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Rhamnan sulfate extracted from Monostroma nitidum attenuates
blood coagulation and inflammation of vascular endothelial cells
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Abstract

Rhamnan sulfate (RS) is a polysaccharide with a rhamnose backbone isolated from Monostroma nitidum. Like heparin, it
exerts anticoagulant activity in the presence of antithrombin. Endothelial cells facilitate the crosstalk between blood coagu-
lation and vascular inflammation. In this study, we compared the effect of RS with that of heparin on blood coagulation and
vascular endothelial cells in the presence or absence of inflammatory factors, using human umbilical vein endothelial cells.
We found that RS significantly enhances inhibition of thrombin and factor Xa in the presence of antithrombin as well as
heparin, and that RS inhibits tissue factor expression and von Willebrand factor release from the endothelial cells treated with
or without lipopolysaccharide, tumor necrosis factor-a, or thrombin. Heparin did not show any effects on endothelial cell
inflammation. Our findings suggest that RS, like heparin, is an antithrombin-dependent anticoagulant and, unlike heparin,
is a potent anti-inflammatory agent acting on vascular endothelial cells.
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Abbreviations TNF Tumor necrosis factor

APTT Activated partial thromboplastin time VWF Von Willebrand factor

HUVEC Human umbilical vein endothelial cells

LPS Lipopolysaccharide

PT Prothrombin time Introduction

RS Rhamnan sulfate

TF Tissue factor Seaweeds are traditionally consumed by people inhabiting

coastal areas in East Asia. They contain abundant amounts
of vitamins, minerals, soluble dietary fibers, peptides, and
lipids. Recent studies have demonstrated that seaweeds and
seaweed-derived products possess promising health-pro-
moting properties suitable for enriching functional foods.
Monostroma (M.) nitidum is a green alga that grows in shal-
low waters near Japan. Rhamnan sulfate (RS), a sulfated
polysaccharide, is the main constituent of the intercellular
space in M. nitidum [1]. The main repeating unit of RS
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consists of rhamnose with a sulfate group substituent that
forms long linear chains with branched side chains [2—4].
Several in vitro and in vivo studies have reported that RS
has anticoagulant [5, 6], antiviral [3, 7, 8], and anti-obesity
[1] activities.

In a normal blood vessel, endothelial cells play an impor-
tant role in the regulation of blood coagulation and platelet
activation by synthesizing various anticoagulant factors,
such as thrombomodulin, heparan sulfate proteoglycans
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(antithrombin-binding polysaccharide), nitric oxide, prosta-
glandin I, and ecto-ATP/ADPase [9]. However, with respect
to thrombus formation during inflammation, endothelial
cells play an important role in the initiation of blood coagu-
lation and platelet activation. Upon inflammation, activated
endothelial cells express tissue factor (TF) to initiate extrin-
sic blood coagulation, and also secrete von Willebrand factor
(VWF) to create a scaffold for platelet aggregation [10, 11].

Heparin, another sulfated polysaccharide, binds to
antithrombin in the blood and changes its conformation to
enhance the inhibitory activity of antithrombin toward sev-
eral serine proteases of the blood coagulation system, mainly
thrombin and factor Xa [12, 13].

Previous studies have shown that RS inhibits thrombin in
the presence of antithrombin as well as heparin [5, 6]; how-
ever, the effect of RS on factor Xa is unknown. Moreover,
the effect of RS on vascular endothelial cell activation dur-
ing inflammation is not yet well understood. In this study, we
investigated the effect of RS, compared with that of heparin,
on blood coagulation and on vascular endothelial cells in the
presence or absence of inflammatory factors using human
umbilical vein endothelial cells (HUVECS).

Results and discussion
Preparation and characterization of RS

RS was extracted from M. nitidum by hot water and purified
using anion-exchange column chromatography as described
previously [3]. The purified RS eluted as a single peak with
a shoulder in front of the main peak (M,, 5.6 x 10%) in gel
permeation chromatography.

