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The role of marine omega-3 (n-3) fatty acids in
inflammatory processes, atherosclerosis and plaque
stability
Philip C. Calder
Human Development and Health Academic Unit, Faculty of Medicine, University of Southampton,
MP887 Southampton General Hospital, Southampton, UK
Atherosclerosis has an important inflammatory component and acute cardiovascular events can
be initiated by inflammatory processes occurring in advanced plaques. Fatty acids influence
inflammation through a variety of mechanisms; many of these are mediated by, or associated
with, the fatty acid composition of cell membranes. Human inflammatory cells are typically rich
in the n-6 fatty acid arachidonic acid, but the contents of arachidonic acid and of the marine n-3
fatty acids eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) can be altered through
oral administration of EPA and DHA. Eicosanoids produced from arachidonic acid have roles
in inflammation. EPA also gives rise to eicosanoids and these are usually biologically weak. EPA
and DHA give rise to resolvins which are anti-inflammatory and inflammation resolving. EPA
and DHA also affect production of peptide mediators of inflammation (adhesion molecules,
cytokines, etc.). Thus, the fatty acid composition of human inflammatory cells influences their
function; the contents of arachidonic acid, EPA and DHA appear to be especially important. The
anti-inflammatory effects of marine n-3 polyunsaturated fatty acids (PUFAs) may contribute to
their protective actions towards atherosclerosis and plaque rupture.
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1

Inflammation contributes to
atherosclerosis

Inflammation is now recognised to play an important role
in atherosclerosis, which results from interaction between
modified lipoproteins, monocyte-derived macrophages, T
cells and the normal cellular elements of the vessel wall
[1–5] (Figs. 1 and 2). The earliest lesions, fatty streaks,
Correspondence: Professor Philip C. Calder, Human Development
and Health Academic Unit, Faculty of Medicine, University of
Southampton, IDS Building, MP887 Southampton General Hospital, Tremona Road, Southampton SO16 6YD, UK
E-mail: pcc@soton.ac.uk
Fax: +44-2380-795255
Abbreviations: COX, cyclooxygenase; CRP, C-reactive protein;
CVD, cardiovascular disease; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; ICAM, intercellular adhesion molecule;
IL, interleukin; LOX, lipoxygenase; LPS, lipopolysaccharide; LT,
leukotriene; MCP, monocyte chemoattractant protein; MMP, matrix metalloproteinase; NFB, nuclear factor kappa B; OCEAN,
Omacor Carotid EnArterectomy iNtervention; PG, prostaglandin;
PUFA, polyunsaturated fatty acid; TNF, tumour necrosis factor;
VCAM, vascular cell adhesion molecule

C 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

are pure inflammatory lesions consisting only of monocytederived macrophages and T lymphocytes. Endothelial injury
increases the adhesiveness of the endothelium to leukocytes (and platelets) by upregulating expression of adhesion
molecules as well as its permeability. Mice deficient in the adhesion molecules intercellular adhesion molecule 1 (ICAM1), E-selectin or P-selectin show less atherosclerosis when
fed an atherosclerotic diet [1, 3], indicating the importance of
endothelial-leukocyte adhesive interactions in the atherosclerotic process. The injured endothelium also produces vasoactive molecules, cytokines and growth factors. Some of
these molecules such as monocyte chemoattractant protein
1 (MCP-1), act as chemoattractants attracting monocytes and
T cells to the vessel wall (Figs. 1 and 2). The resulting inflammatory response stimulates migration and proliferation
of smooth muscle cells (SMCs) that become mixed into the
area of inflammation (Fig. 2). The inflammatory response
within the vascular wall is mediated by monocyte-derived
macrophages and T cells [1, 2, 4, 5]. Continued inflammation
results in increased numbers of inflammatory cells that migrate from the bloodstream and proliferate within the lesion.
Activation of these cells leads to release of enzymes, cytokines,
chemokines, eicosanoids and growth factors continuing the
www.mnf-journal.com
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Figure 1. Initiating events in atherosclerosis. Low density
lipoproteins (LDL) are subject to oxidative modifications in the
subendothelial space, progressing from minimally modified LDL
(mmLDL) to extensively oxidised LDL (oxLDL). Monocytes attach
to endothelial cells that have been induced to express adhesion molecules by mmLDL and inflammatory cytokines. Adherent
monocytes migrate into the subendothelial space and differentiate into macrophages. Uptake of oxLDL via scavenger receptors
leads to foam cell formation. Reprinted from [1], Copyright (2001),
with permission from Elsevier.

