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Parallel decrease of tissue factor surface exposure and increase
of tissue factor microparticle release by the n-3 fatty acid docosa-
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Summary

Tissue factor (TF) is expressed on the endothelium in response
to inflammatory mediators, giving endothelial cells a pro-throm-
botic phenotype. Since fish-derived n-3 fatty acids (FA) have
been associated with reduced incidence of myocardial infarc-
tion, we investigated the endothelial effects of the most abun-
dant n-3 FA, docosahexaenoate (DHA), on TF expression.
Human umbilical vein endothelial cells were pre-incubated with
DHA (or stearate and arachidonate as controls) for 48-72
hours, and then stimulated with bacterial lipopolysaccharide
(LPS) or tumor necrosis factor-o.. Pre-incubation of endothelial
cells with DHA (but not stearate or arachidonate) concen-
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tration-dependently reduced surface protein exposure, inde-
pendent of TF mRNA or total protein expression regulation.
Conversely, DHA treatment in conjunction with activating sti-
muli, induced the release of endothelial TF-exposing micropar-
ticles from endothelial cells, quantitatively accounting for the de-
creased TF cell surface exposure.In conclusion, DHA treatment,
with a time-course consistent with its incorporation in mem-
brane phospholipids, increases the release of TF-exposing
microparticles from endothelial cells, accounting for decreased
endothelial cell TF surface exposure, thus potentially modifying
the overall endothelial control of microparticle-related effects.

Thromb Haemost 2007; 98: 210-219

Introduction

Tissue Factor (TF) is an integral membrane protein considered to
be the trigger of the extrinsic coagulation pathway and the initi-
ator of thrombogenesis in vivo (1). Once in contact with the
blood, TF forms a high-affinity complex with factors VII/VIla,
activating factors IX and X, thus leading to thrombin generation,
fibrin deposition, and platelet activation. Many pathophysiologi-
cal stimuli, such as LPS and inflammatory cytokines, are capable
of inducing the transcription, surface expression and activity of
TF in endothelial cells and monocytes (1-3). Intravascular TF
antigen has now been reported to exist in multiple forms, specifi-
cally as a soluble protein and as a membrane protein in granulo-
cytes and in platelet a-granules (4), as well as in circulating
microparticles (MP) (5). TF can be released from the cell surface

by shedding of TF-exposing MP as an inactive form in healthy
individuals (6), and as an activated form in some pathological
conditions associated with the activation of coagulation (7, 8).
Large prospective studies have found a significant inverse as-
sociation between the intake of long-chain n-3 polyunsatured
fatty acids (FA) (including o-linolenic, 18:3 n-3), eicosapentae-
noic acid (EPA, 20:5 n-3), and docosahexaenoic acid (DHA,
22:6 n-3), and the risk of fatal and non-fatal coronary heart dis-
ease and sudden cardiac death (9—11). The mechanisms through
which n-3 FA exert their benefits are likely multiple, including
effects on atherogenesis, thrombogenesis and arrhythmogenesis
(12). However, the effects of n-3 FA on most hemostatic vari-
ables investigated, including plasma activity of clotting factors
and fibrinolytic mediators (13—16), are quite controversial.
Overall, studies performed so far on the effects of n-3 FA on TF
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procoagulant activity have shown both enhancing (17) and in-
hibitory effects (18). Since we previously reported on the in-
hibition of pro-atherogenic mediators, such as endothelial leuko-
cyte adhesion molecules and inflammatory cytokines, by n-3 FA
(19, 20), here we tested the effects of the most abundant n-3 FA,
DHA, on TF-induced expression and activity in human cultured
vascular endothelial cells.

Methods

Cell cultures and experimental design

Human umbilical vein endothelial cells (HUVEC) were isolated
and grown as described (21). HUVEC monolayers were pre-in-
cubated for 072 hours (h) with the n-3 FA docosahexaenoate
(DHA) (22:6, n-3) or, in control experiments, with eicosapent-
anoic acid (EPA) (22:5, n-3 FA), arachidonic acid (20:4, n-6 FA)
or the saturated FA stearate (18:0). FA (>99% pure, as sodium
salts (Sigma, St. Louis, MO, USA) were dissolved in a 100%
ethanol stock under nitrogen to ensure minimal oxidation, and
maintained at —80° C until used. Most experiments were per-
formed with 4872 h of treatment with FA, a time necessary for
their maximum incorporation into cell membranes, paralleled by
maximum biological activity on several biological end points
previously explored (19). Monolayers were then stimulated with
Escherichia Coli lipopolysaccharide (LPS, 10-1,000 ng/ml,
Sigma) or TNF-o (20 ng/ml, Valter Occhiena, Torino, Italy). All
reagents used for cell isolation and culture were assayed to ex-
clude endotoxin contamination using a Limulus amebocyte ly-
sate assay (Sigma).

