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Abstract 
 
New therapeutics capable of favouring revascularization and thereby preventing 

tissue necrosis are needed for patients with critical ischemic disease. Several 

atherosclerotic diseases such as peripheral and coronary arterial disease, as well as 

traumatic injury, can lead to arterial occlusion or compression. Downstream tissues 

become ischemic and, if blood circulation is not quickly re-established, necrosis occurs 

with a risk of physical or functional loss.  

Fucoidans, marine sulphated polysaccharides with venous and arterial antithrombotic 

properties in experimental animal models, might be beneficial for patients with ischemic 

diseases. In animals, fucoidans promote the formation of new blood vessels, thereby 

preventing necrosis of ischemic tissue.  

Low molecular weight fucoidan has greater antithrombotic/haemorrhagic risk ratio 

potential than heparin, a well-known sulphated polysaccharide used in the prevention of 

thrombosis. Owing to their ionic structure, fucoidans mimic some properties of heparan 

sulphate and can interact with a wide range of proteins, thus expressing other biological 

properties such as anti-inflammatory activity. Fucoidans may also act as a regulator of 

tissue remodelling and have been shown to promote neovascularization when infused 

intramuscularly in a murine model of hindlimb ischemia. These properties, added to the 

ability of fucoidans to recruit endothelial progenitor cells from the bone-marrow, 
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accelerate tissue healing. This review provides an update on the known effects of 

fucoidans on angiogenesis and vasculogenesis. It focuses on recent advances in our 

understanding of the interactions between these polyfucoses and adult stem cells that 

contribute to neovascularization after ischemic injury. 

 

 

1. Introduction 
 

Cardiovascular diseases, due mainly to atherosclerosis, cause about half of all deaths in 

western countries. These diseases are characterized by chronic obstruction of the arteries 

supplying tissues, gradually leading to critical ischemia. In peripheral vascular disease of the 

lower limbs for example, severe hypoperfusion can result in ischemic ulceration and 

gangrene, with a high risk of amputation (10-40%) [1-3]. No medical treatments have so far 

been shown to reduce the amputation rate at 6 months [2]. Current treatments (antithrombotic 

and vasodilatory drugs) aim to address the causes of ischemia and/or to prevent its 

progression by improving the vascularization of affected tissues [2-5]. Activation of local 

angiogenesis is a promising new approach [6-16]. Neovessel formation is crucial for tissue 

regeneration after an ischemic event. Limb loss is prevented by revascularization, using 

endovascular or surgical approaches. Ischemic tissues secrete pro-angiogenic growth factors 

that promote the proliferation and migration of endothelial cells from the pre-existing 

vascular network (angiogenesis) and the mobilisation and recruitment of circulating 

endothelial progenitor cells (EPCs) from bone marrow to sites of active revascularization, 

where they differentiate into endothelial cells (vasculogenesis) [7,15-19]. The discovery of 

EPCs in adult peripheral blood opened up new possibilities for regenerating damaged tissues, 

by using these stem cells to encourage neoangiogenesis or re-endothelialization of larger 

vessels [7,8,10,12,13,19-23]. Infusion of in vitro-expanded bone marrow progenitor cells 

quantitatively improves neovascularization in animal models of hindlimb or cardiac ischemia, 

enhancing collateral vessel formation and blood perfusion [7,8,10,11,13,23-26]. 

Unfortunately, prospective clinical trials have given only modest results, likely owing to the 

poor engraftment and limited differentiation and survival of injected cells [2,11,21,24,27,28]. 

EPCs are present at low frequencies in adult human bone marrow and peripheral blood. In 

animals, these immature CD34
+
 cells can be mobilized from bone marrow into the circulation 

by treatment with a variety of compounds, including sulphated polysaccharides such as 

fucoidans [25,26,29-31]. 

Fucoidans exhibit biological activity even when administered by the oral route [32]. 

Low-molecular-weight (LMW) fucoidans have the same antithrombotic activity as heparin 

but a weaker anticoagulant effect and, thus, a lower risk of haemorrhage [29,33,34]. They can 

induce EPCs to adopt an angiogenic phenotype in vitro [35]. Intramuscular injection of a 

LMW fucoidan directly into the quadriceps muscle of ischemic mice induced an 87% 

reduction in necrosis and better muscle preservation 14 days after surgery, compared to 

animals treated with saline solution alone [36]. This tissue regeneration was associated with a 

reduction in rhabdomyolysis and a significant fall in blood levels of creatine phosphokinase 

(CPK), an enzyme released during muscle damage and inflammation. This effect seems to be 

specific to fucoidan, as intramuscular injection of enoxaparin, a LMW heparin, did not 

prevent necrosis [36].  
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What is the mechanism of action of fucoidans? How do fucoidans differ from other 

sulphated polysaccharides like heparin? And how does LWM fucoidan exert these properties, 

when heparin has no marked effect on revascularization of ischemic tissue in vivo?  

