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Abstract

Dietary polyunsaturated fatty acids, such as docosahexaenoic acid, may inhibit pathological processes involving endothelial cell
activation. Herein, it was found that treatment of endothelial cells with docosahexaenoic acid dose dependently reduced neutrophil adhesion
provoked by tumor necrosis factor-a (TNF-a). In fact, pretreatment with 100 uM of docosahexaenoic acid for 24 h decreased TNF-a-induced
neutrophil adhesion by 50%. Moreover, this pretreatment with docosahexaenoic acid (100 pM, 24 h) down-regulated TNF-a-induced
endothelial cell surface expression of P-selection by 75%. Importantly, immunoneutralization of P-selectin reduced neutrophil adhesion to
TNF-a-activated endothelial cells by more than 50%, indicating a significant role of P-selectin in this model. On the other hand, CXC
chemokines, i.e. macrophage inflammatory protein-2 (MIP-2) and cytokine-induced neutrophil chemoattractant (KC), are also important
regulators of neutrophil activation and adhesion. However, pretreatment with docosahexaenoic acid had no effect on TNF-a-provoked
production of MIP-2 and KC in endothelial cells. Our study provide evidence that docosahexaenoic acid inhibits expression of P-selectin and
subsequent adhesion of neutrophils to endothelial cells in response TNF-a, which may help explain the anti-inflammatory effects exerted by

docosahexaenoic acid.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tumor necrosis factor-a (TNF-a) is a powerful regulator
of leukocyte recruitment and has been suggested to be a
potential target in several inflammatory diseases (Deventer,
1997; Ksontini et al., 1998). The extravasation process of
leukocytes is a multistep process supported by a coordinated
expression of adhesion molecules (Butcher, 1991). Initial
leukocyte rolling is considered to be principally mediated by
the selectin family of adhesion molecules (P-, E- and L-
selectin) (Carlos and Harlan, 1994). On the other hand, firm
adhesion of inflammatory cells has been shown to be
mediated by integrins on leukocytes, which bind to mem-
bers of the immunoglobulin gene superfamily, such as
intercellular adhesion molecule-1 (ICAM-1) and vascular
cell adhesion molecule-1 (VCAM-1) on endothelial cells
(Butcher, 1991; Carlos and Harlan, 1994). Moreover, acti-
vation and movement of subsets of leukocytes are regulated
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by specific families of chemokines (Zlotnik et al., 1999).
The CXC chemokines, including macrophage inflammatory
protein-2 (MIP-2) (Tekamp-Olson et al., 1990) and cyto-
kine-induced neutrophil chemoattractant (KC) (Oquendo et
al., 1989), are considered to be functional homologues of
human GRO chemokines (Anisowicz et al., 1987; Rich-
mond et al., 1988) and predominately activate neutrophils.

The composition of fatty acids in the diet influences the
risk of inflammatory diseases (Simopoulos et al., 1994).
For example, it has been reported that an increase in the
intake of omega-3 polyunsaturated fatty acids, e.g. doco-
sahexaenoic acid, may induce clinical improvement in
inflammatory bowel disease, rheumatoid arthritis and athe-
rosclerosis (Simopoulos et al., 1994) although the detailed
anti-inflammatory mechanisms remain elusive. It is inter-
esting to note that previous studies have reported that
docosahexaenoic acid counteracts TNF-a-induced expres-
sion of E-selectin, ICAM-1 and VCAM-1 and subsequent
adhesion of monocytes to activated endothelium (De
Caterina et al., 1994, 1995, 2000; Weber et al., 1995),
which may help explain the protective effect of omega-3
polyunsaturated fatty acids in cardiovascular diseases. In
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contrast to monocytes, neutrophil—endothelium interactions
and tissue recruitment are critically dependent on P-selectin
in response to TNF-a (Robinson et al., 1999; Mansson et
al., 2000). Moreover, considering that neutrophils are
important effector cells in causing tissue injury in several
inflammatory diseases, it may be hypothesized that the
protective effects of docosahexaenoic acid discussed above
may, at least in part, be related to inhibitory effects on P-
selectin and/or CXC chemokine expression and subsequent
neutrophil adhesion to TNF-a-activated endothelium.

Based on these considerations, the aim of the present
study was to examine the impact of docosahexaenoic acid
on TNF-a-induced expression of P-selectin, CXC chemo-
kines and neutrophil adhesion to endothelial cells.