Experiments with enzyme inhibitors of FA metabolism

and measurement of lipid peroxidation

In specific experiments testing the possible involvement of FA
metabolites generated through metabolizing enzymes, we in-
hibited cyclooxygenases, 5-, 12- and 15-lipoxygenase and the
cytocrome P450 epoxygenase, by pharmacological and molecu-
lar approaches (siRNA), with a strategy similar to the one re-
cently adopted by us to probe mechanisms of DHA-mediated ef-
fects on cyclooxygenase-2 (COX-2) (22). We used acetyl-sali-
cylic acid (aspirin, from Sigma), at 100 uM as an inhibitor of
cyclooxygenases, the compound SKF-525A (proadifen, from
Calbiochem, San Diego, CA, USA), at 50 uM, as an inhibitor of
cytocrome P450 epoxygenase, the compound MKS886 (Calbio-
chem), at 100 nM, as a selective inhibitor of 5-lipoxygenase, the
compound 5,8,11-eicosatriynoic acid (ETI, Alexis, Lausen,
Switzerland) at 10 uM as a combined inhibitor of 5- and 12-lip-
oxygenases, and nordihydroguaiaretic acid (NDGA, from
Sigma), at 30 uM, as a combined inhibitor of 5-, 12- and 15-lip-
oxygenases. Effective concentrations of such compounds were
derived from their reported IC50 and our previous experience
(22). In such experiments, endothelial cells were treated with
DHA at 50 uM for 48 h, after which, in the same medium, each
inhibitor was added for 30 min before adding LPS or TNF-a. for
further 12 h. Additionally, targeted silencing of 15-lipoxyge-
nase-1 was obtained with three different siRNA sequences ob-
tained from Ambion (Austin, TX, USA; identification numbers
2306, 2309, 2486). Briefly, HUVEC were detached and seeded
in the appropriate (6— or 96-well) multi-well plates, already con-

taining 36 pM of a mixture of the three different siRNA against
15-LO-1 or 36 pM negative control siRNA (Ambion), having no
homology to known sequences from mice, rats or humans, using
the siPort NeoFX reagent (Ambion) and following manufac-
turer’s instructions. After adhesion to the well, EC were treated
with DHA 50 uM for 48 h, with daily additions of the same
siRNA species. Afterwards, EC were challenged with LPS or
TNF-a. for 12 h and then tested for TF exposure and MP release
as detailed below.

Membrane lipid peroxidation in DHA-treated HUVEC with
or without the radical scavenging antioxidant (+)-a-tocopherol
acid succinate (vitamin E) was determined by measuring thio-
barbituric acid (TBA) reactivity of malondialdehyde (MDA), an
end-product of lipid peroxidation, as previously described (23).
Absorbance at 532 nm was converted to pmol MDA from a stan-
dard curve generated with 1,1,3,3-tetramethoxypropane. Lipid
peroxidation was expressed as pmol MDA per mg of total protein.

Controls of toxicity and apoptosis assay
The effects of FA treatments on cell survival were monitored by
assessing total cellular proteins by the amido-black assay (24).
Cell viability was evaluated by assessing the surface expression
of the endothelial-specific constitutive and non-inducible E1/1
antigen (25), by an enzyme immunoassay (EIA) and by a tetrazo-
lium-based colorimetric assay, measuring the ability of viable
cells to reduce the tetrazolium salt 3-(4,5-dimethylthiazole-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to formazan
(Roche Diagnostics, Monza, Italy). DNA laddering, to evaluate
apoptosis, was carried out by the TACS™ kit (R&D Systems,
Milan, Italy).

The intensity of bands between 1,000 bp and 200 bp was
quantified by densitometry and normalized by comparison with
positive controls (DHA/staurosporine=densitometric ratio).

Measurement of TF total procoagulant activity in
HUVEC

HUVEC seeded in 12-well plates were washed twice with ice-
cold phosphate-buffered saline (PBS) and lysed for 15 minutes
(min) at 37° C with 300 mM of 0.1 M n-octyl-B-D-glycopyrano-
side in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) buffer (10 mM HEPES, pH 7.5, 5 mM CaCl,, 1 mg/ml
bovine serum albumin [BSA]). TF activity was measured as its
ability to promote the activation of factor X (150 nM) to factor
Xa in the presence of factor VIIa (2 nM) and CaCl, (5 mM). The
reaction (5 min at 37°C) was stopped by adding ethylenediami-
notetra-acetic acid (EDTA, 5 mM final concentration). A chro-
mogenic substrate for factor Xa (S-2765, Chromogenix, Instru-
mentation Laboratory, Milan, Italy) was then added (0.1 mM
final concentration), and the absorbance at 405 nm was
measured. TF activity was expressed in reference to a calibration
curve constructed with different dilutions of a standard thrombo-
plastin (Thromborel, S, Dade Behring, Liederbach, Germany),
and results were expressed as standard thromboplastin arbitrary
units (AU). To prove the TF-dependence of factor Xa generation,
experiments were performed pre-incubating (30 min at room
temperature) the sample with a specific anti-TF neutralizing
antibody (No. 4509, American Diagnostica Inc, Stamford, CT,
USA).
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Detection of TF surface protein by EIA and flow
cytometric analysis

Assay of TF cell surface protein was performed by EIA using a
mouse anti-human antibody against TF (No. 4504; American
Diagnostica), as described (19).