Fucoidans are extracted from brown seaweeds and possess different physicochemical and 

biological properties depending on the seaweed species and route of administration [29,37-

47]. Because of their ionic structure, they interact with a wide range of proteins, including 

adhesion proteins [48], growth factors [49], cytokines [50], and a variety of enzymes, 

including coagulation proteases [51-53]. As a result, they have diverse biological properties, 

ranging from relatively simple mechanical support functions to more intricate effects on 

cellular processes [29,40,42,44,46,54]. Like glycosaminoglycans (GAGs), they can 

participate in cell adhesion, migration, proliferation and differentiation, the key steps of the 

angiogenic process. They thereby modulate clinically relevant phenomena such as 

angiogenesis, tumour metastasis, and atherosclerosis. How fucoidans promote angiogenesis is 

not fully clear. However, several studies have shown that the biological properties of these 

sulphated polyfucoses are related to their charge density and to precise structural features. 

Fucoidans seem to act like GAGs present on the cell membrane, and recent studies of GAGs 

provide insights into the fucoidan mechanism of action. 

This chapter focuses on cellular and molecular mechanisms involved in fucoidans effects 

on angiogenesis and vasculogenesis, beginning with a brief overview of blood vessel 

formation. In-depth studies of the biochemical mechanisms underlying interactions between 

GAGs (especially heparan sulphate proteoglycans, or HSPGs, located mainly in the basement 

membrane and on the mammalian cell surface) are helping to understand how fucoidans 

influence angiogenesis and vasculogenesis.  

 

 

2. Molecular Mechanisms Behind  

Blood Vessel Formation 
 

Blood vessel development in the foetus, as well as in later life, is regulated by complex 

interactions of various growth factors, circulating bone marrow-derived precursors and 

mature endothelial cells [7,16,18-21,55-57]. In the 1990s, the accepted paradigm of new 

blood vessel formation considered angiogenesis as a multistep process leading to the 

formation of new vessels by “sprouting” from pre-existing vessels. In contrast, 

vasculogenesis is related to the emergence of blood vessels de novo from vascular endothelial 

precursor cells known as angioblasts, which differentiate into endothelial cells. During the 

earliest stages of mammalian development, these angioblasts develop in the mesoderm, 

assemble into cords, and differentiate into an endothelium, thus creating the primary network 

of vascular endothelial cells that later become major blood vessels [58,59]. Angiogenesis 

subsequently remodels this network into small blood vessels by sprouting from the pre-

existing vascular network and thereby completing the embryo’s circulatory system. These two 

processes occur simultaneously throughout embryonic development. 

Formation of new blood vessels from angioblasts was thought to be restricted to the 

period of embryogenesis. In 1997, however, Asahara and colleagues succeeded in isolating 

bone-marrow-derived CD34
+
 VEGFR-2

+
 monocytic cells from human peripheral blood and 

obtained cells with endothelial characteristics upon appropriate proangiogenic cytokine 
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stimulation in vitro [60]. Subsequent studies demonstrated that several cell populations 

isolated from peripheral blood and human umbilical cord blood could give rise to endothelial 

cell precursors. However, only one population, called “endothelial colony-forming cells” 

(ECFC), have been shown to possess all the characteristics of true endothelial progenitors and 

to form neovessels in vivo [19,61,62]. EPCs mobilized from bone marrow were found to 

incorporate into sites of active neovascularization and to participate in the endothelialisation 

of implanted artificial vessel grafts in vivo [60,63-65]. This revealed the key contribution of 

circulating EPCs to adult angiogenesis, and the importance of postnatal vasculogenesis, 

thereby creating the concept of therapeutic angiogenesis: tissue regeneration after ischemic 

injury by infusion of autologous EPCs [6-10,14,19,21,22,24,66]. However, proangiogenic 

approaches to critical limb ischemia have so far given disappointing results, owing partly to 

inadequate homing and survival of transplanted progenitor cells at the ischemic site 

[2,11,24,27,28,67]. Only a very small fraction of these transplanted cells are incorporated into 

new vessels. Later studies showed that cytokines produced by the local inflammatory 

response recruit these bone-marrow-derived cells to sites of ischemia, where they participate 

in the development of new blood vessels by releasing factors that attract and activate 

pericytes and smooth-muscle cells, which in turn secrete mediators that stimulate the 

migration and differentiation of local endothelial cells [16,56,67-69]. The ability of EPCs to 

mobilize and migrate to ischemic sites thus appears to be crucial for the success of this 

therapeutic approach [70]. Proangiogenic potential can be optimized by activating in vitro-

expanded bone marrow progenitor cells prior to their injection, thereby amplifying the 

biochemical signalling cascades that contribute to the production of cytokines involved in 

neovascularization [22,71]. Endosulphatases disrupt the association between cytokines and 

HSPGs by clipping off key sulphates from heparan sulphate, thereby allowing these 

proangiogenic factors, anchored to endothelial cell HSPGs, to recruit EPCs and promote 

angiogenesis [72,73]. This is followed by cell tethering and rolling along the vessel, strong 

adhesion, and entry into the ischemic tissue. A new vascular network develops, then 

angiogenesis remodels this network into small blood vessels by sprouting. This process is 

characterized by changes in endothelial cell- extracellular matrix (ECM) interactions. 

