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Abstract

Fucoidan is a sulfated polysaccharide with various bioactivities. The application of fucoidan in
cancer treatment, wound healing, and food industry has been extensively studied. However, the
therapeutic value of fucoidan in cardiovascular diseases has been less explored. Increasing number
of investigations in the past years have demonstrated the effects of fucoidan on cardiovascular
system. In this review, we will focus on the bioactivities related to cardiovascular applications, for
example, the modulation functions of fucoidan on coagulation system, inflammation, and vascular
cells. Factors mediating those activities will be discussed in detail. Current therapeutic strategies
and future opportunities and challenges will be provided to inspire and guide further research.
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1. Introduction

Fucoidan is a sulfated polysaccharide mainly isolated from the matrix of brown seaweed.

It is primarily composed of sulfated | -fucose and different proportions of xylose, mannose,
galactose, glucose, and uronic acid depending on the species of brown seaweeds (Cumashi
et al., 2007; Jin, Zhang, Wang, & Zhang, 2013; Ushakova et al., 2009). The structure of
fucoidan is heterogeneous. Two main types of fucoidan backbone have been identified as
mono-(1-3)- a- -fucopyranose and repeated alternating (1-3)- and (1-4)-a-| -fucopyranose
with sulfate groups locating at C-2, C-3 and/or C-4 of fucose ring (Figure 1) (Li, Lu, Wei,
& Zhao, 2008). Fucoidan was first isolated from brown algae in 1913 by Kylin, and now
fucoidan has been marketed as dietary supplement in food industry. Since its discovery,
fucoidan has attracted steadily increased research interest, attributed to its low toxicity
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and diverse bioactivities (Li, Lu, et al., 2008; Wang et al., 2019). The most extensively
studied area of fucoidan is cancer treatment due to its potent antitumor activity (Oliveira,
Neves, Reis, Martins, & Silva, 2020; N. E. Ustyuzhanina et al., 2014; Wu et al., 2016).

In addition to the antitumor activity, fucoidan also exhibits antioxidant (Rocha de Souza

et al., 2007; Wang, Zhang, Zhang, Song, & Li, 2010), anticoagulant (Irhimeh, Fitton, &
Lowenthal, 2009; Mourdo, 2004), anti-inflammatory (Lee et al., 2012; Lee, Ko, et al.,
2013), antibacterial (Lee, Jeong, Choi, Na, & Cha, 2013) and immune regulatory effects
(Itoh, Amano, Kakinuma, & Noda, 2002; Lee, Cho, Kim, & Cho, 2020). These bioactivities
enable both the therapeutic and biomedical applications of fucoidan. Approaches for treating
cardiovascular diseases remain the core research area in many countries. Fucoidan has been
shown to alleviate atherosclerotic lesions through its anti-inflammatory and anticoagulant
effects (Patil et al., 2018; Zaporozhets & Besednova, 2016). Moreover, fucoidan has been
shown to suppress neointima formation and reduce adverse vascular remodeling (Hlawaty
etal., 2011). These findings suggest the potential of fucoidan as therapeutic agent for
cardiovascular application. Meanwhile, many studies have suggested that the activities of
fucoidan appear to be significantly altered by variables related to the derivation and the
resulted molecular structure, such as species of brown seaweeds, structural features and
molecular weight. In this paper, we aim to provide a scientific review on the bioactivities
and functions of fucoidan that are valuable for cardiovascular application. The factors
affecting these activities of fucoidan will be summarized. This review will also discuss the
strategies and challenges in the future development of fucoidan as cardiovascular therapeutic
agents.

2. Bioactivities of fucoidan for cardiovascular application

Fucoidan has a wide range of bioactivities that will be beneficial for its potential
cardiovascular applications. The therapeutic effect on atherosclerosis is one of the key
functional activities of fucoidan. Fucoidan alleviates atherosclerotic lesion by reducing
leukocyte and platelet adhesion on dysfunctional or damaged endothelium (Chauvet,
Bienvenu, Théorét, Latour, & Merhi, 1999), and inhibiting thrombin generation (Mouréo,
2015). It also inactivates free-radical processes (Tariq et al., 2015), reduces cholesterol
levels (Cuong, Thuy, Huong, Ly, & Van, 2015) and inhibits lipid accumulation (Yokota,
Nagashima, Ghazizadeh, & Kawanami, 2009). Moreover, fucoidan reduces thrombin
generation in microvasculature (Thorlacius, Vollmar, Seyfert, Vestweber, & Menger, 2000)
and promotes angiogenesis through recruitment of endothelial progenitor cells (Zemani

et al., 2005), which could attenuate myocardial infarction and stimulate revascularization
in ischemic regions. These bioactivities of fucoidan for cardiovascular application can be
divided into three main categories: (1) the anticoagulant and antithrombotic activity; (2) the
anti-inflammatory activity; and (3) the modulation of vascular cell behaviors.

2.1 Anticoagulant and antithrombotic activity

2.1.1 Coagulation—The coagulation cascade has three different pathways: intrinsic
pathway (contact activation pathway), extrinsic pathway (tissue factor pathway), and
common pathway (Fig 2). Activated partial thromboplastin time (APTT), prothrombin
time (PT), and thrombin time (TT) are three important parameters of coagulation activity.
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APTT reflects the coagulation activity through both intrinsic and common coagulation
pathways; PT shows the clot formation in the extrinsic pathway, while TT measures the
thrombin-induced clotting formation time in the common coagulation pathway. Fucoidan
was first reported to exhibit anticoagulant activity both 7n vitroand in vivoin 1957 by
Springer (Springer, Wurzel, McNeal, Ansell, & Doughty, 1957). They found that fucoidan
fractions from Fucus vesiculosus significantly prolonged PT when injected intravenously
to rabbits weighing 2-3 kg at a dose of 45-50 mg per animal. Later, similar trend was
observed in baboons that fucoidan injection at a dose of 1.0 mg/kg/h has increased PT
from 18 s to 65 s (Alwayn et al., 2000). The prolonging of APTT by fucoidan has been
reported by many studies (Haroun-Bouhedja, Ellouali, Sinquin, & Boisson-Vidal, 2000; Kim
et al., 2010; Kuznetsova et al., 2003; Wijesinghe, Athukorala, & Jeon, 2011). Shang et al.
studied the anticoagulant activity of fucoidans from three sea cucumbers at a concentration
ranging from 1 to 100 pg/mL, and showed that the prolonging in APTT was significant,
while TT and PT were not affected (Shang et al., 2018). Fucoidan from Hizikia fusiforme
has been reported to prolong APTT distinctly but delay TT slightly (Li, Zhao, & Wei,
2008). The findings, showing that fucoidan could prolong both APTT and PT, suggest that
fucoidan exhibits anticoagulant activity through both intrinsic and extrinsic pathways. The
main targets of fucoidan have been identified as factor Xa and thrombin.

Factor Xa (FXa) is an activated form of factor X, and it can cleave prothrombin to yield
active thrombin. The interaction of fucoidan with FXa is emphasized in the mechanism of
the anticoagulant activity of fucoidan. Fucoidan is a potent inhibitor of FXa generation in
the intrinsic pathway (Drozd et al., 2006; Lapikova et al., 2008; Nishino, Fukuda, Nagumo,
Fujihara, & Kaji, 1999). Furthermore, Shang et a/. recently found that fucoidan inhibited

the intrinsic coagulation pathway by targeting the intrinsic coagulation factor Xase. They
reported an 1C50 ranging from 50 ng/mL to 200 ng/mL depending on the species, and they
found that increased concentration of fucoidan resulted in complete inhibition of factor Xase
(Shang et al., 2018).

The anticoagulant activity of fucoidan is highly dependent on the structure of fucoidan.
Among all of the structural features, sulfate content and molecular weight appear to be the
most important. A common consensus is that the anticoagulant effect is positively related
to the number of sulfate groups, while negatively associated with the molecular size. More
details will be discussed in Section 3.2 and 3.3.