For the flow cytometric analysis, HUVEC (2.5 x 10°) were
harvested, washed and subsequently resuspended in 200 pl of
binding buffer (10 mM HEPES/NaOH, pH 7.4, 140 mM NaCl,
2.5 mM CaCl,, 0.1% BSA). TF surface protein was detected by
anti-human TF-fluoresceine isothiocyanate(FITC)-conjugated
immunoglobulin(Ig)G (No. 4508J, 1 pg/ml, from American
Diagnostica) for 20 min. Cell suspensions were analyzed with a
Beckton Dickinson FACScan flow cytometer (San Jose, CA,
USA), and results plotted as intensity of fluorescence (in arbit-
rary units, on a logarithmic scale, on the abscissa) versus cell
number (on the ordinate). At least 10,000 events were counted.

Detection of TF total protein by Western blotting

TF protein was determined in cell lysates from HUVEC treated
with DHA for 72 h and LPS for further 4 h, Western analysis was
performed with 40 pg of total proteins, and TF detected by an
anti-TF monoclonal antibody (1:500, No. 4509, American Diag-
nostica), as described (26).

Analysis of TF mRNA

Total cellular RNA was isolated with a guanidinium thiocyanate-
phenol-chloroform extraction method using RNAzol™ B (Life
Technologies, Milan, Italy), as described (27), and RNA (100 ng)
was reverse-transcribed and amplified by reverse transcriptase-
polymerase chain reaction (RT-PCR) (Ready-To-Go RT-PCR
Beads, Amersham). Primers used for TF mRNA amplification
were as follows: sense primer: 5°’-ACTACTGTTTCA-
GTGTCAAGCAGTGATTC-3’; antisense primer: 5°-ATT-
CAGTGGGGAGTTCTCCTTCCAGCTCTG-3’; sense primer
for  glyceraldehyde  phosphate-dehydrogenase(GAPDH):
5’-GGTGAAGGTCGGAGTCAACGGA-3’; antisense primer:
5’GAGGGATCTCGCTCCTGGAAGA-3> (MWG Biotech,
Florence, Italy). PCR was performed with 25 cycles (GeneAmp
PCR System 9700, Perkin Elmer, Wellesley, MA, USA) under
the following conditions: 5 min at 95°C and 1 min at 94°C for
filament denaturation; 1 min at 60°C for annealing; 1 min at
72°C for elongation; and 5 min at 72°C for final extension. PCR
products were visualized on 4% agarose gels stained with ethid-
ium bromide, and photographed.

Detection of endothelium-derived TF microparticles
(MP) and measurement of TF-dependent procoagulant
activity

HUVEC (2 x 10° cells) were incubated with 25-50 uM DHA for
72 h and then stimulated with 1 pg/ml LPS or 20 ng/ml TNF-o
for 6 h in serum-free medium. Cell supernatants, containing MP,
were collected and cleared from cell fragments by centrifugation
at 4,300 x g for 5 min. The supernatant was further ultracentri-
fuged at 100,000 x g for 1 h at 10°C, and MP were then resus-
pended in 100 pl of annexin-V buffer (7). Ten-pl aliquots of each
MP-containing sample were incubated with annexin-V-FITC
(Bender MedSystems, Vienna, Austria) or anti-TF FITC (No.
4508J, American Diagnostica) for 20 min in the dark. Labeled

MP were then diluted in 350 pl of HEPES, and analyzed for a
total of 2,000 events by flow cytometry at a high flow rate
(60 ul/min) setting, with a logarithmic scale used both for light
scatter and fluorescence. MP were identified by their size on a
forward scatter/side scatter (FSC/SSC) cytogram, on which the
MP gate was defined by 0.8-um polystyrene latex beads (Sigma)
(7). Only events included in this gate were further analyzed for
fluorescence associated with anti-TF FITC. Fluorescence
thresholds for annexin-V-FITC and anti-TF antibody binding
were set based on the binding of annexin V in an inappropriate
buffer (with EDTA 50 mM) and on the binding of an isotype-
matched control (IgG1) antibody, respectively. Corrected data
(MP number) for each sample were then obtained as number of
events (N) recorded above this threshold. Mean fluorescence in-
tensity (MFI) values of TF-positive MP population were re-
ported as arbitrary units (AU).

MP obtained by ultracentrifugation were resuspended in
HEPES buffer and TF activity was then measured as described
above for HUVEC.

Data analysis

Results are all expressed as mean + SD. Multiple comparisons
were performed by one-way analysis of variance (ANOVA), fol-
lowed by testing of individual contrasts by the Fisher’s protected
least significant difference test after checking for normality of
distributions. Simple comparisons were performed by the un-
paired Student’s t-test. Comparisons of flow cytometry distribu-
tions were carried out by the Kolgomorov-Smirnov testing, using
the Becton-Dickinson Cell Quest software. The level of signifi-
cance in all tests was set at p<0.05.