Activation of endothelial cells or EPCs by proangiogenic factors is followed by basement 

membrane disruption: activated cells secrete proteases such as elastase, cathepsin G, 

urokinase-plasminogen activator (uPA) and matrix metalloproteinases (MMPs), with 

subsequent cell migration towards the ischemic stimulus. 

Throughout this process, ECM proteins and their cellular receptors (integrins) play key 

roles by supporting key signalling events involved in regulating cell migration, invasion, 

proliferation and survival [74,75]. All these events are critical for the initiation of 

angiogenesis. Migration of endothelial cells is impossible without the key matrix-degrading 

proteases MMP-2, MMP-9 and uPA. Through the effect of vascular endothelial growth factor 

(VEGF) or basic fibroblast growth factor (FGF2), EPC strongly express several integrins, 

which are major determinants of stem cell homing, invasion and differentiation, such as the 

integrins v3 and v5 (characteristic of proliferating and migrating endothelial cells) 

[74,76], 11 and 21 (key interstitial collagen receptors) [75] and 6 (involved in cell 

adhesion and EPC homing) [35,77-79]. Neighbouring endothelial cells then migrate and 

proliferate, leading to the formation of endothelial cell sprouts and capillary tubes, followed 

by tight-junction formation and synthesis of a new basement membrane. 
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3. Specific Effects of Fucoidan on Angiogenesis 

and Vasculogenesis Relative to  

Other Sulfated Polysaccharides  
 

Fucoidans are marine sulphated polysaccharides mainly composed of sulphated L-fucose, 

but they also contain xylose, galactose and glucuronic acid as minor constituents 

[38,40,41,43,45,46,80-82]. They exhibit venous and arterial antithrombotic properties in 

experimental animals [34,38,83-88], and, contrary to heparin, do not significantly increase the 

risk of bleeding. Their anticoagulant activities are mediated both by antithrombin and by 

heparin cofactor II [33,89]. They can increase the antithrombin activity of protease nexin-1 

(PN-1), a pericellular serpin expressed by vascular cells [49,52], thereby significantly 

reducing circulating levels of thrombin by catalyzing its inhibition. Fucoidans can also 

promote fibrinolysis by potentiating plasminogen activators [90-94] and reducing 

plasminogen activator inhibitor-1 (PAI-1) release by endothelial cells [91,95]. All these 

effects contribute to the antithrombotic action of fucoidans. Fucoidans are easily extracted 

from the cell wall of various brown algae, such as Fucus vesiculosus, Ascophylum nodosum 

and Ecklonia kurome [38,41-43,45-47,54,88,96,97], the egg jelly coat of sea urchins [41,44] 

and the body wall of sea cucumbers [41,44,98,99]. Their L-fucose and sulphate contents 

depend on the method of extraction and their origin (algal, animal) [42,43,96]. LMW 

fractions (4000 to 8 000 g/mol) obtained by radical depolymerization or mild acid hydrolysis 

have been used for in vitro and in vivo angiogenesis assays. 

Several sulphated polysaccharides like heparin [100], sulphated dextrin [101], pentosane 

polysulphate [102], structural mimics of heparan sulphate [103,104] and carrageenans from 

red algae [105] have been found to inhibit angiogenesis in vitro (proliferation, chemotaxis, 

adhesion, tubulogenesis) [42,106]. Most of them inhibit new vessel formation through a direct 

effect on endothelial cells when added to the experimental medium. They inhibit growth-

factor binding to cognate receptors, prevent their interaction with cell-surface HSPGs and 

tyrosine kinase receptors, and inhibit cleavage of heparan sulphate by heparanases [73,102]. 

These properties are due in part, to the capacity of these polyanions to bind to the heparin-

binding site of proangiogenic growth factors (mainly VEGF and basic fibroblast growth 

factor (FGF2)) or heparanases via their sulphate groups [29,42,107]. Most of these heparin-

binding proteins possess the conserved consensus sequence of basic amino acids found in CC 

chemokines, namely the BBXB motif, where B represents the basic amino acids arginine or 

lysine and X any other amino acid. This explains their high affinity for sulphated 

polysaccharides. Some of them are able to inhibit normal angiogenesis in the chick embryo 

chorioallantoic membrane model [103]. Commercial high-molecular-weight (HMW) fucoidan 

can reduce neovascularization [108,109] and suppress tumour angiogenesis in experimental 

models by triggering tumour cell apoptosis [29,106]. These effects appear to be related to the 

impact of HMW fucoidan on endothelial cell-surface expression of VEGF receptors (mainly 

neuropilins 1 and 2 [110-112] and FGF2 receptors [107]). Thus, fucoidan blocks the binding 

and function of VEGF and semaphorin3A. This polyfucose is able to bridge the extracellular 

domain of neuropilin-1 to that of the scavenger receptor SREC-1 and thereby promote their 

internalization by endothelial cells [110]. These effects are related to both their sulphation 
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ratio and their molecular weight, as LMW fucoidan does not reduce cell-surface NRP-1 levels 

[110,113].  

