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Abstract

Background Anti-inflammatory n-3 fatty acids (FA) like
docosahexaenoic acid (DHA) opposed to the pro-inflam-
matory n-6 FA arachidonic acid (AA) might modulate lipid
rafts within the cell membrane by differential incorpora-
tion. In inflammation, monocyte adhesion to endothelial
cells is a crucial step mediated by intracellular calcium
changes. We investigated whether lipid rafts mediate FA-
induced modulation of adhesion and intracellular calcium.
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Methods In isolated human monocytes and monocytic
U937 cells we measured adhesion to human umbilical vein
endothelial cells (HUVEC) using a parallel flow chamber
and a static assay, adhesion molecules by FACScan, and
intracellular calcium by fluorescence. Monocyte lipid rafts
were isolated by ultracentrifugation and submitted to gas
chromatography for FA analysis.

Results Pre-incubation with AA or DHA resulted in a
predominant incorporation of the respective FA into raft
compared to non-raft fraction. DHA as compared to AA
significantly reduced monocyte adhesion and calcium
release after stimulation with TNF-o while expression of
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adhesion molecules remained unchanged. Pre-treatment
with a calcium chelator abolished the effect of FA on
calcium and adhesion. Disruption of lipid rafts prevented
FA-induced modulations.

Conclusion Incorporation of FA into lipid rafts seem to be
crucial for modulation of adhesion under inflammatory
conditions.

Keywords Lipid rafts - Calcium - Inflammation -
Adhesion - Fatty acids

Background

Enhanced transmigration of circulating blood monocytes
across the vascular endothelium is considered to be an
important contributor to the pathogenesis of chronic and
acute inflammatory diseases. Here, atherosclerosis [1] as
well as sepsis and multi-organ failure [2] are the most
prominent examples [3]. This process of vascular inflam-
mation requires adhesion of leukocytes to and migration
through endothelium. Interaction between several adhesion
molecules were shown to be involved in the
transendothelial migration of monocytes, as well as
enhanced calcium signalling, and other pro-inflammatory
mediators like tumor-necrosis factor (TNF)-o [4-6]. It has
also been demonstrated that TNF-o mediated nuclear fac-
tor-xB activation is dependent on lipid rafts [7].

Lipid rafts are sphingolipid- and cholesterol-rich sig-
nalling platforms within the plasma membrane. These
membrane microdomains are characterized by being
detergent resistant and liquid ordered [8]. They can orga-
nize domains on the inner leaflet, coupling events between
the outer leaflet to others in the inner leaflet and the cell
cytoplasm. Membrane microdomains influence membrane
functions by concentrating signalling molecules in these
particular regions of the surface for facilitated interaction.
Otherwise, by excluding molecules from the rafts their
interaction and subsequent signalling may be prevented
[9, 10]. It has also been demonstrated in U937-monocytes
[11] and in human monocytes [12] that rafts are important
for inflammatory signal transduction [13, 14].

In the context of lipids and inflammation, eicosanoids
represent a focus of interest due to their strong pro-in-
flammatory and anti-inflammatory properties [15, 16].
Different groups reported a major influence of nutrition
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including n-3 fatty acids (FA) on morbidity and mortality
of intensive care patients as well as patients suffering from
coronary artery disease [17, 18]. The family of n-6 FA,
including arachidonic acid (AA), are the predominant
polyunsaturated fatty acids (PUFA) in common western
diet. The n-3 FA, including docosahexaenoic acid (DHA),
are the predominant fat in cold-water fish and seal meat.
N-3 vis-a-vis n-6 FA incorporation into membrane (phos-
pho)-lipid pools was suggested to influence lipid-related
intracellular signaling events [19].

Ithas been demonstrated that FA are capable of modulating
lipid raft composition and raft related signalling [20]. Due to
the ability of PUFA to inhibit palmitoylation, n-3 vs. n-6 FA
might possess different abilities to target signalling proteins
into rafts [21, 22]. Modulation of membrane composition due
to incorporation of different FA represents a means by which
PUFA could differentially influence rafts and subsequently
raft-dependent signal transduction. Reports demonstrate that
in particular anti-inflammatory capacity of n-3 FA might be in
part due to raft modulation, namely due to their potential to
alter both the composition of signalling molecules and the
lipid composition within the rafts [22, 23].

The aim of this study was firstly, to investigate whether
n-3 vs. n-6 FA differentially influence lipid raft fatty acid
composition in U937-monocytes as well as in freshly iso-
lated human blood monocytes. Secondly, we investigated
whether a differential fatty acid composition of lipid rafts
influenced intracellular calcium and monocyte adhesion to
human umbilical venous endothelial cells (HUVEC) after
TNF-o stimulation.

Methods
Materials

Chemicals of highest purity were obtained from Merck
(Darmstadt, Gernany). AA and DHA were obtained from
Sigma Chemical (Deisenhofen, Germany). Tissue culture
plastic supplies were purchased from Becton—Dickinson
(Heidelberg, Germany). Cell culture reagents, buffer, and
media were from PAN (Aidenbach, Germany). Lyn and
Fyn antibody for Western Blots were obtained from BD
Biosciences (Pharmingen, Germany). Secondary antibodies
were purchased from Santa Cruz (Heidelberg, Germany).
Blot analysis was performed with BioDoc II Biometra
(Gottingen, Germany) with Scan Pack 3.0 software.