Results

Effect of DHA on TF total cell-associated procoagulant
activity

LPS and TNF-o both caused a marked increase in TF total cell-
associated procoagulant activity (PCA) in a concentration- and
time-dependent manner, as previously demonstrated (28, 29).
Total TF activity was ~13-fold and ~15-fold greater compared
with medium alone when measured 4 h after the addition of LPS
1 pg/ml (3,765 + 123 AU/10° cells vs. 300 =27 AU/10° cells) and
TNF-ovat 20 ng/ml (4,290 £ 92 AU/10° cells vs. 286 =33 AU/10°
cells), respectively. The inhibition of TF activity with the anti-TF
IgG indicated that this procoagulant activity is indeed attribu-
table to TF. HUVEC were incubated for 48 or 72 h with increas-
ing concentrations of DHA (0, 10, 25, 50 uM), conditions that re-
flect a significant and highly reproducible inhibition of stimu-
lated vascular cell adhesion molecule(VCAM)-1 surface ex-
pression (19), followed by treatment with LPS (0.01-10 pg/ml)
for 4 h. DHA had no significant effect on baseline or LPS-in-
duced TF activity at 48 h and 72 h (Fig. 1), or on TNF-o-induced
TF activity (not shown).

Effect of DHA on TF surface protein

LPS induction of TF surface protein, as assessed by EIA, was
time- and concentration-dependent, with peak expression occur-
ring at 6 h after treatment with LPS 1 pg/ml (198 £5 OD mU vs.
medium alone 15 =4 OD mU). When HUVEC were also stimu-
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Figure |: Effect of DHA on LPS-induced
TF cellular activity in HUVEC. HUVEC
were incubated with increasing concentrations
of DHA (0, 10, 25 and 50 pM) for 48 h (A) and
72 h (B). At the end of this incubation, HUVEC
were exposed to LPS 0.01-10 pg/ml for an ad-
ditional 4 h, still in the presence of DHA. Data
shown here are mean * SD of five separate ex-
periments, each performed in duplicate. No
significant differences were seen with any of . .
DHA concentration used on LPS-induced TF ———— +LPSpug/mL
procoagulant activity.
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Table I: Effects of DHA treatment for up to 72 h on endothelial
total protein content, expression of El/1 antigen, cell viability
and apotposis. DHA = docosaehexaenoic acid; Ag = antigen; MTT =
tetrazolium salt (see text); OD = optical density. Values are mean * SD.

Control DHA 25 uM DHA 50 uM
Total protein (OD mU)
0Oh 256 £ 10 260 £ 14 249£ 15
48 h 437+10 440 £ 14 435+26
72h 445+20 450+ 15 425+18
El/l Ag (OD mU)
0h 870 £ 55 910 £ 40 890 £20
48 h 1390 £ 21 1425 + 40 1370 + 38
72 1400 + 30 1385 £25 1340 + 40
MTT assay
0h 100% 100% 100%
48-72h >95% >95% >95%
DNA laddering (densitometric ratio)
0h 0.1 £0.03 0.2 £0.07 02 +£0.05
48-72h 0.1 £0.07 0.1 £0.09 0.2 £0.06

lated with increasing concentrations of TNF-a for 6 h, TF sur-
face protein was concentration-dependently related to TNF-o
stimulation, with a peak observed at 20 ng/ml (340 + 27 OD mU
vs. medium alone, 25 = 11 OD mU). DHA, at all concentrations
used, had no effects with pre-incubation time < 48 h (not shown).
With 48 h pre-incubation, DHA inhibited LPS-stimulated TF

surface protein only at 50 uM (Fig. 2A), while pre-incubation for
as long as 72 h caused a clearer concentration-dependent in-
hibition of LPS-stimulated TF surface protein. This concen-
tration-dependent inhibition of TF surface protein was indepen-
dent of the intensity of the stimulation, since achieved, to a simi-
lar degree, when cells were stimulated with LPS 0.1 pg/ml (by
11% at DHA 10 uM, by 19% at DHA 25 pM, by 25% at DHA
50 uM). Similar results were obtained when HUVEC were
stimulated with 20 ng/ml TNF-q after 48 h of pre-treatment with
50 uM DHA (318 £ 20 OD mU vs. TNF-a alone: 365 + 15 OD
mU) and 72 h of 10-25-50 uM DHA (314 + 17 OD mU, 296 +
14 OD mU, 233 £ 25 OD mU, respectively, vs. TNF-o alone:
365 = 15 OD mU). This concentration-dependent inhibition of
TF surface protein was also achieved when cells were stimulated
with LPS 0.1 pg/ml (by 11% at DHA 10 uM, 19% at DHA
25 uM, by 25% at DHA 50 pM) and TNF-o. 20 ng/ml (by 12% at
DHA 10 uM, by 19% at DHA 25 uM, by 31% at DHA 50 uM).

Flow-cytometric analysis of HUVEC treated with DHA
25 uM for 72 h also showed decreased LPS-stimulated cell sur-
face exposure of TF, confirming EIA data (Fig. 2B). Since DHA
produced the largest inhibition of TF surface protein with 72 h at
25-50 uM, further experiments focused on this long incubation
time. DHA treatment in all conditions did not produce detectable
toxic effects, nor apoptosis, as evaluated by DNA laddering
(Table 1).

