levels in men with premature coronary artery disease. J Am
Coll Cardiol. 1990 Nov;16(5):1114-9.

285.

Mayer EL, Jacobsen DW, Robinson K. Homocysteine and coronary atherosclerosis. J
Am Coll Cardiol. 1996 Mar 01;27(3):517-27.

286.

Humphrey LL, Fu R, Rogers K, Freeman M, Helfand M. Homocysteine level and
coronary heart disease incidence: a systematic review and meta-analysis. Mayo Clin
Proc. 2008 Nov;83(11):1203-12. DOI: 10.4065/83.11.1203.

287.

Miller PE, Van Elswyk M, Alexander DD. Long-chain omega-3 fatty acids
eicosapentaenoic acid and docosahexaenoic acid and blood pressure: a meta-analysis
301

of randomized controlled trials. Am J Hypertens. 2014 Jul;27(7):885-96. DOI:
10.1093/ajh/hpu024.
288.

Mori TA, Burke V, Puddey IB, Watts GF, O'Neal DN, Best JD, et al. Purified
eicosapentaenoic and docosahexaenoic acids have differential effects on serum lipids
and lipoproteins, LDL particle size, glucose, and insulin in mildly hyperlipidemic
men. Am J Clin Nutr. 2000 May;71(5):1085-94.

289.

Mozaffarian D, Wu JH. Omega-3 fatty acids and cardiovascular disease: effects on
risk factors, molecular pathways, and clinical events. J Am Coll Cardiol. 2011 Nov
08;58(20):2047-67. DOI: 10.1016/j.jacc.2011.06.063.

290.

Ahn J, Park SK, Park TS, Kim JH, Yun E, Kim SP, et al. Effect of n-3
Polyunsaturated Fatty Acids on Regression of Coronary Atherosclerosis in Statin
Treated Patients Undergoing Percutaneous Coronary Intervention. Korean circulation
journal. 2016 Jul;46(4):481-9. DOI: 10.4070/kcj.2016.46.4.481.

291.

Alfaddagh A, Elajami TK, Ashfaque H, Saleh M, Bistrian BR, Welty FK. Effect of
Eicosapentaenoic and Docosahexaenoic Acids Added to Statin Therapy on Coronary
Artery Plaque in Patients With Coronary Artery Disease: A Randomized Clinical
Trial. Journal of the American Heart Association. 2017 Dec 15;6(12). DOI:
10.1161/jaha.117.006981.

292.

Faber J, Berkhout M, Vos AP, Sijben JW, Calder PC, Garssen J, et al.
Supplementation with a fish oil-enriched, high-protein medical food leads to rapid
incorporation of EPA into white blood cells and modulates immune responses within
one week in healthy men and women. J Nutr. 2011 May;141(5):964-70. DOI:
10.3945/jn.110.132985.

293.

Yaqoob P, Pala HS, Cortina-Borja M, Newsholme EA, Calder PC. Encapsulated fish
oil enriched in alpha-tocopherol alters plasma phospholipid and mononuclear cell
302

fatty acid compositions but not mononuclear cell functions. Eur J Clin Invest. 2000
Mar;30(3):260-74.
294.

Lee TH, Hoover RL, Williams JD, Sperling RI, Ravalese J, 3rd, Spur BW, et al.
Effect of dietary enrichment with eicosapentaenoic and docosahexaenoic acids on in
vitro neutrophil and monocyte leukotriene generation and neutrophil function. N Engl
J Med. 1985 May 09;312(19):1217-24. DOI: 10.1056/nejm198505093121903.

295.

Mas E, Croft KD, Zahra P, Barden A, Mori TA. Resolvins D1, D2, and other
mediators of self-limited resolution of inflammation in human blood following n-3
fatty acid supplementation. Clin Chem. 2012 Oct;58(10):1476-84. DOI:
10.1373/clinchem.2012.190199.

296.

Lo CJ, Chiu KC, Fu M, Lo R, Helton S. Fish oil decreases macrophage tumor
necrosis factor gene transcription by altering the NF kappa B activity. J Surg Res.
1999 Apr;82(2):216-21. DOI: 10.1006/jsre.1998.5524.

297.

Novak TE, Babcock TA, Jho DH, Helton WS, Espat NJ. NF-kappa B inhibition by
omega -3 fatty acids modulates LPS-stimulated macrophage TNF-alpha transcription.
Am J Physiol Lung Cell Mol Physiol. 2003 Jan;284(1):L84-9. DOI:
10.1152/ajplung.00077.2002.

298.

Zhao Y, Joshi-Barve S, Barve S, Chen LH. Eicosapentaenoic acid prevents LPSinduced TNF-alpha expression by preventing NF-kappaB activation. J Am Coll Nutr.
2004 Feb;23(1):71-8.

299.

Kong W, Yen JH, Vassiliou E, Adhikary S, Toscano MG, Ganea D. Docosahexaenoic
acid prevents dendritic cell maturation and in vitro and in vivo expression of the IL-12
cytokine family. Lipids Health Dis. 2010 Feb 01;9:12. DOI: 10.1186/1476-511x-9-12.

303

300.

Li Q, Tan L, Wang C, Li N, Li Y, Xu G, et al. Polyunsaturated eicosapentaenoic acid
changes lipid composition in lipid rafts. Eur J Nutr. 2006 Mar;45(3):144-51. DOI:
10.1007/s00394-005-0574-7.

301.

Stillwell W, Shaikh SR, Zerouga M, Siddiqui R, Wassall SR. Docosahexaenoic acid
affects cell signaling by altering lipid rafts. Reprod Nutr Dev. 2005 SepOct;45(5):559-79. DOI: 10.1051/rnd:2005046.

302.

Oh DY, Talukdar S, Bae EJ, Imamura T, Morinaga H, Fan W, et al. GPR120 is an
omega-3 fatty acid receptor mediating potent anti-inflammatory and insulinsensitizing effects. Cell. 2010 Sep 03;142(5):687-98. DOI:
10.1016/j.cell.2010.07.041.

303.

Appel LJ, Miller ER, 3rd, Seidler AJ, Whelton PK. Does supplementation of diet with
'fish oil' reduce blood pressure? A meta-analysis of controlled clinical trials. Arch
Intern Med. 1993 Jun 28;153(12):1429-38.

304.

Bays HE, Tighe AP, Sadovsky R, Davidson MH. Prescription omega-3 fatty acids and
their lipid effects: physiologic mechanisms of action and clinical implications. Expert
Rev Cardiovasc Ther. 2008 Mar;6(3):391-409. DOI: 10.1586/14779072.6.3.391.

305.

Harris WS. n-3 fatty acids and lipoproteins: comparison of results from human and
animal studies. Lipids. 1996 Mar;31(3):243-52.

306.

Jacobson TA, Glickstein SB, Rowe JD, Soni PN. Effects of eicosapentaenoic acid and
docosahexaenoic acid on low-density lipoprotein cholesterol and other lipids: a
review. Journal of clinical lipidology. 2012 Jan-Feb;6(1):5-18. DOI:
10.1016/j.jacl.2011.10.018.

307.

Scarsi C, Levesque A, Lisi L, Navarra P. The free fractions of circulating
docosahexaenoic acid and eicosapentenoic acid as optimal end-point of measure in

304

bioavailability studies on n-3 fatty acids. Prostaglandins Leukot Essent Fatty Acids.
2015 May;96:11-6. DOI: 10.1016/j.plefa.2014.12.006.
308.

Salem NM, Lin YH, Moriguchi T, Lim SY, Salem N, Jr., Hibbeln JR. Distribution of
omega-6 and omega-3 polyunsaturated fatty acids in the whole rat body and 25
compartments. Prostaglandins, leukotrienes, and essential fatty acids. 2015
Sep;100:13-20. DOI: 10.1016/j.plefa.2015.06.002.

309.

Smithers LG, Gibson RA, McPhee A, Makrides M. Effect of two doses of
docosahexaenoic acid (DHA) in the diet of preterm infants on infant fatty acid status:
results from the DINO trial. Prostaglandins, leukotrienes, and essential fatty acids.
2008 Sep-Nov;79(3-5):141-6. DOI: 10.1016/j.plefa.2008.09.015.

310.

Fogelstrand P, Boren J. Retention of atherogenic lipoproteins in the artery wall and its
role in atherogenesis. Nutrition, metabolism, and cardiovascular diseases : NMCD.
2012 Jan;22(1):1-7. DOI: 10.1016/j.numecd.2011.09.007.

311.

Linton MRF, Yancey PG, Davies SS, Jerome WG, Linton EF, Song WL, et al. The
Role of Lipids and Lipoproteins in Atherosclerosis. In: Feingold KR, Anawalt B,
Boyce A, Chrousos G, Dungan K, Grossman A, et al., editors. Endotext. South
Dartmouth (MA): MDText.com, Inc.; 2000.

312.

Fatkhullina AR, Peshkova IO, Koltsova EK. The Role of Cytokines in the
Development of Atherosclerosis. Biochemistry Biokhimiia. 2016 Nov;81(11):135870. DOI: 10.1134/s0006297916110134.

313.

Northcott JM, Yeganeh A, Taylor CG, Zahradka P, Wigle JT. Adipokines and the
cardiovascular system: mechanisms mediating health and disease. Canadian journal of
physiology and pharmacology. 2012 Aug;90(8):1029-59. DOI: 10.1139/y2012-053.

314.

Hofmann MA, Lalla E, Lu Y, Gleason MR, Wolf BM, Tanji N, et al.
Hyperhomocysteinemia enhances vascular inflammation and accelerates
305

atherosclerosis in a murine model. The Journal of clinical investigation. 2001
Mar;107(6):675-83. DOI: 10.1172/jci10588.
315.

Antoniades C, Demosthenous M, Tousoulis D, Antonopoulos AS, Vlachopoulos C,
Toutouza M, et al. Role of asymmetrical dimethylarginine in inflammation-induced
endothelial dysfunction in human atherosclerosis. Hypertension (Dallas, Tex : 1979).
2011 Jul;58(1):93-8. DOI: 10.1161/hypertensionaha.110.168245.

316.

Basta G, Schmidt AM, De Caterina R. Advanced glycation end products and vascular
inflammation: implications for accelerated atherosclerosis in diabetes. Cardiovascular
research. 2004 Sep 1;63(4):582-92. DOI: 10.1016/j.cardiores.2004.05.001.

317.

Goldstein JL, Brown MS. The low-density lipoprotein pathway and its relation to
atherosclerosis. Annual review of biochemistry. 1977;46:897-930. DOI:
10.1146/annurev.bi.46.070177.004341.

318.

Wissler RW, Vesselinovitch D, Getz GS. Abnormalities of the arterial wall and its
metabolism in atherogenesis. Progress in cardiovascular diseases. 1976 MarApr;18(5):341-69.

319.

Steinberg D, Parthasarathy S, Carew TE, Khoo JC, Witztum JL. Beyond cholesterol.
Modifications of low-density lipoprotein that increase its atherogenicity. The New
England journal of medicine. 1989 Apr 6;320(14):915-24. DOI:
10.1056/nejm198904063201407.

320.

Krauss RM. Atherogenicity of triglyceride-rich lipoproteins. The American journal of
cardiology. 1998 Feb 26;81(4a):13b-7b.

321.

Zilversmit DB. Atherogenic nature of triglycerides, postprandial lipidemia, and
triglyceride-rich remnant lipoproteins. Clinical chemistry. 1995 Jan;41(1):153-8.

306

322.

Nordestgaard BG, Langsted A. Lipoprotein (a) as a cause of cardiovascular disease:
insights from epidemiology, genetics, and biology. Journal of lipid research. 2016
Nov;57(11):1953-75. DOI: 10.1194/jlr.R071233.

323.

Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG, et al.
NLRP3 inflammasomes are required for atherogenesis and activated by cholesterol
crystals. Nature. 2010 Apr 29;464(7293):1357-61. DOI: 10.1038/nature08938.

324.

Kirii H, Niwa T, Yamada Y, Wada H, Saito K, Iwakura Y, et al. Lack of interleukin1beta decreases the severity of atherosclerosis in ApoE-deficient mice.
Arteriosclerosis, thrombosis, and vascular biology. 2003 Apr 1;23(4):656-60. DOI:
10.1161/01.atv.0000064374.15232.c3.

325.

Apostolakis S, Vogiatzi K, Krambovitis E, Spandidos DA. IL-1 cytokines in
cardiovascular disease: diagnostic, prognostic and therapeutic implications.
Cardiovascular & hematological agents in medicinal chemistry. 2008 Apr;6(2):150-8.