Figure 2. Progression of the atherosclerotic lesion. Interactions
between macrophage foam cells and helper T lymphocytes (Th1
and Th2) establish a chronic inflammatory process within the vascular wall. Cytokines secreted by lymphocytes and macrophages
exert pro- and anti-atherogenic effects on endothelial and SMCs.
SMCs migrate from the media into the intima where they proliferate and secrete intracellular matrix proteins that form the
fibrous plaque. Reprinted from [1], Copyright (2001), with permission from Elsevier.

inflammatory process and contributing to the build up of the
plaque. Both necrosis and rupture occur within regions of
the plaque as it grows and the latter may serve as foci for
thrombus formation, suggesting that cycles of rupture and
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healing thrombosis occur as plaques grow. In accord with
the proposed central role of inflammation in development
of the atherosclerotic plaque, several inflammatory markers
present in the serum or plasma are associated with cardiovascular disease (CVD) risk. Soluble P-selectin was identified as
an independent predictor of future CVD risk in the Women’s
Health Study [6]. sICAM-1 concentration was shown to be an
independent predictor of coronary heart disease [7, 8]. Serum
interleukin (IL)-6 concentrations may also be predictive [9].
However, of the inflammatory markers, C-reactive protein
(CRP) has been most investigated, and has been found to
be predictive of future myocardial infarction, stroke, peripheral vascular disease and CVD mortality [3]. CRP has been
compared with other inflammatory and lipid risk factors and
found to be a strong predictor of risk [3]. CRP has been considered to be simply a marker of inflammation. However,
more recent studies have indicated that CRP may play an
active role in inflammation by stimulating monocytes to release inflammatory cytokines and by increasing upregulation
of adhesion molecule expression and MCP-1 synthesis by
endothelial cells [3].

2

Marine n-3 fatty acids, inflammatory
cell membrane fatty acid composition
and lipid mediators

Polyunsaturated fatty acids (PUFAs) are important constituents of the phospholipids of all cell membranes, where
they play roles assuring the correct environment for membrane protein function, maintaining membrane fluidity,
regulating cell signalling, gene expression and cellular function, and serving as substrates for the synthesis of lipid mediators [10]. The phospholipids of inflammatory cells (e.g.
neutrophils, lymphocytes, monocytes) from the blood of humans consuming typical Western diets contain significant
amounts (usually 10–20% of fatty acids) of arachidonic acid,
with much lower amounts of eicosapentaenoic acid (EPA)
(usually 0.5–1%) and docosahexaenoic acid (DHA) (usually
2–4%) [11–22], although there are differences between the
different phospholipid classes in terms of the content of these
fatty acids [13]. A key role of arachidonic acid in inflammatory cell membranes is as a precursor of eicosanoids. These
are long recognised mediators and regulators of inflammation and immunity and include prostaglandins (PG), thromboxanes, leukotrienes (LT) and other oxidised derivatives
produced by the cyclooxygenase (COX), lipoxygenase (LOX)
and cytochrome P450 pathways [23, 24]. In general arachidonic acid-derived eicosanoids act in a pro-inflammatory
way, although this is an oversimplification since it is now
recognised that PGE2 , for example, has both pro- and antiinflammatory effects, and that another eicosanoid lipoxin A4
is anti-inflammatory [25].
The fatty acid composition of inflammatory cells can be
modified by increasing intake of marine n-3 fatty acids, which
leads to a higher content of EPA and DHA [11–18, 20–22].
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This occurs in a dose response fashion [17, 22] and over a
period of days [26] to weeks [16, 17, 22], with a new steadystate composition reached within a few weeks. Typically the
increase in content of n-3 PUFAs occurs at the expense of n-6
PUFAs, especially arachidonic acid. Such changes in membrane phospholipid fatty acid composition might be expected
to influence the function of cells involved in inflammation
through alterations in the physical properties of the membrane such as membrane order (“fluidity”) and raft structure;
effects on cell signalling pathways, either through modifying the expression, activity or avidity of membrane receptors
or modifying intracellular signal transduction mechanisms
that alter transcription factor activation and gene expression;
and alterations in the pattern of the lipid mediators produced
[25, 27–29]. The earliest anti-inflammatory action of marine
n-3 PUFAs described in humans was a reduction in generation of arachidonic acid-derived eicosanoids like PGE2 and
LTB4 [11–13, 15, 30, 31]. This effect reflects, in part, the decrease in arachidonic acid content seen after a period of increased intake of marine n-3 PUFAs. Additionally, EPA acts
as an inhibitor of arachidonic acid metabolism via the COX
and LOX enzymes.
EPA is also a substrate for the COX and LOX enzymes, and
the mediators produced (e.g. PGE3 and LTB5 ) have a different
structure from the arachidonic acid-derived mediators, and
this influences their potency [32]. Usually the EPA-derived
mediators are less biologically active than those produced
from arachidonic acid [25, 32] or they may even antagonise
the action of those produced from arachidonic acid [33].
Another family of lipid mediators is the resolvins and protectins. EPA and DHA give rise to resolvins (e.g. resolvin E1
and resolvin D1) and DHA to protectins (e.g. protectin D1)
through complex pathways involving COX and LOX enzymes
[34–36]. These mediators have been demonstrated in cell culture and animal feeding studies to be anti-inflammatory and
inflammation resolving [34–36]. The latter effect may be very
important because resolution of inflammation is vital in shutting off the ongoing inflammatory process and in limiting
tissue damage.