Several studies have shown that RS has anticoagulant
activity [5, 6, 14-16]. To characterize the anticoagulant
activity of our RS preparation, we evaluated the effect of
RS on activated partial thromboplastin time (APTT) and
prothrombin time (PT) (Supplementary Fig. 1). The data
show that RS prolonged PT and APTT, but the anticoagu-
lant activity of RS was much lower than that of heparin,
almost one-tenth of the activity of heparin. We confirmed
that the anticoagulant activity of RS toward thrombin
requires antithrombin (Fig. 1a), as previously described [5],
and found that RS also inhibits factor Xa in the presence of
antithrombin (Fig. 1b).

Effect of RS on endothelial cell activation
under inflammation

We next examined the effect of RS on the inflammation of
endothelial cells. Proinflammatory stimuli, such as lipopoly-
saccharide (LPS, endotoxin from Gram-negative bacteria),
tumor necrosis factor (TNF)-a (a major proinflammatory
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Fig.1 Effects of RS or heparin on thrombin and factor Xa in the
presence or absence of antithrombin. Residual activity of throm-
bin (2.5 nM) treated with 2 pg/ml heparin or RS in the presence
or absence of 5 nM antithrombin (a). Residual activity of factor
Xa (2.5 nM) treated with 2 pg/ml heparin or RS in the presence or
absence of 25 nM antithrombin (b). Experimental conditions are
described in ‘Experimental’. Data are shown as the mean+SD of
three experiments. *P <(0.05 compared to thrombin or factor Xa with-
out antithrombin. TP <0.05 compared to factor Xa plus antithrombin.
TP <0.01 compared to thrombin or factor Xa plus antithrombin

cytokine), and the coagulation factor, thrombin, have been
shown to significantly induce the expression of TF and VWF
in activated endothelial cells [17-20]. TF expression on the
cell surface contributes to the initiation of cell-based throm-
bus formation [21], and VWF released into the blood stimu-
lates platelet activation in thrombotic microangiopathy [11].

We first exposed cultured HUVECs to RS or heparin.
RS had no impact on cell survival according to the results
of a cytotoxicity assay (Supplementary Fig. 2), and slightly
decreased both TF expression and VWF release in the
absence of LPS treatment (Supplementary Fig. 3a, c). Hep-
arin weakly decreased TF expression and increased VWF
release in the absence of LPS treatment (Supplementary
Fig. 3b, d).
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We then exposed cultured HUVECs to LPS and evalu-
ated TF expression and VWF release in the presence of RS
or heparin. As shown in Fig. 2a, ¢, LPS strongly stimu-
lated the endothelial cells, increasing TF expression and
VWEF release, whereas RS significantly suppressed this TF
expression and VWEF release in a concentration-dependent
manner. In contrast, heparin did not significantly affect
LPS-induced TF expression (Fig. 2b) and only slightly
enhanced LPS-induced VWF release (Fig. 2d).

To determine whether RS suppresses endothelial cell
activation induced by other proinflammatory stimuli,
we next treated HUVECs with TNF-«a and thrombin and
evaluated TF expression and VWF release. RS strongly
decreased TF expression and slightly suppressed VWF
release induced by TNF-a (Fig. 3a, c). Heparin did not
alter TNF-a-induced TF expression or VWF release
(Fig. 3b, d). The increases in TF expression and VWF
release in endothelial cells induced by thrombin were
similar to those induced by LPS and TNF-a. RS reduced
thrombin-induced TF expression by approximately 50%
(Fig. 4a) and tended to suppress VWF release (Fig. 4c).
Treatment with low-concentration heparin increased
thrombin-induced TF expression (Fig. 4b), but heparin
did not affect thrombin-induced VWF release (Fig. 4d).
In these experiments, we cultured and treated HUVECs in
serum-free media; thus, the present findings suggest that
endothelial cell activation by proinflammatory stimuli was
directly suppressed by RS without inhibition of thrombin
protease activity, because antithrombin was absent in the
culture medium. These findings indicate that, unlike hepa-
rin, RS has an inhibitory effect on endothelial cell activa-
tion induced by various types of inflammatory stimuli.