Experimental protocol
U937-monocytes were cultured, human blood monocytes

were isolated and HUVEC were grown to confluence.
Then, the culture medium was exchanged, and free fatty
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acids (AA and DHA) dissolved in ethanol (final vol-
ume <1 %, vol/vol), or vehicle were admixed to the
culture medium at a final concentration of 10 umol/l in all
experiments with U937 and fresh monocytes. The con-
centration was derived from our previous experiments and
due to the fact that this concentration of free AA and DHA
is similar to that detected in human plasma [24-26].
Controls were sham incubated with solvent only.

TNF-o was added after FA pre-incubation to U937 and
to fresh monocytes in all experiments at a concentration of
1 ng/ml. In static adhesion experiments with U937, addi-
tionally a second concentration of 10 ng/ml was applied. In
dynamic flow adhesion investigations using freshly isolated
monocytes, HUVEC were incubated with 10 ng/ml TNF-o
for 20 h prior to the beginning of the experiments.

FA pre-incubation times were 24 h in all experiments
with U937, and 2 h in all experiments with freshly isolated
monocytes. Due to the nature of the tumor cell line, pre-
incubation and stimulation time as well as the kind of
adhesion assay varied between U937 and freshly isolated
human blood monocytes.

After FA pre-incubation, TNF-a stimulation followed
for 4 h in experiments with U937 and for 2 h in experi-
ments with freshly isolated monocytes. Only in
experiments for calcium measurements in U937, TNF-a
stimulation time was 1 h.

In experiments with calcium-chelator [10 pmol/l 1,2-
bis(o-aminophenoxy)ethane-N,N,N',N -tetraacetic acid tetra
acetoxymethyl-ester(BAPTA); (Calbiochem; Bad Soden,
Germany)] a co-incubation with BAPTA and FA was per-
formed. In experiments with disruption of lipid rafts, methyl-
B-cyclodextrin (MCD, Sigma, Dreisenhofen, Germany) was
used at a concentration of 10 mmol/l for 10 min at 37 °C
after FA incubation and prior to TNF-a stimulation.

Cell culture

Endothelial cells were obtained from human umbilical
veins according to the method described by Jaffe et al. [27].
Cells of the passages 1-4 were used in all experiments.
The monocyte tumor cell line U937 was cultured in
RPMI culture medium with supplementation of 5 % fetal
calf serum (FCS), and 1 % penicillin/streptomycin (both
PAA, Linz, Austria). Cells were splitted 1-4 every 48 h.

Fluorescence imaging: calcium measurement using
a microplate reader

Intracellular Ca>* concentrations ([Ca”]i) were determined
using the fluorescent Ca®" indicator Fluo-3-AM (Molecular
Probes, Leiden, Netherlands). Monocytes were labelled with
5 pumol/l Fluo-3-AM. After an incubation period of 90 min,
extracellular Fluo-3-AM was removed and the medium was

exchanged using PBS buffer. Changes of [Ca*"]; in monocytes

were analysed by a “GENios Plus multi-detection microplate
reader with enhanced fluorescence” (Tecan Inc., Research
Triangle Park, NC) after 1 h stimulation with 1 ng/ml TNF-a.
The excitation wavelength was set at 485 nm and emitted light
was detected at 535 nm. Fluorescence background determi-
nation and calibration were performed according to methods
described by Fowler [28] and Baskin [29].

Static adhesion assay

The static interaction assay between monocytes and
endothelial cells has been described previously [30].
Briefly, after FA pre-incubation, U937-monocytes were
labelled with 3 pg/ml 2,-7-bis2carboxyethyl5and6carbox
fluorescein, acetoxymethylester (BCECF-AM) (Molecular
Probes, Leiden, Netherlands) at 37 °C for 30 min, washed,
and resuspended in medium. 250 000 BCECF-AM-loaded
U937-monocytes per well were co-incubated with conflu-
ent HUVEC for 4 h in a 24-well plate after stimulation
with 1 or 10 ng/ml TNF-o. After aspiration of the medium,
three washing steps with PBS followed to remove non-
adherent cells. Adherent cells were lysed using 1 mol/l
NaOH for 45 min. Fluorescence was measured by multi-
detection microplate reader including fluorescence back-
ground determination and calibration as detailed above. All
measurements were corrected by subtraction of the fluo-
rescence of non-treated cells as background.

Isolation of human blood monocytes

Human monocytes were isolated from platelet pheresis
residues by Ficoll-Hypaque density gradient centrifugation,
followed by counterflow centrifugation elutriation using a
Beckman JE-5.0 rotor as described [31]. Monocyte purity
(88-98 %) was confirmed by light scatter [fluorescence-
activated cell sorter (FACS) scan; Becton—Dickinson]. Cell
viability was above 96 % throughout the study measured
by trypan blue test.

Flow-chamber adhesion assay

Adhesion of freshly isolated human blood monocytes to
HUVEC was determined as described previously [26] using a
parallel plate flow chamber according to Lawrence and
Springer [32]. Confluent endothelial monolayers were pre-
incubated with fatty acids and TNF-a according to the
experimental protocol. HUVEC were pre-incubated with
10 ng/ml TNE-o. for 20 h [26]. A suspension of 2 x 10°
monocytes was perfused through the chamber at a constant
wall shear stress of 1.0 dyn/cm? (syringe pump sp100i, WPI;
Sarasota, FL). Interactions were visualized using a phase
contrast video microscope (IMT-2, Olympus Optical,
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Hamburg, Germany, with a KP-C551 CCD camera, Hitachi,
Rodgau, Germany) and videotaped (JVC HR-S7000, JVC;
Friedberg, Germany) over the entire time period of monocyte
perfusion. Rolling in the parallel plate flow chamber was
measured in one high-power field for each experiment.
“Rolling” was expressed as the number of rolling cells per
high power field (20 x objective) during a 10-min observation
period. Monocytes were considered to be adherent after 30 s
of stable contact with the monolayer. Adhesion was deter-
mined after 10 min of perfusion by analysis of five random
high magnification fields (20x) from videotape. Results are
expressed as adherent cells per high magnification field.