3

Anti-inflammatory effects of marine
n-3 fatty acids

The forgoing discussion has highlighted the ability of marine n-3 PUFAs to decrease production of pro-inflammatory
eicosanoids from arachidonic acid and to enhance the production of weak eicosanoids from EPA and potent antiinflammatory and inflammation resolving resolvins and protectins from EPA and DHA. The altered milieu of lipid mediators that results can have a multitude of downstream effects
on inflammatory processes. For example LTB4 , derived from
arachidonic acid, is a potent leukocyte chemoattractant and
so a marine n-3 PUFA-induced reduction in LTB4 has the
potential to decrease the attraction of leukocytes to inflammatory loci. Marine n-3 PUFAs may also decrease expression
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of receptors for chemoattractants on leukocytes. Several trials
have reported that marine n-3 PUFAs can decrease chemotaxis of human neutrophils and monocytes towards various
chemoattractants including LTB4 , bacterial peptides and human serum [11–13,37–39]. Both the distance of cell migration
and the number of cells migrating were decreased.
Adhesion molecule expression on the surface of endothelial cells and leukocytes is promoted by several transcription factors including the prototypical pro-inflammatory transcription factor, nuclear factor kappa B (NFB) [40, 41]. A
number of cell culture studies have reported that both EPA
and DHA decrease activation of NFB in response to inflammatory stimuli like lipopolysaccharide (LPS) and inflammatory cytokines [42–45]. Through this mechanism marine n-3
PUFAs could decrease adhesion molecule expression and reduce the leukocyte-endothelial adhesive interaction. Indeed,
cell culture [46–49] and animal feeding studies [50] have reported decreased expression of some adhesion molecules on
the surface of monocytes [49], macrophages [50] or endothelial cells [46–48] following exposure to marine n-3 PUFAs.
This has been shown to result in decreased adhesion between
leukocytes and endothelial cells [46, 51, 52]. Supplementing
the diet of healthy humans with 1.5 g EPA + DHA/day resulted in a lower level of expression of ICAM-1 on the surface
of blood monocytes stimulated ex vivo with interferon-␥ [53].
Another study showed that 1.1 g EPA + DHA/day decreased
circulating levels of soluble VCAM-1 in elderly subjects [54],
but it is not clear if this represents decreased surface expression of VCAM-1.
Activated NFB induces inflammatory cytokine gene expression. In accordance with decreased NFB activation following exposure to EPA and DHA, these fatty acids are seen
to decrease LPS-stimulated production of IL-6 and IL-8 by
cultured human endothelial cells [46, 55] and EPA decreased
LPS-induced tumour necrosis factor (TNF)-␣ production by
cultured monocytes [42–44]. Feeding marine n-3 PUFAs to
mice decreased ex vivo production of TNF-␣, IL-1␤ and IL-6
by LPS-stimulated macrophages [56–58]. Several studies in
healthy human volunteers involving supplementation of the
diet with marine n-3 PUFAs have demonstrated decreased
production of TNF-␣, IL-1␤, IL-6 and various growth factors
by LPS-stimulated monocytes or mononuclear cells (a mixture of lymphocytes and monocytes) [12, 14, 30, 59, 60].