Contrary to other polysaccharides, fucoidans can potentiate angiogenesis in vitro 

[35,105,114] and in vivo [36,115]. Fucoidan pretreatment of human umbilical vein 

endothelial cells (HUVEC) or ECFC for 36 to 72 hours enhances FGF-2-dependent 

angiogenesis in vitro [35,64,116], while the addition of fucoidans directly to the culture 

medium inhibits growth-factor-induced vascular tube formation by endothelial cells 

[105,107,111]. In addition, LMW fucoidans can enhance the proangiogenic properties of 

ECFC in vitro by modifying both early angiogenic events (proliferation and migration) and a 

late event (differentiation into vascular cords) [35]. We have shown that the beneficial effect 

of ECFC infusion in a mouse model of hindlimb ischemia is significantly amplified by 

fucoidan stimulation, preventing tissue necrosis. This tissue protection was associated with 

enhanced neoangiogenesis and a reduction in rhabdomyolysis [36]. Fucoidan prestimulation 

enhances each of the angiogenic processes, namely cell recruitment to ischemic tissue via 

enhanced ECFC adhesion to activated endothelium; MMP-9 secretion; extravasation; and 

differentiation into a vascular network. Fucoidan can promote new blood vessel formation 

when infused intramuscularly, alone or together with the proangiogenic growth factor FGF-2, 

in an animal model of hindlimb ischemia [115]. Intravenous infusion of fucoidan also has 

protective effects in rat models of myocardial ischemia [117]. During ischemia, muscle 

destruction causes permeabilization of muscle fibers and the release of their contents into the 

bloodstream, including muscle enzymes such as total CPK that reflect the extent of acute 

muscle damage. Bolus administration of fucoidan induces 70% and 60% reductions in 

elevated CPK activities compared with normal-saline- and heparin-treated mice, respectively 

[36]. Fucoidan is also able to promote angiogenesis in the aortic ring model, by modulating 

the proangiogenic properties of heparin-binding growth factors such as FGF-2 [36]. It is also 

able to inhibit smooth muscle cell proliferation in vitro [65,118-120] and in vivo [118,121]. 

Its injection prevents neo-intima formation in a rat injured thoracic aorta model [120,121] and 

after stenting in the rabbit iliac artery angioplasty model [118]. Fucoidan stimulates the 

formation of an endothelial cell lining in vascular allografts following 1 month of treatment 

[122]. In contrast, injection of crude heparin and LMW heparin in the same experimental 

conditions does not induce angiogenesis [29,115].  

Intraperitoneal (IP) or intramuscular injections of LMW fucoidan (5 mg/kg/day) induce 

rapid mobilization of immature progenitors from bone marrow, about as potently as injection 

of VEGF (0.5 µg/kg/day) [25,26,29-31,123]. Circulating numbers of progenitor cells are 

significantly increased in peripheral blood of fucoidan-treated animals compared with 

controls. Stem cell mobilization is also observed after oral fucoidan ingestion [124]. This 

mobilization correlates with the release of GAG-bound SDF-1 from its tissue storage sites 

into the circulation on fucoidan administration. Tissue ischemia is accompanied by 

inflammation, and fucoidan has been shown to possess anti-inflammatory properties 

[29,42,44,54,117,125-127]. Daily subcutaneous injection of fucoidan protects parenchymal 

tissue against inflammatory processes and myofibroblastic remodelling in a rat cardiac 

allograft model [128]. Infusion of HMW fucoidan reduces neutrophil, macrophage and CD4+ 

T cell infiltration to sites of inflammation and myocardial injury after ischemia/reperfusion 

injury [54,117,129]. These anti-inflammatory activities correlate with a reduction in tissue 

expression of transforming growth factor beta (TGF) and IL10 [32,130]. Fucoidan down-

regulates the expression of inducible iNOS (that inhibits nitric oxide production) and 
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cyclooxygenase 2 (COX2) protein and mRNA levels. Several studies have shown the 

inhibition of macrophage activation by sulphated polysaccharides through their binding to 

specific membrane receptors such as Toll-like receptor 4 (TLR4), CD14 and scavenger 

receptors (SR) [131-134]. Fucoidan inhibits the production of the inflammatory cytokines 

interleukin-1 (IL-1and tumour necrosis factor-a (TNF- as well as their mRNA 

expression and protein activities, through degradation of phosphorylated p38 MAPK, ERK1/2 

and JNK [135]. The macrophage-derived inflammatory cytokines IL-1 and TNF, 

upregulated by inducible iNOS and cyclooxygenase 2 (COX2), are known to change the 

nature of the endothelial cell surface from antithrombotic to prothrombotic [136]. This effect 

also contributes to the antithrombotic action of fucoidans. 