326.

Hartman J, Frishman WH. Inflammation and atherosclerosis: a review of the role of
interleukin-6 in the development of atherosclerosis and the potential for targeted drug
therapy. Cardiol Rev. 2014 May-Jun;22(3):147-51. DOI:
10.1097/crd.0000000000000021.

327.

Apostolakis S, Vogiatzi K, Amanatidou V, Spandidos DA. Interleukin 8 and
cardiovascular disease. Cardiovasc Res. 2009 Dec 1;84(3):353-60. DOI:
10.1093/cvr/cvp241.

328.

McKellar GE, McCarey DW, Sattar N, McInnes IB. Role for TNF in atherosclerosis?
Lessons from autoimmune disease. Nat Rev Cardiol. 2009 Jun;6(6):410-7. DOI:
10.1038/nrcardio.2009.57.

329.

Lin J, Kakkar V, Lu X. Impact of MCP-1 in atherosclerosis. Curr Pharm Des.
2014;20(28):4580-8.
307

330.

Coll B, Alonso-Villaverde C, Joven J. Monocyte chemoattractant protein-1 and
atherosclerosis: is there room for an additional biomarker? Clin Chim Acta. 2007
Aug;383(1-2):21-9. DOI: 10.1016/j.cca.2007.04.019.

331.

Leon ML, Zuckerman SH. Gamma interferon: a central mediator in atherosclerosis.
Inflamm Res. 2005 Oct;54(10):395-411. DOI: 10.1007/s00011-005-1377-2.

332.

Beltowski J. Leptin and atherosclerosis. Atherosclerosis. 2006 Nov;189(1):47-60.
DOI: 10.1016/j.atherosclerosis.2006.03.003.

333.

Adya R, Tan BK, Randeva HS. Differential effects of leptin and adiponectin in
endothelial angiogenesis. Journal of diabetes research. 2015;2015:648239. DOI:
10.1155/2015/648239.

334.

Jung HS, Park KH, Cho YM, Chung SS, Cho HJ, Cho SY, et al. Resistin is secreted
from macrophages in atheromas and promotes atherosclerosis. Cardiovascular
research. 2006 Jan;69(1):76-85. DOI: 10.1016/j.cardiores.2005.09.015.

335.

Park HK, Kwak MK, Kim HJ, Ahima RS. Linking resistin, inflammation, and
cardiometabolic diseases. The Korean journal of internal medicine. 2017
Mar;32(2):239-47. DOI: 10.3904/kjim.2016.229.

336.

McCully KS. Homocysteine and the pathogenesis of atherosclerosis. Expert review of
clinical pharmacology. 2015 Mar;8(2):211-9. DOI: 10.1586/17512433.2015.1010516.

337.

Guthikonda S, Haynes WG. Homocysteine: role and implications in atherosclerosis.
Current atherosclerosis reports. 2006 Mar;8(2):100-6.

338.

Koleva DI, Orbetzova MM, Nikolova JG, Deneva TI. Pathophysiological Role of
Adiponectin, Leptin and Asymmetric Dimethylarginine in the Process of
Atherosclerosis. Folia Med (Plovdiv). 2016 Dec 1;58(4):234-40. DOI:
10.1515/folmed-2016-0039.

308

339.

Landim MB, Casella Filho A, Chagas AC. Asymmetric dimethylarginine (ADMA)
and endothelial dysfunction: implications for atherogenesis. Clinics (Sao Paulo,
Brazil). 2009 May;64(5):471-8.

340.

Jandeleit-Dahm K, Cooper ME. The role of AGEs in cardiovascular disease. Current
pharmaceutical design. 2008;14(10):979-86.

341.

Del Turco S, Basta G. An update on advanced glycation endproducts and
atherosclerosis. BioFactors (Oxford, England). 2012 Jul-Aug;38(4):266-74. DOI:
10.1002/biof.1018.

342.

Moher D, Liberati A, Tetzlaff J, Altman DG. Preferred reporting items for systematic
reviews and meta-analyses: the PRISMA statement. Bmj. 2009 Jul 21;339:b2535.
DOI: 10.1136/bmj.b2535.

343.

NHMRC levels of evidence and grades for recommendations for guideline
developers. Canberra: National Health and Medical Research Council; 2009.
Available from:
https://www.nhmrc.gov.au/_files_nhmrc/file/guidelines/developers/nhmrc_levels_gra
des_evidence_120423.pdf

344.

Deeks JJ, Altman DG, Bradburn MJ. Statistical methods for examining heterogeneity
and combining results from several studies in meta‐analysis. Systematic Reviews in
Health Care: Meta-Analysis in Context, Second Edition. 2008:285-312.

345.

Altman DG, Bland JM. How to obtain the confidence interval from a P value. Bmj.
2011 Aug 8;343:d2090. DOI: 10.1136/bmj.d2090.

346.

Mori TA. Marine OMEGA-3 fatty acids in the prevention of cardiovascular disease.
Fitoterapia. 2017 Nov;123:51-8. DOI: 10.1016/j.fitote.2017.09.015.

347.

Talayero BG, Sacks FM. The role of triglycerides in atherosclerosis. Current
cardiology reports. 2011 Dec;13(6):544-52. DOI: 10.1007/s11886-011-0220-3.
309

348.

Nestel PJ, Connor WE, Reardon MF, Connor S, Wong S, Boston R. Suppression by
diets rich in fish oil of very low density lipoprotein production in man. The Journal of
clinical investigation. 1984 Jul;74(1):82-9. DOI: 10.1172/jci111422.

349.

Parker HM, Johnson NA, Burdon CA, Cohn JS, O'Connor HT, George J. Omega-3
supplementation and non-alcoholic fatty liver disease: a systematic review and metaanalysis. J Hepatol. 2012 Apr;56(4):944-51. DOI: 10.1016/j.jhep.2011.08.018.

350.

Couet C, Delarue J, Ritz P, Antoine JM, Lamisse F. Effect of dietary fish oil on body
fat mass and basal fat oxidation in healthy adults. Int J Obes Relat Metab Disord.
1997 Aug;21(8):637-43.

351.

Mostad IL, Bjerve KS, Bjorgaas MR, Lydersen S, Grill V. Effects of n-3 fatty acids in
subjects with type 2 diabetes: reduction of insulin sensitivity and time-dependent
alteration from carbohydrate to fat oxidation. The American journal of clinical
nutrition. 2006 Sep;84(3):540-50. DOI: 10.1093/ajcn/84.3.540.

352.

Xu HE, Lambert MH, Montana VG, Parks DJ, Blanchard SG, Brown PJ, et al.
Molecular recognition of fatty acids by peroxisome proliferator-activated receptors.
Mol Cell. 1999 Mar;3(3):397-403.

353.

Shen L, Yang Y, Ou T, Key CC, Tong SH, Sequeira RC, et al. Dietary PUFAs
attenuate NLRP3 inflammasome activation via enhancing macrophage autophagy.
Journal of lipid research. 2017 Sep;58(9):1808-21. DOI: 10.1194/jlr.M075879.

354.

Martinez-Micaelo N, Gonzalez-Abuin N, Pinent M, Ardevol A, Blay M. Dietary fatty
acid composition is sensed by the NLRP3 inflammasome: omega-3 fatty acid (DHA)
prevents NLRP3 activation in human macrophages. Food & function. 2016 Aug
10;7(8):3480-7. DOI: 10.1039/c6fo00477f.

355.

De Boer AA, Monk JM, Liddle DM, Hutchinson AL, Power KA, Ma DW, et al. Fishoil-derived n-3 polyunsaturated fatty acids reduce NLRP3 inflammasome activity and
310

obesity-related inflammatory cross-talk between adipocytes and CD11b(+)
macrophages. The Journal of nutritional biochemistry. 2016 Aug;34:61-72. DOI:
10.1016/j.jnutbio.2016.04.004.
356.

Huang T, Wahlqvist ML, Li D. Effect of n-3 polyunsaturated fatty acid on gene
expression of the critical enzymes involved in homocysteine metabolism. Nutr J. 2012
Jan 19;11:6. DOI: 10.1186/1475-2891-11-6.

357.

Kurt A, Andican G, Siva ZO, Andican A, Burcak G. The effects of n-3 long-chain
polyunsaturated fatty acid supplementation on AGEs and sRAGE in type 2 diabetes
mellitus. J Physiol Biochem. 2016 Dec;72(4):679-87. DOI: 10.1007/s13105-0160506-4.

358.

Aadland EK, Lavigne C, Graff IE, Eng O, Paquette M, Holthe A, et al. Lean-seafood
intake reduces cardiovascular lipid risk factors in healthy subjects: results from a
randomized controlled trial with a crossover design. The American journal of clinical
nutrition. 2015 Sep;102(3):582-92. DOI: 10.3945/ajcn.115.112086.

359.

Abbey M, Clifton P, Kestin M, Belling B, Nestel P. Effect of fish oil on lipoproteins,
lecithin:cholesterol acyltransferase, and lipid transfer protein activity in humans.
Arteriosclerosis (Dallas, Tex). 1990 Jan-Feb;10(1):85-94.

360.

Ando M, Sanaka T, Nihei H. Eicosapentanoic acid reduces plasma levels of remnant
lipoproteins and prevents in vivo peroxidation of LDL in dialysis patients. Journal of
the American Society of Nephrology : JASN. 1999 Oct;10(10):2177-84.

361.

Andrade PM, Ribeiro BG, Bozza MT, Costa Rosa LF, Tavares do Carmo MG. Effects
of the fish-oil supplementation on the immune and inflammatory responses in elite
swimmers. Prostaglandins, leukotrienes, and essential fatty acids. 2007 Oct-Nov;77(34):139-45. DOI: 10.1016/j.plefa.2007.08.010.

311

362.

Asztalos IB, Gleason JA, Sever S, Gedik R, Asztalos BF, Horvath KV, et al. Effects
of eicosapentaenoic acid and docosahexaenoic acid on cardiovascular disease risk
factors: a randomized clinical trial. Metabolism: clinical and experimental. 2016
Nov;65(11):1636-45. DOI: 10.1016/j.metabol.2016.07.010.

363.

Ballantyne CM, Bays HE, Kastelein JJ, Stein E, Isaacsohn JL, Braeckman RA, et al.
Efficacy and safety of eicosapentaenoic acid ethyl ester (AMR101) therapy in statintreated patients with persistent high triglycerides (from the ANCHOR study). The
American journal of cardiology. 2012 Oct 1;110(7):984-92. DOI:
10.1016/j.amjcard.2012.05.031.

364.

Ballantyne CM, Braeckman RA, Bays HE, Kastelein JJ, Otvos JD, Stirtan WG, et al.
Effects of icosapent ethyl on lipoprotein particle concentration and size in statintreated patients with persistent high triglycerides (the ANCHOR Study). Journal of
clinical lipidology. 2015 May-Jun;9(3):377-83. DOI: 10.1016/j.jacl.2014.11.009.

365.

Bays HE, McKenney J, Maki KC, Doyle RT, Carter RN, Stein E. Effects of
prescription omega-3-acid ethyl esters on non--high-density lipoprotein cholesterol
when coadministered with escalating doses of atorvastatin. Mayo Clinic proceedings.
2010 Feb;85(2):122-8. DOI: 10.4065/mcp.2009.0397.

366.

Bays HE, Maki KC, McKenney J, Snipes R, Meadowcroft A, Schroyer R, et al. Longterm up to 24-month efficacy and safety of concomitant prescription omega-3-acid
ethyl esters and simvastatin in hypertriglyceridemic patients. Current medical research
and opinion. 2010 Apr;26(4):907-15. DOI: 10.1185/03007991003645318.

367.

Bays HE, Braeckman RA, Ballantyne CM, Kastelein JJ, Otvos JD, Stirtan WG, et al.
Icosapent ethyl, a pure EPA omega-3 fatty acid: effects on lipoprotein particle
concentration and size in patients with very high triglyceride levels (the MARINE

312

study). Journal of clinical lipidology. 2012 Nov-Dec;6(6):565-72. DOI:
10.1016/j.jacl.2012.07.001.
368.

Bays HE, Ballantyne CM, Braeckman RA, Stirtan WG, Soni PN. Icosapent ethyl, a
pure ethyl ester of eicosapentaenoic acid: effects on circulating markers of
inflammation from the MARINE and ANCHOR studies. American journal of
cardiovascular drugs : drugs, devices, and other interventions. 2013 Feb;13(1):37-46.
DOI: 10.1007/s40256-012-0002-3.

369.