The pro-anticoagulant potential of fucoidans has also been reported. Fucoidan was first
described as a non-anticoagulant polysaccharide by McCaffrey et a/. due to the inefficiency
in prolonging TT (McCaffrey, Falcone, Borth, Brayton, & Weksler, 1992). Later, fucoidan
was reported to accelerate the clotting time of human plasma with hemophilia A and
hemophilia B and plasma with reduced factor VI level at concentrations from 4-500 nM
(Liu et al., 2006). One of the suggested mechanisms of the procoagulant activity of fucoidan
is acting through the inhibition of tissue factor pathway inhibitor (TFPI). TFPI is a potent
inhibitor of the extrinsic coagulation pathway, released from endothelium. Fucoidan has
been shown to have a TFPI-inhibiting activity with EC50 values around 0.4 pg/mL and
reverse the anticoagulant action of TFPI (Zhang et al., 2015).
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The balance between anticoagulant and procoagulant activities of fucoidan appears to be
dose-and structure-dependent. Generally, procoagulant activity of fucoidan is observed at
a low concentration, while anticoagulant activity is observed at a high concentration. In

a hemostatic thrombin generation assay with hemophilia plasma, fucoidan was shown to
have an onset of procoagulation at the concentration of 0.01 pg/mL and reach the optimal
activity at about 1 pg/mL. However, the procoagulation was reversed at a concentration
higher than 10 pg/mL (Dockal, Till, Knappe, Ehrlich, & Scheiflinger, 2011). Zhang et

al. obtained a bell-shaped concentration profile for the co-existing pro- and anti-coagulant
activities (Zhang et al., 2015). The profile has indicated that the procoagulant window of
fucoidan may span a wide concentration range from 0.1 to 100 pug/mL. In a different study,
Zhang et al. also showed that a minimal sulfation degree of 0.5 sulfates per sugar unit and
minimal molecular size of 70 sugar units are required for Fucus vesiculosus fucoidan to
exhibit procoagulant activity (Zhang et al., 2014).

2.1.2 Thrombin generation—Thrombin plays a crucial role in thrombosis. Fucoidan
has been shown to have an antithrombotic activity by thrombin inhibition. With intravenous
injection into rabbits at 1.8 mg/kg, fucoidan has been shown to inhibit thrombosis by
significantly prolonging thrombin clotting time while only slightly increase bleeding
(Mauray et al., 1995). In a contact-activated plasma model, fucoidan has been reported

to extend the lag phase of thrombin generation at a concentration of 40-100 pg/mL (Mauray
et al., 1998). Thrombus formation in microvasculature can lead to ischemia or even tissue
infarction. Intravenous injection of fucoidan (25 mg/kg) also effectively slowed down the
thrombus occlusion caused by endothelial denudation in both arterioles and venules in vivo
(Thorlacius et al., 2000).

The thrombin inhibition activity of fucoidan is mainly mediated by heparin cofactor 11-
and antithrombin I11-dependent pathways (Colliec et al., 1991; Mansour et al., 2019; Minix
& Doctor, 1997), as shown in Fig 2. Heparin cofactor Il and antithrombin Il inactivate
thrombin by forming complexes with thrombin, blocking the active site of thrombin.
Fucoidan has a high affinity for heparin cofactor Il and is potent in enhancing the reaction
rate of heparin cofactor Il-thrombin (Church, Meade, Treanor, & Whinna, 1989; Nishino
etal., 1991). This activity of fucoidan has been shown to be more effective than that of
heparin (Minix & Doctor, 1997). Fucoidan also promotes the activity of antithrombin 111
in inactivating thrombin, although to a less extent compared to heparin cofactor Il (Colliec
etal., 1991; Grauffel, Kloareg, Mabeau, Durand, & Jozefonvicz, 1989; Soeda, Ohmagari,
Shimeno, & Nagamatsu, 1993; Ustyuzhanina et al., 2013).

Other mechanisms of the antithrombotic activity of fucoidan have been explored as well.
Fibrin polymerization can be suppressed by fucoidan (Soeda et al., 1992). Fucoidan is
capable of binding to fibrinogen, presenting a steric hindrance, thereby inhibiting fibrinogen
clotting by thrombin (Nishino et al., 1991; Nishino et al., 1995). Plasminogen, a serine
protease in blood, lyses fibrin once activated and converted to plasmin. Tissue plasminogen
activator (t-PA) is the primary activator of plasminogen. Fucoidan can simulate t-PA
catalyzed plasminogen activation (Soeda et al., 1993; Soeda et al., 1992). A recent study
has also demonstrated that mixing fucoidan into recombinant t-PA (rt-PA) yielded a greater
fibrinolytic effect than rt-PA alone (Ghebouli et al., 2018). Richard et a/. looked into the
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impact of fucoidan on protease nexin-1 (PN-I), which has an inhibitory effect on thrombin
(Richard et al., 2006). They have observed that fucoidan bound to thrombin, PN-I, and
PN-I/thrombin complex. The resulting kinetic curve showed that the fucoidan accelerated
thrombin inhibition by PN-I.

Among all the studies on the antithrombotic activity of fucoidan, little evidence showed
that fucoidan has a direct inhibitory effect on thrombin. Ustyuzhanina et a/. reported that a
high concentration of fucoidan and a minimum of 16 saccharide units might be required to
achieve a direct inhibition of thrombin (Ustyuzhanina et al., 2013).

2.1.3 Platelets—In addition to the anticoagulant and antithrombotic activities, fucoidan
also affects platelet adhesion, aggregation, and activation. Fucoidan has been shown to
inhibit thrombin-induced and adenosine diphosphate (ADP)-induced platelet aggregation
(Cumashi et al., 2007; Jeong, Yoon, & Kim, 2009). Intravenous administration of fucoidan
in baboons at a dose of 0.5 to 1.0 mg/kg/h has been shown to cause complete inhibition of
platelet aggregation (Alwayn et al., 2000). Furthermore, the administration of fucoidan in
a pig angioplasty model has showed inhibition of platelet adhesion to the damaged arterial
surfaces (Chauvet et al., 1999). Fucoidan has also been shown to inhibit platelet activation
by reducing platelet aggregation. Chen et al. showed that fucoidan from Saccharina
Japonica inhibited platelet activation indirectly by reducing the concentration of endothelial
microparticles and von Willebrand factor (vWF). Additionally, fucoidan has been shown

to directly inhibit platelet activation by decreasing the intracellular Ca2* influx (Chen,
Zhang, Shi, Zhao, & Yan, 2016). Several studies using fucoidan as functional modification
molecules have also shown that fucoidan reduces or does not increase platelet adhesion on
synthetic materials (Su et al., 2017; Yao, Zaw, Anderson, Hinds, & Yim, 2020; Ye et al.,
2016; Zhang et al., 2017).

However, fucoidan from Fucus vesiculosus was previously reported to induce irreversible
platelet aggregation and cause platelet activation (Durig et al., 1997; Manne et al., 2013),
although low molecular weight fucoidan exhibited less severe effects. Fucoidan has been
previously suggested to induce platelet activation through Src family kinase signaling
pathways, which are critical initiators of platelet response to vascular injury (Senis,
Mazharian, & Mori, 2014). Also, fucoidan from Fucus vesiculosus causes human platelet
aggregation via platelet endothelial aggregation receptor-1 and platelet glycoprotein Ib,
facilitating the initial platelet adhesion at the vascular injury site. However, when being used
as a functional molecule on synthetic vascular graft, fucoidan from Fucus vesiculosus did
not cause obvious platelet aggregation nor activation (Yao et al., 2020).

The contradictory results could be explained by the dose and molecular weight differences
of the fucoidans used in different studies. The irreversible induction of platelet aggregation
by fucoidan from Fucus vesiculosus has been shown to only appear at high concentrations
(0.5-5 mg/mL). Additionally, low molecular weight fractions of fucoidan (15.2 kDa) has
been shown to induce lower platelet aggregation compared to high molecular weight
fucoidans (170 kDa and 117 kDa) (Carvalho G. de Azevedo et al., 2009). Other studies
have also found that high molecular weight fucoidan from Saccharina japonica caused pro-
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aggregation response of platelets, while low molecular weight fucoidan inhibited thrombin-
induced platelet aggregation (Zhao et al., 2012; Zhu et al., 2010).

2.2 Anti-inflammation

Inflammation has been highlighted and evidenced to play a significant role in cardiovascular
pathogenesis. Fucoidan has been identified as a promising anti-inflammatory agent to treat
early-stage atherosclerosis (Patil et al., 2018). The anti-inflammatory effect of fucoidan

is achieved by inhibiting complement system, binding to selectins, and suppressing the
activities of several inflammatory enzymes (Zaporozhets & Besednova, 2016).