FACScan immunofluorescence analysis of adhesion
molecules

U937-monocytes and freshly isolated human monocytes
were subjected to immunofluorescence staining by incu-
bation of samples with appropriately diluted PE-labeled
anti-CD11b (Mac-2)mAb or anti-CD18 mAb or anti-
CD49d mAb (very late antigen (VLA)-4) mAb (R&D
Systems, Wiesbaden, Germany) for 30 min at ambient
temperature followed by flow cytometric analysis using a
FACScan flow cytometer (BD Biosciences, San Jose, CA,
USA). Data analysis was performed using the CellQuest
software package (BD Biosciences).

Detergent-resistant membrane (lipid raft)
partitioning

Lipid raft isolation was performed by a modified method
according to Waheed and Jones [33]. Briefly, cell pellets
from U937-monocytes and from freshly isolated human
monocytes were resuspended and incubated for 20 min at
4 °Cinice cold buffer containing 0.5 % Triton X-100 to give
adetergent to protein ratio of 5:1. The samples were adjusted
to 35 % (v/v) OptiPrep (Sigma; Dreisenhofen, Germany)
and the lipid raft fraction separated by centrifugation on a
5/30/35 % OptiPrep sucrose-gradient. After ultra-centrifu-
gation, nine fractions were collected. Determination of two
raft-marker (Scr-family protein tyrosine kinases Lyn and
Fyn) by Western Blot was performed demonstrating detec-
tion of Lyn and Fyn within fraction one and two. Thereby we
defined fractions one and two as raft fractions and fractions
three to nine as non-raft fractions.

Membrane fatty acid analysis

Membrane fatty acid analysis of U937-monocytes and
freshly isolated human monocytes of pooled raft fractions
one and two and the pooled non-raft fractions three to nine
was done by gas chromatography as described [34] after
lipid extraction according to Bligh and Dyer [35].

@ Springer

Fig. 1 Impact of AA and DHA-incubation on U937-monocyte and p»
freshly isolated human blood monocyte membrane FA composition:
analysis of raft and non-raft fraction. Membrane fatty acid analysis of
U937- and freshly isolated human blood monocytes raft fraction and
non-raft fraction was performed after lipid raft separation. A western
blot depicting monocyte raft marker Lyn (a) and Fyn (b) in the first
two of nine fractions is shown. Fractions one and two were analysed
as raft fraction; fractions three to nine as non-raft fraction. In U937-
monocytes, arachidonic acid (AA) pre-incubation and TNF-o stim-
ulation resulted in a non-significant rise of AA in non-raft fraction
(c) whereas a highly significant rise was noted in raft fraction (d,
p < 0.001). In U937-monocytes, docosahexaenoic acid (DHA) pre-
incubation and TNF-o stimulation induced a highly significant rise in
both non-raft (e) and raft (f) fraction (p < 0.001) though with a
marked enhanced incorporation into raft fraction. In freshly isolated
human blood monocytes, AA pre-incubation and TNF-o stimulation
resulted in a significant rise of AA in non-raft fraction (g) though in
raft fraction a significant rise of AA compared to TNF-o and
compared to DHA was detected which was more pronounced (h,
p < 0.05). In freshly isolated human blood monocytes, DHA pre-
incubation and TNF-a stimulation induced a highly significant rise in
both non-raft (i) and raft (j) fraction (p < 0.001) though with a
marked enhanced incorporation into raft fraction. Two-way analysis
of variance revealed no significant impact of TNF-o on the
incorporation of AA into raft or non-raft fractions as compared to
control conditions. While DHA incorporation into the non-raft
fraction was not influenced by TNF-o, DHA was significantly
increased under inflammatory conditions in the raft fraction (j; §,
p < 0.05). Data are given as mean = SEM

Statistics

Data are given as mean £ SEM. One-way analysis of
variance and Student-Newman—Keuls post hoc test was
performed to test for differences between different exper-
imental groups in experiments with U937-monocytes.
Since freshly isolated human monocytes also underwent
experiments where fatty acids were examined without
TNF-o, two-way analysis of variance and Student—New-
man—Keuls post hoc test was performed to test for
differences between different experimental groups. Data
generated from rolling experiments after treatment with
MCD were not distributed normally. Therefore, log-trans-
formation was applied. Probability (p) values <0.05 were
considered to indicate statistical significance. Analysis was
carried out using SigmaStat® version 3.5.

Results

Fatty acid composition of raft and non-raft
membranes of U937-monocytes

U937-monocytes were pre-incubated with FA and stimu-
lated with 1 ng/ml TNF-a followed by separation of raft
and non-raft membrane fractions as described in the
method section. A western blot of the monocyte raft
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marker Lyn and Fyn is depicted. Lyn and Fyn are situated
in the first and second lane (raft fraction). Both proteins
cannot be detected in the non-raft fractions and but in the
“pellet” fractions to demonstrate a proper separation of raft
and non-raft parts of the membrane (Fig. la, b). Subse-
quently, raft and non-raft fractions were submitted to FA
analysis as described.