Bays HE, Ballantyne CM, Braeckman RA, Stirtan WG, Doyle RT, Jr., Philip S, et al.
Icosapent Ethyl (Eicosapentaenoic Acid Ethyl Ester): Effects Upon High-Sensitivity
C-Reactive Protein and Lipid Parameters in Patients With Metabolic Syndrome.
Metabolic syndrome and related disorders. 2015 Aug;13(6):239-47. DOI:
10.1089/met.2014.0137.

370.

Beavers KM, Beavers DP, Bowden RG, Wilson RL, Gentile M. Omega-3 fatty acid
supplementation and total homocysteine levels in end-stage renal disease patients.
Nephrology (Carlton, Vic). 2008 Jun;13(4):284-8. DOI: 10.1111/j.14401797.2008.00934.x.

371.

Bell SJ, Chavali S, Bistrian BR, Connolly CA, Utsunomiya T, Forse RA. Dietary fish
oil and cytokine and eicosanoid production during human immunodeficiency virus
infection. JPEN Journal of parenteral and enteral nutrition. 1996 Jan-Feb;20(1):43-9.
DOI: 10.1177/014860719602000143.

372.

Benito P, Caballero J, Moreno J, Gutierrez-Alcantara C, Munoz C, Rojo G, et al.
Effects of milk enriched with omega-3 fatty acid, oleic acid and folic acid in patients
with metabolic syndrome. Clinical nutrition (Edinburgh, Scotland). 2006
Aug;25(4):581-7. DOI: 10.1016/j.clnu.2005.12.006.

313

373.

Bernstein AM, Ding EL, Willett WC, Rimm EB. A meta-analysis shows that
docosahexaenoic acid from algal oil reduces serum triglycerides and increases HDLcholesterol and LDL-cholesterol in persons without coronary heart disease. The
Journal of nutrition. 2012 Jan;142(1):99-104. DOI: 10.3945/jn.111.148973.

374.

Bitzur R, Cohen H, Cohen T, Dror TW, Herzog Y, Lifshitz Y, et al. The metabolic
effects of omega-3 plant sterol esters in mixed hyperlipidemic subjects.
Cardiovascular drugs and therapy / sponsored by the International Society of
Cardiovascular Pharmacotherapy. 2010 Dec;24(5-6):429-37. DOI: 10.1007/s10557010-6249-5.

375.

Bloedon LT, Balikai S, Chittams J, Cunnane SC, Berlin JA, Rader DJ, et al. Flaxseed
and cardiovascular risk factors: results from a double blind, randomized, controlled
clinical trial. Journal of the American College of Nutrition. 2008 Feb;27(1):65-74.

376.

Bloomer RJ, Larson DE, Fisher-Wellman KH, Galpin AJ, Schilling BK. Effect of
eicosapentaenoic and docosahexaenoic acid on resting and exercise-induced
inflammatory and oxidative stress biomarkers: a randomized, placebo controlled,
cross-over study. Lipids in health and disease. 2009 Aug 19;8:36. DOI:
10.1186/1476-511x-8-36.

377.

Bourque C, St-Onge MP, Papamandjaris AA, Cohn JS, Jones PJ. Consumption of an
oil composed of medium chain triacyglycerols, phytosterols, and N-3 fatty acids
improves cardiovascular risk profile in overweight women. Metabolism: clinical and
experimental. 2003 Jun;52(6):771-7.

378.

Bragt MC, Mensink RP. Comparison of the effects of n-3 long chain polyunsaturated
fatty acids and fenofibrate on markers of inflammation and vascular function, and on
the serum lipoprotein profile in overweight and obese subjects. Nutrition, metabolism,

314

and cardiovascular diseases : NMCD. 2012 Nov;22(11):966-73. DOI:
10.1016/j.numecd.2010.12.010.
379.

Brinton EA, Ballantyne CM, Bays HE, Kastelein JJ, Braeckman RA, Soni PN. Effects
of icosapent ethyl on lipid and inflammatory parameters in patients with diabetes
mellitus-2, residual elevated triglycerides (200-500 mg/dL), and on statin therapy at
LDL-C goal: the ANCHOR study. Cardiovascular diabetology. 2013 Jul 9;12:100.
DOI: 10.1186/1475-2840-12-100.

380.

Buckley R, Shewring B, Turner R, Yaqoob P, Minihane AM. Circulating
triacylglycerol and apoE levels in response to EPA and docosahexaenoic acid
supplementation in adult human subjects. The British journal of nutrition. 2004
Sep;92(3):477-83.

381.

Chiang YL, Haddad E, Rajaram S, Shavlik D, Sabate J. The effect of dietary walnuts
compared to fatty fish on eicosanoids, cytokines, soluble endothelial adhesion
molecules and lymphocyte subsets: a randomized, controlled crossover trial.
Prostaglandins, leukotrienes, and essential fatty acids. 2012 Oct-Nov;87(4-5):111-7.
DOI: 10.1016/j.plefa.2012.07.007.

382.

Ciubotaru I, Lee YS, Wander RC. Dietary fish oil decreases C-reactive protein,
interleukin-6, and triacylglycerol to HDL-cholesterol ratio in postmenopausal women
on HRT. The Journal of nutritional biochemistry. 2003 Sep;14(9):513-21.

383.

Connor WE, Prince MJ, Ullmann D, Riddle M, Hatcher L, Smith FE, et al. The
hypotriglyceridemic effect of fish oil in adult-onset diabetes without adverse glucose
control. Annals of the New York Academy of Sciences. 1993 Jun 14;683:337-40.

384.

Contacos C, Barter PJ, Sullivan DR. Effect of pravastatin and omega-3 fatty acids on
plasma lipids and lipoproteins in patients with combined hyperlipidemia.

315

Arteriosclerosis and thrombosis : a journal of vascular biology / American Heart
Association. 1993 Dec;13(12):1755-62.
385.

Damsgaard CT, Frokiaer H, Andersen AD, Lauritzen L. Fish oil in combination with
high or low intakes of linoleic acid lowers plasma triacylglycerols but does not affect
other cardiovascular risk markers in healthy men. The Journal of nutrition. 2008
Jun;138(6):1061-6. DOI: 10.1093/jn/138.6.1061.

386.

Damsgaard CT, Lauritzen L, Calder PC, Kjaer TR, Frokiaer H. Reduced ex vivo
interleukin-6 production by dietary fish oil is not modified by linoleic acid intake in
healthy men. The Journal of nutrition. 2009 Jul;139(7):1410-4. DOI:
10.3945/jn.108.102269.

387.

Davidson MH, Maki KC, Kalkowski J, Schaefer EJ, Torri SA, Drennan KB. Effects
of docosahexaenoic acid on serum lipoproteins in patients with combined
hyperlipidemia: a randomized, double-blind, placebo-controlled trial. Journal of the
American College of Nutrition. 1997 Jun;16(3):236-43.

388.

Derosa G, Cicero AF, Fogari E, D'Angelo A, Bonaventura A, Romano D, et al.
Effects of n-3 PUFAs on postprandial variation of metalloproteinases, and
inflammatory and insulin resistance parameters in dyslipidemic patients: evaluation
with euglycemic clamp and oral fat load. Journal of clinical lipidology. 2012 NovDec;6(6):553-64. DOI: 10.1016/j.jacl.2012.02.010.

389.

Dunbar RL, Nicholls SJ, Maki KC, Roth EM, Orloff DG, Curcio D, et al. Effects of
omega-3 carboxylic acids on lipoprotein particles and other cardiovascular risk
markers in high-risk statin-treated patients with residual hypertriglyceridemia: a
randomized, controlled, double-blind trial. Lipids in health and disease. 2015 Sep
2;14:98. DOI: 10.1186/s12944-015-0100-8.

316

390.

Eritsland J, Arnesen H, Berg K, Seljeflot I, Abdelnoor M. Serum Lp(a) lipoprotein
levels in patients with coronary artery disease and the influence of long-term n-3 fatty
acid supplementation. Scandinavian journal of clinical and laboratory investigation.
1995 Jul;55(4):295-300.

391.

Eslick GD, Howe PR, Smith C, Priest R, Bensoussan A. Benefits of fish oil
supplementation in hyperlipidemia: a systematic review and meta-analysis.
International journal of cardiology. 2009 Jul 24;136(1):4-16. DOI:
10.1016/j.ijcard.2008.03.092.

392.

Flock MR, Skulas-Ray AC, Harris WS, Gaugler TL, Fleming JA, Kris-Etherton PM.
Effects of supplemental long-chain omega-3 fatty acids and erythrocyte membrane
fatty acid content on circulating inflammatory markers in a randomized controlled
trial of healthy adults. Prostaglandins, leukotrienes, and essential fatty acids. 2014
Oct;91(4):161-8. DOI: 10.1016/j.plefa.2014.07.006.

393.

Fontani G, Corradeschi F, Felici A, Alfatti F, Bugarini R, Fiaschi AI, et al. Blood
profiles, body fat and mood state in healthy subjects on different diets supplemented
with Omega-3 polyunsaturated fatty acids. European journal of clinical investigation.
2005 Aug;35(8):499-507. DOI: 10.1111/j.1365-2362.2005.01540.x.

394.

Gammelmark A, Madsen T, Varming K, Lundbye-Christensen S, Schmidt EB. Lowdose fish oil supplementation increases serum adiponectin without affecting
inflammatory markers in overweight subjects. Nutrition research (New York, NY).
2012 Jan;32(1):15-23. DOI: 10.1016/j.nutres.2011.12.007.

395.

Garcia-Alonso FJ, Jorge-Vidal V, Ros G, Periago MJ. Effect of consumption of
tomato juice enriched with n-3 polyunsaturated fatty acids on the lipid profile,
antioxidant biomarker status, and cardiovascular disease risk in healthy women.

317

European journal of nutrition. 2012 Jun;51(4):415-24. DOI: 10.1007/s00394-0110225-0.
396.

Gharekhani A, Khatami MR, Dashti-Khavidaki S, Razeghi E, Noorbala AA,
Hashemi-Nazari SS, et al. The effect of omega-3 fatty acids on depressive symptoms
and inflammatory markers in maintenance hemodialysis patients: a randomized,
placebo-controlled clinical trial. European journal of clinical pharmacology. 2014
Jun;70(6):655-65. DOI: 10.1007/s00228-014-1666-1.

397.

Gharekhani A, Dashti-Khavidaki S, Lessan-Pezeshki M, Khatami MR. Potential
Effects of Omega-3 Fatty Acids on Insulin Resistance and Lipid Profile in
Maintenance Hemodialysis Patients: a Randomized Placebo-Controlled Trial. Iranian
journal of kidney diseases. 2016 Sep;10(5):310-8.

398.

Gidding SS, Prospero C, Hossain J, Zappalla F, Balagopal PB, Falkner B, et al. A
double-blind randomized trial of fish oil to lower triglycerides and improve
cardiometabolic risk in adolescents. The Journal of pediatrics. 2014 Sep;165(3):497503.e2. DOI: 10.1016/j.jpeds.2014.05.039.

399.

Grundt H, Nilsen DW, Mansoor MA, Hetland O, Nordoy A. Reduction in
homocysteine by n-3 polyunsaturated fatty acids after 1 year in a randomised doubleblind study following an acute myocardial infarction: no effect on endothelial
adhesion properties. Pathophysiology of haemostasis and thrombosis. 2003 MarApr;33(2):88-95. DOI: 10.1159/000073852.

400.

Haberka M, Mizia-Stec K, Mizia M, Janowska J, Gieszczyk K, Chmiel A, et al. N-3
polyunsaturated fatty acids early supplementation improves ultrasound indices of
endothelial function, but not through NO inhibitors in patients with acute myocardial
infarction: N-3 PUFA supplementation in acute myocardial infarction. Clinical

318

nutrition (Edinburgh, Scotland). 2011 Feb;30(1):79-85. DOI:
10.1016/j.clnu.2010.07.011.
401.

Haghiac M, Yang XH, Presley L, Smith S, Dettelback S, Minium J, et al. Dietary
Omega-3 Fatty Acid Supplementation Reduces Inflammation in Obese Pregnant
Women: A Randomized Double-Blind Controlled Clinical Trial. PloS one.
2015;10(9):e0137309. DOI: 10.1371/journal.pone.0137309.

402.

Hariri M, Ghiasvand R, Shiranian A, Askari G, Iraj B, Salehi-Abargouei A. Does
omega-3 fatty acids supplementation affect circulating leptin levels? A systematic
review and meta-analysis on randomized controlled clinical trials. Clinical
endocrinology. 2015 Feb;82(2):221-8. DOI: 10.1111/cen.12508.