2.2.1 Complement—The complement system is a surface-mediated and calcium-
dependent reaction of innate immunity (Carroll, 2008). Complement activation has three
pathways: the classical pathway, the mannan-binding lectin (MBL) pathway, and the
alternative pathway (Sarma & Ward, 2011). The three pathways result in the formation

of C3-convertases through different mechanisms, as shown in Fig 3. The classical pathway
is triggered by activating the C1 complex component, including C1q, C1r, and C1s. Clq
binds to the pathogen surfaces, followed by the cleavage of C2 and C4 and the formation
of C3-convertase, C4b2a (Walport, 2001). MBL pathway is activated by the interaction of
MBL or ficolin with pathogen surfaces, leading to the cleavage of C2 and C4, forming
C4b2a (Petersen, Thiel, & Jensenius, 2001). The alternative pathway involves the constant
hydrolysis of C3 to form C3b and occurs directly by contacting the carbohydrates, lipids,
and proteins on the pathogen surfaces (Harboe & Mollnes, 2008). Complement activation
has been suggested to contribute to the development of atherosclerosis, thrombosis, and
ischemic heart disease (Bjerre, Hansen, & Flyvbjerg, 2008; Carter, 2012; Oksjoki, 2007).
Undesired complement activation can also occur either in blood or on the surface of a
cardiovascular implant through the classical pathway and alternative pathway, contributing
towards thrombus formation (Bruins et al., 1997; Engberg et al., 2011).

Fucoidan was first described as a potent inhibitor of complement activation by Blondin et
al. in 1994 (Blondin, Chaubet, Nardella, Sinquin, & Jozefonvicz, 1996; Blondin, Fischer,
Boisson-Vidal, Kazatchkine, & Jozefonvicz, 1994). Later, Zvyagintseva et al. showed that
fucoidans from Laminaria cichorioides, Saccharina japonica, Fucus evanescens caused 50%
inhibition of alternative complement activation at a concentration from 0.5 to 20 mg/mL,
depending on the sources (Zvyagintseva et al., 2000). As shown in Fig 3, fucoidan inhibits
complement activation mainly through the classical pathway and to a lesser extent through
the alternative pathway. Fucoidan binds to C1q and interfere with the association of the
C1r2-C1s2 subunit, thus inhibiting the full activation of C1 (Tissot, Daniel, & Place, 2003;
Tissot et al., 2005; Tissot, Montdargent, et al., 2003). Fucoidan has been hypothesized

to prevent C4 cleavage by forming a complex with C4 (Tissot, Montdargent, et al.,

2003). The binding of fucoidan to C4 was later confirmed by nuclear magnetic resonance
(NMR) characterization using fucoidan oligosaccharides (Clément et al., 2010). In addition,
fucoidan directly inhibits the formation of C3 convertase. By interfering with the interaction
between C4b and C2, fucoidan inhibits the formation of C4b2a. Also, fucoidan suppresses
the generation of C3bBb by decreasing the number of binding sites on factor B for C3b
(Blondin et al., 1994).
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Recent studies have shown that the anticomplementary effect of fucoidan is dependent

on its structural features (Kopplin et al., 2018; Liu, Wang, Zhang, & Zhang, 2018). The
reducing end and methyl groups on fucoidan are suggested to be responsible for the
interaction between fucoidan and C4. Fucoidan with branched structure appears to be

more beneficial for its anticomplementary activity (Clément et al., 2010). Sulfated and
benzoylated derivatives of fucoidan exhibit a better anti-complementary effect than native
fucoidan, and high molecular weight derivatives cause the most substantial effect (Liu et al.,
2018).

2.2.2 Selectin—Selectins are a group of glycoproteins, playing a vital role in the
leukocyte recruitment and accumulation at the sites of inflammation and tissue damage.
P-selectin is a cell adhesion molecule expressed by both endothelial cells and platelets. It
has a high-affinity ligand, P-selectin glycoprotein ligand-1 (PSGL-1), which is expressed
by leukocytes. Upon the activation of endothelial cells and platelets, P-selectin relocates

to the surfaces of activated endothelial cells and platelets, which triggers the leukocyte
recruitment into the inflammatory sites and contributes to thrombus formation (Lorant et al.,
1993). Fucoidan is another ligand of P-selectin; it attenuates the interaction of P-selectin
with leukocytes by binding to its carbohydrate recognition domain (Preobrazhenskaya et al.,
19973, 1997b; Usov, Smirnova, Bilan, & Shashkov, 1998). L-selectin, expressed by most
circulating leukocytes, can recognize endothelial mucin-like ligands and regulate leukocyte
tethering, rolling, and activation. Fucoidan is also a ligand of L-selectin and can reduce
leukocyte rolling and accumulation (Mebius & Watson, 1993; Ruehl et al., 2002).

By binding to the selectins, fucoidan inhibits leukocyte, neutrophil, and platelet adhesion
to damaged arterial surfaces (Chauvet et al., 1999; Mansson, Zhang, Jeppsson, Johnell,
& Thorlacius, 2000; Thorlacius et al., 2000). In different animal models, injection of
fucoidan reduces leukocyte rolling and neutrophil migration (Gaboury & Kubes, 1994;
Omata, Matsui, Inomata, & Ohno, 1997; Preobrazhenskaya et al., 1997a). Cumashi et al.
compared the inhibition of neutrophil extravasation by fucoidans from different species
(Cumashi et al., 2007). However, no conclusive relationship has been seen between the
structural parameters and the effects on neutrophil extravasation.

The ability of fucoidan to bind with selectins allows for diverse biomedical applications

of fucoidan. Fucoidan can bind to activated platelets by targeting the P-selectin on the
surfaces of activated platelets. Juenet et a/. reported a nanomolar affinity of fucoidan for the
P-selectin expressed by activated platelets in thrombus, which suggests that fucoidan can
be used as carriers for targeting thrombosis (Juenet et al., 2018). Fucoidan functionalized
microcapsules and microparticles has been shown to bind to activated platelet aggregates
and explicitly locate at the abdominal aortic aneurysm thrombotic wall in a rat model
(Bonnard, Yang, et al., 2014; Li et al., 2017). The ability of fucoidan to locate activated
platelets in thrombus enables fucoidan to work as a promising molecular imaging agent.
Furthermore, fucoidan also shows therapeutic potential in attenuating myocardial infarction
by reducing selectin-dependent adhesion of platelets (Barrabés et al., 2005; Tanaka et al.,
2010).
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2.2.3 Enzyme activity—Recent studies have found out that in addition to the inhibition
of complement and selectins, fucoidan also suppresses the activity of several inflammatory
enzymes. Dietary intake of low molecular weight fucoidan from Saccharina japonica at

a dose of 200 mg/kg/day markedly downregulates the matrix metalloproteinase (MMP)
level, reduces expression of interleukin 1B, tumor necrosis factor-a (TNF-a) and monocyte
chemotactic protein-1, and limits the growing of abdominal aortic aneurysm (AAA) (Zhou
etal., 2018). MMP-2 is responsible for intimal hyperplasia (Kishi et al., 2007; Rotmans

et al., 2004). Fucoidan from Fucus vesiculosus inhibits MMP-2 activity and reduces the
narrowing of the lumen of the damaged vessels (Fujimura et al., 2002). Administration of
fucoidan at 100 mg/kg/d has also been shown to attenuate MMP activities by suppressing
the activation of nuclear factor xB and c-Jun N-terminal kinase (JNK) (Tsai et al., 2018).

2.3 Directing vascular cell behaviors

2.3.1 Endothelial cells and angiogenesis—Vascular endothelial cells (ECs) serve as
a barrier between blood and tissues and participates actively in maintaining homeostasis.
Endothelial dysfunction is a significant contributor of cardiovascular diseases, such as
atherosclerosis, hypertension, and diabetes (Haybar, Shahrabi, Rezaeeyan, Shirzad, & Saki,
2019). Endothelial denudation is the primary factor that causes restenosis after surgical
interventions to treat cardiovascular diseases (Verrier & Boyle, 1996). Several studies have
shown that fucoidan may have a protective function for ECs. Chen et a/. investigated

the EC protective activity of fucoidan by measuring the vVWF level and the number of
endothelial microparticles, which are important indexes of endothelial injury (Chen et

al., 2016). vWF level was significantly suppressed by fucoidan from Saccharina japonica

in vitroand /n vivoin an endothelial injury rat model. The fucoidan also substantially
decreases the number of endothelial microparticles stimulated by TNF-a. Chen ef a/. later
investigated the relationship between the structural features and EC protective activity of
fucoidan from Saccharina japonica (Chen et al., 2017). They found that low molecular
weight fucoidan (3.2 kDa and 7.4 kDa) was more effective than medium molecular

weight fucoidan (28 kDa and 34 kDa) in protecting ECs. Furthermore, highly sulfated
fucoidan (30%) has been demonstrated to be more effective at inducing EC proliferation

in the presence of fibroblast growth factors (FGFs). A recent study using dyslipidemia

and atherosclerosis mouse models indicates that the EC protective activity of fucoidan

may be related to its ability to reduce the expression of endothelial dysfunction marker,
endothelin-1, and proinflammatory cytokines, TNF-a and interferon-y (IFNvy) (Kuznetsova,
Ivanushko, Persiyanova, Ermakova, & Besednova, 2019). Other studies employing fucoidan
as functional molecules have also suggested that fucoidan can enhance endothelialization on
synthetic materials or decellularized scaffolds (Marinval et al., 2018; Wang, Ye, et al., 2016;
Yao et al., 2020).