The mechanism of the RS-dependent anti-inflammatory
effect on vascular endothelial cells is still unknown. Pre-
vious reports on the effect of the glycocalyx on vascular
endothelial cells under inflammatory conditions [22] may be
relevant to the anti-inflammatory effects of RS on endothe-
lial cells. The glycocalyx is found on the surface of animal
cells and is composed of glycoconjugates and proteoglycans,
including sulfated polysaccharides such as heparan sulfate,
chondroitin sulfate, and dermatan sulfate [23]. It has been
shown that the glycocalyx in vascular endothelial cells is
involved in the regulation of blood coagulation and inflam-
mation by affecting the binding of leukocytes, platelets, and
coagulation/inflammation-related factors [24]. Thus, similar
to that of the glycocalyx, the sulfated polysaccharide, RS,
may function to protect endothelial cells from inflammatory
factors.

Recently, anticoagulant therapeutic approaches have been
shown to be effective in the prevention of thrombotic dis-
orders such as stroke, venous thromboembolism, and car-
diovascular events. Based on the preventive activities of RS
against blood coagulation and endothelial inflammation, RS
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Fig.2 Effect of RS or heparin on LPS-induced TF expression and
VWEF release in HUVECs. TF expression in HUVECs treated with
LPS (1 pg/ml) or phosphate-buffered saline (PBS) in the presence of
RS (0-100 pg/ml) (a) or heparin (Hep) (0-100 pg/ml) (b). TF activ-
ity of HUVECsS treated with LPS in the absence of RS or heparin was
designated to be 100%. VWF release from HUVECsS treated with LPS
(1 pg/ml) or PBS in the presence of RS (0-100 pg/ml) (¢) or heparin
(Hep) (0-100 pg/ml) (d). Concentration of VWF in culture medium
of HUVEC s treated with LPS in the absence of RS or heparin was
designated to be 100%. Open columns indicate TF activity and VWF
concentration under conditions without LPS, RS, and heparin in
PBS. Black and gray columns indicate TF activity and VWF con-
centration in the presence of LPS. Data are shown as the mean+SD
of four independent experiments. *P <0.05, **P<0.01 compared
to reactions without LPS treatment in the absence of RS or heparin.
TP <0.01 compared to LPS treatment in the absence of RS or heparin
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Fig.3 Effect of RS or heparin on TNF-a-induced TF expression
and VWF release in HUVECs. TF expression in HUVECs treated
with TNF-a (10 U/ml) or PBS in the presence of RS (0-100 pg/ml)
(a) or heparin (Hep) (0-100 pg/ml) (b). TF activity of HUVECs
treated with TNF-a in the absence of RS or heparin was designated
to be 100%. VWF release in HUVECs treated with TNF-a (10 U/
ml) (c¢) in the presence of RS (0-100 pg/ml). VWF release from
HUVEC:sS treated with TNF-a (10 U/ml) in the presence of heparin
(Hep) (0-100 pg/ml) (d). Concentration of VWF in culture medium
treated with TNF-a in the absence of RS or heparin was designated
to be 100%. Open columns indicate TF activity and VWF concen-
tration under conditions without TNF-a, RS, and heparin in PBS.
Black and gray columns indicate TF activity and VWF concentration
in the presence of TNF-a. Data are shown as the mean + SD of four
independent experiments. **P <0.01 compared to reactions without
TNF-o treatment in the absence of RS or heparin. P <0.01 compared
to TNF-a treatment in the absence of RS or heparin
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Fig.4 Effect of RS or heparin on thrombin-induced TF expres-
sion and VWF release in HUVECs. TF expression in HUVECs
treated with thrombin (Th) (1 U/ml) or PBS in the presence of RS
(0-100 pg/ml) (a) or heparin (Hep) (0-100 pg/ml) (b). TF activity
of HUVEC: treated with thrombin in the absence of RS or heparin
was designated to be 100%. VWF release from HUVECs treated with
thrombin (Th) (1 U/ml) or PBS in the presence of RS (0-100 pg/
ml) (c) or heparin (Hep) (0-100 pg/ml) (d). Concentration of VWF
in culture medium treated with thrombin in the absence of RS or
heparin was designated to be 100%. Open columns indicate TF
activity and VWF concentration under conditions without thrombin,
RS, and heparin in PBS. Black and gray columns indicate TF activ-
ity and VWF concentration in the presence of thrombin. Data are
shown as the mean+ SD of four independent experiments. *P <0.05,
*#*P<0.01 compared to reactions without thrombin treatment in the
absence of RS or heparin. TP <0.01 compared to thrombin treatment
in the absence of RS or heparin
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may be a candidate as a beneficial food supplement possess-
ing antithrombotic effects.