2. Materials and methods
2.1. Cells

The polyoma transformed murine endothelioma cell line
eEnd.2 was cultured in Dulbecco’s minimal essential
medium supplemented with 10% fetal calf serum, L-gluta-
mine, penicillin, streptomycin and subcultured twice weekly
as described previously (Williams et al., 1989). Neutrophils
were freshly isolated from C57/Bl16 mice. The bone marrow
was flushed aseptically out of the femurs and humeri bones
with ice-cold phosphate-buffered saline (PBS) and then
neutrophils were isolated by using Ficoll-Paque ™ Research
Grade (Amersham Pharmacia Biotech, Uppsala, Sweden).
The purity of bone marrow neutrophils was higher than 70%
as assessed by Turk stain in a haematocytometer. Neutro-
phils were resuspended in culture medium until use in the
adhesion assay.

2.2. Adhesion assay

Endothelial cells were plated at a density of 2 x 10* cells
per well in 96-well plates. When confluent, the cells were
incubated with 1, 10 and 100 pM of docosahexaenoic acid
24 h prior to TNF-a challenge. The endothelial cells were
stimulated with negative control medium or recombinant
TNF-a (R&D Systems Europe, Abingdon, Oxon, UK) at a
final concentration of 100 ng/ml 4 h before incubation with
neutrophils. In separate experiments, a monoclonal antibody
directed against P-selectin (RB40.34, Pharmingen, San
Diego, CA, USA) at a final concentration of 1, 10 and
100 pg/ml was added 3.5 h after application of TNF-a (100
ng/ml) and 30 min before incubation with neutrophils in
order to define the role of P-selectin in TNF-induced
neutrophil adhesion. Next, 2 x 10* neutrophils were incu-
bated for 20 min on the confluent endothelial cells at 37 °C.
Subsequently, the wells were washed with PBS three times
in order to remove nonadherent cells. Next, 50 pl 0.05 M
phosphate buffer (pH 6.0) containing 0.5% hexadecyltrime-
thylammonium bromide was added into each well followed

by 150 pl of tetramethylbenzididne and incubated for 10
min at 25 °C. At the end, 100 pl of 0.5 M of H,SO,4 was
added in order to stop the oxidation reaction. The enzyme
activity was determined spectrophotometrically as the mye-
loperoxidase-catalyzed change in absorbance occurring in
the redox reaction of H,O,—tetramethylbenzididne (450 nm,
25 °C). A standard curve was constructed using defined
quantities of neutrophils in the same plate.

2.3. Enzyme linked immunoadsorbant assay

Culture medium from TNF-a stimulated endothelial cells
was collected and the level of immunoreactive murine MIP-
2 and KC protein in cell culture supernatant was determined
by use of a double-antibody specific Quantikine Enzyme
linked immunoadsorbant assay (ELISA) kits (R&D Systems
Europe). A standard curve was constructed using recombi-
nant murine MIP-2 and KC (R&D Systems Europe). The
minimum detectable concentration of MIP-2 and KC is less
than 2 pg/ml in this assay.

2.4. Flow cytometry

Endothelial cells (2 x 10°) were cultured in 12-well
plates with Dulbecco’s minimal essential medium, 10%
fetal calf serum in 37 °C for 24 h with or without 100
uM of docosahexaenoic acid. Then, TNF-a at the final
concentration of 100 ng/ml was added for 4-h stimulation
and subsequently the cells were isolated by trypsination.
Isolated cells were centrifugated at 300 X g for 5 min.
Pelleted cells were washed with PBS once and then mixed
with a fluorescein isothiocyanate-labeled antibody directed
against P-selectin (1 pg, RB40.34, Pharmingen) or a
fluorescein isothiocyanate-labeled control antibody (1 pg,
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Fig. 1. Neutrophil adhesion to endothelial cells stimulated with 100 ng/ml
of tumor necrosis factor-a (TNF-a) for 4 h. Nontreated cells served as
negative control (control). Endothelial cells were pretreated with docosa-
hexaenoic acid (0, 1, 10 and 100 uM) 24 h prior to TNF-a challenge. Data
represents mean + S.EMM. and asterisk indicate significant difference
(P<0.05 vs. TNF alone, n=38).
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Fig. 2. Expression of (A) macrophage inflammatory protein-2 (MIP-2) and
(B) KC. Endothelial cells were treated with 100 ng/ml of tumor necrosis
factor-a (TNF-a) for 4 h. Nontreated cells served as negative control
(control). Endothelial cells were pretreated with docosahexaenoic acid (0, 1,
10 and 100 uM) 24 h prior to TNF-a challenge. Data represents mean =+
S.EM. and n=8.