Angiogenesis is essential for normal physiological process. Therapeutic angiogenesis can
improve revascularization and myocardial function, and is one of the most attractive
approaches to treat cardiovascular diseases (Deveza, Choi, & Yang, 2012). However,
pathological angiogenesis has been suggested to contribute to atherosclerosis progression
and neointimal growth (Khurana, Simons, Martin, & Zachary, 2005). Fucoidan exhibits

both pro-and anti-angiogenesis activities. The pro-angiogenesis activity of fucoidan has been
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observed in several studies, but mainly on low molecular weight fucoidan. Fucoidan from
Ascophyllum nodosum with molecular weight around 16kDa stimulates FGF-1-mediated
EC proliferation and migration, while inhibiting FGF-2-induced endothelial proliferation
and migration (Giraux et al., 1998). However, later studies found that fucoidan could
enhance angiogenesis, EC proliferation, and migration induced by FGF-2 (Chabut, Fischer,
Helley, & Colliec, 2004; Kim, Park, Kang, Kim, & Lee, 2014; Matou, Helley, Chabut, Bros,
& Fischer, 2002). The pro-angiogenesis activity of fucoidan with the presence of FGF-2 is
related to the modulation of integrin a.6 expression (Chabut et al., 2004; Matou et al., 2002)
and protein kinase B (AKT)/MMP-2 signaling (Kim, Park, et al., 2014). Moreover, low
molecular weight fucoidan has been found to increase the circulating levels of endothelial
progenitor cells (EPCs) (Roux et al., 2012) and enhance the proangiogenic phenotype of
EPCs (Zemani et al., 2005).

The anti-angiogenesis potential of fucoidan attracts broad attention in cancer treatment. The
anti-angiogenesis activity of fucoidan contributes to its antitumor effect, as angiogenesis is
one of the essential process for cancer progression. Fucoidan has been shown to alter the
morphology of cultured endothelial monolayer at a concentration of 10 mg/mL, inducing a
dramatic disruption of endothelial monolayers (Glabe, Yednock, & Rosen, 1983). Later,
fucoidan has also been reported to inhibit the thrombospondin-induced EC spreading
(Taraboletti, Roberts, Liotta, & Giavazzi, 1990). Moreover, fucoidan inhibits or disrupts tube
formation of ECs when being added in cell culture media at a concentration of 0.5 mg/mL,
and fucoidan significantly decreases the number of blood vessels when being injected into
chicken eggs at a concentration of 0.5 mg/mL (Oliveira et al., 2019). Treatment of human
umbilical vein endothelial cells (HUVECSs) with fucoidan at a concentration of 400 ug/mL
in vitro has been shown to inhibit cell proliferation and migration and reduce the formation
of tube and vascular network. In addition, treatment with fucoidan at a concentration of

100 pg/mL ex vivo causes a substantial reduction of microvessel outgrowth (Liu et al.,
2012). The anti-angiogenesis of fucoidan has been elucidated to be attributed to its ability
to reduce the expression of FGF (Croci et al., 2011), vascular endothelial growth factor
(VEGF) (Dithmer et al., 2014) and platelet-derived growth factor (PDGF) (Oliveira et al.,
2019).

The contradictory functions of fucoidan on angiogenesis are hypothesized to be attributed
to the structural differences of tested fucoidans. Matsubara et a/. prepared fucoidans

with different molecular weight. They found that anti-angiogenesis effects were shown in
fucoidan with molecular weight of around 30kDa, while fucoidan with lower molecular
weight enhanced EC migration without affecting their tubulogenesis (Matsubara et al.,
2005). Other structural features, including degree and pattern of sulfation (Soeda, Shibata,
& Shimeno, 1997) and type of branches (Cumashi et al., 2007) also affect the activity

of fucoidan on angiogenesis. More details and comparison on anti-angiogenesis and pro-
angiogenesis of fucoidan has been reviewed by Ustyuzhanina et a/. (N. E. Ustyuzhanina et
al., 2014).

2.3.2 Smooth muscle cells—Vascular smooth muscle cells (SMCs) play significant

roles in atherosclerosis, hypertension, and intimal hyperplasia formation. SMCs are in a
quiescent, differentiated, and contractile state in normal blood vessels. Upon the damage or
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dysfunction of ECs, SMCs change phenotype to a proliferative state and migrate from media
to intima. This causes intimal thickening, atherosclerosis plaques, and stenosis of vascular
lumens (Li, Qian, Kyler, & Xu, 2018).

Adding fucoidan in cell culture media has been shown to be potent in inhibiting SMC
proliferation (Logeart, Letourneur, Jozefonvicz, & Kern, 1996; Vischer & Buddecke, 1991).
McCaffrey et al. compared the antiproliferative effect of fucoidan on SMCs with that of
heparin, and found that fucoidan had more potent inhibition on SMC proliferation than
heparin (McCaffrey et al., 1992). In a later study, they reported that fucoidan suppressed
SMC proliferation by protecting transforming growth factor- 1(TGF-p1) from plasmin
degradation and increasing the TGF-B1 activity in SMCs (McCaffrey et al., 1994). Fucoidan
is an effective inhibitor of DNA synthesis stimulated by fetal calf serum, thrombospondin-1,
and PDGF BB (Patel, Mulloy, Gallagher, O’Brien, & Hughes, 2002), contributing to its anti-
proliferative effect on SMCs. Fucoidan has also been reported to inhibit phosphorylation
and nuclear translocation of mitogen-activated protein kinase (MAPK) in SMCs (Religa et
al., 2000). The antiproliferative effect of fucoidan is dependent on its structural features.
Sulfation (Vischer & Buddecke, 1991) and a minimum of 30 saccharide units (Logeart et al.,
1997) may be necessary to demonstrate the antiproliferative activity of fucoidan on SMCs.

In addition to inhibiting SMC proliferation, fucoidan suppresses SMC migration. Low
molecular weight fucoidan suppresses MMP-2 expression in SMCs and reduces SMC
migration by 40 + 3% (Hlawaty et al., 2011). In a recent study in a pulmonary arterial
hypertension mouse model, injection of fucoidan at a dose of 25 mg/kg has been shown to
inhibit hypoxia and growth factor-stimulated SMC proliferation and migration (Novoyatleva
et al., 2019). Fucoidan also substantially reduces the incorporation of methionine into
fibronectin and increases the synthesis of thrombospondin (Vischer & Buddecke, 1991),
which may contribute to the inhibition effect of fucoidan on SMC migration.

Several studies have demonstrated that fucoidan is capable of mitigating the formation of
atherosclerotic lesions and suppressing intimal hyperplasia formation (Deux et al., 2009;
Kim et al., 2015; Roux et al., 2012; Xu et al., 2019). Fucoidan coating on stent has been
shown to inhibit SMC proliferation and yield a smaller histopathological restenosis area
(Kim et al., 2015). Xu et al. studied the mitigation effect of a low molecular weight fucoidan
on atherosclerosis in a mouse model. They found that fucoidan ameliorated atherosclerosis
lesions by reducing SMC proliferation and migration, and inhibiting macrophage formation
and differentiation (Xu et al., 2019). Our recent study developed a fucoidan modified small
diameter vascular graft (Fig 4A) (Yao et al., 2020). The fucoidan modification significantly
improves EC adhesion (Fig 4B). The fucoidan modified vascular grafts yields a lower
stenosis percentage (Fig 4C) than the unmodified grafts, which could be due to reduced
SMC proliferation and increased EC adhesion.