4

The anti-inflammatory effects of marine
n-3 PUFAs may be anti-atherogenic

As outlined above, marine n-3 PUFAs act in a number of
ways to decrease inflammation. They decrease production of
eicosanoid mediators from arachidonic acid, many of which
have pro-inflammatory roles; increase production of weakly
inflammatory or anti-inflammatory eicosanoids from EPA;
increase production of anti-inflammatory and inflammation
resolving resolvins from EPA and DHA; decrease chemotactic responses of leukocytes; decrease adhesion molecule
www.mnf-journal.com
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expression on leukocytes and on endothelial cells and
decrease intercellular adhesive interactions; and decrease
production of pro-inflammatory cytokines and other proinflammatory proteins induced via the NFB system. Together, these anti-inflammatory actions may contribute to
anti-atherogenic effects of marine n-3 PUFAs, since, as shown
in Figs. 1 and 2, initiation and progression of that atherosclerotic plaque involve leukocyte chemotaxis, intercellular adhesive interactions and production of inflammatory mediators
including cytokines.

5

Marine n-3 fatty acids and
atherosclerotic plaque stability

Marine n-3 PUFAs have been demonstrated to reduce the
risks of cardiovascular events and mortality [61–66], including sudden cardiac death [63, 67]. The anti-inflammatory actions of marine n-3 PUFAs may play a key role in these
effects. Plaque rupture is an acute occurrence that exposes
the plaque contents to the highly pro-thrombotic environment of the vessel lumen [4, 5, 68, 69] (Fig. 3), so, initiating
thrombosis that may lead to myocardial infarction, stroke
or other vascular event. Ruptures are more likely to occur
where the fibrous cap is thin and partly degraded. Inflammatory cells (macrophages, T cells, mast cells) are typically
abundant at such sites, and these cells produce a range of
mediators and enzymes that can thin and weaken the cap
making the plaque vulnerable and unstable. Certain matrix
metalloproteinases (MMPs) and cysteine proteases appear to
play important roles in degradation, thinning and weakening of the fibrous cap. Thus, plaque rupture is essentially, an