Effect of saturated, monounsaturated and polyun-
saturated fatty acids on TF surface protein and
procoagulant activity

We explored whether the results just described are specific for
DHA or also obtainable with other FA. Under same experimen-
tal conditions associated with marked effects of DHA, neither

18:0 20:4 20:5 22:6

*%

Figure 3: Effect of different FA on TF sur-
face protein and procogulant activity in
HUVEC. HUVEC were incubated with stearic
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acid (18:0), arachidonic acid (20:4 n-6), EPA
(20:5 n-3), or DHA (22:6 n-6) for 72 h at 50
uM, or with medium alone (control, CN), after
which LPS | pg/ml was added for a further 5 h,
still in the presence of the FA. At the end of
this incubation, TF surface protein and pro-
coagulant activity were assessed by EIA and a
coagulation assay, respectively. Data shown are
mean + SD of four separate experiments, each
performed in duplicate (*p<0.05 and **p<0.01
compared with stimulated condition without
the addition of FA). EPA produced a significant,
albeit modest, inhibition of TF surface protein.

+LPS 1 pg/mL

DHA inhibited TF surface protein more po-
tently. TF total procoagulant activity was not af-
fected in any experimental conditions.
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stearic acid nor n-6 polyunsaturated FA (AA) here inhibited
LPS-induced endothelial TF surface protein (Fig. 3A) and pro-
cogulant activity. Figure 3 shows the effects of various classes of
FA on TF surface protein (Fig. 3A) and procoagulant activity
(Fig. 3B) in the same experimental conditions in which we had
obtained maximal inhibition with DHA. Here the omega-n-3 FA
EPA also attenuated TF surface protein, but not procogulant ac-
tivity, while the maximum reduction of TF was achieved with
DHA, suggesting a class effect for n-3 FA, but also that the pres-
ence of the extra double bond in DHA, compared with EPA, ac-
counts for its greater activity. On the basis of these results, all
further experiments were performed with DHA.

Effect of DHA on TF total protein and mRNA

To further understand the mechanisms of decreased TF surface
protein after DHA incubation, we tested whether DHA treatment
affected TF total protein and gene expression. HUVEC were pre-
treated with DHA 25 uM and 50 uM for 72 h, and then stimulated
with LPS for 90 min and 4 h to induce full-blown TF mRNA and
protein expression, respectively. Western analyses, however, re-
vealed no significant inhibition of TF total protein in our experi-
mental conditions (Fig. 4A). RNA prepared from untreated con-
trol cells or from cells treated with 1 pg/ml LPS with or without
50 uM DHA for 72 h was analyzed by RT-PCR. Baseline levels
of TF were barely detectable in the negative control. LPS treat-
ment of HUVEC caused a strong increase in TF mRNA, but this
RNA level was not reduced by DHA treatment (Fig. 4B).

Effect of DHA on endothelial TF-exposing MP release
and TF-associated MP procoagulant activity

Because TF is also associated with circulating MP, and because
these may mediate, after their local release, systemic effects of
TF, we investigated whether DHA induces MP formation in
HUVEC. If this were to occur, it might explain the above-re-
ported data on reduced TF surface exposure prompted by incu-
bation with DHA.

We used 1 pg/ml LPS and 20 ng/ml TNF-o. for 6 h to induce
endothelial MP release (Fig. 5). We evaluated the total number of
MP release by annexin-V-FITC labeling. DHA (25-50 uM) for
72 h did not increase MP release significantly (events: 59 £25, at
50 uM, vs. control: 24 £ 10). Total MP number was increased by
about 5- and 6-fold after TNF-a (20 ng/ml) and LPS (1 pg/ml)
stimulation, respectively, compared with control (data not
shown). DHA treatment (25-50 uM) increased MP release in a
concentration-dependent manner when the cells were stimulated
with TNF-o (events: 275 + 60 and 347 + 71, respectively, vs.
TNF-oalone: 170 + 12, p<0.05). or LPS (301 £41 and 378 + 51,
respectively, vs. LPS alone 204 + 19, p<0.05).

LPS and TNF-q, at the above-reported concentrations, in-
creased also the shedding of TF-exposing MP in cell super-
natants, by ~3- and ~5-fold respectively, compared with unstimu-
lated cells (where TF is not exposed) (Fig. SA). DHA (25-50 uM
for 72 h) did not influence the number of TF-exposing MP in un-
stimulated conditions, but increased TF-exposing MP release in a
concentration-dependent manner when the cells were stimulated
with LPS (events: 45 + 5 and 54 + 8, respectively, vs. control: 12
+ 10, p<0.001) and TNF-a. (events: 51 + 6 and 67 + 8, respect-
ively, vs. control: 9 + 11, p<0.001). This concentration-dependent

A) Western analysis
- W L — TF (47 kDa)
1 2 3 4 5 6

LPS 1 pg/mL =+ - -+

DHA 25 pmol/L - -+ -+ -

DHA 50 pmol/L - - - + - +

B) RT-PCR analysis
— GAPDH
—TF

LPS 1 pg/mL - -
DHA 50 pmol/L - + -

Figure 4: DHA does not modify TF total protein and mRNA
steady state levels in HUVEC. A) Western analysis of TF expression
in HUVEC incubated with 25-50 uM DHA for 72 h before the addition
of | pg/ml LPS for further 4 h, still in the presence of DHA. Extracts of
total cellular proteins were subjected to immunoblotting using an anti-
TF antibody, as detailed in Methods. B) TF mRNA steady state levels, as-
sessed by RT-PCR after pre-incubation of HUVEC with 50 yM DHA for
72 h, followed by the exposure to | pug/ml LPS or buffer for further 90
min, still in the presence of DHA. RT-PCR analyses were performed with
100 ng total RNA per sample. GAPDH mRNA levels were assessed as an
internal control for the equality of amplification. The blots shown here
are representative of three Western and three RT-PCR analyses per-
formed.