The interactions between polysaccharides with target proteins have been recognized to
mediate many biological processes (Williams & Davies, 2001). Fucoidan has been shown to
form complexes with different proteins, which is responsible for its various bioactivities. In
addition to the above-mentioned proteins and molecules, fucoidan also binds to membrane
receptors, such as scavenger receptor and C-type lectin receptor, integrins, growth factors,
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and extracellular matrix proteins. The binding affinity also exhibited a structural-dependent
manner. The interaction of fucoidan with those molecules was summarized and reviewed by
Lin et al. (Lin et al., 2020).

3. \Variables mediating the application of fucoidan in cardiovascular area

While previous studies in bioactivities of fucoidan have demonstrated the potential of
fucoidan for cardiovascular applications, several variables have been shown to affect the
bioactivities of fucoidan substantially. These variables include the sources of fucoidan,
molecular weight, and structural features.

3.1 Sources of fucoidan

The main sources of fucoidan are seaweeds and echinoderms, specifically sea cucumber
and sea urchin. Fucoidans from different sources exhibit different bioactivities. Table

1 (Supplementary Table 1 with additional details) summarizes the key findings on the
bioactivities of fucoidan from representative sources. These differences in bioactivities
of fucoidan are attributed to varied structural characteristics, molecular weight, and
monosaccharide composition.

Fucose is the primary monosaccharide in fucoidan; other monosaccharides, namely xylose,
mannose, galactose, glucose, rhamnose, and uronic acid, as shown in Fig 5, also exist

in fucoidan. Several studies have summarized the correlation between monosaccharide
content and the bioactivities of fucoidan. A higher fucose content is generally believed

to be beneficial for a wide range of bioactivities of fucoidan (Hwang, Yan, Kuo, Phan,

& Lin, 2017; Jin et al., 2019; Pozharitskaya, Obluchinskaya, & Shikov, 2020). Fucoidan
with lower xylose content has shown greater anticoagulant activity (Drozd et al., 2011),
while higher galactose content has enhanced anticoagulant activity (Jin et al., 2013). Uronic
acid has also been shown to contribute indirectly to the anticoagulant activity of fucoidan
by altering the flexibility of fucoidan chains (Li, Zhao, et al., 2008). The anticomplement
activity of fucoidan increased with the increment of galactose and uronic acid content
(Blondin et al., 1996), and the authors suggested that those residues might be essential for
full anticomplementary activity.

The backbone structure of fucoidan also varies depending on the species of the fucoidan
source. Fucoidan has both linear and branched backbones, as shown in Fig 5B. Mono
(1-3)-a-_-fucopyranose and the repeated alternating (1-3)-a-|_ -fucopyranose and (1-4)-a-
-fucopyranose are the two main types of linear backbones. Branched fucoidans are usually
obtained from certain species, such as Saccharina latissima. The branches are generally
oligomers located at C-2 or C-4 (Ale & Meyer, 2013). The structural differences of
fucoidans result in significantly varied bioactivities. In the study by Cumashi et a/., the
anti-inflammatory, anticoagulant, anti-angiogenetic and anti-adhesive activities of fucoidans
from 9 seaweeds were compared. Fucoidans from Sacharina latissima and Fucus evanescens
appeared to be the most versatile due to their high efficiency in anti-inflammatory;,
anticoagulant, and antiangiogenetic activities (Cumashi et al., 2007). The anticoagulant
activity of fucoidan from Undaria pinnatifida was found to be twice that of fucoidans from
Saccharina japonica, Fucus vesiculosus, and Ecklonia maxima (Zhang et al., 2015). The
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presence of branches is believed to increase the chain flexibility, which is beneficial for
fucoidans to maintain an effective conformation to inhibit thrombin generation.

In contrast to fucoidans from seaweeds, fucoidans from sea cucumber and sea urchins were
shown to have a more regular structure with a well-defined repetitive sequence (Alves,
Mulloy, Diniz, & Mourdo, 1997; Mulloy, Ribeiro, Alves, Vieira, & Mouréo, 1994; Yu et
al., 2014). Mulloy et al. first reported that fucoidans from sea cucumber and sea urchin
have a linear backbone of mono (1-3)-a-|_ -fucopyranose or mono (1-4)-a- -fucopyranose
with sulfate substitution at C-2 or C-2,4 position. The group later compared the structure
and the anticoagulant activity of three types of linear fucoidans from echinoderms with the
linear and branched fucoidans from brown seaweeds (Pereira, Mulloy, & Mouréo, 1999).
Among the three fucoidans from echinoderms, only the fucoidan with 4-O-sulfated fucose
unit exhibited significant anticoagulant actions. Also, the branched fucoidan from brown
seaweed, but not linear fucoidan, from echinoderms appeared to be a direct thrombin
inhibitor. The mechanism of the anticoagulant activity of fucoidan from echinoderms, in
particular sea cucumber, was suggested to be acting through the inhibition of the intrinsic
coagulation pathway, by targeting the intrinsic coagulation Factor Xa (Shang et al., 2018).
Branched fucoidan has also been isolated from certain sea cucumbers recently. Fucoidan
from sea cucumber Pattalus Mollis has a (1-4)-a-| -fucopyranose backbone. Along this
backbone, every trisaccharide unit has a branched sulfate fucose, which has been shown

to be beneficial for the anticoagulant and anti-FXase activities (Zheng, Zhou, et al., 2019).
Meanwhile, fucoidan from sea cucumber Holothuria polii has a branched backbone with
glucuronic acid and tetrafucose repeating unit. This fucoidan from Holothuria polii has high
sulfate content and abundant disulfated residues, thus exhibiting a strong anticoagulant effect
in the presence of heparin cofactor 11 with an 1C50 of 0.16 pg/mL (Mansour et al., 2019).

The relationship between the activities and species of fucoidan is hard to conclude.
Fucoidans from different species seem to be distinguishable in various aspects. Thus, the
selection of fucoidan should be made depending on the intended application of fucoidan.

3.2 Molecular weight of fucoidan

Molecular weight is a crucial determinant for the activities of fucoidans. Native fucoidans
usually have a large molecular weight, and crude products of fucoidan typically have

a wide molecular weight distribution due to the presence of fucoidan fractions with
different molecular weight range. These fucoidan fractions can be classified into high
molecular weight fucoidan (HMWF), medium molecular weight fucoidan (MMWEF), and
low molecular weight fucoidan (LMWF). The differences in molecular weight of fucoidan
could generate different efficiency of bioactivities and even opposite effects.

Molecular weight affects the anticoagulant and antithrombotic activities of fucoidan from
multiple aspects. On one hand, LMWF is better at inhibiting platelet aggregation than
HMWF (Durig et al., 1997; Zhu et al., 2010); on the other hand, HMWF is more effective
in promoting antithrombin I11- and heparin cofactor Il-thrombin reaction. HMWF has
been reported to have a pro-aggregation response, while LMWEF inhibits thrombin-induced
platelet aggregation (Zhu et al., 2010). The ability of fucoidan to stimulate t-PA has been
shown to be decreased with a decrease in the molecular weight (Soeda et al., 1993). Pomin
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et al. degraded fucoidan by acid, and the obtained LMWF did not show any anticoagulant
activity (Pomin et al., 2004). They proposed that the molecular weight of fucoidan will
need to be larger than that of mammalian dermatan sulfate to improve heparin cofactor-
mediated thrombin inactivation (Pomin et al., 2004). Moreover, fucoidan fractions with
different molecular weight may exhibit antithrombotic activities by different mechanisms.
In the study of Zhao et al,, the antithrombotic activities of MMWF (28 kDa and 35 kDa)
and LMWF (3.9 kDa and 7.6 kDa) were compared. MMWF substantially prolonged the
time-to-occlusion in an electrical induced arterial thrombosis model, while LMWF showed
significant inhibition on thrombin-induced platelet aggregation (Zhao et al., 2012).

Molecular weight is also a leading contributor to the chain conformation of fucoidan.
Fucoidan with high molecular weight exhibits random coil conformation, while those with
low molecular weight exists as spheres in solution (Xu, Xue, Chang, & Liu, 2017). This
could possibly explain the beneficial effect of high molecular weight fucoidan for reduced
thrombin generation since a more flexible conformation is required for fucoidan to bind to
thrombin (Li, Lu, et al., 2008). Different from anticoagulant activity, a more consistent trend
on the favorable anticomplementary activity of high molecular weight fucoidan has been
found (Kopplin et al., 2018; Liu et al., 2018). The anticomplementary activity of fucoidan
has been shown to increase with increasing molecular weight until reaching a plateau of
Mw 40000 and 13500 for complement-mediated hemolysis of sheep and rabbit erythrocytes,
respectively (Blondin et al., 1996). Fucoidans with different molecular weight also have
different reactions with inflammatory proteins. HMWF has been reported to increase plasma
concentration of both MMP-9 and stromal cell-derived factor-1 (SDF-1), while LMWEF only
increased stromal cell-derived factor-1 concentration but not MMP-9 (Luyt et al., 2003).

