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Abstract:

Background: Therapeutic use of unfractionated heparin and low molecular weight heparins (LMWHSs)
is limited by hemorrhagic adverse effects. We compared the antithrombotic effect of LMW fucoidan
(LMWF) and LMWH in an experimental model. Methods: Thrombosis was induced in femoral arteries
of male New Zealand White rabbits by in situ induction of endothelial apoptosis with staurosporine (10
°M for 30 min). Starting the day before apoptosis induction, the animals received subcutaneous LMWF
(15 mg/kg), LMWH (enoxaparin 2.5 mg/kg) or saline solution (control group) twice a day for 4 days.
Results: The degrees of apoptosis and endothelial denudation were similar in the 3 groups. The
thrombotic score was significantly lower in the LMWF group than in the LMWH and control groups (p =
0.01). Tissue factor expression was significantly lower in the LMWF group than in the control and
LMWH groups (p = 0.01). The plasma concentration of tissue factor pathway inhibitor was significantly
increased after LMWF injection (137 + 28 vs. 102 + 17; p = 0.01), whereas no change was observed
after LMWH treatment. LMWF did not prolong the bleeding time or decrease platelet aggregation.
Conclusions: LMWF appeared to be more effective than LMWH for preventing arterial thrombosis in
this experimental model. LMWF also had a lower hemorrhagic risk than LMWH.
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1. Introduction

Unfractionated (UF) or low molecular weight heparins (LMWHSs) are commonly used to reduce thrombin
formation in association with antiplatelet therapy in arterial thrombotic diseases. However, the antithrombotic
effect of UF and LMWHs is limited by their anticoagulant activity and thus their hemorrhagic adverse effects.
Changer la phrase en disant plus clairement qu'en augmentant la dose on améliore leur effet
antithrombotique mais également les effets indésirables hémorragiques. Fucoidan, a sulfated polysaccharide
extracted from brown seaweeds, has anticoagulant and antithrombotic effects by catalyzing thrombin
inhibition mainly by heparin cofactor Il, according to its chemical structure [1, 2]. Moreover, as previously
described for heparins [3, 4], fucoidan induces tissue factor pathway inhibitor (TFPI) release from cultured
human umbilical vein endothelial cells which may also contribute to its antithrombotic effect [5]. A LMW
fucoidan (LMWF) of 7 kDa can be obtained by chemical degradation [1]. The LMWF has been previously
compared to LMWH. When used at the same venous antithrombotic activity, LMWF did not induce a
prolongation of the thrombin clotting time (TCT) or an increase in anti-Xa activity, contrary to LMWH, which
corresponds to a lower hemorrhagic risk. A slight prolongation of activated partial thromboplastin time
(APTT) was however observed with both compounds [6, 7]. We have recently developed a model of arterial
thrombosis by local stimulation of endothelial apoptosis with staurosporin associated with endothelial
denudation reproducing the two major components of plaque erosion in humans [8]. We therefore aimed to
evaluate the antithrombotic and the anticoagulant effects of LMWF and LMWH in this experimental model of
arterial thrombosis mimicking a pathological situation in human.

2. Material and methods

2.1. Materials

LMWH [enoxaparin: molecular mass 5,000 g/mol; anticoagulant activity: 10 000 anti-Xa IU/ml (100 mg/mL)]
was obtained from Sanofi Aventis (France).

LMWF was obtained from IFREMER (Nantes, France) by a radical depolymerization process, as previously
described [1].

2.2. Experimental model of arterial thrombosis

The investigation conforms to previously published guidelines by the US National Institutes of Health,
and were approved by our local animal experiment committee. Arterial thrombosis was induced in male New
Zealand White rabbit femoral arteries by in situ induction of endothelial apoptosis by staurosporin, as
previously described [8]. Male New Zealand White rabbits (n=18), 3-4 kg, were anesthetized with the
combination of Xylazine (5 mg/Kg) and Ketamine (35 mg/Kg). In each femoral artery, ligatures were used to
isolate a segment (1 cm long) that was punctured proximally by a 27 Gauge needle and incubated with
staurosporin (10° M) in each artery. After 30 min-incubation, femoral segments were washed twice with
saline and re-exposed to the circulating blood flow.