 

 

4. Cellular and Molecular Mechanisms Underlying 

Fucoidan Enhancement of Proangiogenic Activity 
 

The effects of fucoidans on angiogenesis appear to be mediated mainly by their charge 

density, molecular weight and degree of sulphation, rather than by a specific carbohydrate 

structure [40,80,137]. Fucoidans share several characteristics with HSPGs. The structural 

requirements for their interaction with coagulation factors and target proteases depend on the 

proportions and/or distribution of sulphated groups along the fucose backbone, and on the 

saccharide chain composition [40,41]. Fucoidan fractions presenting slight differences in their 

sulphation patterns differ in their anticoagulant and antithrombotic activities [39,87,138]. The 

main structural feature accounting for their angiogenic properties also depends on the content 

of sulphation [42]. The minimal sequence of sulphated polysaccharides necessary to heat-

stabilize FGF-1 consists of four monosaccharide units [137].  

The type of fucoidan, its sulphation and molecular weight, and the conformation of its 

sugar residues all vary across seaweed species. Fucoidans from Ascophyllum nodosum and 

Fucus vesiculosus are based on L-fucose with a repeating structure of alternating (13) and 

 (14) glycosidic bonds and sulphate groups at position 2 or 4 [80,139]. Heparin is 

composed of alternating D-glucosamine and uronic acid (L-iduronic or D-glucuronic acid) 

residues with various sizes and degrees of sulphation. Sulphation is critical for fucoidan 

activity, but sulphate groups alone are unlikely to be responsible for the observed biological 

properties. In particular, desulphated fucoidan fails to promote angiogenesis in vitro and to 

induce immature CD34+ cell mobilization in vivo [31,35]. HMW fucoidan-induced 

mobilization is abolished in the presence of protamine [123]. The predominant sulphation 

pattern consists of a trisulphated disaccharide repeat similar to that found in heparin [80]. Yet 

heparin has no proangiogenic effect in vitro, does not prevent necrosis when injected directly 

in an ischemic mouse muscle, and does not induce significant immature CD34+ cell 

mobilization in vivo [36,64,115]. In addition, heparan sulphate, pentosan sulphate and 

chondroitin sulphate, all of which exhibit anticoagulant activities, inhibit angiogenesis in vitro 

and are unable to induce significant stem cell mobilization in the blood circulation [123].  

The fucosyl backbone may also be important for fucoidan properties. Fucosylated 

chondroitin sulphate species, made up of alternating -D-glucuronic acid and N-acetyl--D-

galactosamine units with branches of sulphated fucose, potentiate FGF-2-induced tubular 
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morphogenesis in vitro [140] and also trigger an increase in blood SDF-1 levels and immature 

cell mobilization [29,30,115]. Like fucoidan, these chondroitin sulphate species that bear 

sulphated fucose chains express antithrombotic activity in experimental animals with venous 

and arterial thrombosis. Branched sulphated fucoses are the key motif responsible for this 

activity, as shown by comparing native and chemically modified defucosylated and/or 

desulphated chondroitins [140]. The number of sulphate groups, and the nature of the 

molecular backbone, significantly influences the biological properties of these compounds 

[41].  

 

 

4.1. Fucoidan Binds Cytokines and is Capable of Modulating the Biological 

Activity of Angiogenic Heparin-Binding Proteins 
 

Of particular interest, fucoidan partially restores the adhesion of ECFC to activated 

endothelium after their treatment with enzymes that remove HSPGs from the cell surface. 

Owing to their ionic structure, fucoidans mimic some properties of GAGs and can bind and 

modulate the activity of a large number of proteins including proteases [33,40,51,89], 

cytokines [50,141] and growth factors [49,113,124]. They can thereby interfere with cell-cell 

and cell-matrix adhesion [53] and promote the release of growth factors bound to the cell 

surface. Like proteoglycans, they can protect these factors against proteolytic degradation and 

regulate tissue remodelling [53]. As a result, fucoidans affect many biological activities in 

vitro, including coagulation, inflammation, viral infection, fertilization and angiogenesis 

[29,39,41,42,45,47,54]. Their anti-inflammatory effects stem from their capacity to bind 

selectins [31,127,142-144], to inhibit the activation of complement systems [145-147] and to 

modulate enzyme activities (matrix metalloproteases, hyaluronidases and elastases) [53,121]. 

Inhibition of these enzymes limits the inflammatory response triggered by ischemia. 