R3-34, Pharmingen) for 20 min in the dark at 4 °C.
Washed and resuspended cells were kept on ice in the dark
until analysis in a flow cytometer (Coulter Epics XL-MCL
Beckman Coulter) within 30 min.

2.5. Statistics

Statistical evaluations were performed using the Kruskal-
Wallis one way analysis of variance on ranks for unpaired
samples (Dunn’s post hoc test was used). The results are
presented as mean values = S.E.M. and n represents number
of experiments. Differences were considered to be signifi-
cant at P<0.05.

3. Results

Myeloperoxidase, a marker of neutrophils, was deter-
mined after incubating isolated neutrophils with cultured

endothelial cells. The numbers of neutrophils per well was
based on myeloperoxidase calculations from a standard
curve using defined numbers of neutrophils. In negative
control experiments, the number of neutrophils was 121 £ 9
cells per well (Fig. 1). Administration of TNF-a for 4 h
markedly increased neutrophil adhesion to 9424 + 611 cells
per well (Fig. 1, P<0.05 vs. negative control). Notably, we
found that pretreatment of endothelial cells with docosahex-
aenoic acid for 24 h dose dependently (0—100 uM) reduced
neutrophil adhesion elicited by TNF-a (Fig. 1). In fact, 100
uM of docosahexaenoic acid decreased TNF-a-induced
neutrophil adhesion by 50% (Fig. 1, P<0.05 vs. TNF-a
alone).

Specific ELISA was used to determine the levels of MIP-
2 and KC protein in the cell culture supernatant. As shown
in Fig. 2, TNF-a challenge markedly increased MIP-2 and
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Fig. 3. Flow cytometric expression of P-selectin on the surface of
endothelial cells (A) showing the percentage of endothelial cells expressing
P-selectin. Endothelial cells were treated with 100 ng/ml of tumor necrosis
factor-a (TNF-a) for 4 h. Nontreated cells served as negative control
(control). Endothelial cells were pretreated with docosahexaenoic acid (0, 1,
10 and 100 pM) 24 h prior to TNF-a challenge. In (B), the susceptibility of
TNF-a-induced P-selectin expression on endothelial cells to docosahex-
aenoic acid treatment. The effect of docosahexaenoic acid is dose-
dependent with the ICso at 20 uM. Data represents mean = S.E.M. and
asterisk indicate significant difference (P <0.05 vs. TNF alone, n=38).
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Fig. 4. Role of P-selectin in tumor necrosis factor-a (TNF-a)-induced
neutrophil adhesion. A monoclonal antibody against P-selectin (0, 1, 10 and
100 pg/ml) was added to the endothelial cells 3.5 h after stimulation with
100 ng/ml of TNF-a and 30 min prior to incubation with neutrophils.
Nontreated cells served as negative control (control). Data represents
mean + S.E.M. and asterisk indicate significant difference (P <0.05 vs.
TNF alone, n=38).

KC expression in endothelial cells (P<0.05 vs. negative
control). It was found that docosahexaenoic acid did not
affect TNF-a-induced production of MIP-2 (Fig. 2A,
P>0.05 vs. TNF-a alone) and KC (Fig. 2B, P>0.05 vs.
TNF-a alone).

Next we wanted to delineate the role of P-selectin in the
inhibitory effect of docosahexaenoic acid on TNF-a-
induced adhesion of neutrophils. We found that TNF-a
markedly increased endothelial cell surface expression of
P-selectin (Fig. 3, P<0.05 vs. negative control), which is in
line with a previous report (Weller et al., 1992). Interest-
ingly, it was observed that pretreatment with 100 uM of
docosahexaenoic acid for 24 h markedly decreased (75%
reduction) TNF-a-induced expression of P-selectin on the
surface of endothelial cells (Fig. 3A, P<0.05 vs. TNF-a
alone). As shown in Fig. 3B, the ICs, of docosahexaenoic
acid on TNF-a-induced P-selectin expression on endothelial
cells was found to be nearly 20 uM. Furthermore, we found
that an anti-P-selectin antibody dose dependently reduced
TNF-a-provoked adhesion of neutrophils (Fig. 4), demon-
strating that P-selectin indeed plays an important role in this
experimental system.

4. Discussion

Adhesion of leukocytes to activated endothelial cells
constitutes an important component in inflammatory reac-
tions and immune surveillance (Butcher, 1991; Carlos and
Harlan, 1994). There is an accumulating body of evidence in
the literature suggesting that polyunsaturated fatty acids
exerts potent anti-inflammatory effects (De Caterina et al.,
1994, 1995, 2000; Weber et al., 1995; Sperling et al., 1993).
The present study demonstrates that docosahexaenoic acid

has the capacity to inhibit TNF-a-induced adhesion of
neutrophils. Moreover, the inhibitory effect of docosahex-
aenoic acid appears to be due to a down-regulation of TNF-
a-induced expression of P-selectin, whereas TNF-a regu-
lated expression of CXC chemokines is insensitive to
docosahexaenoic acid treatment.

