
ABSTRACT Dietary balance of long-chain fatty acids may
influence processes involving leukocyte-endothelial interactions,
such as atherogenesis and inflammation, that involve increased
endothelial expression of leukocyte adhesion molecules, or
endothelial activation. We compared the ability of various satu-
rated, monounsaturated, and polyunsaturated fatty acids to mod-
ulate endothelial activation. Consumption of the n23 fatty acid
docosahexaenoic acid (DHA; 22:6n23) reduced endothelial
expression of vascular cell adhesion molecule 1 (VCAM-1),
E-selectin, intercellular adhesion molecule 1 (ICAM-1), inter-
leukin 6 (IL-6), and IL-8 in response to IL-1, IL-4, tumor necro-
sis factor, or bacterial endotoxin, with a half-maximal inhibitory
concentration (IC50) of 1–25 mmol, ie, in the range of nutrition-
ally achievable plasma concentrations. The magnitude of this
effect paralleled its incorporation into cellular phospholipids.
DHA also reduced the adhesion of human monocytes and mono-
cytic U937 cells to cytokine-stimulated endothelial cells. These
effects were accompanied by a reduction in VCAM-1 messenger
RNA, indicating a pretranslational effect. To assess structural
fatty acid determinants of VCAM-1 inhibitory activity, we com-
pared various saturated, monounsaturated, and n26 and n23
polyunsaturated fatty acids for their VCAM-1 inhibitory activity.
Saturated fatty acids did not inhibit cytokine-induced expression
of adhesion molecules. However, a progressive increase in
inhibitory activity was observed with dietary intake of fatty acids
with the same chain length but increasing double bonds, ie, from
monounsaturated to n26 and, further, to n23 fatty acids. Thus,
the greater number of double bonds seems critical for the greater
activity of n23 compared with n26 fatty acids in inhibiting
endothelial activation. These properties are likely to be relevant to
the antiatherogenic and antiinflammatory properties of n23 fatty
acids. Am J Clin Nutr 2000;71(suppl):213S–23S.
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INTRODUCTION

Highly unsaturated fatty acids, and n23 fatty acids in particu-
lar, are receiving increasing attention as potential antiatherogenic
and antiinflammatory agents. Atherosclerosis and inflammation
share similar mechanisms in their early phases, involving
increased interactions between vascular endothelia and circulat-
ing leukocytes. It was logical, therefore, to investigate a role for
fatty acids in the modulation of such interactions. This line of
research is leading to a new understanding of the mechanism of

action of these nutrients. In this article we will first summarize
the biological concepts of the pathogenesis of atherosclerosis. We
will then review major findings as to the role of fatty acids in such
modulation. Recent findings of ours and of others have led to a
new way of thinking about fatty acids and their balance in the diet
and, consequently, in membrane phospholipids as modulators of
cell responsiveness to cytokines. This concept has broad implica-
tions in human pathobiology, nutrition, and therapeutics, with
special reference to atherosclerosis and inflammation.

EARLY PHASES OF ATHEROSCLEROSIS

Atherosclerotic lesions originate in discrete points of the arter-
ial tree (mainly branching points, bifurcations, and the convex site
of bending arteries) characterized by low or oscillatory shear
stresses (1) that can favor the passive transport of arterial blood
components into the vessel wall. Late, complex lesions, usually
observed in adults, can assume different appearances, reflecting
different stages in plaque evolution and perhaps different natural
histories in plaque development (2, 3). However, most investiga-
tors now agree that arterial fatty streaks represent the earliest stage
of plaque development (2, 4–10). This is the earliest detectable
lesion in hypercholesterolemic animal models of atherosclerosis
in different species (2, 4–10), and is present in the coronary arter-
ies of 50% of young humans between 10 and 14 y of age, as
observed in an autopsy study (2). Fatty streaks are areas of focal
intimal thickening produced by the intimal accumulation of lipid-
laden macrophages (foam cells) surrounded by extracellular
matrix and a variable number of lymphocytes. The relation of fatty
streaks to more advanced atherosclerotic lesions has long been
disputed (11–13) and their full reversibility is generally accepted.
However, observations in various animal models (2, 4–10) and
particularly in primates (Macaca nemestrina) with low-level
hypercholesterolemia (8) have clarified that fatty streaks indeed
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precede more advanced atherosclerotic lesions, which develop at
the same critical points of the arterial vasculature. Therefore, an
understanding of the inception of atherosclerosis requires an
understanding of the pathogenesis of fatty streaks (3, 14–17).

Contrary to previous opinions (18, 19), it is now mostly
accepted that endothelial damage, in the form of focal desqua-
mation with intimal denudation, is not required and is usually
not present at the inception of the atherosclerotic process.
Rather, endothelial dysfunction (an earlier, subtler, and more
common set of alterations that is not dependent on the physical
loss of the endothelial layer) can initiate the entire process. A
substantial role is now ascribed, in these early phases, to the
monocyte-macrophage (20).