increase by DHA in TF-exposing MP was also achieved when the
cells were stimulated with a lower concentration of LPS
(0.1 pg/ml). MFI values, a reflection of the relative abundance of
TF per microparticle, increased after stimulation with LPS or
TNF-o (44 £ 5 AU and 52 + 3 AU, respectively), compared with
control (10 £ 5), but did not apparently change when HUVEC
were pretreated with DHA (DHA 25 uM + LPS: 47 +2 AU; DHA
50 uM +LPS: 51+ 6 AU; DHA 25 uM +TNF-oi: 56 £2 AU, DHA
50 uM +TNF-a: 57 + 3 AU) (Fig. 5B), suggesting that DHA treat-
ment did not alter the intensity of TF exposure per microparticle,
but only altered their total number.

In parallel experiments, neither stearic nor AA influenced
MP release, with or without LPS or TNF-o. (data not shown).
Stimulation with LPS and TNF-a led to an ~4-fold and ~5-fold
rise in MP-associated TF activity (5.9+0.3 AU and 8.3 0.5 AU,
respectively) at 6 h after stimulation, compared with control con-
ditions (1.6 £0.5 AU, P<0.001, Fig. 5C). As shown in Figure 5C,
however, MP-associated TF activity was not enhanced by pre-
treatment with DHA before stimulation with LPS or TNF-o
(DHA 25 uM + LPS: 6.2 £ 0.8 AU; DHA 50 uM + LPS: 6.1 £
0.61 AU; LPS: 5.9 £ 0.3 AU, p=N.S. at ANOVA; DHA 25 uM +
TNF-o: 8.4 = 0.8 AU; DHA 50 pM + TNF-o: 9.1 £ 0.65 AU,
TNF-a:: 8.3 £ 0.5 AU, p=NS at ANOVA), indicating that DHA
did not influence MP-associated TF procoagulant activity.
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Figure 5: DHA increases number of TF-exposing MP, but not
their procoagulant activity. MP released after pre-treatment with
25-50 uM DHA for 72 h, followed by stimulation with | ug/ml LPS and
20 ng/ml TNF-a. for 6 h. A) MP number is indicated as the number of flu-
orescence events (N), after subtraction for autofluorescence, as de-
scribed in Methods. Results are mean + SD of at least three replicates
(*p<0.05 DHA 25-50 uM + LPS vs. LPS; $p<0.05 DHA 25-50 uM +
TNF-o vs. TNF-0r). B) Mean fluorescence intensity (MFI) of MP positive
for TF. Results, expressed as arbitrary units (AU), are median values
SEM of at least three determinations. Differences of LPS or TNF-o.
stimulation vs. unstimulated control are all statistically significant at
p<0.001. Within each LPS or TNF-o stimulation setting, differences in
the presence vs. the absence of DHA are non-significant. C) TF-depend-
ent procoagulant activity of MP shed from HUVEC. The results are ex-
pressed as arbitrary units. Differences of LPS or TNF-o; stimulation vs.
unstimulated control are all statistically significant at p<0.001. Within
each LPS or TNF-o stimulation setting, differences in the presence vs.
the absence of DHA are non-significant.

Involvement of DHA enzymatic metabolization or

of peroxidation in the effects of DHA on TF surface
exposure and MP release

Polyunsaturated fatty acids are known to be highly susceptible to
metabolization and peroxidation, and — theoretically — a number
of enzymatic, through one or more metabolizing enzymes, or

spontaneous metabolic products might account for the observed
effects of DHA on TF surface exposure and MP shedding. To test
for effects mediated by metabolites of DHA, we inhibited the
main pathways of FA metabolization with the use of pharmaco-
logical or molecular tools. As shown in Table 2, the inhibition of
cyclooxygenases and cytocrome P450 epoxygenase did not af-
fect DHA action on TF exposure and MP release. Moreover, the
inhibition of all lipoxygenase activities by NDGA and specific
inhibition of 5- and 12-lipoxygenase by MK-886 and ETI also
did not reverse DHA inhibitory effects on TF exposure and MP
release.

Finally, to test whether spontaneous peroxidation products of
PUFA might play a role in the observed effects, levels of MDA
were measured in HUVEC after exposure to DHA. In our experi-
mental conditions, DHA did not affect the oxidative status of
membrane FA. In fact, after 72 h of incubation with various DHA
concentrations in the absence or presence of vitamin E (10 uM),
MDA formation did not increase in HUVEC in comparison with
untreated cells (at 10 uM DHA: 58 + 3 pM; at 25 uM DHA: 65 +
7 pM; at 50 uM DHA: 61 + 3 vs. untreated cells 57 + 5 pM; n=3).
Such low, baseline levels of MDA were not affected in any con-
dition by the radical scavenging antioxidant vitamin E (not
shown).