Incubation with AA and TNF-a resulted in a 1.4-fold but
not significant increase of AA in total fatty acids (TFA) of
the non-raft membrane fraction to 13.11 £ 2.78 % com-
pared to sole TNF-o stimulation with 9.12 £ 2.74 %
(n = 3-5; Fig. 1c). In contrast, incubation with AA and
TNF-a induced a highly significant 2.1-fold rise in AA in
raft TFA to 7.15 £ 0.64 % compared to stimulation with
TNF-a (3.39 £ 0.33 %, p < 0.001; n = 4-7; Fig. 1d). In
line with these findings, stimulation with DHA and TNF-a
lead to a 3.0-fold rise in DHA to 8.34 + 0.41 % compared
to TNF-a stimulated cells with 2.75 & 0.04 % of TFA in
the non-raft membrane fraction (p < 0.001; n = 3-7;
Fig. le). Though in raft membrane fraction, incubation
with DHA and TNF-a enhanced DHA of TFA even
stronger (6.8-fold) to 7.14 &+ 0.72 % compared to TNF-a
with 1.05 £ 0.18 % (p < 0.001; n = 3-7; Fig. 1f).

Fatty acid composition of raft and non-raft
membranes of freshly isolated human blood
monocytes

Freshly isolated human blood monocytes were pre-incu-
bated with FA and stimulated with 1 ng/ml TNF-o
followed by separation of rafts and non-raft membrane and
subsequently submitted to FA analysis as described.

Incubation of AA without TNF-a lead to a significant
rise of AA in total fatty acids (TFA) to 15.51 &+ 1.023 %
compared to control and DHA in the non-raft fraction
(p <0.05, Fig. 1g; n = 3-7). Incubation with AA and
TNF-o resulted also in a 1.4-fold increase of AA in TFA of
the non-raft membrane fraction to 15.16 £ 1.03 % com-
pared to sole TNF-o stimulation with 10.78 £ 1.03 %
(» < 0.05; Fig. 1g; n = 3-7).

In raft-fraction, incubation of AA without TNF-a lead to
a not significant rise of AA in TFA to 4.77 + 0.75 %
compared to control with 2.72 4+ 0.58 %. Notably, incu-
bation with AA and TNF-a induced a significant 1.9-fold
rise in AA in raft TFA to 5.66 £ 0.75 % compared to
control cells stimulated with TNF-o (3.00 & 0.58 %,
p < 0.05; Fig. 1h; n = 3-6).

In line with these findings, in non-raft fraction, incuba-
tion of DHA without TNF-o lead to a highly significant rise
of DHA in TFA to 5.82 £ 0.40 % compared to control
with 1.66 £ 0.40 % (p < 0.001).

Pre-incubation with DHA and subsequent stimulation by
TNF-o lead to a 4.5-fold rise in DHA to 6.44 £ 0.40 %

@ Springer

compared to TNF-a stimulated cells with 1.42 £+ 0.40 % of
TFA in the non-raft membrane fraction (p < 0.001; Fig. 1i;
n = 3).

Though in raft membrane fraction, incubation of DHA
without TNF-a lead to a significant rise of DHA in TFA to
2.30 £ 0.34 % compared to control with 0.51 + 0.29 %
(p < 0.05).

Incubation with DHA + TNF-a enhanced DHA of TFA
5.7-fold to 5.64 & 0.34 % compared to TNF-a with
0.99 + 0.29 % (p < 0.001; Fig. 1j; n = 3-4).

Two-way analysis of variance revealed no significant
impact of TNF-o on the incorporation of AA into raft or non-
raft fractions as compared to control conditions. While DHA
incorporation into the non-raft fraction was not influenced by
TNF-o, DHA was significantly increased under inflamma-
tory conditions in the raft fraction (p < 0.05; Fig. 1j).

Impact of fatty acids on static adhesion of U937-
monocytes after TNF-a stimulation

Adhesion of unstimulated U937-monocytes to HUVEC
was determined as 492.73 4+ 40.46 fluorescence units (FU)
which was highly significantly different from all TNF-a
treated groups (p < 0.001, Fig. 2a). Stimulation of U937-
monocytes with 10 ng/ml TNF-a for 4 h increased adhe-
sion to HUVEC (3335.77 & 111.84 FU). Pre-incubation
with AA + TNF-a resulted in a comparable adhesion
(3212.02 + 288.73 FU). However, DHA + TNF-o pre-
treatment induced a significant reduction of fluorescence
(2900.48 + 142.65 FU) compared to AA + TNF-o and
compared to TNF-a (p < 0.05, n = 7-11; Fig. 2a).

Stimulation of U937-cells with 1 ng/ml TNF-o for 4 h
increased subsequent adhesion to endothelial cells. Fluo-
rescence increased from 168.30 4= 4.94 FU (control) to
183.564 £ 2.14 FU. Pre-incubation of monocytes with
DHA + TNF-ao resulted in a slightly reduced adhesion
(181.24 £+ 3.00 FU) compared to TNF-o. In contrast,
incubation of U937-monocytes with AA 4 TNF-a induced
a highly significant difference in adhesion compared to
DHA and compared to TNF-a [(274.16 &+ 6.61 FU);
(p < 0.001, n = 4-5; Fig. 2b)]. Since we aimed at inves-
tigating the FA-induced modulation, we continued our
experiments using the lower TNF-a dose (1 ng/ml) that
allowed a highly significant difference in adhesion between
FA groups and did not provoke a ceiling effect as observed
with 10 ng/ml TNF-a.