Figure 3. Plaque rupture and thrombosis. Necrosis of
macrophages and SMC-derived foam cells leads to formation
of a necrotic core and accumulation of extracellular cholesterol.
Macrophage secretion of MMPs weakens the fibrous cap. Plaque
rupture exposes blood components to tissue factor initiating
coagulation, recruitment of platelets and thrombus formation.
Reprinted from [1], Copyright (2001), with permission from Elsevier.
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inflammatory event, and the characteristics of an atherosclerotic plaque that make it vulnerable to rupture are a thin
fibrous cap and increased numbers of inflammatory cells
such as macrophages [4, 5, 68, 69]. Marine n-3 fatty acids
might act to stabilise atherosclerotic plaques by decreasing
infiltration of inflammatory and immune cells (e.g. monocyte/macrophages and lymphocytes) into the plaques and/or
by decreasing the activity of those cells once in the plaque.
An intervention study conducted in patients awaiting carotid
endarterectomy showed that marine n-3 fatty acids are incorporated from dietary fish oil supplements (providing 1.4 g
EPA + DHA/day) into advanced atherosclerotic plaques and
that this incorporation is associated with structural changes
consistent with increased plaque stability [70]. The morphology of carotid plaque sections was characterised according to
the American Heart Association classification [69]. Plaques
from patients treated with fish oil were more likely to be type
IV (fibrous cap atheromas: well-formed necrotic core with
an overlaying thick fibrous cap) than those from the placebo
group (odds ratio 1.19). Conversely, plaques from patients
treated with fish oil were less likely to be type V (thin fibrous
cap atheromas – thin fibrous cap infiltrated by macrophages
and lymphocytes) than those from the placebo group (odds
ratio 0.52). Thus, there were more plaques with a well-formed
fibrous cap, rather than a thin-inflamed cap, in the fish oil
group. Infiltration by macrophages was investigated using
immunohistochemistry. It was found that plaques from patients given fish oil were more likely to be less heavily infiltrated with macrophages than those in the placebo group. A
follow-up study, termed OCEAN (Omacor Carotid EnArterectomy iNtervention), using 1.8 g EPA + DHA/day as ethyl
esters confirmed the higher EPA content of carotid plaque
phospholipids in patients receiving marine n-3 fatty acids and
the association between a higher EPA content of the plaque
and lower plaque inflammation and instability [71]. OCEAN
found that mRNA levels for MMP-7, MMP-9 and MMP-12
were lower in plaques from patients who had received marine n-3 fatty acids. These two studies suggest that marine
n-3 fatty acids are incorporated quite quickly into advanced
plaques and that plaques with a higher EPA content are more
stable.
The findings of the two human studies have been confirmed in an animal study [72]. Apolipoprotein E deficient
or low-density lipoprotein-receptor deficient mice were fed a
Western-type diet or the same diet plus EPA for 12 weeks.
EPA reduced aortic lipid deposition, consistent with earlier
animal studies. EPA resulted in increased plaque collagen and
decreased macrophage numbers in the plaque. The authors
concluded that EPA had stabilised the atherosclerotic lesions.
In separate in vitro studies, EPA attenuated cytokine-induced
expression of adhesion molecules by endothelial cells, again
confirming earlier studies, and attenuated cytokine-induced
expression of MMP-2 and MMP-9 by a macrophage cell line
[72]. There was a tendency for dietary EPA to decrease aorta
MMP-2 and MMP-9 in apolipoprotein E deficient mice.
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Since it is the vulnerability of the plaque to rupture rather
than the degree of atherosclerosis, which is the primary determinant of thrombosis-mediated acute cardiovascular events,
it is likely that the findings of Thies et al. [70] and OCEAN
[71], replicated in an animal model [65], are clinically relevant.
This might explain the significant protective effects of marine
n-3 fatty acids towards both fatal and non-fatal cardiovascular
events [61–67], which are so far not fully explained [73, 74].

6

Summary and conclusions

Atherosclerosis has an important inflammatory component
and acute cardiovascular events can be precipitated by inflammatory events occurring in advanced plaques. Fatty
acids influence inflammation through a variety of mechanisms; many of these are mediated by, or at least associated
with, changes in fatty acid composition of cell membranes.
Changes in these compositions can modify membrane fluidity, cell signalling leading to altered gene expression and
the pattern of lipid mediator production. Human inflammatory cells are typically rich in the n-6 fatty acid arachidonic
acid, but the contents of arachidonic acid and of the n-3
fatty acids EPA and DHA can be altered through oral administration of EPA and DHA. Eicosanoids produced from
arachidonic acid have roles in inflammation. EPA also gives
rise to eicosanoids and these are usually biologically weaker
than arachidonic acid-derived eicosanoids. EPA and DHA
give rise to resolvins which are anti-inflammatory and inflammation resolving. Increased membrane content of EPA
and DHA (and decreased arachidonic acid content) results in
a changed pattern of production of eicosanoids and probably
also of resolvins, although the latter are not well examined in
the human context. Changing the fatty acid composition of
inflammatory cells also affects production of peptide mediators of inflammation (adhesion molecules, cytokines, etc.).
Thus, the fatty acid composition of human inflammatory cells
influences their function; the contents of arachidonic acid,
EPA and DHA appear to be especially important. The antiinflammatory effects of marine n-3 PUFAs may contribute to
their protective actions towards atherosclerosis, plaque rupture and cardiovascular mortality. However, at this stage it
is not possible to say which is the most clinically relevant
anti-inflammatory effect of marine n-3 PUFAs because this
is likely to depend upon the stage of the disease process. For
example, it would seem that preventing monocyte infiltration into the early lesion would be very important in slowing
atherosclerosis and so in preventing the disease. On the other
hand, in advanced unstable plaques, reducing the activity of
resident inflammatory macrophages and foam cells is likely to
be important because it is these cells that weaken the plaque
making it more vulnerable to rupture.
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