403.

Hartweg J, Perera R, Montori V, Dinneen S, Neil HA, Farmer A. Omega-3
polyunsaturated fatty acids (PUFA) for type 2 diabetes mellitus. The Cochrane
database of systematic reviews. 2008 Jan 23(1):Cd003205. DOI:
10.1002/14651858.CD003205.pub2.

404.

Herrmann W, Biermann J, Kostner GM. Comparison of effects of N-3 to N-6 fatty
acids on serum level of lipoprotein(a) in patients with coronary artery disease. The
American journal of cardiology. 1995 Sep 1;76(7):459-62.

405.

Huang T, Zheng J, Chen Y, Yang B, Wahlqvist ML, Li D. High consumption of
Omega-3 polyunsaturated fatty acids decrease plasma homocysteine: a meta-analysis
of randomized, placebo-controlled trials. Nutrition (Burbank, Los Angeles County,
Calif). 2011 Sep;27(9):863-7. DOI: 10.1016/j.nut.2010.12.011.

406.

Hung AM, Booker C, Ellis CD, Siew ED, Graves AJ, Shintani A, et al. Omega-3 fatty
acids inhibit the up-regulation of endothelial chemokines in maintenance
hemodialysis patients. Nephrology, dialysis, transplantation : official publication of

319

the European Dialysis and Transplant Association - European Renal Association.
2015 Feb;30(2):266-74. DOI: 10.1093/ndt/gfu283.
407.

Itariu BK, Zeyda M, Hochbrugger EE, Neuhofer A, Prager G, Schindler K, et al.
Long-chain n-3 PUFAs reduce adipose tissue and systemic inflammation in severely
obese nondiabetic patients: a randomized controlled trial. The American journal of
clinical nutrition. 2012 Nov;96(5):1137-49. DOI: 10.3945/ajcn.112.037432.

408.

Jacobson TA. A new pure omega-3 eicosapentaenoic acid ethyl ester (AMR101) for
the management of hypertriglyceridemia: the MARINE trial. Expert review of
cardiovascular therapy. 2012 Jun;10(6):687-95. DOI: 10.1586/erc.12.56.

409.

Jellema A, Plat J, Mensink RP. Weight reduction, but not a moderate intake of fish
oil, lowers concentrations of inflammatory markers and PAI-1 antigen in obese men
during the fasting and postprandial state. European journal of clinical investigation.
2004 Nov;34(11):766-73. DOI: 10.1111/j.1365-2362.2004.01414.x.

410.

Kooshki A, Taleban FA, Tabibi H, Hedayati M. Effects of marine omega-3 fatty acids
on serum systemic and vascular inflammation markers and oxidative stress in
hemodialysis patients. Annals of nutrition & metabolism. 2011;58(3):197-202. DOI:
10.1159/000329727.

411.

Lewis NM, Schalch K, Scheideler SE. Serum lipid response to n-3 fatty acid enriched
eggs in persons with hypercholesterolemia. Journal of the American Dietetic
Association. 2000 Mar;100(3):365-7. DOI: 10.1016/s0002-8223(00)00111-5.

412.

Li K, Huang T, Zheng J, Wu K, Li D. Effect of marine-derived n-3 polyunsaturated
fatty acids on C-reactive protein, interleukin 6 and tumor necrosis factor alpha: a
meta-analysis. PloS one. 2014;9(2):e88103. DOI: 10.1371/journal.pone.0088103.

413.

Lopez-Alarcon M, Bernabe-Garcia M, del Valle O, Gonzalez-Moreno G, MartinezBasilea A, Villegas R. Oral administration of docosahexaenoic acid attenuates
320

interleukin-1beta response and clinical course of septic neonates. Nutrition (Burbank,
Los Angeles County, Calif). 2012 Apr;28(4):384-90. DOI: 10.1016/j.nut.2011.07.016.
414.

Maki KC, McKenney JM, Reeves MS, Lubin BC, Dicklin MR. Effects of adding
prescription omega-3 acid ethyl esters to simvastatin (20 mg/day) on lipids and
lipoprotein particles in men and women with mixed dyslipidemia. The American
journal of cardiology. 2008 Aug 15;102(4):429-33. DOI:
10.1016/j.amjcard.2008.03.078.

415.

Maki KC, Lawless AL, Kelley KM, Dicklin MR, Kaden VN, Schild AL, et al. Effects
of prescription omega-3-acid ethyl esters on fasting lipid profile in subjects with
primary hypercholesterolemia. Journal of cardiovascular pharmacology. 2011
Apr;57(4):489-94. DOI: 10.1097/FJC.0b013e318210fca5.

416.

Maki KC, Orloff DG, Nicholls SJ, Dunbar RL, Roth EM, Curcio D, et al. A highly
bioavailable omega-3 free fatty acid formulation improves the cardiovascular risk
profile in high-risk, statin-treated patients with residual hypertriglyceridemia (the
ESPRIT trial). Clinical therapeutics. 2013 Sep;35(9):1400-11.e1-3. DOI:
10.1016/j.clinthera.2013.07.420.

417.

Maki KC, Geohas JG, Dicklin MR, Huebner M, Udani JK. Safety and lipid-altering
efficacy of a new omega-3 fatty acid and antioxidant-containing medical food in men
and women with elevated triacylglycerols. Prostaglandins, leukotrienes, and essential
fatty acids. 2015 Aug;99:41-6. DOI: 10.1016/j.plefa.2015.05.002.

418.

Malekshahi Moghadam A, Saedisomeolia A, Djalali M, Djazayery A, Pooya S,
Sojoudi F. Efficacy of omega-3 fatty acid supplementation on serum levels of tumour
necrosis factor-alpha, C-reactive protein and interleukin-2 in type 2 diabetes mellitus
patients. Singapore medical journal. 2012 Sep;53(9):615-9.

321

419.

Mesa MD, Buckley R, Minihane AM, Yaqoob P. Effects of oils rich in
eicosapentaenoic and docosahexaenoic acids on the oxidizability and thrombogenicity
of low-density lipoprotein. Atherosclerosis. 2004 Aug;175(2):333-43. DOI:
10.1016/j.atherosclerosis.2004.04.004.

420.

Metkus TS, Timpone J, Leaf D, Bidwell Goetz M, Harris WS, Brown TT. Omega-3
fatty acid therapy reduces triglycerides and interleukin-6 in hypertriglyeridemic HIV
patients. HIV medicine. 2013 Oct;14(9):530-9. DOI: 10.1111/hiv.12046.

421.

Mirhashemi SM, Rahimi F, Soleimani A, Asemi Z. Effects of Omega-3 Fatty Acid
Supplementation on Inflammatory Cytokines and Advanced Glycation End Products
in Patients With Diabetic Nephropathy: a Randomized Controlled Trial. Iranian
journal of kidney diseases. 2016 Jul;10(4):197-204.

422.

Mocellin MC, Pastore e Silva Jde A, Camargo Cde Q, Fabre ME, Gevaerd S,
Naliwaiko K, et al. Fish oil decreases C-reactive protein/albumin ratio improving
nutritional prognosis and plasma fatty acid profile in colorectal cancer patients.
Lipids. 2013 Sep;48(9):879-88. DOI: 10.1007/s11745-013-3816-0.

423.

Moeinzadeh F, Shahidi S, Mortazavi M, Dolatkhah S, Kajbaf M, Haghjooy
Javanmard S, et al. Effects of Omega-3 Fatty Acid Supplementation on Serum
Biomarkers, Inflammatory Agents, and Quality of Life of Patients on Hemodialysis.
Iranian journal of kidney diseases. 2016 Nov;10(6):381-7.

424.

Mori TA, Vandongen R, Masarei JR, Rouse IL, Dunbar D. Comparison of diets
supplemented with fish oil or olive oil on plasma lipoproteins in insulin-dependent
diabetics. Metabolism: clinical and experimental. 1991 Mar;40(3):241-6.

425.

Mosca L, Ballantyne CM, Bays HE, Guyton JR, Philip S, Doyle RT, Jr., et al.
Usefulness of Icosapent Ethyl (Eicosapentaenoic Acid Ethyl Ester) in Women to
Lower Triglyceride Levels (Results from the MARINE and ANCHOR Trials). The
322

American journal of cardiology. 2017 Feb 1;119(3):397-403. DOI:
10.1016/j.amjcard.2016.10.027.
426.

Mostad IL, Bjerve KS, Lydersen S, Grill V. Effects of marine n-3 fatty acid
supplementation on lipoprotein subclasses measured by nuclear magnetic resonance
in subjects with type II diabetes. European journal of clinical nutrition. 2008
Mar;62(3):419-29. DOI: 10.1038/sj.ejcn.1602703.

427.

Mostowik M, Gajos G, Zalewski J, Nessler J, Undas A. Omega-3 polyunsaturated
fatty acids increase plasma adiponectin to leptin ratio in stable coronary artery
disease. Cardiovascular drugs and therapy / sponsored by the International Society of
Cardiovascular Pharmacotherapy. 2013 Aug;27(4):289-95. DOI: 10.1007/s10557013-6457-x.

428.

Muldoon MF, Laderian B, Kuan DC, Sereika SM, Marsland AL, Manuck SB. Fish oil
supplementation does not lower C-reactive protein or interleukin-6 levels in healthy
adults. Journal of internal medicine. 2016 Jan;279(1):98-109. DOI:
10.1111/joim.12442.

429.

Murphy KJ, Galvin K, Kiely M, Morrissey PA, Mann NJ, Sinclair AJ. Low dose
supplementation with two different marine oils does not reduce pro-inflammatory
eicosanoids and cytokines in vivo. Asia Pacific journal of clinical nutrition.
2006;15(3):418-24.

430.

Nielsen AA, Nielsen JN, Gronbaek H, Eivindson M, Vind I, Munkholm P, et al.
Impact of enteral supplements enriched with omega-3 fatty acids and/or omega-6 fatty
acids, arginine and ribonucleic acid compounds on leptin levels and nutritional status
in active Crohn's disease treated with prednisolone. Digestion. 2007;75(1):10-6. DOI:
10.1159/000101560.

323

431.

Nilsson A, Radeborg K, Salo I, Bjorck I. Effects of supplementation with n-3
polyunsaturated fatty acids on cognitive performance and cardiometabolic risk
markers in healthy 51 to 72 years old subjects: a randomized controlled cross-over
study. Nutr J. 2012 Nov 22;11:99. DOI: 10.1186/1475-2891-11-99.

432.

Oliveira JM, Rondo PH, Lima LR, Fortuna ES, Yudkin JS. Effects of a Low Dose of
Fish Oil on Inflammatory Markers of Brazilian HIV-Infected Adults on Antiretroviral
Therapy: A Randomized, Parallel, Placebo-Controlled Trial. Nutrients. 2015 Aug
5;7(8):6520-8. DOI: 10.3390/nu7085294.

433.

Olszewski AJ, McCully KS. Fish oil decreases serum homocysteine in hyperlipemic
men. Coronary artery disease. 1993 Jan;4(1):53-60.

434.

Palomaki A, Pohjantahti-Maaroos H, Wallenius M, Kankkunen P, Aro H, Husgafvel
S, et al. Effects of dietary cold-pressed turnip rapeseed oil and butter on serum lipids,
oxidized LDL and arterial elasticity in men with metabolic syndrome. Lipids in health
and disease. 2010 Dec 1;9:137. DOI: 10.1186/1476-511x-9-137.

435.

Paoli A, Moro T, Bosco G, Bianco A, Grimaldi KA, Camporesi E, et al. Effects of n-3
polyunsaturated fatty acids (omega-3) supplementation on some cardiovascular risk
factors with a ketogenic Mediterranean diet. Marine drugs. 2015 Feb 13;13(2):9961009. DOI: 10.3390/md13020996.

436.

Pedersen MH, Molgaard C, Hellgren LI, Lauritzen L. Effects of fish oil
supplementation on markers of the metabolic syndrome. The Journal of pediatrics.
2010 Sep;157(3):395-400, .e1. DOI: 10.1016/j.jpeds.2010.04.001.

437.

Pooya S, Jalali MD, Jazayery AD, Saedisomeolia A, Eshraghian MR, Toorang F. The
efficacy of omega-3 fatty acid supplementation on plasma homocysteine and
malondialdehyde levels of type 2 diabetic patients. Nutrition, metabolism, and

324

cardiovascular diseases : NMCD. 2010 Jun;20(5):326-31. DOI:
10.1016/j.numecd.2009.04.002.
438.