Pro-angiogenic fucoidans can modulate the biological activity of heparin-binding growth 

factors and cytokines through different mechanisms. They can interact with growth factors 

through their soluble, ECM-associated or cell-surface forms, thereby controlling growth 

factor bioavailability. Fucoidan can also displace endogenous growth factors from their tissue 

heparan sulphate storage sites. They can stabilize growth factor binding to specific cell 

surface receptor proteins, inducing a conformational change that facilitates GF-GF receptor 

interaction. As a result, they may increase the radius of growth factor diffusion. 

 

 

4.2. Fucoidan Interacts with Cell Membranes and May Act as a Direct 

Growth Factor Signal Transducer 
 

The proangiogenic activity of fucoidan is associated with its direct interaction with cell 

membranes [29,36,119]. Fucoidan binds to the ECFC outer membrane at displaceable binding 

sites, and is then internalized by endocytosis [35,118]. It can thus be released into the 

ischemic tissue environment after displacement by heparan sulphate present in the 

extracellular matrix. There it can interact with heparin-like growth factors and enhance local 

angiogenesis through the transduction of intracellular signals required to induce the 

proangiogenic phenotype [136,148,149]. Hidalgo et al. have shown that fucoidan binding 

elicits the release of elastase and cathepsin G from neutrophils, but this does not appear to 
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contribute to its effect on stem cell mobilization [150]. In addition, fucoidan stimulation leads 

to ECFC actin cytoskeleton changes that may be involved in cell extravasation [35]. Because 

fucoidan binds to cell membranes, it could also increase local growth factor concentrations in 

the close vicinity of the relevant receptors. Endothelial cell surface-bound fucoidan could also 

act as a coreceptor for angiogenic growth factors. 

This putative fucoidan receptor might contain a carbohydrate-binding domain that 

interacts with the fucoidan carbohydrate backbone. In this way, fucoidans might interact with 

TLR4 and SR receptors on macrophages that recognize carbohydrate structures 

[131,133,134]. Their binding to these receptors induces several signal transduction events 

(p38, MAPK, ERK1/2 and SAPK/JNK activation) that lead to macrophage activation. 

Because of their spatial structure, fucoidans can mimic the clustering of sulphated, sialylated 

and fucosylated oligosaccharides on the cell surface and can provide the appropriate structural 

backbone to bind selectins [31,142-144]. Interaction of selectins with their receptors (e.g. P-

selectin glycoprotein ligand-1) involves the hydroxyl functions of L-fucose and D-galactose of 

the tetrasaccharide sialyl Lewis X (SLex) [144,151]. Cumashi et al. found that the capacity of 

fucoidans to bind P-selectin was related to the nature of lateral branches, as a high content of 

2-O--D-glucuronyl substituents impairs the antiadhesive activity of polyfucoses [42]. 

Fucoidans of different origins indeed inhibit, with varying efficiency, leukocyte recruitment 

in rat inflammation models, preventing cell accumulation by interfering with P-selectin 

binding activity [117,127,131]. However, fucoidan interaction with P-selectin does not affect 

ECFC arrest on activated endothelium in flow conditions, as VLA4 (41) on their surface 

can mediate both tethering and firm adhesion [36,152]. 

Fucoidans are also able to act in a selectin-independent fashion. HMW fucoidan remains 

effective in selectin-deficient mice and can bind to non-haematopoietic cells lacking selectins 

[31,123]. Fucoidans can interact with integrins such as M (CD11b), 2 (CD18) and even 

M2 (macrophage antigen-1 (Mac-1)) [36,150]. However, mice deficient in M2 showed 

markedly increased mobilization of stem cells in response to the polysaccharide, suggesting 

that the fucoidan effect on progenitor egress is not related to its binding to the integrin. 

Fucoidans are also able to interact with other receptors on the cell membrane, such as CD44, 

the receptor for hyaluronic acid. 

Fucoidans bind to the cell membrane and can thereby induce cellular responses analogous 

to signal transduction by growth factors. Pseudotube formation induced by fucoidan 

correlates in vitro with overexpression of the 6 integrin subunit on the endothelial cell 

surface [35,116]. RT-PCR studies have revealed that larger amounts of 6 mRNA are 

produced after fucoidan stimulation. This 6 overexpression results from transcriptional 

upregulation [116]. The fucoidan-mediated increase in 6 integrin subunit expression is 

associated with increased cell adhesion to laminin [35]. The impact of fucoidan on 6 subunit 

expression is less marked in ECFC and is related to baseline 6 subunit integrin expression 

(stronger on ECFC than on HUVEC). The integrin 6 chain, when assembled with integrin 

1 or 4 subunits, forms major receptors for laminin. In human bone marrow, laminin 

isoforms are present at sites of haematopoietic cell trafficking and promote progenitor 

adhesion and migration through their interaction with integrin 61 [153,154]. Several results 

show that 6 integrins function in vivo as haematopoietic stem cell and progenitor cell 

homing receptors [74,77,79], and that they contribute to the invasive properties of tumour 

cells. These integrins also promote vascular repair [77]. The effect of fucoidan on 6 
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expression on the cell membrane would have a major impact on the migration and 

mobilization of stem cells in vivo. The observed 6 overexpression on the endothelial cell 

surface is partly mediated by FGF-2 and HSPGs [116,155]. Stripping heparan sulfate from 

ECFC with heparitinases I, II and III, results in a loss of FGF-2-induced 6 overexpression. 