2.3. Therapeutic design

Three groups of animals underwent the surgical procedure. In the first group (control group, n=6), animals
received twice daily a subcutaneous injection of a saline solution beginning 1 day before the surgical
procedure until the sacrifice. In the second and third groups (n=6 each), animals received similarly LMWF or
LMWH. The design of this preclinical study was defined by both safety and efficacy concerns. Thus, a dose-
effect curve was performed with LMWF (7.5, 10, and 15 mg/kg) and LMWH (1, 2.5, 5, 10, and 15 mg/kg) in
order to determine the optimal dose of both polysaccharides for the in vivo antithrombotic study. Four
animals were used for each dose. APTT, thrombin clotting time (TCT), and anti-Xa activity were analysed
one hour after subcutaneous injection of LMW polysaccharides. TCT and anti-Xa activity were not
significantly altered with LMWF. APTT slightly increased (twice fold) at 15 mg/Kg. APTT, TCT, and anti-Xa
activity were very high with LMWH from 5 to 15 mg/kg, and should induce in vivo hemorrhagic adverse
effects. Moreover, at 2.5 mg/kg, LMWH induced a twice-fold increase of APTT similar as those obtained with
LMWF. We therefore chose the dose of LMW polysaccharides inducing the same doubling of APTT (i.e, 2.5
and 15mg/kg for LMWH and LMWF, respectively).



2.4. Assessment of vessel thrombosis and immunochemistry

Thrombosis occurrence was evaluated by angiography and histology 3 days after induction of endothelial
apoptosis. Thrombus was defined by histology as an adherent intra luminal material responsible of partial or
total lumen occlusion , as previously described [8]. A thrombotic score was used to evaluate the severity of
the thrombotic response, as follows; 0: no thrombosis; 1: thrombus less than 50% of lumen vessel
obstruction; 2: between 50% and 75%; and 3: thrombus more than 75%.

In order to evaluate endothelial denudation, femoral arteries sections were stained with a monoclonal anti-
CD31 antibody (Dako, Trappes, France). In situ detection of apoptotic cells was performed using TUNEL
(Apoptag kit, Oncor, Gaithesburg, MD). A semi quantitative apoptotic score evaluating the extent of
apoptosis in the endothelial lining was established by a blinded observer, as follows: 0 indicated no or barely
detectable staining; 1, weak positive staining; 2, moderate limited staining; and 3, strong diffuse staining [8].
Areas where endothelial cell lining was absent (negative CD31 staining) were considered as resulting from
apoptosis-induced endothelial denudation, and were counted as apoptotic (score 3). Finally, we quantified
the percentage of endothelial cells (total and apoptotic) remaining after staurosporin treatment, as previously
described [8].

Sections were stained with a monoclonal anti-rabbit tissue factor (TF) antibody (American Diagnostica,
Greenwich, CT) in order to evaluate TF expression. A semi quantitative score was used to detect TF
expression by a blinded observer, as follows: 0 indicated no or barely detectable staining; 1, weak positive
staining; 2, moderate limited staining; and 3, strong diffuse staining, as previously described [9].

2.5. Measurements of anticoagulant activity

Three blood samples from each animal were collected in 3.8% sodium citrate in order to determine ex vivo
anticoagulant activity at baseline, 1 hour after the second subcutaneous injection; and 1 hour after the final
injection (the 8" injection). Platelet-poor plasma was obtained by two centrifugations at 1000 g for 10 min at
20°C and stored at —80°C until use.

Ex vivo anticoagulant activities were evaluated on an STAR coagulation analyser (Stago, Gennevilliers,
France) by an activated partial thromboplastin time (Automated APTT, BioMerieux, Durham, NC), a thrombin
clotting time (TCT, Thrombin Sigma Aldrich, Saint-Louis, MO), and an anti-Xa activity with commercial
chromogenic assay (STA Rotachrom Heparin 8, Stago, Gennevilliers, France) in the 3 groups of animals.

2.6. Measurements of bleeding time and platelet aggregation

Bleeding time and platelet aggregation were evaluated 1 hour after the final injection in each group. The
bleeding time (expressed in sec) was measured as the time between wounding of the rabbit ear and the
cessation of the bleeding, as previously described [10, 11].