Such a set of experiments therefore pointed out to a mem-
brane effect of DHA in our system, without the involvement of
any downstream metabolite or peroxidation product.

Discussion

Since the effects of n-3 FA on coagulation are controversial, it
was of relevance to investigate the effects of these natural sub-
stances on TF expression and activity by human endothelial
cells, on the surface of which TF may appear in conditions of en-
dothelial activation. The major interest of our report is therefore
in offering a detailed investigation of the biological effects of the
most abundant n-3 FA, DHA, on such phenomena. This is, to the
best of our knowledge, the first detailed examination of the ef-
fects of DHA on TF expression and activity in endothelial cells.
Firstly, our results show that treatment of endothelial cells with
DHA, in conditions including long pre-incubation times pre-
viously reported to be associated with reduced expression of
VCAM-1, intercellular adhesion molecule-1 (ICAM-1) and
E-selectin (19, 30), or COX-2 (22), reduces TF surface protein
induced by LPS and TNF-q,, but not its gene expression. In short-
time experiments (<48 h pre-incubation time), TF surface pro-
tein was essentially not affected by DHA, but a significant reduc-
tion was detected in cells treated with DHA in the micromolar
range (0—50 uM) for longer time periods (72 h). These results in-
dicate that only the chronic exposure to DHA, consistent with its
optimal incorporation in membrane phospholipids (as pre-
viously documented by us in the same experimental conditions
[19, 20]), modulates TF surface protein in endothelial cells. The
effects shown here occur within a concentration range compat-
ible with nutritional or pharmacological interventions in vivo.
Our concentrations of DHA, in the order of 10 uM, are in the
order of magnitude of the plasma concentrations detectable after
a moderate in-vivo supplementation with n-3 FA of approxi-
mately 2-5 g/day (31, 32), in accordance to other reports of n-3
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Table 2: Effect of pharmacological and
molecular inhibition of cyclooxyge-
nase(s), lipoxygenases and p450 epoxyge-
nase on DHA-mediated effects of tissue
factor (TF) surface protein and micro-
particle (MP) release. HUVEC were treated
with DHA at 50 uM for 48 h, after which, in
the same medium, each inhibitor was added for
30 min before adding TNF-c. for 5 h and 6 h to
detect TF surface protein and MP release, re-
spectively. In the experiments using siRNA, de-
tached endothelial cells were seeded in the ap-
propriate culture plates containing tranfection
complexes. After cell adhesion, DHA was
added for 48 and then the monolayer was
stimulated as above. All comparisons of con-
ditions with and without DHA are significant at
p<0.01. All comparisons of conditions with and
without the pharmacological inhibitors or
siRNA are non-significant. MP: microparticles;
DHA= docosaehexaenoic acid; ETI = 5,8,1 | -Ei-
cosatriynoic acid (10 pM); MK886 (100 nM);

SKF-525A = Proadifen (50 pM); NDGA = nor-
dihydroguaiaretic acid (30 uM).

Treatment Enzyme inhibited TF surface protein | MP release
(OD, mU) (number of events)
No treatment 317 1911
TNF-o. 362 £ 31 198 £ 21
TNF-o. + DHA 268 £ 20 3342
TNF-0. + aspirin Cyclooxygenases 379+£25 201 £ 17
TNF-0. + aspirin + DHA Cyclooxygenases 268 £ 15 341 £ 16
TNF-o + SKF-525A Cytocrome P450 368+ 18 21122
epoxygenase
TNF-0 + SKF-525A + DHA | Cytocrome P450 26330 342+ 15
epoxygenase
TNF-o. + MK886 5-lipoxygenase 382+ 18 188 + 20
TNF-o. + MK886 + DHA 5-lipoxygenase 282+ 17 33923
TNF-o. + ETI 5- and I2-lipoxygenases | 347 £ 20 197 £ 10
TNF-o + ETl + DHA 5-and 12-lipoxygenases | 271 £ 12 325+33
TNF-0. + NDGA 5-, 12- and 361 £20 205+ 18
I 5-lipoxygenases
TNF-0. + NDGA + DHA 5-, 12- and 280 + 23 318+ 23
| 5-lipoxygenases
TNF-o. + 15-LOX siRNA I5-lipoxygenase 389+ 11 183 £ 21
TNF-o + [5-LOX siRNA + | 15-lipoxygenase 272 £ 31 32319
DHA

FA effects (33-35). Neither the saturated FA stearate, nor the n-6
polyunsaturated FA AA had any effects on TF surface protein, in-
dicating the specificity of action of DHA on this endpoint. More-
over, DHA, which has a longer chain length and a greater degree
of unsaturation than EPA, consistently exhibited greater potency
than EPA on TF surface protein and procoagulant activity, in
agreement with our own previous findings on other endpoints
(19, 30).