However, although greatly reduced, 6 expression remains significantly higher in LMW-

fucoidan-pretreated cells, suggesting a direct effect of this fucoidan. Even in the absence of 

exogenous FGF-2 fucoidan triggers limited 6 overexpression. 

Another pathway for polyfucoses, differing from that involving HSPGs and/or FGF 

receptors, seems to coexist in endothelial cells. HSPGs can transduce extracellular signals 

analogous to signal transduction by growth factor receptors. Fucoidans may act as direct 

signal transducers. It is conceivable that membrane-bound fucoidan may participate directly 

in signal transduction in response to growth factor binding by interacting directly with FGF-2 

receptors. The idea that coreceptors may act as signalling molecules independently of their 

role as receptor binding partners is beginning to gain ground [116,156]. Throughout our 

experiments, we have never detected variations in the expression of the laminin receptor 1 

subunit. This is consistent with results from Sastry et al. suggesting that the 6 subunit 

regulates differentiation, whereas the 1 subunit triggers proliferation: a 6/1 ratio below 

one triggers proliferation, while a ratio above one triggers differentiation [157]. At the 

concentrations inducing 6 overexpression, fucoidan has no effect on the expression of other 

endothelial markers (KDR, Flt-1, Tie-2, PECAM, CD144) [36]. 

 

 

5. How Do Fucoidans Act In Vivo ? 
 

In vivo, fucoidans are exposed to a complex environment including numerous proteins 

both in solution and bound to cell surfaces. They can bind to and inactivate cationic proteins, 

and act on other proteins, possibly triggering a cellular response, on top of their anticoagulant 

activity. Fucoidans actively modulate coagulation [38,40-43,46,54]. Fucoidan potentiates 

natural plasma serine protease inhibitors such as antithrombin and heparin cofactor II 

[33,51,89]. It can thus reduce circulating levels of thrombin by catalyzing its inhibition. 

Lower thrombin generation would reduce thrombus formation forming optimum scaffolds for 

macrophage and EPCs migration that would permit reperfusion and wound repair. 

Anticoagulants are used to treat the underlying causes of ischemia and thereby to prevent its 

progression [1]. Injection of fucoidan might help to improve the vascularization of affected 

tissues. On the other hand, fucoidans can bind to adherent proteins such as fibronectin, 

collagen and laminin [48]. They might compete with EPC for binding to ECM proteins or 

proteoglycans that could contribute to their release. Finally, fucoidans can bind with high 

affinity to EPCs, inducing these cells to adopt an angiogenic phenotype that enhances their 

motility [35,36].  

More and more studies are highlighting the crucial role of GAGs in mediating EPC 

recruitment and homing to ischemic tissues. GAGs play key role in sequestering a variety of 

ECM proteins, growth factors and chemokines that regulate proliferation, differentiation and 

trafficking of stem cells between bone marrow and peripheral blood [158]. Several lines of 

evidence suggest that fucoidans act through SDF-1. Intramuscular fucoidan injections 

increase plasma levels of SDF-1 and are thus able to promote ECFC mobilization 
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[29,30,115]. SDF-1 is anchored to HSPGs present at the surface of stromal cells and 

endothelial cells, and on the ECM [159]. Fucoidans can specifically displace sequestered 

SDF-1 from its HSPG anchors on the endothelial surface and thus contribute to its release 

into the circulation. According to Sweeney et al. who are working on haematopoietic 

progenitors, the amount of SDF-1 released into the circulation is sufficient to trigger the 

observed cell mobilization [30,123]. In addition to SDF-1, levels of other chemokines (IL-6, 

IL-8) and cytokines (granulocyte CSF, macrophage CSF) are also increased after fucoidan 

treatment, possibly owing to their release from HSPGs.  

In his excellent review of sulphated fucans and galactans, Pomin forwards a mechanism 

to explain the anti-inflammatory properties of polysaccharides that could also account for the 

impact of fucoidans on EPC recruitment [44].  