Oligo-fucoidan has been developed by enzymatic degradation of fucoidan for better oral
absorption. However, oligo-fucoidan has yet to demonstrate satisfactory activities for
cardiovascular application. Kim et al. showed that oligo-fucoidan was 3-20 times less
effective in prolonging APTT and TT (Kim et al., 2010). Oligo-fucoidan also seems to
have no antithrombotic activity in the presence of antithrombin I11. The possible reason was
proposed to be the lack of sufficient chain length to form a complex with antithrombin 111
(Ustyuzhanina et al., 2014).

3.3 Structure modification

3.3.1 Sulfation—Sulfate groups in the saccharide unit, as shown in Fig 1, is the
key structural feature of fucoidan and play a vital role in maintaining or mediating the
bioactivities of fucoidan. The effects of sulfate groups involve two aspects: the sulfate
content and the location of sulfate groups.

Native fucoidans from different species have a wide range of sulfate content, varying from
10% to nearly 40% (by weight). Various activities of fucoidan were shown to be positively
correlated to sulfate content. Fucoidan with a higher degree of sulfate inhibits coagulation,
complement, and cytokines more effectively (Kopplin et al., 2018). More sulfate groups
have shown to be beneficial for prolonged prothrombin time of normal citrated human
plasma (Qiu, Amarasekara, & Doctor, 2006). However, the increment from the sulfate
groups has an upper limit. The antithrombotic and anticoagulant activities of oversulfated
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fucoidans were reported to increase with the increase of sulfate content and then reach a
plateau when the sulfate/sugar ratio rose to 1 (Nishino & Nagumo, 1992). Similarly, APTT
and TT have been shown to increase with the increase of sulfate content in fucoidan from
Undaria pinnatifida sporophyll, with an optimum sulfate reported to be around 24% (Park,
Cho, In, Kim, & Chae, 2012).

Sulfate groups usually locate at C-2 or C-4 and to a lesser extent at C-3, or occupy C-2,3
or C-2,4 as disulfate residues (Li, Lu, et al., 2008). Fucoidan, enriched with 2,4-disulfated
residues, has been demonstrated to bind to antithrombin 111 more effectively and possess

a more potent inhibition on clotting formation (Ustyuzhanina et al., 2014). Furthermore,
the location of the 2,4-disulfated fucose unit also affects the reaction pathways of fucoidan
on coagulation and thrombosis. In a study by Fonseca et al., the fucosylated chondroitin
sulfate (FCS) with 2,4-disulfated fucose unit located in branches and sulfated fucan (SF)
with 2,4-disulfated fucose unit located in the linear chain were compared (Fonseca, Santos,
& Mourdo, 2009). Although both molecules exhibited anticoagulant and antithrombic
activities, the inhibitory effect of FCS on thrombin was mediated by heparin cofactor 11,
while that of SF was mediated by both antithrombin 111 and heparin cofactor I1.

To further verify the importance of sulfate groups in fucoidan bioactivities, desulfation of
fucoidan was investigated. By comparing native fucoidan and desulfated fucoidan from
Sargassum fusiforme, Li et al. found that sulfate groups are vital to achieve the anticoagulant
effect of fucoidan (Li, Zhao, et al., 2008). Sulfation was demonstrated to be essential

in suppressing the proliferation of SMCs, as the activity was denuded by desulfation

of fucoidan (Vischer & Buddecke, 1991). Oversulfation of fucoidan has been developed

to enhance its bioactivities. Oversulfated fucoidan has exhibited more potent inhibition

in thrombin-induced fibrinogen clotting (Nishino et al., 1995) and tube formation by

ECs (Soeda, Kozako, Iwata, & Shimeno, 2000; Soeda et al., 1997). The desulfation and
oversulfation of fucoidan have been performed in different approaches. Techniques involved
in these processes were reviewed and summarized by Fernando et a/. (Fernando, Kim, Nah,
& Jeon, 2019) and Wang et al. (Wang & Zhang, 2017).

3.3.2 Acetylation—Fucoidan also contains acetyl groups predominantly at C-4 and to

a lesser extent at other random locations (Bilan et al., 2007; Mourdo, 2004; Nagaoka et

al., 1999; Synytsya et al., 2010). The acetyl groups in fucoidan are responsible for the anti-
oxidant activity of fucoidan (Wang, Liu, et al., 2009). Another impact of the acetyl group

is on the immunomodulatory activity of fucoidan. Teruya et a/. showed that fucoidan with
high acetylation from Cladosiphon okamuranus induced macrophage activation (Teruya,
Tatemoto, Konishi, & Tako, 2009). Meanwhile, the sulfate and acetyl groups in fucoidan
from fucus evanescens have been reported to stimulate the release of inflammatory cytokines
by bone marrow-derived immune cells (Khil’chenko et al., 2011). However, few studies
showed direct effect of acetyl groups on the anticoagulant and antithrombotic activities of
fucoidan. For example, studies on deacetylation of fucoidan from Fucus evanescens showed
that the ability of fucoidan to inhibit thrombin and Factor Xa was not changed by the
deacetylation (Chizhov et al., 1999; Lapikova et al., 2008).
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3.3.3 Amination—The addition of aminated groups to fucoidan has been studied due to
its ability to increase anti-coagulant property. Aminated derivative of fucoidan from Fucus
vesiculosus has been shown to be more effective in promoting t-PA-induced plasma clot
lysis. It also exhibited 2.3 times more potent efficiency in accelerating heparin cofactor
I1-mediated thrombin inhibition than native fucoidan (Soeda, Ohmagari, Shimeno, &
Nagamatsu, 1994). Wang et a/. reported that the beneficial effect of aminated fucoidan

on anticoagulant activity was acting through the intrinsic pathway, and the authors suggested
that the change in charge density of fucoidan was the potential reason (Wang, Zhang, Zhang,
Hou, & Zhang, 2011).

Due to the heterogeneous nature of fucoidan, direct amination of fucoidan through hydroxyl
groups on the fucose ring is challenging. Several methods have been developed to

aminate fucoidan. Epichlorohydrin has been commonly used as a space molecule before

the amination reaction of fucoidan with ammonia water (Soeda et al., 1994). Element
analysis (Soeda et al., 1994) and Fourier-transform infrared spectroscopy (FTIR) (Wang,
Zhang, Zhang, Zhang, & Li, 2009) proved the success of the reaction. Amination using
diaminopropane at the reducing end of fucoidan has also shown success (Bachelet-Violette
etal., 2014).

Other structural modifications of fucoidan, such as methylation, esterification, and
phosphorylation, have not presented obvious alteration in fucoidan bioactivities for
cardiovascular application. The details have been covered in a recent review by Fernando et
al. (Fernando et al., 2019).

4. Therapeutic strategies and challenges

4.1 Therapeutic strategies

4.1.1 Oral and intravenous administration—The diverse bioactivities of fucoidan
have enabled its therapeutic applications in the treatment of several cardiovascular diseases.
Extensive studies have demonstrated that fucoidan is capable of mitigating atherosclerosis
lesions (Kuznetsova et al., 2019; Patil et al., 2018; Wang, Pei, et al., 2016), which is mainly
attributed to its anti-inflammatory, antithrombotic and anticoagulant activity. Fucoidan also
attenuates AAA /n vivoin various animal models (Alsac et al., 2013; Tsai et al., 2018; Zhou
et al., 2018). The non-anticoagulant fucoidans have also been developed to treat hemophilia
(Liu et al., 2006; Prasad et al., 2008; Zhang et al., 2015). These therapeutic effects of
fucoidan are mainly achieved by administering fucoidan through intravenous (1V) injection
and oral administration.

IV administration of fucoidan has proved successful therapeutic activity in various animal
models (Alwayn et al., 2000; Kwak et al., 2010; Luyt et al., 2003; Mauray et al., 1995).