Poreba M, Mostowik M, Siniarski A, Golebiowska-Wiatrak R, Malinowski KP,
Haberka M, et al. Treatment with high-dose n-3 PUFAs has no effect on platelet
function, coagulation, metabolic status or inflammation in patients with
atherosclerosis and type 2 diabetes. Cardiovascular diabetology. 2017 Apr
14;16(1):50. DOI: 10.1186/s12933-017-0523-9.

439.

Rizza S, Tesauro M, Cardillo C, Galli A, Iantorno M, Gigli F, et al. Fish oil
supplementation improves endothelial function in normoglycemic offspring of
patients with type 2 diabetes. Atherosclerosis. 2009 Oct;206(2):569-74. DOI:
10.1016/j.atherosclerosis.2009.03.006.

440.

Root M, Collier SR, Zwetsloot KA, West KL, McGinn MC. A randomized trial of
fish oil omega-3 fatty acids on arterial health, inflammation, and metabolic syndrome
in a young healthy population. Nutr J. 2013 Apr 8;12:40. DOI: 10.1186/1475-289112-40.

441.

Rytter D, Schmidt EB, Bech BH, Christensen JH, Henriksen TB, Olsen SF. Fish oil
supplementation during late pregnancy does not influence plasma lipids or lipoprotein
levels in young adult offspring. Lipids. 2011 Dec;46(12):1091-9. DOI:
10.1007/s11745-011-3606-5.

442.

Sabour H, Norouzi Javidan A, Latifi S, Shidfar F, Heshmat R, Emami Razavi SH, et
al. Omega-3 fatty acids' effect on leptin and adiponectin concentrations in patients
with spinal cord injury: A double-blinded randomized clinical trial. The journal of
spinal cord medicine. 2015 Sep;38(5):599-606. DOI:
10.1179/2045772314y.0000000251.

325

443.

Simons LA, Hickie JB, Balasubramaniam S. On the effects of dietary n-3 fatty acids
(Maxepa) on plasma lipids and lipoproteins in patients with hyperlipidaemia.
Atherosclerosis. 1985 Jan;54(1):75-88.

444.

Singer P, Wirth M. Can n-3 PUFA reduce cardiac arrhythmias? Results of a clinical
trial. Prostaglandins, leukotrienes, and essential fatty acids. 2004 Sep;71(3):153-9.
DOI: 10.1016/j.plefa.2004.03.003.

445.

Skouroliakou M, Konstantinou D, Agakidis C, Kaliora A, Kalogeropoulos N, Massara
P, et al. Parenteral MCT/omega-3 Polyunsaturated Fatty Acid-Enriched Intravenous
Fat Emulsion Is Associated With Cytokine and Fatty Acid Profiles Consistent With
Attenuated Inflammatory Response in Preterm Neonates: A Randomized, DoubleBlind Clinical Trial. Nutrition in clinical practice : official publication of the
American Society for Parenteral and Enteral Nutrition. 2016 Apr;31(2):235-44. DOI:
10.1177/0884533615602011.

446.

Su HY, Lee HC, Cheng WY, Huang SY. A calorie-restriction diet supplemented with
fish oil and high-protein powder is associated with reduced severity of metabolic
syndrome in obese women. European journal of clinical nutrition. 2015
Mar;69(3):322-8. DOI: 10.1038/ejcn.2014.196.

447.

Sundrarjun T, Komindr S, Archararit N, Dahlan W, Puchaiwatananon O, Angthararak
S, et al. Effects of n-3 fatty acids on serum interleukin-6, tumour necrosis factor-alpha
and soluble tumour necrosis factor receptor p55 in active rheumatoid arthritis. The
Journal of international medical research. 2004 Sep-Oct;32(5):443-54. DOI:
10.1177/147323000403200501.

448.

Suzukawa M, Abbey M, Howe PR, Nestel PJ. Effects of fish oil fatty acids on low
density lipoprotein size, oxidizability, and uptake by macrophages. Journal of lipid
research. 1995 Mar;36(3):473-84.
326

449.

Tardivo AP, Nahas-Neto J, Orsatti CL, Dias FB, Poloni PF, Schmitt EB, et al. Effects
of omega-3 on metabolic markers in postmenopausal women with metabolic
syndrome. Climacteric : the journal of the International Menopause Society. 2015
Apr;18(2):290-8. DOI: 10.3109/13697137.2014.981521.

450.

Tartibian B, Maleki BH, Abbasi A. Omega-3 fatty acids supplementation attenuates
inflammatory markers after eccentric exercise in untrained men. Clinical journal of
sport medicine : official journal of the Canadian Academy of Sport Medicine. 2011
Mar;21(2):131-7. DOI: 10.1097/JSM.0b013e31820f8c2f.

451.

Tayebi-Khosroshahi H, Dehgan R, Habibi Asl B, Safaian A, Panahi F, Estakhri R, et
al. Effect of omega-3 supplementation on serum level of homocysteine in
hemodialysis patients. Iranian journal of kidney diseases. 2013 Nov;7(6):479-84.

452.

Vedin I, Cederholm T, Freund Levi Y, Basun H, Garlind A, Faxen Irving G, et al.
Effects of docosahexaenoic acid-rich n-3 fatty acid supplementation on cytokine
release from blood mononuclear leukocytes: the OmegAD study. The American
journal of clinical nutrition. 2008 Jun;87(6):1616-22. DOI: 10.1093/ajcn/87.6.1616.

453.

Vega-Lopez S, Kaul N, Devaraj S, Cai RY, German B, Jialal I. Supplementation with
omega3 polyunsaturated fatty acids and all-rac alpha-tocopherol alone and in
combination failed to exert an anti-inflammatory effect in human volunteers.
Metabolism: clinical and experimental. 2004 Feb;53(2):236-40.

454.

Vessby B, Boberg M. Dietary supplementation with n-3 fatty acids may impair
glucose homeostasis in patients with non-insulin-dependent diabetes mellitus. Journal
of internal medicine. 1990 Aug;228(2):165-71.

455.

Vikoren LA, Nygard OK, Lied E, Rostrup E, Gudbrandsen OA. A randomised study
on the effects of fish protein supplement on glucose tolerance, lipids and body

327

composition in overweight adults. The British journal of nutrition. 2013 Feb
28;109(4):648-57. DOI: 10.1017/s0007114512001717.
456.

Wallace FA, Miles EA, Calder PC. Comparison of the effects of linseed oil and
different doses of fish oil on mononuclear cell function in healthy human subjects.
The British journal of nutrition. 2003 May;89(5):679-89. DOI:
10.1079/bjn1079/2002821.

457.

Westerveld HT, de Graaf JC, van Breugel HH, Akkerman JW, Sixma JJ, Erkelens
DW, et al. Effects of low-dose EPA-E on glycemic control, lipid profile,
lipoprotein(a), platelet aggregation, viscosity, and platelet and vessel wall interaction
in NIDDM. Diabetes care. 1993 May;16(5):683-8.

458.

Xin W, Wei W, Li X. Effects of fish oil supplementation on inflammatory markers in
chronic heart failure: a meta-analysis of randomized controlled trials. BMC
cardiovascular disorders. 2012 Sep 20;12:77. DOI: 10.1186/1471-2261-12-77.

459.

Yusof HM, Miles EA, Calder P. Influence of very long-chain n-3 fatty acids on
plasma markers of inflammation in middle-aged men. Prostaglandins, leukotrienes,
and essential fatty acids. 2008 Mar;78(3):219-28. DOI: 10.1016/j.plefa.2008.02.002.

460.

Zeman M, Zak A, Vecka M, Tvrzicka E, Pisarikova A, Stankova B. N-3 fatty acid
supplementation decreases plasma homocysteine in diabetic dyslipidemia treated with
statin-fibrate combination. The Journal of nutritional biochemistry. 2006
Jun;17(6):379-84. DOI: 10.1016/j.jnutbio.2005.08.007.

461.

Zhang J, Wang C, Li L, Man Q, Song P, Meng L, et al. Inclusion of Atlantic salmon
in the Chinese diet reduces cardiovascular disease risk markers in dyslipidemic adult
men. Nutrition research (New York, NY). 2010 Jul;30(7):447-54. DOI:
10.1016/j.nutres.2010.06.010.

328

462.

Zheng JS, Lin M, Fang L, Yu Y, Yuan L, Jin Y, et al. Effects of n-3 fatty acid
supplements on glycemic traits in Chinese type 2 diabetic patients: A double-blind
randomized controlled trial. Molecular nutrition & food research. 2016
Oct;60(10):2176-84. DOI: 10.1002/mnfr.201600230.

463.

Marchioli R, Barzi F, Bomba E, Chieffo C, Di Gregorio D, Di Mascio R, et al. Early
protection against sudden death by n-3 polyunsaturated fatty acids after myocardial
infarction: time-course analysis of the results of the Gruppo Italiano per lo Studio
della Sopravvivenza nell'Infarto Miocardico (GISSI)-Prevenzione. Circulation. 2002
Apr 23;105(16):1897-903.

464.

Manduteanu I, Simionescu M. Inflammation in atherosclerosis: a cause or a result of
vascular disorders? Journal of cellular and molecular medicine. 2012 Sep;16(9):197890. DOI: 10.1111/j.1582-4934.2012.01552.x.

465.

Chen XL, Xia ZF, Wei D, Liao HG, Ben DF, Wang GQ. Expression and regulation of
vascular cell adhesion molecule-1 in human umbilical vein endothelial cells induced
by sera from severely burned patients. Crit Care Med. 2004 Jan;32(1):77-82. DOI:
10.1097/01.ccm.0000104220.68149.da.

466.

Kris-Etherton PM, Grieger JA, Etherton TD. Dietary reference intakes for DHA and
EPA. Prostaglandins, leukotrienes, and essential fatty acids. 2009 Aug-Sep;81(23):99-104. DOI: 10.1016/j.plefa.2009.05.011.

467.

Aung T, Halsey J, Kromhout D, Gerstein HC, Marchioli R, Tavazzi L, et al.
Associations of Omega-3 Fatty Acid Supplement Use With Cardiovascular Disease
Risks: Meta-analysis of 10 Trials Involving 77917 Individuals. JAMA Cardiol. 2018
Mar 1;3(3):225-34. DOI: 10.1001/jamacardio.2017.5205.

468.

Bays HE, Ballantyne CM, Kastelein JJ, Isaacsohn JL, Braeckman RA, Soni PN.
Eicosapentaenoic acid ethyl ester (AMR101) therapy in patients with very high
329

triglyceride levels (from the Multi-center, plAcebo-controlled, Randomized, doubleblINd, 12-week study with an open-label Extension [MARINE] trial). The American
journal of cardiology. 2011 Sep 1;108(5):682-90. DOI:
10.1016/j.amjcard.2011.04.015.
469.

Ashby DT, Rye KA, Clay MA, Vadas MA, Gamble JR, Barter PJ. Factors influencing
the ability of HDL to inhibit expression of vascular cell adhesion molecule-1 in
endothelial cells. Arteriosclerosis, thrombosis, and vascular biology. 1998
Sep;18(9):1450-5.

470.

Baker PW, Rye KA, Gamble JR, Vadas MA, Barter PJ. Ability of reconstituted high
density lipoproteins to inhibit cytokine-induced expression of vascular cell adhesion
molecule-1 in human umbilical vein endothelial cells. Journal of lipid research. 1999
Feb;40(2):345-53.

471.

Jiang Y, Jiang LL, Maimaitirexiati XM, Zhang Y, Wu L. Irbesartan attenuates TNFalpha-induced ICAM-1, VCAM-1, and E-selectin expression through suppression of
NF-kappaB pathway in HUVECs. European review for medical and pharmacological
sciences. 2015 Sep;19(17):3295-302.

472.

Zhuang P, Wang W, Wang J, Zhang Y, Jiao J. Polyunsaturated fatty acids intake,
omega-6/omega-3 ratio and mortality: Findings from two independent nationwide
cohorts. Clinical nutrition (Edinburgh, Scotland). 2018 Mar 3. DOI:
10.1016/j.clnu.2018.02.019.

473.

Nordestgaard BG, Chapman MJ, Ray K, Boren J, Andreotti F, Watts GF, et al.
Lipoprotein(a) as a cardiovascular risk factor: current status. European heart journal.
2010 Dec;31(23):2844-53. DOI: 10.1093/eurheartj/ehq386.

330

474.

Orso E, Schmitz G. Lipoprotein(a) and its role in inflammation, atherosclerosis and
malignancies. Clinical research in cardiology supplements. 2017 Mar;12(Suppl 1):317. DOI: 10.1007/s11789-017-0084-1.