Impact of fatty acids on dynamic flow-chamber
adhesion of freshly isolated human monocytes
after TNF-a stimulation

Adhesion of unstimulated freshly isolated human mono-
cytes under flow conditions to HUVEC was determined as
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Fig. 2 Effect of FA pre-incubation on U937- and on human
monocytes adhesion and rolling. U937-monocytes were pre-incubated
with arachidonic acid (AA), docosahexaenoic acid (DHA), or vehicle
followed by stimulation with TNF-o. Adhesion of U937 to HUVEC
was measured using a fluorescence-based static assay. After stimu-
lation with 10 ng/ml TNF-o adhesion was significantly different
between the FA groups (a, p < 0.05). After stimulation with 1 ng/ml
TNF-o. FA induced a highly significant modulation of adhesion (b,
p < 0.001). Freshly isolated human monocytes were pre-incubated
with arachidonic acid (AA), docosahexaenoic acid (DHA), or vehicle

22 £ 3 adherent cells per high magnification field, and
increased upon pre-incubation of freshly isolated human
monocytes with 10 pM of AA to 40 £ 3 adherent cells and
with DHA to 37 £ 3 adherent cells per high magnification
field. AA and DHA differed highly significantly from
unstimulated control. Stimulation of freshly isolated human
monocytes with TNF-a increased adhesion to HUVEC
highly significantly to 41 £ 3 adherent cells per high
magnification field compared to unstimulated control. Pre-
incubation with AA + TNF-o augmented adhesion to
43 + 3 adherent cells per high magnification field.
DHA + TNF-a pre-treatment induced a highly significant
reduction to 27 + 3 adherent cells per high magnification
field compared to TNF-o and a significant reduction
compared to TNF-a + AA as well as to DHA without
TNF-a (p < 0.001 and p < 0.05; n = 6-10; Fig. 2c).

followed by stimulation with 1 ng/ml TNF-a. Rolling and adhesion to
HUVEC under laminar flow conditions was measured using a parallel
plate flow chamber. Pre-incubation with DHA induced a highly
significant reduction compared to TNF-o and a significant down-
regulation compared to AA-pre-incubation and TNF-a stimulation (¢,
p <0.001 and p < 0.05, respectively). DHA induced significantly
less rolling after stimulation with 1 ng/ml TNF-o than AA and highly
significantly less rolling than sole TNF-o stimulation (d, p < 0.05 and
p < 0.001, respectively). Data are given as mean + SEM

Impact of fatty acids on dynamic flow-chamber
rolling of freshly isolated human monocytes
after TNF-a stimulation

Rolling of unstimulated freshly isolated human monocytes
under flow conditions to HUVEC was determined as
10 £ 1 rolling cells in 10 min, and increased upon pre-
incubation of freshly isolated human monocytes with
10 uM of AA to 12 % 2 rolling cells per high magnifica-
tion field and with DHA to 11 £ 2 rolling cells per high
magnification field. Stimulation of freshly isolated human
monocytes with TNF-a increased rolling to HUVEC highly
significantly to 18 & 2 rolling cells per high magnification
field compared to unstimulated control. Pre-incubation
with AA + TNF-a resulted in rolling of 16 & 2 cells per
high magnification field. DHA + TNF-o pre-treatment
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induced a highly significant reduction to 9 & 2 rolling cells
per high magnification field compared to TNF-o and a
significant reduction to TNF-o + AA (p < 0.001 and
p < 0.05, n = 5-9; Fig. 2d).

Analysis of surface expression of adhesion molecules
on U937-monocytes

Immunofluorescence analysis of CD11b (Mac-2), CD18, or
CD49d (very late antigen (VLA)-4) on U937-monocytes by
FACScan under the above mentioned conditions did not
show a significant modulation between any groups (data
not shown).

Analysis of surface expression of adhesion molecules
on freshly isolated human monocytes

Immunofluorescence analysis of CD11b (Mac-2), CD18, or
CD49d (very late antigen (VLA)-4) on freshly isolated
human monocytes by FACScan under the above mentioned
conditions did not show a significant modulation between
any groups (data not shown).

Effect of the calcium-chelator BAPTA on FA-
modulation of U937- and freshly isolated human
monocyte adhesion to HUVEC after TNF-a
exposure

Co-incubation of U937- and human monocytes with
10 pmol/1 BAPTA and AA or DHA subsequent stimulation
with 1 ng/ml TNF-a induced a similar increase in adhesion
as TNF-o when compared to unstimulated cells (negative
control) and were no longer able to differentially modulate
adhesion. AA or DHA incubation of HUVEC without
TNF-o-stimulation did not differ from negative control
(data not shown).

Differential impact of FA on intracellular calcium
in U937-monocytes after TNF-a stimulation

Stimulation of U937-monocytes with 1 ng/ml TNF-a
induced an increase to 191.80 4 8.25 % of intracellular
calcium measured after 1 h with Fluo-3-AM-fluorescence
with unstimulated U937-cells (negative control) set as
100 %. Pre-incubation of U937 with 10 pM DHA for 24 h
and subsequent stimulation with TNF-o induced a signifi-
cant reduction in calcium release to 153.97 & 10.16 %
compared to TNF-o and TNF-o + AA  with
191.80 £ 8.25 % and 190.33 £ 7.34 %, respectively
(p < 0.05; n = 7-8; Fig. 3a). Co-stimulation with FA and
calcium-chelator BAPTA did not result in any significant
modulation of intracellular calcium after TNF-o stimula-
tion (data not shown).
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Fig. 3 Intracellular calcium is modulated by U937- and freshly
isolated human monocyte pre-incubation with FA. U937-monocytes
were pre-incubated arachidonic acid (AA), docosahexaenoic acid
(DHA), or vehicle followed by stimulation with 1 ng/ml TNF-a.
Intracellular calcium was measured using a fluorescence-based assay.
DHA induced a significant reduction of intracellular calcium com-
pared to AA and compared to TNF-a alone (a, p < 0.05). Using the
same assay to measure intracellular calcium but examining freshly
isolated human monocytes, pre-incubation with DHA and stimulation
with 1 ng/ml TNF-a resulted in a highly significant reduced value of
intracellular calcium compared to AA-pre-incubation with TNF-o
stimulation and sole TNF-o stimulation (b, p < 0.001). Data are
given as mean = SEM