Other previous reports have shown that n-3 FA inhibit TF ac-
tivity in monocytic cell lines (36), or in monocytes isolated from
hypertriglyceridemic patients treated for several weeks with n-3
FA (18). However, the mechanisms for these effects also in these
other cell types are poorly characterized. Contrary to our original
reasoning, we consistently found no modulatory activity of DHA
on TF gene expression, with no directional changes observed in
TF mRNA and total TF protein and activity. Such results indicate
that DHA regulates TF surface exposure on HUVEC, indepen-
dent of TF mRNA regulation and gene expression. We deliber-
ately use, in this context, the wording “TF exposure”, according
to Lindmark (37), in referring to changes in surface protein not
accompanied by changes in gene expression. This occurred with
DHA concentrations and incubation times identical to those as-
sociated with inhibition of adhesion molecules and COX-2 (19,
22). Post-transcriptional mechanisms, likely dealing with post-
translational modifications in the antigenic recognition of the
protein, had therefore to be involved.

Previous studies in a variety of cell types have found that a
portion (up to 30%) of TF antigen can be segregated in discrete
intracellular pools after stimulation with agonists (38). In par-
ticular, it has been observed that, both in smooth muscle cells —

expressing TF constitutively (39) — and in endothelial cells —
where TF is induced by vascular endothelial growth factor
(VEGF), LPS and TNF-a. — there are “patches” on the plasma
membrane containing TF pools (26), providing a rich source of
procoagulant activity under conditions associated with endothe-
lial damage or activation. Since endothelial activation is also as-
sociated with MP release, able to mediate vascular responses to
pro-apoptotic, pro-inflammatory or pro-thrombotic stimuli (7,
40-42), and since MP release might explain the reduction of cell
surface-associated TF exposure by treatment with DHA, we
tested the hypothesis that DHA affects MP release. Our results
indeed indicate that DHA, in the same conditions associated
with decreased TF surface exposure, can promote the release of
TF-exposing MP in co-stimulation with TNF-o or LPS, without
inducing cellular toxicity or apoptosis, as demonstrated by the
assay of several cytotoxicity markers and of DNA fragmentation
(laddering). The two phenomena — reduced TF cell surface expo-
sure and increased TF MP release — are likely related, since
quantitatively of the same order of magnitude and sharing simi-
lar concentration- and time-dependence.

The action of DHA on TF exposure may theoretically be an
effect of the FA per se or of some products of its metabolization
or peroxidation. DHA is now indeed recognized to be precursor
of novel anti-inflammatory lipid mediators such as
78,8,17R-trihydroxydocosahexaenoic acid and 10,17S-docos-
atriene, obtained from acetylated COX-2 and/or lipoxygenase
activities, respectively, in several cell types and tissues (43),
which might — theoretically — mediate downstream effects. We
have recently found that DHA-derived metabolites are indeed in-
volved in the regulation of cyclooxygenase (COX)-2 gene ex-
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pression (22). The effect here described appears, however, to be
different, since it does not involve any change in TF gene ex-
pression (our results on mRNA levels) and does not appear to be
changed to any substantial extent by treatment with any of sev-
eral inhibitors of the known enzymes able to metabolize DHA
into bioactive lipid mediators. Such effect also does not appear to
be associated with an increase in MDA levels (as an index of
lipid peroxidation), or to be affected by the antioxidant vitamin
E. These sets of results therefore suggest that effects of DHA
confined to the plasma membrane, including changes in mem-
brane stability and fluidity, influencing the activity of receptors
and the translocation of phosphatidylserine in the outer mem-
brane leaflet, possibly also influencing cytosolic calcium con-
centration (44) — phenomena all involved in the formation of MP
(7, 45) — are probably involved. Exact molecular mechanisms in
such a direction deserve further investigations.

Despite increased TF-exposing MP by DHA in stimulated
conditions, we observed no enhanced TF-dependent procoagu-
lant activity. This suggests that TF on the surface of MP, the shed-
ding of which appears enhanced by DHA, does not affect coagu-
lation. Anti-thrombotic actions of n-3 FA are generally attributed
to reduced platelet function through reduced production of AA-
derived prostanoids, or decreased fibrogen levels. No significant
influence of such FA has been so far observed on several coagu-
lation variables investigated, including the activity of coagu-

lation factors, or fibrinolytic activity (13—16, 46). Overall, the in-
vitro studies performed by us indicate that, once incorporated in
cell membrane phospholipids, DHA reduces TF surface expo-
sure (but not activity) in endothelial cells concomitant, probably,
to a facilitation in the release of TF MP. These two phenomena
appear to be quantitatively symmetrical, with a probably overall
neutral effect on TF-mediated blood coagulation in vivo. Such
phenomena may still, however, be involved in non-coagulative
aspects of TF activity, such as transcellular signalling or angio-
genesis, the biological significance of which remain uncertain at
the moment. In general, on the one hand MP have a pathologic
potential, since they can trigger and disseminate a pro-inflamma-
tory and pro-thrombotic response (45); on the other hand, MP
can serve the function of “sensors” and “effectors” for the main-
tenance of homeostasis in multicellular organisms, and thus con-
tribute to tissue development, angiogenesis, wound healing, and
— more generally — tissue remodeling (47). By modulating TF
MP release, n-3 FA might thus regulate diverse non-coagulative
functions associated with MP shedding and TF exposure.
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