475.

Fritsche KL. The science of fatty acids and inflammation. Advances in nutrition
(Bethesda, Md). 2015 May;6(3):293s-301s. DOI: 10.3945/an.114.006940.

476.

Simopoulos AP. The importance of the ratio of omega-6/omega-3 essential fatty
acids. Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie. 2002
Oct;56(8):365-79.

477.

Wu JH, Lemaitre RN, King IB, Song X, Psaty BM, Siscovick DS, et al. Circulating
omega-6 polyunsaturated fatty acids and total and cause-specific mortality: the
Cardiovascular Health Study. Circulation. 2014 Oct 7;130(15):1245-53. DOI:
10.1161/circulationaha.114.011590.

478.

Kris-Etherton PM, Harris WS, Appel LJ. Fish consumption, fish oil, omega-3 fatty
acids, and cardiovascular disease. Circulation. 2002 Nov 19;106(21):2747-57.

479.

Grimsgaard S, Bonaa KH, Hansen JB, Nordoy A. Highly purified eicosapentaenoic
acid and docosahexaenoic acid in humans have similar triacylglycerol-lowering
effects but divergent effects on serum fatty acids. The American journal of clinical
nutrition. 1997 Sep;66(3):649-59.

480.

Park Y, Harris WS. Omega-3 fatty acid supplementation accelerates chylomicron
triglyceride clearance. Journal of lipid research. 2003 Mar;44(3):455-63. DOI:
10.1194/jlr.M200282-JLR200.

481.

Mori TA, Woodman RJ. The independent effects of eicosapentaenoic acid and
docosahexaenoic acid on cardiovascular risk factors in humans. Current opinion in
clinical nutrition and metabolic care. 2006 Mar;9(2):95-104. DOI:
10.1097/01.mco.0000214566.67439.58.
331

482.

Nestel P, Shige H, Pomeroy S, Cehun M, Abbey M, Raederstorff D. The n-3 fatty
acids eicosapentaenoic acid and docosahexaenoic acid increase systemic arterial
compliance in humans. The American journal of clinical nutrition. 2002
Aug;76(2):326-30. DOI: 10.1093/ajcn/76.2.326.

483.

Woodman RJ, Mori TA, Burke V, Puddey IB, Watts GF, Beilin LJ. Effects of purified
eicosapentaenoic and docosahexaenoic acids on glycemic control, blood pressure, and
serum lipids in type 2 diabetic patients with treated hypertension. The American
journal of clinical nutrition. 2002 Nov;76(5):1007-15.

484.

Katan MB, Deslypere JP, van Birgelen AP, Penders M, Zegwaard M. Kinetics of the
incorporation of dietary fatty acids into serum cholesteryl esters, erythrocyte
membranes, and adipose tissue: an 18-month controlled study. Journal of lipid
research. 1997 Oct;38(10):2012-22.

485.

Richieri GV, Kleinfeld AM. Unbound free fatty acid levels in human serum. Journal
of lipid research. 1995 Feb;36(2):229-40.

486.

Barter PJ, Nicholls S, Rye KA, Anantharamaiah GM, Navab M, Fogelman AM.
Antiinflammatory properties of HDL. Circulation research. 2004 Oct 15;95(8):76472. DOI: 10.1161/01.res.0000146094.59640.13.

487.

Wilson PW, Abbott RD, Castelli WP. High density lipoprotein cholesterol and
mortality. The Framingham Heart Study. Arteriosclerosis (Dallas, Tex). 1988 NovDec;8(6):737-41.

488.

Di Angelantonio E, Sarwar N, Perry P, Kaptoge S, Ray KK, Thompson A, et al.
Major lipids, apolipoproteins, and risk of vascular disease. Jama. 2009 Nov
11;302(18):1993-2000. DOI: 10.1001/jama.2009.1619.

489.

Madsen CM, Varbo A, Nordestgaard BG. Extreme high high-density lipoprotein
cholesterol is paradoxically associated with high mortality in men and women: two
332

prospective cohort studies. European heart journal. 2017 Aug 21;38(32):2478-86.
DOI: 10.1093/eurheartj/ehx163.
490.

Barter PJ, Rye KA. HDL cholesterol concentration or HDL function: which matters?
European heart journal. 2017 Aug 21;38(32):2487-9. DOI: 10.1093/eurheartj/ehx274.

491.

Barter PJ, Caulfield M, Eriksson M, Grundy SM, Kastelein JJ, Komajda M, et al.
Effects of torcetrapib in patients at high risk for coronary events. The New England
journal of medicine. 2007 Nov 22;357(21):2109-22. DOI: 10.1056/NEJMoa0706628.

492.

Schwartz GG, Olsson AG, Abt M, Ballantyne CM, Barter PJ, Brumm J, et al. Effects
of dalcetrapib in patients with a recent acute coronary syndrome. The New England
journal of medicine. 2012 Nov 29;367(22):2089-99. DOI: 10.1056/NEJMoa1206797.

493.

Lincoff AM, Nicholls SJ, Riesmeyer JS, Barter PJ, Brewer HB, Fox KAA, et al.
Evacetrapib and Cardiovascular Outcomes in High-Risk Vascular Disease. The New
England journal of medicine. 2017 May 18;376(20):1933-42. DOI:
10.1056/NEJMoa1609581.

494.

Bowman L, Hopewell JC, Chen F, Wallendszus K, Stevens W, Collins R, et al.
Effects of Anacetrapib in Patients with Atherosclerotic Vascular Disease. The New
England journal of medicine. 2017 Sep 28;377(13):1217-27. DOI:
10.1056/NEJMoa1706444.

495.

Bhatt DL, Steg PG, Miller M, Brinton EA, Jacobson TA, Ketchum SB, et al. Effects
of Icosapent Ethyl on Total Ischemic Events: From REDUCE-IT. Journal of the
American College of Cardiology. 2019:26006. DOI: 10.1016/j.jacc.2019.02.032.

496.

Calder PC. n-3 fatty acids, inflammation and immunity: new mechanisms to explain
old actions. The Proceedings of the Nutrition Society. 2013 Aug;72(3):326-36. DOI:
10.1017/s0029665113001031.

333

497.

Phillips MC. Molecular mechanisms of cellular cholesterol efflux. The Journal of
biological chemistry. 2014 Aug 29;289(35):24020-9. DOI: 10.1074/jbc.R114.583658.

498.

Napoli C, Glass CK, Witztum JL, Deutsch R, D'Armiento FP, Palinski W. Influence
of maternal hypercholesterolaemia during pregnancy on progression of early
atherosclerotic lesions in childhood: Fate of Early Lesions in Children (FELIC) study.
Lancet (London, England). 1999 Oct 9;354(9186):1234-41. DOI: 10.1016/s01406736(99)02131-5.

499.

Li X, Ballantyne LL, Che X, Mewburn JD, Kang JX, Barkley RM, et al.
Endogenously generated omega-3 fatty acids attenuate vascular inflammation and
neointimal hyperplasia by interaction with free fatty acid receptor 4 in mice. Journal
of the American Heart Association. 2015 Apr 06;4(4). DOI:
10.1161/jaha.115.001856.

500.

Johansen O, Seljeflot I, Hostmark AT, Arnesen H. The effect of supplementation with
omega-3 fatty acids on soluble markers of endothelial function in patients with
coronary heart disease. Arteriosclerosis, thrombosis, and vascular biology. 1999
Jul;19(7):1681-6.

501.

Yoshihara T, Shimada K, Fukao K, Sai E, Sato-Okabayashi Y, Matsumori R, et al.
Omega 3 Polyunsaturated Fatty Acids Suppress the Development of Aortic
Aneurysms Through the Inhibition of Macrophage-Mediated Inflammation.
Circulation journal : official journal of the Japanese Circulation Society.
2015;79(7):1470-8. DOI: 10.1253/circj.CJ-14-0471.

502.

Harvey KA, Xu Z, Pavlina TM, Zaloga GP, Siddiqui RA. Modulation of endothelial
cell integrity and inflammatory activation by commercial lipid emulsions. Lipids in
health and disease. 2015 Feb 18;14:9. DOI: 10.1186/s12944-015-0005-6.

334

503.

Kang JX. Fat-1 transgenic mice: a new model for omega-3 research. Prostaglandins
Leukot Essent Fatty Acids. 2007 Nov-Dec;77(5-6):263-7. DOI:
10.1016/j.plefa.2007.10.010.

504.

Krizak J, Frimmel K, Bernatova I, Navarova J, Sotnikova R, Okruhlicova L. The
effect of omega- 3 polyunsaturated fatty acids on endothelial tight junction occludin
expression in rat aorta during lipopolysaccharide-induced inflammation. Iranian
journal of basic medical sciences. 2016 Mar;19(3):290-9.

505.

Collie-Duguid ES, Wahle KW. Inhibitory effect of fish oil N-3 polyunsaturated fatty
acids on the expression of endothelial cell adhesion molecules. Biochemical and
biophysical research communications. 1996 Mar 27;220(3):969-74. DOI:
10.1006/bbrc.1996.0516.

506.

Kim DN, Eastman A, Baker JE, Mastrangelo A, Sethi S, Ross JS, et al. Fish oil,
atherogenesis, and thrombogenesis. Annals of the New York Academy of Sciences.
1995 Jan 17;748:474-80; discussion 80-1.

507.

Hughes DA. In vitro and in vivo effects of n-3 polyunsaturated fatty acids on human
monocyte function. The Proceedings of the Nutrition Society. 1998 Nov;57(4):521-5.

508.

Kockx MM, De Meyer GR, Andries LJ, Bult H, Jacob WA, Herman AG. The
endothelium during cuff-induced neointima formation in the rabbit carotid artery.
Arteriosclerosis and thrombosis : a journal of vascular biology. 1993
Dec;13(12):1874-84.

509.

von der Thusen JH, van Berkel TJ, Biessen EA. Induction of rapid atherogenesis by
perivascular carotid collar placement in apolipoprotein E-deficient and low-density
lipoprotein receptor-deficient mice. Circulation. 2001 Feb 27;103(8):1164-70.

510.

Nicholls SJ, Dusting GJ, Cutri B, Bao S, Drummond GR, Rye KA, et al.
Reconstituted high-density lipoproteins inhibit the acute pro-oxidant and
335

proinflammatory vascular changes induced by a periarterial collar in
normocholesterolemic rabbits. Circulation. 2005 Mar 29;111(12):1543-50. DOI:
10.1161/01.cir.0000159351.95399.50.
511.

Manavis J, Gilham P, Davies R, Ruszkiewicz A. The immunohistochemical detection
of mismatch repair gene proteins (MLH1, MSH2, MSH6, and PMS2): practical
aspects in antigen retrieval and biotin blocking protocols. Applied
immunohistochemistry & molecular morphology : AIMM. 2003 Mar;11(1):73-7.

512.

Borissoff JI, Otten JJ, Heeneman S, Leenders P, van Oerle R, Soehnlein O, et al.
Genetic and pharmacological modifications of thrombin formation in apolipoprotein
e-deficient mice determine atherosclerosis severity and atherothrombosis onset in a
neutrophil-dependent manner. PloS one. 2013;8(2):e55784. DOI:
10.1371/journal.pone.0055784.

513.

Beckermann B, Beneke M, Seitz I. [Comparative bioavailability of eicosapentaenoic
acid and docasahexaenoic acid from triglycerides, free fatty acids and ethyl esters in
volunteers]. Arzneimittelforschung. 1990 Jun;40(6):700-4.

514.

Sprecher H. Metabolism of highly unsaturated n-3 and n-6 fatty acids. Biochim
Biophys Acta. 2000 Jul 19;1486(2-3):219-31.

515.

Brossard N, Croset M, Pachiaudi C, Riou JP, Tayot JL, Lagarde M. Retroconversion
and metabolism of [13C]22:6n-3 in humans and rats after intake of a single dose of
[13C]22:6n-3-triacylglycerols. Am J Clin Nutr. 1996 Oct;64(4):577-86.

516.

Yang LG, Song ZX, Yin H, Wang YY, Shu GF, Lu HX, et al. Low n-6/n-3 PUFA
Ratio Improves Lipid Metabolism, Inflammation, Oxidative Stress and Endothelial
Function in Rats Using Plant Oils as n-3 Fatty Acid Source. Lipids. 2016
Jan;51(1):49-59. DOI: 10.1007/s11745-015-4091-z.

336

517.