Differential impact of FA on intracellular calcium
in freshly isolated human monocytes after TNF-o
stimulation

Stimulation of freshly isolated human monocytes with 1 ng
TNF-o induced a highly significant increase to 4270 + 297
Fluorescence Units(FU) of intracellular calcium measured
with Fluo-3-AM-fluorescence compared to unstimulated
human monocytes with 2643 + 364 FU. FA incubation
without TNF-a resulted in equal levels of intracellular
calcium as negative control with AA inducing 2966 £ 269
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Fig. 4 Disruption of U937- and
freshly isolated human
monocyte lipid rafts by MCD
abolishes FA-induced
modulation of adhesion,
intracellular calcium and human
monocyte rolling. Treatment of
U937-monocytes with MCD
prior to TNF-o stimulation
abolished FA-induced effect on
adhesion (a) and intracellular
calcium (b). Treatment of
freshly isolated human
monocytes with MCD prior to
TNF-a stimulation prevented a
significant modulation of
adhesion under flow conditions
(¢), intracellular calcium (d) and
of rolling under flow conditions
(e) by fatty acids. Data are given
as mean = SEM
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FU and DHA inducing 2777 £ 269 FU. Pre-incubation of
human monocytes with 10 uM DHA and subsequent
stimulation with TNF-oo induced a highly significant
reduction in calcium release to 2349 £ 269 FU compared
to TNF-a and TNF-a + AA with 4270 £ 297 FU and
3690 + 269 FU, respectively (p <0.001; n = 6-11;
Fig. 3b). Co-stimulation with FA and calcium-chelator
BAPTA did not result in any significant modulation of
intracellular calcium after TNF-o stimulation (data not
shown).

Effect of raft disruption by MCD on FA-induced
modulation of U937-monocyte adhesion
and intracellular calcium after TNF-a stimulation

Adding 10 mmol/l MCD for 30 min prior to stimulation with
1 ng/ml TNF-a of U937-monocytes for cholesterol depletion
and thus lipid raft disruption resulted in a reduced adhesion of
U937-cells to HUVEC. With adhesion of MCD-treated but
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unstimulated monocytes set as 100 %, TNF-o increased
adhesion to 151.51 £ 1.57 %. Under these conditions, AA
(154.41 4+ 1.16 %) and DHA (156.43 £ 1.31 %) failed to
modulate adhesion (n = 5-7; Fig. 4a).

After MCD-treatment, addition of TNF-a induced an
increase to 116.27 £ 3.33 % of intracellular calcium
measured with Fluo-3-AM-fluorescence with unstimulated
monocytes set as 100 %. Under conditions of raft-disrup-
tion, pre-incubation with DHA (113.87 £+ 1.00 %) or AA
(112.21 £ 1.44 %) did not modulate TNF-a-induced cal-
cium release (n = 4-7; Fig. 4b).

Effect of raft disruption by MCD on FA-induced
modulation of freshly isolated human monocyte
adhesion under flow conditions and intracellular
calcium after TNF-a stimulation

Adding MCD prior to stimulation with TNF-o of freshly
isolated human monocytes for cholesterol depletion and thus

@ Springer



890

M. B. Schaefer et al.

lipid raft disruption resulted in a reduced adhesion under flow
conditions of human monocytes to HUVEC with
14.25 £ 1.66 cells compared to 22.90 £ 1.39 cells without
MCD. Applying MCD, control without TNF-a treatment was
at 10.50 & 1.66 adherent cells with MCD. After MCD-
treatment without TNF-o,, AA and DHA induced 8.57 £+ 1.26
cellsand 8.2 4 1.49 cells to adhere, respectively. After MCD
treatment, TNF-a stimulation induced a significant difference
to control (p < 0.05, n = 4-7; Fig. 4c).

After MCD-treatment, intracellular calcium control was
elevated to 1595 + 136 FU(fluorescence units). MCD-treat-
ment increased TNF-o stimulated calcium to 1797 + 122 FU.
Without addition of TNF-o, MCD induced an increase of
intracellular calcium measured with Fluo-3-AM-fluorescence
after AA- and DHA-treatment to 1899 £ 157 FU and to
1876 £ 157 FU, respectively. Notably, MCD-treatment plus
TNF-a stimulation resulted in no significant differences in
calcium between AA pretreated cells with 2034 + 122 FU,
DHA pretreated cells with 1588 £ 136 FU and TNF-o with
1797 £ 122 FU. Under conditions of raft-disruption, pre-in-
cubation with DHA or AA did not modulate TNF-a-induced
calcium release (n = 3-5; Fig. 4d).