In normal physiologic conditions, the vascular endothelium
contributes to vascular homeostasis by adaptively altering its
functional state. This happens through a continuous monitoring
by the vascular endothelium of blood borne and locally generated
stimuli and through an immediate response to changes in its envi-
ronment (14, 16, 21). Functional properties of the endothelium
include active regulation of hemostasis; control of platelet func-
tion, coagulation, and fibrinolysis (21); and control of vascular
tone, endothelial permeability, and medial smooth muscle cell
growth (22). Maladaptive changes in endothelial functions
induced by qualitatively or quantitatively abnormal stimuli can
result in localized alterations in the interactions of cellular and
macromolecular components acting at the blood vessel wall inter-
face, such as changes in the antihemostatic properties of the
endothelium, altered control of vascular tone, altered permeabil-
ity to plasma lipoproteins, hyperadhesiveness to blood leuko-
cytes, and increased cytokine and growth factor production.
These alterations can be collectively termed endothelial dysfunc-
tion (23), a term now used by cardiologists for endothelium-
dependent alterations of vascular tone. The term endothelial acti-
vation more specifically describes the functional changes that
endothelia may undergo under the influence of various stimuli—
the best studied of which are inflammatory cytokines and bacte-
rial endotoxin—and the acquisition of new functional and
antigenic properties, most of which influence interactions with
blood leukocytes. Endothelial activation plays an important role in
the initiation, progression, and clinical emergence of atherosclero-
sis (14, 16, 23) and is a pivotal process in monocyte adhesion.

Monocyte binding to the endothelium

Leukocyte binding to the endothelium is a prominent feature of
several inflammatory and immunologic disorders. In acute inflam-
mation, polymorphonuclear leukocytes bind to the endothelium in
postcapillary venules. Adhesion of monocytes, but not of poly-
morphonuclear leukocytes or lymphocytes, to a morphologically
normal arterial endothelium is typical of diet-induced atheroscle-
rosis in animals (24). Similarly, many features of the selective
recirculation of lymphocytes that occur in a variety of immune
reactions are explained by the preferential binding of lymphocyte
subtypes to district-specific lymphatic endothelia (25).

Leukocyte binding to cultured endothelial cells has been stud-
ied extensively in vitro in an attempt to identify and study the
mechanisms mediating this cell-to-cell interaction. It is now clear
that activation of leukocytes, endothelial cells, or both can lead to
increased adhesion of polymorphonuclear leukocytes, monocytes,
or lymphocytes to the endothelium. Several protein families, each
with distinct functions, provide “traffic signals” for leukocytes.
These include 1) the selectin family of adhesion molecules, which

appear to recognize a sialylated carbohydrate determinant on their
cognate ligands (26, 27); 2) chemoattractants, some of which
(classical chemoattractants such as N-formyl peptides, comple-
ment components, leukotriene B4, and platelet-activating factor)
act broadly on neutrophils, eosinophils, basophils, and monocytes,
whereas others [chemokines such as monocyte chemoattractant
protein 1 (MCP-1) and interleukin 8 (IL-8)] have selectivity for
leukocyte subsets (28, 29); and 3) the immunoglobulin superfam-
ily members on the endothelium [intercellular adhesion molecule
1(ICAM-1), ICAM-2, ICAM-3, and vascular cell adhesion mole-
cule 1 (VCAM-1)] that recognize integrin ligands on the leukocyte
surface in a paradigm first established with ICAM-1 binding to
leukocyte function associated antigen 1 (LFA-1) (30; Figure 1).

For neutrophil and, probably, lymphocyte adhesion, selectins
mediate the initial tethering of the circulating leukocyte
over the endothelium, allowing it to roll over the endothe-
lium, slowing down its speed considerably. Antagonists of
L-selectin and E-selectin inhibit neutrophil and monocyte influx
in response to inflammatory agents (31, 32). Selective targeted
disruption of the gene for another such molecule, P-selectin,
which is contained preformed in endothelial Weibel-Palade bod-
ies, can also affect leukocyte rolling (33). The slowing down of
a leukocyte effected by interactions between selectins and carbo-
hydrates allows the leukocyte to sense the presence of chemotac-
tic gradients and elicit a chemoattractant-receptor–mediated
event, ie, the activation of some integrin-type leukocyte ligand
exhibiting new activation epitopes (30, 34, 35). Final firm attach-
ment of leukocytes to the endothelium requires the interaction of
integrin ligands on the leukocyte surface with immunoglobulin
superfamily members, ie, ICAM-1, ICAM-2 and VCAM-1,
expressed on the endothelium (30, 36) (Figures 1 and 2).

The possible sequential interactions between selectins and
carbohydrates, chemoattractants and receptors, and immunoglob-
ulins and integrins [for neutrophils and possibly also for lympho-
cyte homing (37, 38)] and the multiple molecular choices
available for each of these ligand-to-ligand interactions provide
great combinatorial diversity in signals. This diversity allows the
selective responses of different leukocyte classes to inflammatory
agents, the preferential recirculation patterns of lymphocyte sub-
populations, or the selective binding of monocytes to arterial
endothelium during early phases of atherogenesis.