The effectiveness of 1V administrated fucoidan has shown to be in a dose-dependent manner.
In a non-human primate baboon model, no significant alteration on platelet aggregation or
coagulation profile was seen with a low dose (0.5 mg/kg) of fucoidan. However, complete
inhibition of platelet aggregation was achieved when fucoidan was administered at a dose of
1.0 mg/kg (Alwayn et al., 2000). The clearance of I'V-administered fucoidan was studied in
a rabbit model (Zhang et al., 2016). Low molecular weight fucoidan (7.1kDa) injected at a
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dose of 50 mg/kg was shown to reach a peak serum concentration at 5 min, having a mean
residence time of 109 min. Despite all the success in animal models, the IV administration
of fucoidan as therapeutic drugs has not been studied in human clinical trials.

Several groups have studied the absorption and bioavailability of oral administrated
fucoidan. Zhao et al. showed that the content of LMWF from Saccharina japonica in the
plasma and urine peaked at 15 hours after oral administration in rats. The LMWF was
found to have much better absorption and bioavailability than MMWF (Zhao et al., 2016).
Pharmacokinetic and tissue distribution studies of orally administered fucoidan from Fucus
vesiculosus showed that fucoidan preferentially accumulated in kidney, spleen and liver,
with an extended mean residence time in blood (Pozharitskaya et al., 2018). Although

many studies have proved the biological effects of fucoidan after oral ingestion, only a few
studies have elucidated the mechanism of intestinal absorption of fucoidan. Nagamine et al.
examined the absorption of fucoidan from Cladosiphon okamuranus after oral administration
in a rat model (Nagamine, Nakazato, Tomioka, Iha, & Nakajima, 2014). They demonstrated
that absorption of fucoidan was through small intestine. By fluorescently labeling fucoidan,
they observed that fucoidan was taken up by intestinal macrophages and Kupffer cells. The
scavenger receptors were speculated to be responsible for the uptake. A more recent study
also showed that fucoidan could be absorbed by small intestine, majorly in the jejunum,
ileum, and duodenum (Zhang et al., 2018). Inhibitors of clathrin-mediated endocytosis,
chlorpromazine, dynasore and NH4Cl, were used to explore the mechanism of fucoidan
absorption. The addition of these inhibitors reduced the absorption of fucoidan significantly,
indicating that absorption of fucoidan involves the clathrin endocytic pathway (Bai et al.,
2020; Zhang et al., 2018)

4.1.2 Fucoidan-based drug delivery system—Fucoidan is negatively charged due
to the presence of sulfate groups in the main structure, allowing it to complex easily with
other molecules. This advantage of fucoidan enables researchers to incorporate fucoidan
into delivery systems to improve efficacy and achieve targeted drug delivery (Citkowska,
Szekalska, & Winnicka, 2019; Sezer & Cevher, 2011).

A number of studies have reported that fucoidan-based delivery systems have better
anticoagulant and antithrombotic activities and more potent inhibition of platelet aggregation
than fucoidan alone. A glutaraldehyde-crosslinked chitosan nanoparticle system loaded with
fucoidan demonstrated 60% fucoidan release within 24 hours, and exhibited increased
anticoagulant activities than fucoidan alone (Da Silva et al., 2018). Nanoparticles prepared
by fucoidan and red ginseng extracts significantly decreased platelet aggregation /n vitro and
ex vivo (Kim, Lee, & Lee, 2016). In another study, nanoparticles coated with fucoidan
showed a suppressive effect on monocyte recruitment under non-uniform shear stress
(Matuszak et al., 2018).

The ability of fucoidan to bind specifically to activated platelets also enables the design of
fucoidan-based targeted delivery systems. Core-shell polymer nanoparticles functionalized
with fucoidan have been designed for targeted delivery of rt-PA to the thrombus site

(Fig 6A) (Juenet et al., 2018). The fucoidan functionalized nanoparticles have shown
significantly higher accumulation onto activated platelets than nanoparticles without
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fucoidan. Similarly, core-shell microcapsules with fucoidan present on the surface localized
mainly in the rat abdominal aortic aneurysm thrombotic wall instead of healthy vessel walls
(Lietal., 2017).

4.1.3 Imaging agent—In addition to targeted drug delivery, the binding ability of
fucoidan to selectins and activated platelets also enables its use as imaging agents.
Magnetic nanoparticles functionalized with fucoidan have been shown to be localized at
intraluminal thrombus and activated nanoparticles, improving the visualization of thrombus
using magnetic resonance imaging (MRI) (Bachelet-Violette et al., 2014; Suzuki et al.,
2015). Similarly, fucoidan/peptide nanoparticles have also been developed as MRI agents for
inflamed endothelial cells and activated platelets through P-selectin binding (Cheng et al.,
2020). Fucoidan functionalized microparticles combined with a fluorescent dye and a MRI
contrasting agent can also facilitate AAA imaging (Bonnard, Serfaty, et al., 2014). Through
intravenous injection, the microparticles have shown to exhibit 20 times higher adhesion on
activated endothelium, accumulated inside the lumen of the aneurysm wall, and provided a
significant contrast enhancement on AAA imaging (Fig 6B).

The first clinical study using a radiolabeled fucoidan as a diagnostic agent for P-selectin
imaging was done by Zheng et al. (Zheng, Kaiser, et al., 2019). The radiolabeled
microparticles did not exhibit any drug-related adverse effects in all participants, and the
microparticles were cleared rapidly after 24 hours. These studies suggested the potential and
safety of fucoidan as an imaging agent.

4.1.4 Functional molecules for cardiovascular devices and implants—The
promising findings on fucoidan as therapeutic drugs inspired the researchers to explore

the application of fucoidan for biomedical devices. Fucoidan modification is capable of
improving the hemocompatibility of blood-contacting biomaterials and devices due to

its antithrombotic activities. Synthetic biomaterials, including polyethylene terephthalate
(Ozaltin et al., 2019), polyvinyl alcohol (Yao et al., 2020) and polydopamine (Su et al.,
2017) have been functionalized with fucoidan through various strategies. The resulting
materials have exhibited substantially improved hemocompatibility, endothelialization, and
reduced thrombus and intimal hyperplasia formation. Fucoidan-coated stent also has been
shown to yield higher patency than bare metal stent (Kim et al., 2015). Meanwhile, fucoidan
has been shown to improve the efficiency of other functional molecules. A decellularized
pulmonary heart valve has been shown to have enhanced re-endothelialization /n vitroand
in vivo after being modified with fucoidan and VEGF (Marinval et al., 2018). Similarly,

in another study, fucoidan/laminin films assembled layer-by-layer have been shown to
promote the adhesion of HUVECs with laminin as the outermost layer and reduced platelet
adhesion with fucoidan as the outermost layer (Wang, Ye, et al., 2016). Adding fucoidan
into a chitosan/alginate scaffold could prolong FGF release and modulate the migration of
fibroblasts (Zeng & Huang, 2018).

These findings have demonstrated the potential of fucoidan as a functional molecule in
biomedical devices and implants, and the actual efficacy will need to be further validated
and tested in animal studies and clinical trials.
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4.2 Challenges

Despite all the positive results and progress of fucoidan studies in both research and clinical
trials, several challenges confine the actual application of fucoidan.

4.2.1 Complexity in structure and composition—Among all the challenges,
structural variation remains the primary obstacle. Many techniques have been employed

to reveal the chemical structure of fucoidan. Using gas chromatography-mass spectrometry
(GC-MS), Pankter et al. first identified that fucoidan from Fucus vesiculosus has a (1-3)-a-
-fucopyranose structure with sulfate substituted at the C-4 location (Patankar, Oehninger,
Barnett, Williams, & Clark, 1993). Later, the presence of repeated (1-3)- and (1-4)-a-| -
fucopyranose has also been evidenced using nuclear magnetic resonance (NMR) (Bilan

et al., 2004). However, native fucoidan typically has a large molecular weight, which
hinders the in-depth characterization of fucoidan using the majority of currently available
techniques. To overcome the problem, researchers have explored approaches to degrade

or depolymerize fucoidan. The most common method is enzymatic degradation using
fucoidanase, which degrades fucoidan without destroying the sulfate group (Kitamura,
Matsuo, & Tsuneo, 1992; Silchenko et al., 2013). In addition, degradation in aqueous
solution either at a high temperature (121°C) (Yang et al., 2008) or at 37 °C for prolonged
periods (M. I. Bilan, Grachev, Shashkov, Nifantiev, & Usov, 2006) also generates LMWF
while retaining the sulfate groups.