Monguchi T, Hara T, Hasokawa M, Nakajima H, Mori K, Toh R, et al. Excessive
intake of trans fatty acid accelerates atherosclerosis through promoting inflammation
and oxidative stress in a mouse model of hyperlipidemia. J Cardiol. 2017
Aug;70(2):121-7. DOI: 10.1016/j.jjcc.2016.12.012.

518.

Takahashi H, Suzuki H, Suda K, Yamazaki Y, Takino A, Kim YI, et al. Long-chain
free fatty acid profiling analysis by liquid chromatography-mass spectrometry in
mouse treated with peroxisome proliferator-activated receptor alpha agonist. Biosci
Biotechnol Biochem. 2013;77(11):2288-93. DOI: 10.1271/bbb.130572.

519.

Kunisawa J, Arita M, Hayasaka T, Harada T, Iwamoto R, Nagasawa R, et al. Dietary
omega3 fatty acid exerts anti-allergic effect through the conversion to 17,18epoxyeicosatetraenoic acid in the gut. Sci Rep. 2015 Jun 11;5:9750. DOI:
10.1038/srep09750.

520.

Springer TA. Adhesion receptors of the immune system. Nature. 1990 Aug
02;346(6283):425-34. DOI: 10.1038/346425a0.

521.

Rollins BJ, Yoshimura T, Leonard EJ, Pober JS. Cytokine-activated human
endothelial cells synthesize and secrete a monocyte chemoattractant, MCP-1/JE. Am J
Pathol. 1990 Jun;136(6):1229-33.

522.

Rao RM, Yang L, Garcia-Cardena G, Luscinskas FW. Endothelial-dependent
mechanisms of leukocyte recruitment to the vascular wall. Circ Res. 2007 Aug
03;101(3):234-47. DOI: 10.1161/CIRCRESAHA.107.151860b.

523.

Pahl HL. Activators and target genes of Rel/NF-kappaB transcription factors.
Oncogene. 1999 Nov 22;18(49):6853-66. DOI: 10.1038/sj.onc.1203239.

524.

Hayashi K, Murai T, Oikawa H, Masuda T, Kimura K, Muehlich S, et al. A novel
inhibitory mechanism of MRTF-A/B on the ICAM-1 gene expression in vascular
endothelial cells. Sci Rep. 2015 May 29;5:10627. DOI: 10.1038/srep10627.
337

525.

Gidlof O, Sathanoori R, Magistri M, Faghihi MA, Wahlestedt C, Olde B, et al.
Extracellular Uridine Triphosphate and Adenosine Triphosphate Attenuate
Endothelial Inflammation through miR-22-Mediated ICAM-1 Inhibition. J Vasc Res.
2015;52(2):71-80. DOI: 10.1159/000431367.

526.

Moore KJ, Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a dynamic balance.
Nature reviews Immunology. 2013 Oct;13(10):709-21. DOI: 10.1038/nri3520.

527.

Allam-Ndoul B, Guenard F, Barbier O, Vohl MC. A Study of the Differential Effects
of Eicosapentaenoic Acid (EPA) and Docosahexaenoic Acid (DHA) on Gene
Expression Profiles of Stimulated Thp-1 Macrophages. Nutrients. 2017 Apr 25;9(5).
DOI: 10.3390/nu9050424.

528.

Chen H, Li D, Chen J, Roberts GJ, Saldeen T, Mehta JL. EPA and DHA attenuate oxLDL-induced expression of adhesion molecules in human coronary artery endothelial
cells via protein kinase B pathway. J Mol Cell Cardiol. 2003 Jul;35(7):769-75.

529.

Mullen A, Loscher CE, Roche HM. Anti-inflammatory effects of EPA and DHA are
dependent upon time and dose-response elements associated with LPS stimulation in
THP-1-derived macrophages. The Journal of nutritional biochemistry. 2010
May;21(5):444-50. DOI: 10.1016/j.jnutbio.2009.02.008.

530.

Allam-Ndoul B, Guenard F, Barbier O, Vohl MC. Effect of n-3 fatty acids on the
expression of inflammatory genes in THP-1 macrophages. Lipids Health Dis. 2016
Apr 05;15:69. DOI: 10.1186/s12944-016-0241-4.

531.

Oliver E, McGillicuddy FC, Harford KA, Reynolds CM, Phillips CM, Ferguson JF, et
al. Docosahexaenoic acid attenuates macrophage-induced inflammation and improves
insulin sensitivity in adipocytes-specific differential effects between LC n-3 PUFA.
The Journal of nutritional biochemistry. 2012 Sep;23(9):1192-200. DOI:
10.1016/j.jnutbio.2011.06.014.
338

532.

Verlengia R, Gorjao R, Kanunfre CC, Bordin S, Martins De Lima T, Martins EF, et
al. Comparative effects of eicosapentaenoic acid and docosahexaenoic acid on
proliferation, cytokine production, and pleiotropic gene expression in Jurkat cells. The
Journal of nutritional biochemistry. 2004 Nov;15(11):657-65. DOI:
10.1016/j.jnutbio.2004.04.008.

533.

Davies MJ. The pathophysiology of acute coronary syndromes. Heart. 2000
Mar;83(3):361-6.

534.

Gregersen I, Holm S, Dahl TB, Halvorsen B, Aukrust P. A focus on inflammation as a
major risk factor for atherosclerotic cardiovascular diseases. Expert review of
cardiovascular therapy. 2016;14(3):391-403. DOI: 10.1586/14779072.2016.1128828.

535.

Calder PC. Long-chain fatty acids and inflammation. The Proceedings of the
Nutrition Society. 2012 May;71(2):284-9. DOI: 10.1017/s0029665112000067.

536.

Calder PC. Omega-3 fatty acids and inflammatory processes: from molecules to man.
Biochemical Society transactions. 2017 Oct 15;45(5):1105-15. DOI:
10.1042/bst20160474.

537.

Egert S, Stehle P. Impact of n-3 fatty acids on endothelial function: results from
human interventions studies. Current opinion in clinical nutrition and metabolic care.
2011 Mar;14(2):121-31. DOI: 10.1097/MCO.0b013e3283439622.

538.

Wang Q, Liang X, Wang L, Lu X, Huang J, Cao J, et al. Effect of omega-3 fatty acids
supplementation on endothelial function: a meta-analysis of randomized controlled
trials. Atherosclerosis. 2012 Apr;221(2):536-43. DOI:
10.1016/j.atherosclerosis.2012.01.006.

539.

Casos K, Zaragoza MC, Zarkovic N, Zarkovic K, Andrisic L, Portero-Otin M, et al. A
fish-oil-rich diet reduces vascular oxidative stress in apoE(-/-) mice. Free radical
research. 2010 Jul;44(7):821-9. DOI: 10.3109/10715762.2010.485992.
339

540.

Pirillo A, Catapano AL. Omega-3 polyunsaturated fatty acids in the treatment of
atherogenic dyslipidemia. Atherosclerosis Supplements. 2013 Aug;14(2):237-42.
DOI: 10.1016/s1567-5688(13)70004-7.

541.

Oscarsson J, Hurt-Camejo E. Omega-3 fatty acids eicosapentaenoic acid and
docosahexaenoic acid and their mechanisms of action on apolipoprotein B-containing
lipoproteins in humans: a review. Lipids in health and disease. 2017 Aug
10;16(1):149. DOI: 10.1186/s12944-017-0541-3.

542.

Hansson GK, Libby P, Tabas I. Inflammation and plaque vulnerability. Journal of
internal medicine. 2015 Nov;278(5):483-93. DOI: 10.1111/joim.12406.

543.

Halvorsen B, Otterdal K, Dahl TB, Skjelland M, Gullestad L, Oie E, et al.
Atherosclerotic plaque stability--what determines the fate of a plaque? Progress in
cardiovascular diseases. 2008 Nov-Dec;51(3):183-94. DOI:
10.1016/j.pcad.2008.09.001.

544.

Veno SK, Bork CS, Jakobsen MU, Lundbye-Christensen S, McLennan PL, Bach FW,
et al. Marine n-3 Polyunsaturated Fatty Acids and the Risk of Ischemic Stroke.
Stroke. 2019 Jan 3:Strokeaha118023384. DOI: 10.1161/strokeaha.118.023384.

545.

Potteaux S, Ait-Oufella H, Mallat Z. Mouse models of atherosclerosis. Drug
Discovery Today: Disease Models Drug Discovery Today: Disease Models.
2007;4(4):165-70. Cited in: /z-wcorg/.

546.

Nakashima Y, Plump AS, Raines EW, Breslow JL, Ross R. ApoE-deficient mice
develop lesions of all phases of atherosclerosis throughout the arterial tree.
Arteriosclerosis and thrombosis : a journal of vascular biology / American Heart
Association. 1994 Jan;14(1):133-40.

340

547.

Reddick RL, Zhang SH, Maeda N. Atherosclerosis in mice lacking apo E. Evaluation
of lesional development and progression. Arteriosclerosis and thrombosis : a journal
of vascular biology / American Heart Association. 1994 Jan;14(1):141-7.

548.

Verschuren PM, Houtsmuller UM, Zevenbergen JL. Evaluation of vitamin E
requirement and food palatability in rabbits fed a purified diet with a high fish oil
content. Laboratory animals. 1990 Apr;24(2):164-71. DOI:
10.1258/002367790780890167.

549.

Liu M, Yu Y, Jiang H, Zhang L, Zhang PP, Yu P, et al. Simvastatin suppresses
vascular inflammation and atherosclerosis in ApoE(-/-) mice by downregulating the
HMGB1-RAGE axis. Acta pharmacologica Sinica. 2013 Jun;34(6):830-6. DOI:
10.1038/aps.2013.8.

550.

Rekhter MD, Zhang K, Narayanan AS, Phan S, Schork MA, Gordon D. Type I
collagen gene expression in human atherosclerosis. Localization to specific plaque
regions. The American journal of pathology. 1993 Dec;143(6):1634-48.

551.

Shah PK. Mechanisms of plaque vulnerability and rupture. Journal of the American
College of Cardiology. 2003 Feb 19;41(4 Suppl S):15s-22s.

552.

Bays HE, Maki KC, Doyle RT, Stein E. The effect of prescription omega-3 fatty acids
on body weight after 8 to 16 weeks of treatment for very high triglyceride levels.
Postgraduate medicine. 2009 Sep;121(5):145-50. DOI: 10.3810/pgm.2009.09.2061.

553.

Martinez-Victoria E, Yago MD. Omega 3 polyunsaturated fatty acids and body
weight. The British journal of nutrition. 2012 Jun;107 Suppl 2:S107-16. DOI:
10.1017/s000711451200150x.

554.

Zhang YY, Liu W, Zhao TY, Tian HM. Efficacy of Omega-3 Polyunsaturated Fatty
Acids Supplementation in Managing Overweight and Obesity: A Meta-Analysis of

341

Randomized Clinical Trials. The journal of nutrition, health & aging. 2017;21(2):18792. DOI: 10.1007/s12603-016-0755-5.
555.

Schwartz GJ, Fu J, Astarita G, Li X, Gaetani S, Campolongo P, et al. The lipid
messenger OEA links dietary fat intake to satiety. Cell metabolism. 2008
Oct;8(4):281-8. DOI: 10.1016/j.cmet.2008.08.005.

556.

Guo XF, Sinclair AJ, Kaur G, Li D. Differential effects of EPA, DPA and DHA on
cardio-metabolic risk factors in high-fat diet fed mice. Prostaglandins, leukotrienes,
and essential fatty acids. 2017 Sep 22. DOI: 10.1016/j.plefa.2017.09.011.

557.

Lin MH, Lu SC, Huang PC, Liu YC, Liu SY. A high-cholesterol, n-3 polyunsaturated
fatty acid diet causes different responses in rats and hamsters. Annals of nutrition &
metabolism. 2005 Nov-Dec;49(6):386-91. DOI: 10.1159/000088891.

558.

Yang G, Lee J, Lee S, Kwak D, Choe W, Kang I, et al. Krill Oil Supplementation
Improves Dyslipidemia and Lowers Body Weight in Mice Fed a High-Fat Diet
Through Activation of AMP-Activated Protein Kinase. Journal of medicinal food.
2016 Dec;19(12):1120-9. DOI: 10.1089/jmf.2016.3720.

559.

Tillander V, Bjorndal B, Burri L, Bohov P, Skorve J, Berge RK, et al. Fish oil and
krill oil supplementations differentially regulate lipid catabolic and synthetic
pathways in mice. Nutrition & metabolism. 2014;11:20. DOI: 10.1186/1743-7075-1120.