Because monocyte recruitment into the intima of large arteries
is specific to atherosclerosis but not to other forms of leukocyte-to-
endothelium interactions, it was hypothesized that these localized
monocyte-to-endothelium interactions reflect specific molecular
changes in the adhesive properties of the endothelial surface, lead-
ing to expression of “athero-ELAMs,” ie, endothelium-leukocyte
adhesion molecules (ELAMs) on the endothelial surface in the
early phases of atherosclerosis. The first such protein, originally
identified in the hypercholesterolemic rabbit model, is VCAM-1
(Figure 2), a member of the immunoglobulin superfamily,
expressed on human vascular endothelium in 2 molecular forms
(118 and 98 kDa) arising from alternative splicing of unprocessed
messenger RNA (mRNA) (39, 40). Both forms are able to bind a
heterodimeric integrin receptor, very-late-antigen 4 (VLA4), with
leukocyte selectivity of expression on monocytes and lymphocytes
but not on neutrophils. This explains the selective pattern of inhi-
bition of monocyte but not neutrophil adhesion by antibodies
directed against VCAM-1 and the selectivity of monocyte recruit-
ment in early atherogenesis (41). Endothelial cells express
VCAM-1 early during cholesterol feeding in rabbits, before the
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appearance of macrophages and foam cells in the intima of a
developing fatty streak, in a temporal pattern consistent with its
pathogenetic role in lesion development (42).

Interaction between VCAM-1 and VLA4 is only one of the pos-
sible ligand-to-ligand interactions involved in monocyte recruit-
ment in early atherogenesis. The interactions between the regu-
latable (and, to a large extent, constitutive) endothelial molecule
ICAM-1 and the integrin ligands LFA-1 and CD11b/CD18 (Mac-1)
(30), between endothelial E-selectin and monocytic sialylated
Lewisx carbohydrate (43), and between monocytic L-selectin
and an as yet incompletely characterized inducible endothelial
ligand (44) likely contribute to monocyte binding to an activated
endothelium. In addition, endothelial monocyte-specific soluble
products, which are also inducible by cytokines and endotoxin
such as MCP-1 [a monocyte-selective chemoattractant (45)], and
macrophage colony-stimulating factor (M-CSF) [able to promote
activation and maturation of monocytes and macrophages (46)],
are likely to be involved in monocyte recruitment in atherogene-
sis and have all been detected in atherosclerotic lesions in exper-
imental animals or humans (46–50). So far, VCAM-1 is the only
endothelial leukocyte adhesion molecule that appears to be selec-
tive for monocytes but not neutrophils.

Endothelial activation as a transducer of atherogenic risk
factors

In view of this evidence for the participation of leukocyte adhe-
sion molecules, chemoattractants, and cytokines in early atheroge-

nesis, we must consider the signals that regulate this expression.
The gene expression of VCAM-1, as well as that of other adhesion
molecules such as ICAM-1, E-selectin, and of inducible soluble
endothelial products such as MCP-1, M-CSF, IL-6, and IL-8, is
augmented several-fold in response to bacterial endotoxin and
cytokines such as IL-1 and tumor necrosis factor (TNF). Resting,
unactivated endothelial cells express negligible or low amounts of
these molecules, with the notable exception of ICAM-1. After
endotoxin and cytokines interact with their specific cell surface
receptors, a cascade of intracellular events occurs, ultimately lead-
ing to the surface appearance or secretion of these products of
endothelial activation. Because most adhesion molecules are not
expressed in basal conditions, cytokine activation requires initia-
tion of transcription (51). Also, different adhesion molecules,
which are products of separate genes, are expressed simultane-
ously and in conjunction with increased gene expression of other
endothelial products such as MCP-1, M-CSF, IL-6, IL-8, and tis-
sue factor. This leads to the hypothesis that activation of one or
several transcription factors, including the early-response genes
(c-jun and c-fos) and the nuclear factor-kB (NF-kB) system, leads
to concerted activation of genes. The NF-kB system in particular
has received increasing attention over the past several years as a
common denominator of endothelial activation and is possibly
causally linked with adhesion molecule expression (52).

First discovered in lymphocytes, where it has a role in control-
ling the activation of genes encoding for the immunoglobulin k
chains (53), the NF-kB system is now known as a much more gen-
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FIGURE 1. Adhesive interactions during leukocyte (monocyte) emigration. Upper panel: series of events as identified by intravital microscopic
studies under flow. The adhesive interactions involved in leukocyte emigration involve several distinct phases: 1) initial transient adhesion (rolling), 2)
activation, 3) firm adhesion (arrest and spreading), and 4) transendothelial migration (diapedesis). Lower panel: molecules involved in these steps.
Recent in vitro and in vivo studies indicate that rolling is mediated by multiple low-affinity interactions between selectin receptors and their cognate
carbohydrate ligands. Firm adhesion and diapedesis are largely dependent on integrin and immunoglobulin-like proteins. CD34, cluster of differentia-
tion 34; PECAM, platelet–endothelial cell adhesion molecule; ICAM, intercellular adhesion molecule; IL, interleukin; MAdCAM, mucosal adhesion
cell adhesion molecule 1; MCP, monocyte chemoattractant protein; MIP, macrophage inhibitory protein; PAF, platelet activity factor; sLex, sialyl Lewisx;
VCAM, vascular cell adhesion molecule.  by guest on June 2, 2016
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eral control mechanism of cell function than originally thought
(54). The system consists of a family of transcription factors pre-
sent in the cytoplasm as dimeric proteins. Normally, these subunits
are bound to an inhibiting protein, I-kB. After a phosphorylation
of I-kB that allows the attachment of a ubiquitin molecule to the
inhibitor and renders it susceptible to proteolytic degradation, the
activating subunits are separated from I-kB, allowing the activat-
ing subunits to be translocated to the nucleus. There the activating
subunits can bind specific “consensus” sequences in the promoter
region of several genes that provide a signal necessary for the
beginning of mRNA transcription (52). Nucleotide sequences