An accumulating body of evidence suggest that the
content of dietary fatty acids may influence a number of
important diseases, such as atherosclerosis and rheumatoid
arthritis (Simopoulos et al., 1994). In particular, it has been
reported that docosahexaenoic acid inhibits monocyte adhe-
sion and reduces endothelial cell expression of VCAM-1
and ICAM-1 (De Caterina et al., 1994, 1995, 2000; Weber
et al., 1995). Our present study extends on previous obser-
vations by demonstrating that docosahexaenoic acid also
inhibits neutrophil adhesion to activated endothelial cells. In
fact, our data shows for the first time that docosahexaenoic
acid decreases TNF-a-induced expression of P-selectin,
which is an important adhesion molecule regulating neu-
trophil extravasation into tissues in vivo (Robinson et al.,
1999; Mansson et al., 2000). Notably, we found that the
IC5q of docosahexaenoic acid on TNF-a-induced expression
of P-selectin on endothelial cells was nearly 20 pM. It is
interesting to note that a previous study on TNF-a-induced
VCAM-1 expression and monocyte adhesion on endothelial
cells reported an ICsy of docosahexaenoic acid around 10
uM (Weber et al., 1995). Considered together, it may be
suggested that the anti-inflammatory effect of docosahex-
aenoic acid on adhesion molecule expression is around 10—
20 pM. Indeed, we found that an anti-P-selectin antibody
significantly reduced TNF-a-induced adhesion of neutro-
phils, indicating the important role of P-selectin in this
experimental system. These findings suggest that docosa-
hexaenoic acid has the capacity to negatively regulate
cytokine-mediated interactions between neutrophils and
activated endothelial cells. However, inhibition of P-selectin
function did not completely block neutrophil adhesion,
suggesting that also other adhesion molecules may be
involved in this in vitro model of cell adhesion in response
to TNF-a. In fact, a previous study has reported that both E-
selectin and ICAM-1 may support TNF-a-mediated neutro-
phil adhesion to endothelial cells in vitro (Weller et al.,
1992; Ishii et al., 1992; Lo et al., 1989). Such a role of P-
selectin-independent pathways may help explain our finding
that pretreatment with docosahexaenoic acid partially
reduced neutrophil adhesion whereas P-selectin expression
was almost completely inhibited in response to TNF-«
challenge. In this context, it is important to note that our
data do not exclude that docosahexaenoic acid may neg-
atively regulate TNF-a-induced neutrophil adhesion via
mechanisms other than inhibition of P-selectin expression.

Chemokines are important regulators of leukocyte navi-
gation in tissues (Zlotnik et al., 1999). In particular, CXC
chemokines (i.e. MIP-2 and KC) control tissue recruitment of
neutrophils and we have previously shown that the function
of MIP-2 and KC is a critical component in TNF-a-provoked
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adhesion and extravasation of neutrophils (Liu et al., 2000;
Schramm et al., 2000; Zhang et al., 2001). In fact, it has been
reported that docosahexaenoic acid may reduce cytokine-
induced expression of the CXC chemokine IL-8 although the
observed decrease was small, i.e. less than 20% (De Caterina
et al., 1995). Therefore, we next wanted to determine the
potential effect of docosahexaenoic acid on the expression of
MIP-2 and KC triggered by TNF-a. Herein, we found that
docosahexaenoic acid had no effect on TNF-a-induced
expression of MIP-2 and KC, suggesting that CXC chemo-
kines do not constitute targets of docosahexaenoic acid and
do not help to explain the anti-inflammatory effect of doco-
sahexaenoic acid on TNF-a-induced adhesion of neutrophils.

Taken together, our novel data demonstrate that docosa-
hexaenoic acid has the capacity to reduce neutrophil adhesion
to cytokine-activated endothelial cells in a dose-dependent
fashion. In addition, these results suggest that the anti-
inflammatory effect of docosahexaenoic acid is related to a
reduction in TNF-a-induced expression of P-selectin on
endothelial cells, whereas induction of CXC chemokines is
insensitive to docosahexaenoic acid. Thus, our study may
help explain the observed beneficial effects of docosahex-
aenoic acid in numerous conditions characterized by patho-
logical inflammation and tissue accumulation of neutrophils.
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