Blood-citrate tubes were taken and centrifuged at 225 g/min for 20 minutes at 25°C to recover platelet-rich
plasma and further centrifuged at 2000 g/min for 10 minutes at 25°C to recover platelet-poor plasma. The
platelet-rich plasma sample was adjusted at 200 to 250 10° platelets/mL with homologous platelet-poor
plasma. Platelets were stimulated with 50 nM y-thrombin (a generous gift of M. Jeandrot-Perrus and MC.
Guillin), and the aggregation was assessed with a platelet aggrometer (Regulest, Florange, France).
y-thrombin (a product of limited proteolysis of a-thrombin) is not able to cleave fibinogen in fibrin, like o-
thrombin, but induce platelet aggregation. It was used as an agonist since LMWF have an anti-thrombin
activity. Aggregation was expressed as the maximum percent change in light transmittance from baseline,
with platelet-poor plasma as a reference.

2.7. Measurements of plasmatissue factor pathway inhibitor (TFPI) activity.

TFPI activity was measured in each animal at baseline, and 1 hour after the second subcutaneous injection.
TFPI activity in rabbit plasma was determined by a two-step colorimetric assay, as previously described with
following modifications [12]. All reagents was obtained from American Diagnostica (Greenwich, CT). Briefly,
in the first step, a 1/40 dilution of test sample was incubated with human factor Vlla and 20 ng/mL of rabbit
recombinant tissue factor (rTF) complex. In the second step, a saturating concentration of human factor X
was added to the reaction mixture as a substrate for the residual factor VIla/TF catalytic activity; the
generated factor Xa was measured with the specific chromogenic substrate, Spectrozyme Xa. The resulting
absorbance was read at 405 nm. Linear calibration curves were obtained with different dilutions of pooled
rabbit plasma. Results are expressed as percent of TFPI activity in this pooled rabbit plasma.



2.8. Statistical analysis

All data were analyzed in a blinded fashion. Parametric data are expressed as mean + SD. Non parametric
data are expressed as median value = upper and lower quartiles. Thrombotic and apoptotic scores,
endothelial denudation, and TF expression were averaged from two arteries in each animal, and we used the
six average values for the comparison among groups. Thrombosis occurrence was evaluated by recording
the number of animals in each group with any thrombus (in one or both arteries). Differences in thrombus
formation among groups were evaluated using the Fischer’s exact test. A two-way ANOVA test or a Kruskal-
Wallis test was used to compare parametric and non parametric data among the 3 groups of animals
(control, LMWF, and LMWH groups). If a global significant difference was found, a least-squares difference
test for multiple comparisons, or a Mann-Whitney test, when appropriate, was used to identify differences
between groups. Values were considered statistically different when P<0.05.

3. Results

3.1. Vessel thrombosis

We first analyzed thrombosis occurrence in the 3 groups. In the control group, thrombosis occurred in 5 of 6
animals (Figures 1A and 1D). In the LMWH group, thrombosis occurred in 4 of 6 animals (Figures 1B and
1D). Interestingly, in the LMWF group, thrombosis occurred only in 1 animal (Figures 1C and 1D). The
differences in thrombosis occurrence between LMWF and control groups were significant (p=0.03, Figure
1D). The severity of the thrombotic response was evaluated by a semi quantitative thrombotic score. The
thrombotic score was significantly lower in the LMWF group than in the control and the LMWH groups
(Figure 1E). Staurosporin treated arteries exhibited large areas of endothelial denudation (Figure 2 A-C), and
remaining endothelial cells were mostly apoptotic (Figure 2 E-G). Moreover, endothelial denudation and
apoptotic score were closely similar in the 3 groups (Figures 21 and 2J).

3.2. Anticoagulant activity

Anticoagulant activities are summarized in Figure 3.

No significant differences were observed among APTT at baseline in the 3 groups (Figure 3A). The APTTs
increased similarly 1 hour after the second and the final injections in the LMWF and the LMWF groups
(Figure 3A).

No significant differences were observed among TCT at baseline in the 3 groups (Figure 3B). One hour after
the second and the final subcutaneous injections, TCT was dramatically increased in the LMWH groups (>
120 s) as compared to the control and LMWF groups. In the LMWF group, TCT was not significantly different
as compared to the control group one hour after the second and the final subcutaneous injections (Figure
3B).

Finally, no significant differences were observed among anti-Xa activity at baseline in the 3 groups (Figure
3C). One hour after the second and the final subcutaneous injections, anti-Xa activity was significantly
increased in the LMWH group as compared to the control (p<0.0001) and the LMWF group (p<0.0001)
(Figure 3C). In contrast, anti-Xa activities were similar in the control and the LMWF groups (Figure 3C).