able to bind specifically to NF-kB–like factors (NF-kB elements)
have been identified in many human genes, including those for the
inducible endothelial leukocyte adhesion molecules and secretable
cytokines (52). The NF-kB system provides a potential common
link to coordinate the expression of the variety of endothelial
genes involved in endothelial activation. Stimuli able to activate
the NF-kB system appear also to induce oxidant stress (55, 56) in
the form of reactive oxygen species, ie, the superoxide anion and
hydrogen peroxide. Antioxidants can inhibit such activation (55,
56), thus giving an important molecular rationale for the thera-
peutic use of such substances in vascular disease initiation and
progression.

A model for other endothelial leukocyte adhesion molecules
and cytokine-induced endothelial products, IL-1, TNF, and IL-4
can induce VCAM-1 expression in vitro. These cytokines can be
produced by monocyte-macrophages—and, to some extent, by
T lymphocytes—infiltrating developing lesions (57). Therefore,
such stimuli might provide a paracrine mechanism to amplify the
local reaction at the site of a fatty streak, enhancing local mono-
cyte recruitment. The question remains, however, of what initi-
ates the entire atherogenic process. Some hints may come from
the notion that cholesterol-induced atherosclerosis in animals is
invariably accompanied by both endothelial activation and the
focal expression of VCAM-1 (42) and the focal accumulation of
LDL in the arterial intima (58). LDL or some of their biotrans-
formation products may stimulate monocyte recruitment. Indeed,
several lines of evidence suggest that the critical process that
heightens the atherogenicity of LDL is the oxidative modification
of LDL in the arterial intima, a microenvironment protected from
circulating antioxidants (59–62). Indeed, minimally oxidized
LDL or b-VLDL can heighten monocyte adhesiveness to
endothelial cells (63), and also increase endothelial production of
MCP-1 and M-CSF in vitro (64, 65). As to the exact component
of oxidized LDL able to confer such a property, Kume et al (66)
reported that a lysophospholipid associated with oxidized LDL
particles, lysophosphatidylcholine (alone or in combination with
cytokines), can stimulate the expression of some endothelial
leukocyte adhesion molecules, including VCAM-1 and ICAM-1,
in cultured endothelial cells under certain conditions. Conversely,
the protective effect of HDL on atherosclerosis may result in part
from inhibition of LDL oxidation (67–69). Other circulating
products or metabolites might act by similar mechanisms in con-
ditions associated with enhanced atherosclerotic risk independent
of the lipid status. Such factors could include the advanced gly-
cosylation end products associated with diabetes, lipoprotein(a)
(a modified LDL particle that appears to be an independent risk
factor for atherosclerosis), or homocysteine, as occurs in homo-
cysteinuria and possibly in subtler forms of congenital or
acquired enzyme defects in the homocysteine biosynthetic path-
way (cystathionine b-synthase or tetrahydrofolate reductase),
partly due to vitamin (eg, folate) deficiency. In addition to these
humoral stimuli, endothelial gene expression also responds to
hemodynamic forces (70, 71), potentially explaining the localiza-
tion of atherosclerosis at particular points of the arterial vascula-
ture. All these issues are currently under investigation.

Regulation of endothelial activation as a possible mode of
action of antiatherogenic substances