Effect of raft disruption by MCD on fatty acids
induced modulation of dynamic flow-chamber
rolling of freshly isolated human monocytes
after TNF-a stimulation

Rolling of unstimulated freshly isolated human monocytes
after MCD-treatment under flow conditions to HUVEC was
determined as 1.33 &+ 0.62 rolling cells in 10 min, and
increased upon pre-incubation of freshly isolated human
monocytes with 10 uM of AA to 1.67 % 0.62 rolling cells
per high magnification field and with DHA to 1.40 + 0.59
rolling cells per high magnification field. Control cells
without MCD-treatment showed a rolling of 2.86 & 0.71
cells which increased after TNF-o-treatment to 8.78 £ 0.62
rolling cells. Stimulation of freshly isolated MCD-treated
human monocytes with TNF-a increased rolling to HUVEC
to 3.88 + 0.66 rolling cells per high magnification field
compared to unstimulated control. Pre-incubation with
MCD + DHA + TNF-a pre-treatment induced
243 £ 0.71 rolling cells per high magnification field.
MCD + AA + TNF-a resulted in a rolling of 3.83 + 0.54
cells per high magnification field. Within the MCD-treated
cells, rolling did not differ significantly (n = 7-11; Fig. 4e).

Discussion
The present study elucidates pathways influenced by n-3

(DHA) and n-6 (AA) FA in vascular inflammation. We
could demonstrate that AA and DHA effectively modulate
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U937- and human monocyte lipid raft composition. As
judged by FA analysis of raft and non-raft membrane
fraction incorporation of DHA and AA was more pro-
nounced in lipid rafts than in non-raft membrane fraction.
Adhesion of U937- and freshly isolated human monocytes
to HUVEC as well as human monocyte rolling was mod-
ulated differentially by n-3 and n-6 FA: AA pre-incubation
of U937-monocytes induced a highly significant difference
in adhesion compared to DHA after stimulation with 1 ng/
ml TNF-a. Using 10 ng/ml TNF-a, AA did not further
increase adhesion and DHA lead only to a small reduction.
To prevent this “ceiling”-effect and since we aimed at
investigating FA-induced modulation, we continued our
experiments using 1 ng/ml TNF-o where a greater differ-
ence between FA could be observed. Analysis of adhesion
molecules CD11b, CD18, and CD49d of U937- and human
monocytes did not reveal any modulation in quantitative
expression thus ruling out an impact of AA or DHA on
expression of adhesion molecules under our conditions.

Next, our study proved calcium to play a role in FA-
induced change in adhesion since differential modulation
was abolished by pre-treatment with the calcium-chelator
BAPTA. In addition, we found that disruption of U937-
and freshly isolated human monocyte-lipid rafts by MCD
also abolished the modulation of intracellular calcium and
monocyte-endothelial adhesion as well as differential
influence on human monocyte rolling by FA. We conclude
that modulation of monocyte-endothelial adhesion and
intracellular calcium by n-3 and n-6 FA is at least in part
dependent on lipid rafts and their modulation of FA
composition.

We could show that the approved method of lipid raft
isolation using Triton X-100 and a sucrose-gradient was
efficient using U937- and human monocytes [33]. After
ultra-centrifugation, nine fractions were collected and raft-
marker detection (Lyn and Fyn) by Western Blot was
performed demonstrating fraction one and two as raft-
fraction and fraction three to nine as non-raft fraction.

Polyunsaturated FA as AA and DHA are readily incor-
porated into lipid rafts, a feature not described for
monocytes up to now. Incorporation of AA and DHA in
U937- and human monocytes was higher in raft fraction
than in non-raft fraction compared to TNF-a control with
DHA being even more readily incorporated. This contrasts
current ideas, because rafts are characterised by containing
mostly saturated FA [8]. An explanation might be that
T-cells lipid rafts are different in their ability to incorporate
polyunsaturated FA as compared to monocyte lipid rafts.
Another explanation would be that increased availability of
free FA as used in our study—contrasting the esterified FA
used in most other studies—targets polyunsaturated FA
preferentially to naturally PUFA-deprived lipid rafts. Par-
ticular attention should be paid to the inflammatory setting
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in which incorporation of FA into membranes is different
than under resting conditions [36]. The fact that TNF-a
significantly increases the content of DHA in the raft
fractions of the membrane is an interesting finding. One
might speculate that this preferred allocation into the sig-
nalling platform might be a part of the altered
inflammatory behaviour of monocytes after exposure to n-3
fatty acids. Furthermore, studying the effect of n-3 FA on
lipid rafts in a biophysical model might also lead to dif-
ferent results than studying living cells. Though, reports
also demonstrate a modulation of lipid rafts in different
cells by n-3 FA some of them owing attention to the fact
that n-3 FA incorporation could inhibit lipid raft signalling
by altering its size or by simply disturbing its order
[37-41].

We found that there is a differential influence of FA on
adhesion and rolling with DHA exerting a reduction also
compared to TNF-a except for the static U937 adhesion
assay which might be due to the lack of flow conditions and
the nature of the tumor cell line. The finding that monocyte
adhesion and rolling to endothelial cells is modulated by
n-3 and n-6 FA is well in line with previous reports from
our group and others [25, 42, 43]. However, in this study
we did not pre-incubate endothelial cells [25] but mono-
cytes with FA. The finding that AA and DHA had no
impact on expression of adhesion molecules in U937- and
human monocytes contrasts the finding of other investi-
gators in isolated monocytes [44] and endothelial cells
[42]. However, different experimental conditions may fully
compensate for the failure as we incubated monocytes
in vitro (contrasting ingestion of fish oil by volunteers), and
used low physiologic concentrations of free fatty acids as
opposed to e.g., supraphysiologic concentrations of
triglycerides. However, the finding is in line with previous
reports of our group and others that did not show an impact
of fatty acids on expression of adhesion molecules in
endothelial cells or isolated monocytes derived after infu-
sion of fish oil in volunteers [25, 31, 45]. Despite failure to
detect an overall change in adhesion molecules recruitment
of integrins into lipid rafts may be differentially modulated
by fatty acids due to their effect on lipid composition of
rafts. FA might alter adhesion via lipid rafts by exclusion
or inclusion of signalling proteins into lipid rafts or chan-
ges of avidity or affinity of receptors which we did not
investigate [46—48]. In inflammatory activated cells, also
the high turnover of the membranes might play a signifi-
cant role in modulation of signal transduction by FA [49].
There is evidence that the PAF-PAF-receptor system as
well as the PI3-kinase system is affected by fatty acids in
the process of adhesion [25, 43]. These receptor systems
might also be affected in their affinity to lipid rafts by FA.
Monocytes were already shown to be influenced by FA as
judged by presentation of antigens in addition to adhesion