No significant difference of platelet count was observed in the 3 groups between baseline and sacrifice.
Decreased in hemoglobin was observed in each group, corresponding to blood depletion induced by blood
sampling and surgical procedure (data not shown).

3.3. Bleeding time and platelet aggregation induced by y-thrombin

Bleeding time was significantly increased in the LMWH group (175 + 17 sec) as compared to the control (123
+ 20 sec, p=0.009) and the LMWF group (124 + 23 sec, p=0.01). In contrast, bleeding time was not
significantly different between the LMWF and the control groups. No significant difference of platelet
aggregation was observed between the control and the LMWF groups (68.3 £ 7.3 % vs 63.2 + 7.6 %,
p=0.57). In contrast, platelet aggregation was altered in the LMWH group as compared to the control (22.8 £
22.5 % vs 68.3 £ 7.3 % p=0.0001) and the LMWF (22.8 + 22.5 % vs 63.2 + 7.6 %, p=0.0005).

3.4. Effect of LMWF in TF pathway

In the control and the LMWH groups, TF was predominantly and intensively detected in the media, but also
in remaining endothelial cells and within the thrombus, as shown in Figures 4A and 4B. In contrast, TF was
very low in the media in the LMWF group (Figure 4C). Moreover, TF expression was significantly decreased
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in the LMWF group as compared to the control and the LMWH groups (Figures 4 D). Interobserver variability
of semi-quantitative score of FT expression was evaluated by two blinded observer. Concordance was 86%,
and Kappa score was 0.82, indicating excellent agreement.

LMWF induced an increase of TFPI activity (Figure 4E) 1 hour after the second injection compared to

baseline. No significant difference in TFPI activity was observed in the control and the LMWH groups 1 hour
after the second injection (Figure 4E).

4. Discussion

4.1. Antithrombotic effects of LMWF

LMWHSs are widely used in the treatment of acute coronary syndromes. They are preferred to UF heparin
because LMWHs have more predictable bioavailability and pharmacokinetics, and they do not require
routine monitoring [13]. Antithrombotic activity of UF and LMWHSs are limited by their anticoagulant activity,
and thus their hemorrhagic effects. In the present study, we evaluate the antithrombotic effect and the
anticoagulant activity of LMWF and LMWH in an experimental model of arterial thrombosis by stimulation of
endothelial apoptosis. This model reproduces the mechanisms of thrombotic plaque erosion responsible of
30-40% of arterial thrombosis, particularly in women [8]. Thrombosis occurrence was particularly low in
LMWEF treated animals, and significantly lower than in control animals. Moreover, the severity of thrombosis
was significantly lower in the LMWF group than in the control and the LMWH groups. In the present study,
the antithrombotic effect of LMWF may be in part explained by the effect on the tissue factor (TF) pathway.
TF is considered as a major contributor of blood thrombogenicity in acute coronary syndromes [14, 15, 16].
Indeed, in our model, apoptotic endothelial cells may become procoagulant and promote thrombin
generation by exposing phosphatidylserine and activating TF [8, 14, 15]. Moreover, tissue factor pathway
inhibitor (TFPI) regulates the extrinsic blood coagulation pathway by factor Xa-dependent inhibition of the
tissue factor-factor Vila complex, and thus modulates thrombus formation [17]. Endothelium is considered as
the principal source of TFPI, and we hypothesized that TFPI was released by non injured endothelial cells
(i.e., upstream or downstream the lesion site) [18]. We observed that plasma TFPI activity level was
significantly increased in the LMWF group. This result is in accordance with a previous work demonstrating
in vitro that a 20 kDa molecular mass fraction of fucoidan induces TFPI release from human endothelial cells
culture in a time- and dose-dependent manner [5]. In contrast, we did not find a significant release of TFPI in
animals treated by LMWH. Interestingly, Sundaram M et al. also reported that release of TFPI is not
increased in rabbits with enoxaprin [19]. Furthermore, TF expression was significantly decreased in animals
treated by LMWF as compared to the control group. Other properties of LMWF could also interfere with long
term inhibition of arterial thrombosis. Indeed, LMWF are able to improve vascular tube formation [20], to
inhibit smooth muscle cell proliferation [21, 22], and neointimal hyperplasia [23]. Moreover, in a rat model of
critical hindlimb ischemia, LMWF promotes therapeutic revascularization induced by FGF-2 [24].