560.

Yanagita T, Nagao K. Functional lipids and the prevention of the metabolic
syndrome. Asia Pacific journal of clinical nutrition. 2008;17 Suppl 1:189-91.

561.

Plump AS, Breslow JL. Apolipoprotein E and the apolipoprotein E-deficient mouse.
Annual review of nutrition. 1995;15:495-518. DOI:
10.1146/annurev.nu.15.070195.002431.

342

562.

Balogun KA, Randunu RS, Cheema SK. The effect of dietary omega-3
polyunsaturated fatty acids on plasma lipids and lipoproteins of C57BL/6 mice is age
and sex specific. Prostaglandins, leukotrienes, and essential fatty acids. 2014 JulAug;91(1-2):39-47. DOI: 10.1016/j.plefa.2014.05.002.

563.

Tang X, Li ZJ, Xu J, Xue Y, Li JZ, Wang JF, et al. Short term effects of different
omega-3 fatty acid formulation on lipid metabolism in mice fed high or low fat diet.
Lipids in health and disease. 2012 Jul 10;11:70. DOI: 10.1186/1476-511x-11-70.

564.

Mattar M, Obeid O. Fish oil and the management of hypertriglyceridemia. Nutrition
and health. 2009;20(1):41-9. DOI: 10.1177/026010600902000105.

565.

Harris WS, Miller M, Tighe AP, Davidson MH, Schaefer EJ. Omega-3 fatty acids and
coronary heart disease risk: clinical and mechanistic perspectives. Atherosclerosis.
2008 Mar;197(1):12-24. DOI: 10.1016/j.atherosclerosis.2007.11.008.

566.

Allaire J, Couture P, Leclerc M, Charest A, Marin J, Lepine MC, et al. A randomized,
crossover, head-to-head comparison of eicosapentaenoic acid and docosahexaenoic
acid supplementation to reduce inflammation markers in men and women: the
Comparing EPA to DHA (ComparED) Study. The American journal of clinical
nutrition. 2016 Aug;104(2):280-7. DOI: 10.3945/ajcn.116.131896.

567.

Nelson JR, True WS, Le V, Mason RP. Can pleiotropic effects of eicosapentaenoic
acid (EPA) impact residual cardiovascular risk? Postgraduate medicine. 2017
Nov;129(8):822-7. DOI: 10.1080/00325481.2017.1385365.

568.

Davies PF. Hemodynamic shear stress and the endothelium in cardiovascular
pathophysiology. Nature clinical practice Cardiovascular medicine. 2009 Jan;6(1):1626. DOI: 10.1038/ncpcardio1397.

343

569.

Pase MP, Grima NA, Sarris J. Do long-chain n-3 fatty acids reduce arterial stiffness?
A meta-analysis of randomised controlled trials. The British journal of nutrition. 2011
Oct;106(7):974-80. DOI: 10.1017/s0007114511002819.

570.

Wu Y, Zhang C, Dong Y, Wang S, Song P, Viollet B, et al. Activation of the AMPactivated protein kinase by eicosapentaenoic acid (EPA, 20:5 n-3) improves
endothelial function in vivo. PloS one. 2012;7(4):e35508. DOI:
10.1371/journal.pone.0035508.

571.

Kajbaf MH, Khorvash F, Mortazavi M, Shahidi S, Moeinzadeh F, Farajzadegan Z, et
al. Does Omega-3 supplementation decrease carotid intima-media thickening in
hemodialysis patients? Journal of research in pharmacy practice. 2016 OctDec;5(4):252-6. DOI: 10.4103/2279-042x.192451.

572.

Monge A, Harris WS, Ortiz-Panozo E, Yunes E, Cantu-Brito C, Catzin-Kuhlmann A,
et al. Whole Blood omega-3 Fatty Acids Are Inversely Associated with Carotid
Intima-Media Thickness in Indigenous Mexican Women. The Journal of nutrition.
2016 Jul;146(7):1365-72. DOI: 10.3945/jn.115.227264.

573.

Libby P, Geng YJ, Aikawa M, Schoenbeck U, Mach F, Clinton SK, et al.
Macrophages and atherosclerotic plaque stability. Current opinion in lipidology. 1996
Oct;7(5):330-5.

574.

Schumacher H, Kaiser E, Schnabel PA, Sykora J, Eckstein HH, Allenberg JR.
Immunophenotypic characterisation of carotid plaque: increased amount of
inflammatory cells as an independent predictor for ischaemic symptoms. European
journal of vascular and endovascular surgery : the official journal of the European
Society for Vascular Surgery. 2001 Jun;21(6):494-501. DOI: 10.1053/ejvs.2001.1362.

344

575.

Hegyi L, Hardwick SJ, Siow RC, Skepper JN. Macrophage death and the role of
apoptosis in human atherosclerosis. Journal of hematotherapy & stem cell research.
2001 Feb;10(1):27-42. DOI: 10.1089/152581601750098192.

576.

Kannel WB, Dawber TR, Kagan A, Revotskie N, Stokes J, 3rd. Factors of risk in the
development of coronary heart disease--six year follow-up experience. The
Framingham Study. Annals of internal medicine. 1961 Jul;55:33-50.

577.

Waxman S, Dixon SR, L'Allier P, Moses JW, Petersen JL, Cutlip D, et al. In vivo
validation of a catheter-based near-infrared spectroscopy system for detection of lipid
core coronary plaques: initial results of the SPECTACL study. JACC Cardiovascular
imaging. 2009 Jul;2(7):858-68. DOI: 10.1016/j.jcmg.2009.05.001.

578.

Gardner CM, Tan H, Hull EL, Lisauskas JB, Sum ST, Meese TM, et al. Detection of
lipid core coronary plaques in autopsy specimens with a novel catheter-based nearinfrared spectroscopy system. JACC Cardiovascular imaging. 2008 Sep;1(5):638-48.
DOI: 10.1016/j.jcmg.2008.06.001.

579.

Kang SJ, Mintz GS, Pu J, Sum ST, Madden SP, Burke AP, et al. Combined IVUS and
NIRS detection of fibroatheromas: histopathological validation in human coronary
arteries. JACC Cardiovascular imaging. 2015 Feb;8(2):184-94. DOI:
10.1016/j.jcmg.2014.09.021.

580.

Honda S, Sidharta SL, Shishikura D, Takata K, Di Giovanni GA, Nguyen T, et al.
High-density lipoprotein cholesterol associated with change in coronary plaque lipid
burden assessed by near infrared spectroscopy. Atherosclerosis. 2017 Oct;265:110-6.
DOI: 10.1016/j.atherosclerosis.2017.08.016.

581.

Williams-Bey Y, Boularan C, Vural A, Huang NN, Hwang IY, Shan-Shi C, et al.
Omega-3 free fatty acids suppress macrophage inflammasome activation by inhibiting

345

NF-kappaB activation and enhancing autophagy. PloS one. 2014;9(6):e97957. DOI:
10.1371/journal.pone.0097957.
582.

Sadeghi S, Wallace FA, Calder PC. Dietary lipids modify the cytokine response to
bacterial lipopolysaccharide in mice. Immunology. 1999 Mar;96(3):404-10.

583.

Kolahi S, Ghorbanihaghjo A, Alizadeh S, Rashtchizadeh N, Argani H, Khabazzi AR,
et al. Fish oil supplementation decreases serum soluble receptor activator of nuclear
factor-kappa B ligand/osteoprotegerin ratio in female patients with rheumatoid
arthritis. Clinical biochemistry. 2010 Apr;43(6):576-80. DOI:
10.1016/j.clinbiochem.2009.12.011.

584.

Babcock TA, Novak T, Ong E, Jho DH, Helton WS, Espat NJ. Modulation of
lipopolysaccharide-stimulated macrophage tumor necrosis factor-alpha production by
omega-3 fatty acid is associated with differential cyclooxygenase-2 protein expression
and is independent of interleukin-10. The Journal of surgical research. 2002
Sep;107(1):135-9.

585.

Shimizu T, Iwamoto T, Itou S, Iwata N, Endo T, Takasaki M. Effect of ethyl
icosapentaenoate (EPA) on the concentration of tumor necrosis factor (TNF) and
interleukin-1 (IL-1) in the carotid artery of cuff-sheathed rabbit models. Journal of
atherosclerosis and thrombosis. 2001;8(2):45-9.

586.

Vassiliou EK, Kesler OM, Tadros JH, Ganea D. Bone marrow-derived dendritic cells
generated in the presence of resolvin E1 induce apoptosis of activated CD4+ T cells.
Journal of immunology. 2008 Oct 1;181(7):4534-44.

587.

Greene J, Ashburn SM, Razzouk L, Smith DA. Fish oils, coronary heart disease, and
the environment. American journal of public health. 2013 Sep;103(9):1568-76. DOI:
10.2105/ajph.2012.300959.

346

588.

Kitessa SM, Abeywardena M, Wijesundera C, Nichols PD. DHA-containing oilseed:
a timely solution for the sustainability issues surrounding fish oil sources of the
health-benefitting long-chain omega-3 oils. Nutrients. 2014 May 22;6(5):2035-58.
DOI: 10.3390/nu6052035.

589.

Shrestha P, Hussain D, Mulder RJ, Taylor MC, Singh SP, Petrie JR, et al. Increased
DHA Production in Seed Oil Using a Selective Lysophosphatidic Acid
Acyltransferase. Frontiers in plant science. 2018;9:1234. DOI:
10.3389/fpls.2018.01234.

590.

Petrie JR, Shrestha P, Zhou XR, Mansour MP, Liu Q, Belide S, et al. Metabolic
engineering plant seeds with fish oil-like levels of DHA. PloS one.
2012;7(11):e49165. DOI: 10.1371/journal.pone.0049165.

591.

Chang CH, Tseng PT, Chen NY, Lin PC, Lin PY, Chang JP, et al. Safety and
tolerability of prescription omega-3 fatty acids: A systematic review and metaanalysis of randomized controlled trials. Prostaglandins, leukotrienes, and essential
fatty acids. 2018 Feb;129:1-12. DOI: 10.1016/j.plefa.2018.01.001.

592.

Scherer DJ, Psaltis PJ. Future imaging of atherosclerosis: molecular imaging of
coronary atherosclerosis with (18)F positron emission tomography. Cardiovascular
diagnosis and therapy. 2016 Aug;6(4):354-67. DOI: 10.21037/cdt.2015.12.02.

593.

Sun ZH, Rashmizal H, Xu L. Molecular imaging of plaques in coronary arteries with
PET and SPECT. J Geriatr Cardiol. 2014 Sep;11(3):259-73. DOI:
10.11909/j.issn.1671-5411.2014.03.005.

594.

Crea F, Liuzzo G. Anti-inflammatory treatment of acute coronary syndromes: the
need for precision medicine. European heart journal. 2016 Aug 7;37(30):2414-6.
DOI: 10.1093/eurheartj/ehw207.

347

595.

Huang S, Frangogiannis NG. Anti-inflammatory therapies in myocardial infarction:
failures, hopes and challenges. British journal of pharmacology. 2018
May;175(9):1377-400. DOI: 10.1111/bph.14155.

596.

Itakura H, Yokoyama M, Matsuzaki M, Saito Y, Origasa H, Ishikawa Y, et al.
Relationships between plasma fatty acid composition and coronary artery disease.
Journal of atherosclerosis and thrombosis. 2011;18(2):99-107. DOI: 10.5551/jat.5876.

597.

Ohnishi H, Saito Y. Eicosapentaenoic acid (EPA) reduces cardiovascular events:
relationship with the EPA/arachidonic acid ratio. Journal of atherosclerosis and
thrombosis. 2013;20(12):861-77. DOI: 10.5551/jat.18002.

598.

Turner R, McLean CH, Silvers KM. Are the health benefits of fish oils limited by
products of oxidation? Nutrition research reviews. 2006 Jun;19(1):53-62. DOI:
10.1079/nrr2006117.

599.

Shaikh SR, Kinnun JJ, Leng X, Williams JA, Wassall SR. How polyunsaturated fatty
acids modify molecular organization in membranes: insight from NMR studies of
model systems. Biochimica et biophysica acta. 2015 Jan;1848(1 Pt B):211-9. DOI:
10.1016/j.bbamem.2014.04.020.

600.

Glatz JF, Luiken JJ, Bonen A. Membrane fatty acid transporters as regulators of lipid
metabolism: implications for metabolic disease. Physiol Rev. 2010 Jan;90(1):367417. DOI: 10.1152/physrev.00003.2009.

348