Experimental
Preparation of RS

Crude RS was isolated from M. nitidum extract as described
previously with slight modifications [3]. The crude RS prep-
aration was dissolved in H,O and treated with actinase E
(Kaken Pharmaceutical, Tokyo, Japan) at 50 °C for 16 h.
The treated extract was then applied to a Cellfine A-200
(JNC, Tokyo, Japan) anion-exchange chromatography col-
umn and was successively eluted with H,O, 7 M urea in 2 M
KCI. The fractions, which were monitored by the phenol-
H,SO, method, were collected, dialyzed, and freeze-dried.

Measurement of thrombin and factor Xa activities

Thrombin and factor Xa activities were measured according
to a previously described method [25]. A thrombin solution
(2.5 nM) (Wako Pure Chemical, Tokyo, Japan) was mixed
with RS (2 pg/ml) or heparin (unfractionated heparin, 2 pg/
ml) in the absence or presence of antithrombin (5 nM)
(Sigma-Aldrich, St. Louis, MO, USA) and incubated at
37 °C for 15 min. Residual thrombin activity was measured
with a thrombin-specific substrate (200 pM, Boc-Val-Pro-
Arg-MCA) (Peptide Institute, Osaka, Japan) using a fluo-
rescence microplate reader (Molecular Devices, Sunnyvale,
CA, USA). A factor Xa solution (2.5 nM) (Sigma-Aldrich)
was mixed with RS (2 pg/ml) or heparin (2 pg/ml) in the
absence or presence of antithrombin (25 nM) and incubated
at 37 °C for 15 min. Residual factor Xa activity was meas-
ured with a factor Xa-specific substrate (200 pM, Boc-Ser-
Gly-Arg-MCA,; Peptide Institute).

Measurement of TF expression

TF expression in HUVECs was measured by monitoring fac-
tor X activation, which depends on the presence of the factor
VIIa/TF complex, according to the method described previ-
ously [26]. The HUVECs were stimulated with LPS (1 pg/
ml) (Sigma-Aldrich), bovine thrombin (1 unit (U)/ml) (Wako
Pure Chemical), or TNF-a (10 U/ml) (Sigma-Aldrich) in
the presence of various concentrations of RS or heparin for
4 h. Factor Xa activity was measured using a synthetic sub-
strate (200 pM, Boc-Ser-Gly-Arg-MCA). TF expression, as
a percentage of factor Xa activity, in LPS-, thrombin-, or
TNF-oa-treated HUVECsS in the absence of RS or heparin
was designated to be 100%.

@ Springer

Measurement of VWF antigen

The HUVECs were treated with LPS (1 pg/ml), thrombin
(1 U/ml), or TNF-a (10 U/ml) in the presence of various
concentrations of RS or heparin for 4 h. The concentration of
VWF in the culture medium released from the HUVECs was
measured by a method described previously [26]. The con-
centration of VWF in the culture medium stimulated with
LPS, thrombin, or TNF-a in the absence of RS or heparin
was designated to be 100%.

Statistical analysis

Data were collected from four independent experiments
and are presented as the mean + SD. Statistical analyses
were performed using Dunnett’s multiple comparison tests.
P <0.05 was considered statistically significant.
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