Cytokine-induced endothelial activation increases the surface
expression of endothelial leukocyte adhesion molecules and the
secretion of soluble proatherogenic products (such as MCP-1 and
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FIGURE 2. The role of vascular cell adhesion molecule (VCAM)-1
in cytokine-induced mononuclear cell adhesion in a typical experiment
performed under rotation (63 rpm), mimicking flow conditions some-
what. For these experiments, monocytoid U937 cells were grown in
RPMI medium (GIBCO BRL, Grand Island, NY) with 10% fetal calf
serum and concentrated by rotation at room temperature and 1 3 109 cells/L.
Human saphenous vein endothelial cells were grown to confluence in 6-
well tissue culture plates, after which human recombinant interleukin
(IL)-4 (Genzyme, Cambridge, MA) was added at 50 mg/L for 24 h.
Control endothelial cells do not normally support mononuclear cell
adhesion (panel A). Adhesion is dramatically increased after treatment
of endothelial cells with cytokines (in this case IL-4; panel B). The
increased mononuclear cell adhesion in these conditions is due, to a
large extent, to VCAM-1, as assessed by the inhibition obtained in the
presence of the anti-VCAM-1 antibody (Ab) E 1/6 (panel C). x– ± SEM.
In this system, a control nonrelevant antibody (HU 8/4) is completely
ineffective (not shown).
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M-CSF) many-fold. Activated endothelial cells may thus provide a
target for therapeutic interventions. In a set of investigations, we
showed that several nitric oxide donors can reduce the expression
of adhesion molecules and cytokine-inducible, secretable endothe-
lial products by cytokine-activated endothelial (72) and smooth
muscle (73) cells. This finding raises the possibility that nitric
oxide acts as an endogenous antiatherogenic agent. Subsequent
work has shown that these effects occur through induction and sta-
bilization of I-kB, the inhibitor of the transcription factor NF-kB
(74). Because NF-kB activation can control the coordinated
expression of a variety of adhesion molecules and chemoattractants
derived from endothelia or smooth muscle cells, these findings
account for a variety of long-term, cyclic guanosine 59-
monophosphate (GMP)-independent actions of nitric oxide in the
arterial wall. Sources of nitric oxide in the vasculature include both
endothelial cells (mostly by means of the constitutively expressed
isoform of the enzyme nitric-oxide synthase now called NOSIII)
and other cell types (monocyte-macrophages and smooth muscle
cells, mostly by means of the cytokine-inducible nitric oxide syn-
thase called NOSII). The notion of the regulation of endothelial
activation by nitric oxide, itself a product of the vessel wall, adds
complexity to the entire scheme of the regulation of the expression
of ligands and soluble effectors in the origin of fatty streaks. One
may speculate that in a normal endothelial cell, endothelium-
derived nitric oxide contributes to maintaining an antiatherogenic
profile. Conversely, endothelial dysfunction, primarily manifested
by an alteration of endothelium-derived vasodilation, also might
have a longer-term counterpart in allowing endothelial expression
of leukocyte adhesion molecules and chemoattractants. In more
general terms, however, the notion of a negative regulation of
endothelial activation, as shown by the effects of nitric oxide, iden-
tifies a novel, previously unknown mechanism of action for poten-
tially protective factors. Thus, one may speculate that nutritional
interventions such as dietary enrichment with L-arginine or admin-
istration of novel, long-acting nitric oxide donors may put this
novel mechanism to use to counteract the effects of proatherogenic
stimuli [such as cytokines, but also, potentially, oxidized LDL,
homocysteine, advanced glycation end products of diabetes, and
lipoprotein(a)] at the level of the arterial endothelium. By the same
token, other known protective factors (ie, estrogens) may act—
aside from and beyond influencing plasma lipids—at the level of
endothelial activation by influencing leukocyte-endothelial interac-
tions and the start of the response of vessel walls to proatherogenic
factors. This view advances our understanding of the initial phases
of atherosclerosis, linking biological observations with epidemio-
logic data and with preventive and, possibly, new therapeutic
approaches to this disease.

MODULATION OF ENDOTHELIAL-LEUKOCYTE
INTERACTIONS BY n23 FATTY ACIDS

The epidemiologic evidence of an association between dietary
n23 polyunsaturated fatty acid (PUFA) intake and protection
from cardiovascular disease (75–82) is explained, at least in part,
by the decreased incidence of atherosclerosis. Apart from numer-
ous animal studies showing decreased atherosclerosis in animals
treated with n23 PUFAs (reviewed in 83), recent evidence has
been obtained from human autopsy studies about such effects in
Alaskan natives (who consumed high amounts of fish-derived
products) and nonnatives (who consume mostly Western-type
diets). In the study of Newman et al (84), which reported a

decreased percentage of intima covered with fatty streaks and
raised lesions in Alaskan natives with high dietary intakes of
n23 PUFAs (80) compared with nonnatives, the magnitude of
difference in fatty streak development appeared to be larger in
younger age groups (84), suggesting that diet affects mainly the
early events leading to fully developed atherosclerotic lesions. A
recent study of n23 PUFA supplementation after coronary
bypass surgery indicated that such treatment significantly
reduces vein graft stenosis (85), a process that can be regarded
as an accelerated form of atherosclerosis.