4.2. Anticoagulant effect and bleeding risk of LMWF

LMWEF exerts its anticoagulant activity by catalazing thrombin inhibition mainly by heparin cofactor Il [2]. We
confirmed that the anticoagulant activity of LMWF was low since it was not associated with a significant
prolongation of the thrombin clotting time or an increase in anti-Xa activity, contrary to LMWH [6].
Interestingly, for the first time, we demonstrated the absence of accumulation of fucoidan with no increased
anticoagulant activities after 4 days of treatment. Moreover, bleeding time and y-thrombin-induced platelet
aggregation were not altered with LMWF. Our results suggest that the efficacy/bleeding risk ratio of LMWF is
particularly promising in the treatment of arterial thrombosis.

4.3. Study limitations

Our data were obtained in an experimental model of arterial thrombosis by in situ induction of endothelial
apoptosis which plays an important role in thrombotic plaque erosion in humans [8, 25]. Caution is needed
before extrapolating these results to thrombotic ruptured plaque or more complex atherosclerotic disease
occurring in human.

In conclusion, LMWF, a sulfated polysaccharide extracted from brown seaweeds, is effective to prevent
arterial thrombosis in this model with a low bleeding risk. LMWF could be a promising new drug for
thrombotic diseases.
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Figure 1. Antithrombotic effects LMWF.

Thrombosis occurrence was evaluated 3 days after in vivo induction of endothelial apoptosis in control (A),
LMWH (B), and LMWF (C) groups. D : Bar graph representation of thrombosis occurrence in control (white),
LMWH (grey), and LMW fuocoidan (black) treated animals. N=6 in each group. Fischer’s exact test was used
to compare thrombosis occurrence between groups. E: Turkey box plot of the severity of thrombus
(thrombotic score) in control, LMWH, and LMWF (groups). Horizontal bar represent median value, and points
indicates 90™ and 10" percentiles Original Magnification: X5 (A-C). Staining: hematoxylin and eosin (A-C).
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Figure 2. Induction of endothelial apoptosis and endothelial denudation.

Endothelial apoptosis and denudation were evaluated by immunohistochemistry 3 days after in vivo
incubation with staurosporin in control (A, E), LMWH (B, F) and LMWF (C, G) groups. Apoptotic endothelial
cells were detected by TUNEL (A-C) and endothelial denudation was evaluated by anti-CD31 antibody (E-
G). Apoptotic cells (A-C), and remaining endothelial cells (D-F) appeared with a brown nuclei (arrows, A-C).
Non apoptotic cells had purple nuclei (A-C). Negative control for TUNEL staining (D), and positive control for
anti CD-31 staining (arrows, H) in normal femoral rabbit artery. Original Magnification: X20. T: indicating
thrombus (A, B, E, F). I: Turkey box plot of the severity of apoptosis (apoptotic score) in control, LMWH, and
LMWF groups. Horizontal bar represent median value, and points indicates 90" and 10" percentiles. J: Bar
graph representation of endothelial denudation (F), in control (white), LMWH (grey), and LMWF (black)
treated animals. Endothelial denudation and apoptosis were similar in the 3 groups (p=0.95, p=0.97;
respectively).
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Figure 3. Anticoagulant activity of LMWF
Bar graph representation of APTT (A), TCT (B) and anti-Xa activity (C) at baseline, 1 hour after the second
subcutaneous administration, and 1 hour after the final (8") injection in animals treated by a saline solution
(control, white), LMWH (grey), and LMWF (black). * P<0.05.
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Figure 4. Effect on tissue factor pathway
TF expression was evaluated 3 days after in vivo induction of endothelial apoptosis by an anti-rabbit tissue
factor monoclonal antibody in control (A), LMWH (B), and LMWF (C) treated animals. Cells which expressed
TF were stained red. TF expression was detected in the control and the LMWH groups in remaining
endothelial cells and strongly in the media (A, B). In contrast, TF expression was barely detectable in the
LMWF group (C). Original Magnification: X5 (A-C). T: indicating thrombus (A, B). D: Turkey box plot of TF
expression in control, LMWH, and LMWF groups. Horizontal bar represent median value, and points
indicates 90" and 10" percentiles * P<0.05. E: Bar graph representation of plasma TFPI activity at baseline,
and 1 hour after the second subcutaneous administration in animals treated by a saline solution (control,
white), LMWH (grey), and LMWF (black). For TFPI activity, 100% corresponded to the value obtained in

rabbit pooled plasma. N=6 in each group.* P<0.05.
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