As more and more studies reveal the main structure of different fucoidans, the structural
complexity is also evident. The effects of molecular weight, sulfate content and pattern,
conformation, and monosaccharide composition on the bioactivities of fucoidan have all
been brought to attention. Although many researchers have tried to correlate these structural
features to different bioactivities, as discussed in section 3, these studies used fucoidans
from various sources and applied in different animal models. Thus, no consensus has been
reached.

To take advantage of the bioactivities of fucoidan and bypass the structural complications,
several studies simplified the structure of fucoidan by synthesizing a fucoidan-mimetic
glycopolymer with a regular sulfation pattern (Fan et al., 2018). The glycopolymer exhibited
similar platelet modulation behaviors as fucoidan (Tengdelius et al., 2017; Tengdelius et

al., 2014), providing a new approach to investigate the molecular and cellular responses of
human blood system to fucoidan.

4.2.2 Seasonal variation of fucoidan harvest—The distinguishable structural
features and varied bioactivities of fucoidans from different species of the source have
been elucidated by numerous studies, as discussed in Section 3.1. In addition to the
inherent heterogeneity, fucoidan is also subjected to seasonal and monthly variations of
the fucoidan harvest. The harvest season of the source that fucoidan was extracted from
affects both the yield and composition of the resulting fucoidan products. The yield of
fucoidan from seaweeds increases as the plants mature (Fletcher, Biller, Ross, & Adams,
2017; Kim, Rioux, & Turgeon, 2014; Qu et al., 2019). Fucus serratus, Fucus vesiculosus,
and Ascophyllum nodosum were shown to have the highest yield of fucoidan in autumn
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and the lowest in spring (Fletcher et al., 2017). The monosaccharide composition of
fucoidan changes with the harvest season, and fucoidan collected in July was shown to be
predominantly mono-(1-3)-a- -fucopyranose (Anastyuk et al., 2010). From March to July,
an increase of sulfate content (from 0.37% to 1.62%) and fucose proportion (from 32.15%
to 60.85%) and a decrease of galactose (from 21.89% to 9.03%) were reported (Qu et al.,
2019). This seasonal change decreased the consistency of fucoidan product from the same
species of the source, which affects detrimentally to the repeatability of experimental results
and adds to the complications of fucoidan research and application.

4.2.3 Lack of universal production protocol—Although fucoidan is commercially
available in the market, the primary production process of fucoidan is still relying on the
extraction from seaweeds. Commonly adopted conventional extraction methods include

hot water extraction, acid extraction using hydrochloric acid or sulphuric acid, and

salt extraction using calcium chloride. However, these extraction methods have yielded
fucoidans with distinguishable differences. For example, hot water-extracted fucoidan
contained a much higher fucose composition than salt-extracted ones, while acid extracted
fucoidan had the highest level of uronic acid contamination (January, Naidoo, Kirby-
McCullough, & Bauer, 2019). Novel techniques, such as ultrasonication-, microwave-

and enzyme-assisted extractions, have been developed to facilitate fucoidan extraction.
Hanjabam et al. have compared the fucoidans from Sargassum wightii produced using

hot water and ultrasonication extraction (Hanjabam et al., 2019). The generated fucoidan
products had different fucose concentration and thermal transition temperature. Ale et al.
(Ale, Mikkelsen, & Meyer, 2011) and Dobrinci¢ et al. (Dobringi¢ et al., 2020) reviewed both
conventional and advanced technologies for extracting fucoidan and discussed the influence
of these extraction techniques on the chemical structures and biological activities of the
yielded fucoidans. The generation and development of these techniques have facilitated

the commercial production of fucoidan; however, the structure and composition variations
among different techniques are inevitable, and a standardized extraction approach is yet to
be established.

Furthermore, extracted fucoidan also contains contaminants, such as alginate, proteins, and
ashes. These impurities influence the bioactivities of fucoidan and hinder the in-depth
research on the pharmacological and biochemical mechanism behind the structure-activity
relationship. Unfortunately, most studies testing pharmacological activities of fucoidan still
used crude or partially purified products, which is likely due to the complexity and high

cost of isolation and purification techniques. Many studies have focused on developing novel
purification approaches of fucoidan, as reviewed by Dobrinci¢ ef al. (Dobrinci¢ et al., 2020);
however, the difficulty and complexity remain the problem. A universal technique and a
standard isolation protocol are yet to be developed.

5. Conclusion

Numerous and increasing evidence has proven that fucoidan is promising for application in
treating cardiovascular diseases. The contribution of fucoidan to this area is versatile due
to the various bioactivities, and the employment of fucoidan in this area can be achieved
through different approaches. However, the fact that those bioactivities are highly affected
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by multiple parameters, such as species of source, structural differences, and molecular
weight range, cannot be neglected. This alteration offers both opportunities and challenges.
A more potent activity could be obtained by selecting the species, preparing fucoidan with
specific molecular size, and modifying fucoidan by adding or removing functional groups.
However, we have to note that this variation also increases the complexity and inconsistency
in practice. Although a general trend of influences from individual parameters on various
bioactivities has been found, the underlying mechanism is unclear. The combination of
different parameters, impurities, and different experimental settings increased the difficulty
of getting a consensual conclusion. To facilitate future research on the structure-activity
relationship, the use of purified or fractioned fucoidan will be more favorable than crude
products to eliminate impurity contamination. A standard and universal production protocol
for fucoidan is in urgent need to get consistent quality control. Furthermore, the application
of fucoidan in treating cardiovascular diseases is exciting but young compared to cancer
treatment. In-depth research on the molecular and cellular mechanism are yet to be done.
Clinical trials on both healthy volunteers and patients to prove the safety and efficiency will
be necessary to move forward.
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Figure 1.

Fucoidan structure with mono-(1-3)-a-| -fucopyranose backbone and repeated (1-3)- and
(1-4)-a-_-fucopyranose backbone
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Figure 2.

Coagulation pathways and the role of fucoidan. Fucoidan exhibits anticoagulant activity by
inhibiting FXa formation in the intrinsic pathway (Drozd et al., 2006; Lapikova et al., 2008;
Nishino et al., 1999). Fucoidan improves the activity of heparin cofactor Il and antithrombin
111 in inactivating thrombin by binding to antithrombin 111 and heparin cofactor Il (Colliec
etal., 1991; Mansour et al., 2019; Minix & Doctor, 1997). Fucoidan inhibits fibrinogen-
thrombin reaction by binding to the thrombin attacking site in fibrinogen (Nishino, Aizu,

& Nagumo, 1991; Nishino, Ura, & Nagumo, 1995). Fucoidan also promotes fibrinolytic
effect by simulating t-PA catalyzed plasminogen activation (Ghebouli et al., 2018; Soeda,
Sakaguchi, Shimeno, & Nagamatsu, 1992). The figure was created with BioRender.com.
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Figure 3.
Three complement activation pathways and the role of fucoidan in complement activation.

Fucoidan inhibits complement activation through the classical pathway by preventing active
C1 formation, inhibiting C4 activity by forming a complex with C4, and preventing

the binding of C4b and C2a (Blondin et al., 1994; Tissot, Montdargent, et al., 2003).
Fucoidan also inhibits complement activation through the alternative pathway by preventing
the binding of factor B to C3b (Blondin et al., 1994). The figure was created with
BioRender.com.
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Figure 4.
The use of fucoidan as functional molecules for polyvinyl alcohol (PVA) small diameter

vascular grafts. (A) Madification of PVA by fucoidan. (B) Fucoidan (PVA-F) significantly
improved endothelial cell adhesion on PVA. (C) Fucoidan modified PVA vascular grafts
(PVA-Fg) yielded a lower re-stenosis percentage. Reproduced with permission from Ref
(Yao et al., 2020).
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Figureb.
(A) Structures of monosaccharides. (B) Structures of fucoidan, reproduced with permission

from Ref (Oliveira et al., 2020).
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The use of fucoidan as a targeted drug delivery system and imaging agent. (A) Nanoparticles
functionalized with fucoidan showed targeted delivery of recombinant tissue plasminogen
activator (rt-PA) to the thrombus site. Reproduced with permission from Ref (Juenet et

al., 2018). (B) Ultrasmall particles of iron oxide (USPIOs) functionalized with fucoidan
localized inside the aneurysm wall, presenting a significant contrast enhancement on
magnetic resonance imaging (MRI) of abdominal aortic aneurysm (AAA). Adapted with
permission from Ref (Bonnard, Serfaty, et al., 2014).
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