We therefore hypothesized that n23 PUFAs may modulate
atherogenesis by affecting endothelial activation. We used human
adult saphenous vein endothelial cells activated by cytokines in
an in vitro model of the early steps in atherogenesis. We first
assessed the effects of various fatty acids on the surface expres-
sion of endothelial leukocyte adhesion molecules and then char-
acterized the mechanisms and functional relevance of such
effects. One n23 fatty acid, docosahexaenoic acid (DHA;
22:6n23), when added to cultured endothelial cells hours or days
before stimulation with cytokines (early enough to allow a sig-
nificant incorporation of this fatty acid in cell membrane phos-
pholipids) inhibited events connected with endothelial activation
significantly, including the expression of adhesion molecules
such as VCAM-1, E-selectin, and, to a lesser extent, ICAM-1,
after stimulation with virtually any stimulus able to elicit the
coordinated expression of such genes (86, 87). Thus, this inhibi-
tion could be shown with IL-1a, IL-1b, TNF, IL-4, and bacterial
lipopolysaccharide (Figure 3). Inhibition of adhesion molecule
expression 1) occurred in a range of DHA concentrations com-
patible with nutritional supplementation of this fatty acid to indi-
viduals consuming a normal Western diet (Figure 3A), 2)
occurred at any time after the appearance of a cytokine effect,
modifying the specific kinetics of surface expression of adhe-
sion molecules (Figures 3, B and C), and 3) was related in its
magnitude strictly to the extent of incorporation into total cell
lipids (Figure 3D). Closer analysis of this last relation is shown in
Figure 4. The extent of the inhibitory effect of VCAM-1 paralleled
the incorporation of DHA and the overall increase in incorpora-
tion of n23 PUFAs and was inversely related to the amount of
n26 fatty acids (Figure 4). Experiments assessing the incorpora-
tion of [14C]DHA into cell phospholipids showed a significant incor-
poration of DHA into the phosphatidylethanolamine pool, which is a
specific and not particularly abundant phospholipid pool likely to
be found in the inner plasma membrane. Therefore, the destina-
tion of DHA is possibly a strategic position from which to alter
intracellular signal transduction pathways (88; Figure 5). This
effect was not limited to the expression of transmembrane mole-
cules involved in leukocyte recruitment. The effect was also seen
for other cytokine-activated products, ie, the soluble proteins IL-6
and IL-8 (Figure 6) involved in either the amplification of the
inflammatory response (IL-6; 89) or specific chemoattraction for
granulocytes (IL-8; 28), and was accompanied by a functional
counterpart, ie, reduced monocyte or monocytoid cell adhesion
to cytokine-activated endothelium (Figure 7).

One way to unravel the molecular mechanism by which n23
PUFAs, and DHA in particular, inhibit endothelial activation and
VCAM-1 expression is to proceed backward from protein to
mRNA analysis and, further, to pathways controlling mRNA
accumulation. We first showed that DHA’s effects on VCAM-1
expression are accompanied by parallel reductions in VCAM-1
mRNA steady state concentrations, as assessed by Northern

FATTY ACID MODULATION OF ENDOTHELIAL ACTIVATION 217S

 by guest on June 2, 2016
ajcn.nutrition.org

D
ow

nloaded from
 

http://ajcn.nutrition.org/


analysis (86, 87). Similar results from experiments with a
remarkably similar design were reported by Weber et al (90).
These authors also showed, by using electrophoretic mobility
shift assay, an inhibition by DHA of the activation of the NF-kB
system of transcription factors (90). These results need to be
confirmed. However, potential mechanisms for fatty acid inhibi-
tion of the activation of this system of transcription factors on
cytokine stimulation can be hypothesized on the basis of com-
parative experiments that we performed to assess the fatty acid
specificity of the effects described.

CONTROL OF ENDOTHELIAL ACTIVATION AS A
GENERAL PROPERTY OF UNSATURATED FATTY ACIDS

In earlier experiments, with doses ≤10 mmol/L, DHA appeared
to be relatively selective in decreasing cytokine-stimulated
VCAM-1 expression [although a synergism with eicosapentaenoic
acid (EPA) was already apparent (Figure 8)]. To understand
whether there was anything specific for DHA in inhibiting
cytokine-induced endothelial activation, careful dose-response
studies with various fatty acids had to be performed. The avail-
ability of VCAM-1 surface enzyme immunoassays, allowing fast
processing of 96-well plates of cultured endothelial cells, allowed
us to compare the effects of various concentrations of a variety of
fatty acids differing in chain length, number, and position of unsat-
uration. Saturated fatty acids (eg, 16:0, 18:0, and 20:0), monoun-
saturated fatty acids (eg, cis-16:1n29 and cis-18:1n29), n26
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FIGURE 3. Mean (±SEM) inhibition of cytokine-induced expression
of VCAM-1 and E-selectin in human saphenous vein endothelial cells by
docosahexaenoic acid (DHA). DHA, as sodium salt, was dissolved in
medium 199 (Mascia Brunelli, Milan, Italy) containing 5% fetal calf serum
and incubated for 96 h with human adult saphenous vein endothelial cell
monolayers in 96-well plates, after which cytokines were added for a fur-
ther 24 h (panel A) or different times (panels B and C) to induce surface
expression of endothelial leukocyte adhesion molecules, assessed by cell-
surface enzyme immunoassays as described previously (86). A: Dose-
response curves of VCAM-1 expression as a function of DHA concentra-
tion after stimulation with interleukin (IL)-1a or tumor necrosis factor
(TNF)-a, both at 10 mg/L. B and C: Time course of VCAM-1 and E-
selectin expression, respectively, after the addition of IL-1a (at 10 mg/L) in
the absence or presence of DHA. OD, optical density. D: Parallelism
between the inhibition of VCAM-1 expression by DHA and the relative
abundance of DHA incorporation in cell membrane lipids, as assessed by
gas–liquid chromatographic analysis of total cell-associated lipid extracts.
Reproduced, slightly modified, from reference 86 with permission from the
American Heart Association.