in vitro as well as in vivo [31, 50]. Modulation of the
inflammatory activated cell correlates with the situation of
the intensive care patient suffering from an acute inflam-
matory disease requiring parenteral nutrition. Since
parenteral nutrition consists of lipid emulsions based on
triglycerides, fatty acids need to be liberated from
triglycerides in order to become active. In septic conditions
with catecholamines and heparin in the bloodstream, free
fatty acids are augmented by order of magnitude compared
to non-inflammatory conditions [31, 51]. It has been
demonstrated that FA differently affect inflammatory
activated cells and modulate various lipid-dependent sig-
nalling pathways [15, 19].

Control of adhesion by calcium signalling is generally
recognized [52] and the fact that FA or their metabolites
might have an impact on cellular calcium signalling has
been investigated [53]. Several arachidonic acid-derived
derivatives were identified that trigger Ca>" entry into B
cells, including the 5-lipoxygenase derived 5-hydroperox-
yeicosatetranenoic acid and the cytochrome P450
hydroxylase product 20-hydroxyeicosatetraenoic. Influence
of FA on U937-monocyte calcium has been observed [54]
However, investigations demonstrating a calcium depen-
dency of FA modulation of monocyte-endothelial adhesion
like in our setting were missing until now. Our experiments
demonstrated that DHA induces a decline of intracellular
calcium in U937- and human monocytes in an inflamma-
tory setting. This effect was more prominent using human
monocytes. Here, we focus on modulation of adhesion by
FA and were able to show a calcium-dependency of
diverging effects of AA and DHA on adhesion since it was
abolished after pre-treatment of monocytes with calcium-
chelator BAPTA. Co-incubation of FA and BAPTA lead to
a diminished calcium peak and abolished differences in
intracellular calcium content between FA. We conclude
that FA-influence on intracellular calcium contributes to
modulation of monocyte-endothelial adhesion seen with
FA. In U937-monocytes, we observed an enhanced intra-
cellular calcium after TNF-o stimulation but in the static
adhesion assay did not translate into an enhanced adhesion
of U937-monocytes. This may be due to the non-physio-
logical situation of the tumor cell line U937 combined with
the static adhesion assay. Using freshly isolated human
monocytes and a more physiological adhesion assay under
flow conditions we could demonstrate a concordant sig-
nificant difference between control and TNF-a stimulation
in adhesion, rolling and intracellular calcium.

Reports demonstrating calcium dependency of lipid raft
signalling have been published [55]. It could be depicted in
endothelial cells that DHA reduces calcium in a raft-de-
pendent manner [56]. In this study, we could demonstrate
that disrupting monocyte lipid rafts with MCD abolished
FA modulation of calcium signalling and FA influence on
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monocyte-endothelial adhesion and rolling. The significant
difference between control and TNF-a stimulated mono-
cytes seen in adhesion, rolling and calcium experiments
could not always be detected after MCD treatment. An
explanation would be that by destroying lipid rafts with
MCD part of the raft-dependent-inflammatory signalling is
lost. A toxic effect of MCD is to be neglected since dose
and duration of MCD treatment was used as published
previously and monocytes were tested for viability [57].
This would also be reasonable with respect to the decreased
TNF-a-effect. Here, a hint is given at the recognized role of
lipid rafts for inflammation in general [58]. But a more
detailed investigation would be beyond the scope of this
manuscript. Interesting work revealed an impact of FA on
lipid raft dependent signal transduction. Though, most
studies were performed in T-cells [20-23]. Modification of
proteins by acylation as N-myristoylation and palmitoyla-
tion serves to target proteins into lipid rafts [59]. A possible
mechanism of interference by FA with lipid raft sig-
nalling—besides altering raft FA composition—is the
interaction with acylation of signalling or target proteins
[21]. Signal transduction components like PAF(platelet-
activated-factor)-PAF-receptor pathway or lipoprotein
lipase A,, interacting with FA could be dependent on lipid
rafts and be less influence able by FA when lipid rafts are
destroyed. This may also explain why calcium modulation
by FA is lost after lipid raft disruption [60].

To our knowledge, this study is the first report demon-
strating in U937- and human monocytes that modulation of
intracellular calcium and adhesion by FA is dependent on
lipid rafts. It remains to be clarified how monocyte lipid
rafts influence calcium signalling and via which route
exactly intracellular calcium affects monocyte-endothelial
adhesion.

Conclusions

We could demonstrate that n-6 and n-3 FA modulate FA
content of monocyte lipid rafts to a greater extent than non-
raft membrane fraction. Modulation of TNF-o-induced
adhesion, rolling and intracellular calcium signalling by FA
is abolished by disruption of lipid rafts. Therefore, lipid
rafts seem to be crucial for inflammatory modulation by
n-6 and n-3 FA in monocytes. This could help elucidating
the role of FA in inflammatory diseases.
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