FIGURE 4. Changes in fatty acid incorporation into total cellular
lipids as a function of time after incubation of human adult saphenous
vein endothelial cells with docosahexaenoic acid (DHA; 10 mmol/L) are
shown in the top panel. The time course of the inhibition of surface
VCAM-1 expression after stimulation with IL-1 under the same experi-
mental conditions is shown in the bottom panel. Note the parallel
increase in DHA and total n23 fatty acids, and the decrease in total n26
fatty acids. These changes parallel the progressive increase of VCAM-1
inhibition after IL-1 stimulation.  by guest on June 2, 2016
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PUFAs (eg, 18:3n26 and 20:4n26), and n23 PUFAs [eg, 18:4n23,
20:5 n23, 22:5n23 (docosapentaenoic acid; DPA) and DHA]
were incubated with human saphenous vein endothelial cells alone
for 24–48 h and then in the presence of IL-1 or TNF at 1–10 mg/L
for another 24 h. No fatty acids per se elicited endothelial activa-
tion as assessed by surface enzyme immunoassay or flow cytome-
try, nor did saturated fatty acids inhibit cytokine-induced expres-
sion of adhesion molecules. However, a progressive increase of
inhibitory activity was observed, for the same chain length, with
the increase in double bonds accompanying the transition from
monounsaturated fatty acids to n26, and, further, to n23 PUFAs
(Table 1; 91). Thus, the greater number of double bonds seems
critical for the greater activity of n23 compared with n26 fatty
acids in inhibiting endothelial activation.

Incidentally, these data imply that such modulatory effects of
fatty acids on endothelial activation have little or nothing to do
with the generation of eicosanoid mediators, which is another spe-
cific property of only some polyunsaturated fatty acids. Indeed,
several lines of reasoning argue to exclude a role for eicosanoids
in this phenomenon and can be summarized as follows:
1) The effect of DHA is larger than that of EPA. Because EPA is

the direct precursor of the 3-series prostaglandins and of the
5-series leukotrienes, one would expect a greater effect of
EPA than of DHA if eicosanoids had a role.

2) The effect is unaltered by indomethacin, a blocker of
cyclooxygenase (Figure 9), which virtually rules out the par-
ticipation of prostaglandins.

3) The effect is not abolished by eicosatetraenoic acid, a com-
mon blocker of all metabolism of arachidonic acid through
cyclooxygenase as well as lipoxygenases (data not shown).

4) Although to a lesser extent, the effect was also observed for
PUFAs that are not eicosanoid precursors and even in
monounsaturated fatty acids, such as oleic acid (86); in this
case, a mechanism of action of oleic acid supplementation in
the medium would be seen in a relatively selective displace-
ment and substitution of saturated fatty acids in membrane
phospholipids, as we reported preliminarily (92).

Thus, the presence of at least one double bond appears to be
crucial to these effects of modulation of endothelial-leukocyte
interactions. The greater the number of double bonds, the greater
the inhibitory effects. n23 Fatty acids are more active than n26
fatty acids in this regard because they accomodate more double
bonds with the same chain length. One would also predict that
substitution of saturated fatty acids in membrane phospholipids,
even by monounsaturated fatty acids, would render endothelial
cells less responsive to the stimulation of cytokines. These pre-
dictions have all been confirmed so far.

POSSIBLE MECHANISMS OF FATTY ACID EFFECTS ON
ENDOTHELIAL ACTIVATION

The question now remains, How do fatty acids containing more
double bonds in the membrane lipid bilayer lead to diminished
activation of the NF-kB system in response to cytokines sufficient
to reduce the subsequent start of transcription of genes encoding
for endothelial leukocyte adhesion molecules? One possible expla-
nation relates to the intracellular mediators of NF-kB activation,
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FIGURE 5. Lipid class distribution of [14C]docosahexaenoic acid
(DHA) as a function of time in human adult saphenous vein endothelial
cells. Major neutral lipids and phospholipid classes [phosphatidyl-
choline (PC), phosphatidylethanolamine (PE), and phosphatidylinositol
(PI)] were resolved by 2-dimensional thin-layer chromatography, and
quantified by counting the radioactivity after scraping the silica plate in
areas corresponding to migration of authentic phospholipid standards.
DHA accumulated preferentially in neutral lipids at the beginning, then
was redistributed into phospholipid classes, with the greatest accumula-
tion in the PE pool.

FIGURE 6. Mean (± SEM) production of interleukin (IL)-6 (upper
panel) and IL-8 (lower panel) in the absence of endothelial activation
(control), after 24-h stimulation with 10 mg IL-1a/L and after docosa-
hexaenoic acid (DHA) (10 mmol/L for 48 h) in conjunction with IL-1a

(for a further 24 h still in the presence of DHA). IL-6 and IL-8 were
measured in the supernate of endothelial cell cultures. Note the signifi-
cant decrease in the stimulated production of both IL-6 and IL-8 after
preincubation with DHA.
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namely reactive oxygen species likely formed through the activa-
tion of an NADH or NADPH oxidase after cytokine activation. The
role of hydrogen peroxide appears to be crucial to this process,
whereas its precursor, superoxide anion, appears to have lesser
effects, as shown by the almost total abrogation of cell activation of
cytokines by cell-permeable catalase (polyethylene glycol-conju-
gated catalase) and, conversely, the lack of action of polyethylene
glycol-superoxide dismutase (72). The marginal role of the super-
oxide dismutase–mediated scavenging effect of O2- could be

accounted for by the spontaneous alternative dismutation of O2-
likely to occur at acidic intracellular pH. A scavenging effect of O2-
in this system in the presence of the nitric oxide radical is likely to
account for the inhibition of NF-kB activation, possibly through
enhanced transcription or stabilization of the inhibitor I-kB (74). It
is conceivable that similar oxygen-scavenging reactions occur with
unsaturated fatty acids. These would lead on the one hand to the
initiation of fatty acid peroxidation and on the other hand the pre-
vention of O2- from generating hydrogen peroxide and by this
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FIGURE 7. Effect of docosahexaenoic acid (DHA) on adhesion of human elutriated monocytes to human adult saphenous vein endothelial cells
after stimulation with interleukin (IL)-4 or IL-1, in a typical experiment performed under rotation (63 rpm). Conditions: 1, unstimulated; 2, IL-4
(59 mg/L); 3, IL-4 in conjunction with antibody (Ab) E1/6; 4, IL-1 (10 mg/L); 5, IL-1 in conjunction with Ab E1/6; 6, IL-1 in conjunction with Ab HU8/4.
u, Control; j, DHA; HPF, high-power field; *P < 0.05. Monocyte adhesion in the presence of IL-4 was more dependent on VCAM-1 expression
(assessed by the extent of inhibition obtained in the presence of the anti-VCAM-1 antibody E1/6) than in the presence of IL-1. The lack of a response
to the control, nonrelevant antibody HU8/4 is also shown. DHA significantly inhibited monocyte adhesion induced by both IL-4 and IL-1. x– ± SEM.

FIGURE 8. Mean (± SEM) effect of eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids in combination compared with either agent alone
on interleukin-1 (IL-1)–stimulated vascular cell adhesion molecule 1 (VCAM-1) expression. The experimental design was similar to that described in
Figure 3A, with a preincubation time of 24 h before the addition of IL-1. Conditions: 1, control, unstimulated (n = 8); 2, control plus IL-1 (n = 10); 3,
EPA (10 mmol/L) plus IL-1 (n = 20); 4, DHA (10 mmol/L) plus IL-1 (n = 20); 5, EPA plus DHA (both 5 mmol/L) and IL-1 (n = 29); 6, EPA plus DHA
(both 10 mmol/L) and IL-1 (n = 30). Although EPA was ineffective at 10 mmol/L, a synergism between the 2 fatty acids was apparent when they were
used in combination. *,**Significantly different from the control plus IL-1 group, *P < 0.05, **P < 0.01 (Sheffe’s test after ANOVA).
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mechanism prevent cell activation. Alternatively, it might be that
PUFAs induce some hydrogen peroxide–degrading enzyme, eg,
glutathione peroxidase (93). These hypotheses are currently being
tested.

A BROADER PERSPECTIVE ON FATTY ACIDS AS 
MODULATORS OF CELL ACTIVATION

We can now formulate the broader concept that fatty acids may
act as modulators of cell responsiveness to cytokines. This concept
is entirely original and attractive because it can coherently explain
several previously unconnected observations, specifically, 1) the
reduced production of IL-1 and TNF by monocytes stimulated with
bacterial lipopolysaccharides (94), 2) the reduced expression of tis-
sue factor activity by monocytes (95), 3) the reduced accumulation
of platelet-derived growth factor (PDGF) mRNA in mononuclear
cells (96), and 4) the reduced in vivo adhesion of leukocytes in
hamsters (97). Our theory also allows us to predict that other
cytokine-induced products of endothelial cells, leukocytes, and
other cytokine-responsive cells (eg, fibroblasts and smooth muscle

cells) could be affected by similar mechanisms. Actually, by one of
these mechanisms, fatty acids may control eicosanoid production
by a mechanism different from and unrelated to substrate avail-
ability. The recent notion that cytokines such as IL-1 and phorbol
esters increase the capacity of endothelial cells (and possibly other
cell types) to produce prostaglandins via the induction of a recently
discovered second cyclooxygenase enzyme [prostaglandin G/H
synthase II, also termed cyclooxygenase 2 (98–100)], leads us to
hypothesize that such synthesis may also be inhibited by DHA. The
finding that DHA, but not EPA, is able to decrease endothelial sur-
face expression of adhesion molecules could also be reverified with
regard to prostaglandin G/H synthase II. If so, it might well lead to
other research directions. EPA and DHA have always been referred
together as n23 PUFAs, implying similar spectra of biological and
pharmacologic profiles. None of the available dietary supplements
with n23 PUFAs presently use the notion of a biologically impor-
tant difference in the action of these 2 compounds. Research on
ways to exploit the peculiar properties of individual fatty acids
would therefore be warranted. For a complete structure-relation
analysis of the inhibitory properties on endothelial activation of
fatty acids, see reference 101.
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