The molecular mechanisms behind these proangiogenic properties would depend on: i) 

impaired binding of stem cells to the endothelium via fucoidan binding to P- and/or L-

selectins and, most likely, ii) disruption of the SDF-1 gradient between blood and bone 

marrow or ischemic tissue. This abrogates the necessary chemokine oligomerization and 

thus modifies the chemokine gradient that sustains the homing of stem cells/leukocytes to 

ischemic sites and promotes their mobilization. Fucoidans can interact with the heparin-

binding domain of SDF-1 and enhance SDF-1-induced chemotaxis by presenting multiple 

SDF-1 molecules to stem cells [50,141,150]. In addition to the contribution of EPCs to new 

vessel formation, enhanced SDF-1 expression, which can activate EPCs, may thus contribute 

to improving revascularization of ischemic tissue, as observed after IM injection of LMW 

fucoidan [36,71]. These results also explain the impact of fucoidans on intimal growth after 

stenting in rabbits and after allogeneic vascular transplantation in mice [25,83].  

Fucoidans can also act on surrounding cells such as smooth muscle cells, neutrophils and 

macrophages attracted by cytokines released from an ischemic site. In addition, fucoidan 

binding to the endothelium might trigger signalling events that could result in ECFC egress 

into the circulation. However, during transmigration through the endothelium, progenitors 

traverse the endothelial cell monolayer and the subendothelial basement membrane. 

Consequently, transmigrating cells interact with endothelial cells, GAGs and EMC adhesion 

proteins. Integrin 6, a laminin receptor involved in stem cell homing to bone marrow [79], is 

expressed by ECFC [36]. Its expression is required for ECFC migration, and its 

overexpression after fucoidan treatment might facilitate ECFC homing towards ischemic 

sites. Finally, adhesion receptors like selectins are important for cell migration and 

extravasation to ischemic sites. During mobilization, traffic between bone marrow and blood 

is bidirectional. According to Frenette et al., blockade of endothelial selectins may prevent 

progenitors from re-entering bone marrow [31]. In addition, fucoidan binding to selectins 

might disrupt ECFC interaction with bone marrow stromal cells and thereby increase 

circulating stem cell/progenitor numbers. Fucoidans can also compete with proteoglycans 

found on the ECM and on stromal/endothelial cells in the bone marrow environment. P-

selectin, which plays a central role in the inflammatory response triggered by ischemia, is 

upregulated on endothelial cells and platelets during ischemic disorders [160,161] and is 

involved in leukocyte and ECFC rolling and arrest over the endothelium and their subsequent 

migration into ischemic tissue [36,162]. Blockade of leukocyte extravasation reduces 

ischemic tissue inflammation and might thereby prevent post-ischemic reperfusion injury and 

autoimmune cardiac injury [99,117,127,142]. Platelet-ECFC complexes are formed during 
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vascular thrombus formation and might allow ECFC incorporation into the surrounding 

tissue.  

 

 

Conclusion 
 

Although marine polysaccharides have numerous interesting effects on coagulation, 

thrombosis, inflammation and angiogenesis, their therapeutic development is hindered by 

their heterogeneity. Fucoidans are systemically distributed after ingestion or intravenous 

injection in various animal models [54,118,163]. They are not toxic when injected to mice at 

high doses above 1 g/kg (private communication). Clinical studies of orally ingested fucoidan 

have shown no toxicity at doses of 1 to 3 g/day for up to 3 months [124,164]. So far, efforts to 

stimulate angiogenesis have been limited to the use of exogenous growth factors such as 

FGF-2 and VEGF, by means of protein delivery or gene transfer. Our results indicate that a 

similar response could be obtained with a sulphated polysaccharide[36].  

There is a pressing need for new antithrombotic drugs because of the increasing 

incidence of cardiovascular diseases, which are the leading cause of death worldwide (17.3 

million deaths each year, representing 30% of global mortality). Fucoidans possess major 

advantages as alternative anticoagulant and proangiogenic therapies [54,165]. First, LMW 

fucoidans are devoid of significant pro-haemorrhagic effects. Second, due to their non-

mammalian origin, there is no risk of contamination with viruses or unconventional 

pathogens such as the bovine spongiform encephalopathy prion. Third, as byproducts of 

alginate preparation in the food and cosmetics industries, they represent a cheap and readily 

available source of new biologically active molecules. A better understanding of the 

mechanisms of action of GAGs on EPC activation and recruitment to ischemic sites is 

necessary for optimal development of a cell therapy product. One of many key questions 

remaining to be addressed is whether GAGs, and thus fucoidans, are able to initiate neovessel 

formation and/or stem cell activation and differentiation in the bone marrow compartment. 

However, after an ischemic event leading to the release of soluble proangiogenic factors such 

as VEGF, FGF and SDF-1 into the circulation, the bone marrow microenvironment switches 

from a quiescent to an activated state that promotes mobilization of EPCs and other stromal 

cells into peripheral blood. The mechanism of action of fucoidans on the recruitment of these 

cells is unclear. It is unclear whether EPCs normally reside in the bone marrow or are located 

in “vascular wall stem cell niches”, from whence they can be mobilized rapidly into 

peripheral blood [7,16,166]. These issues are crucial to understand the interplay between 

GAGs, HSPG and various other actors in the vasculogenic process, and to develop 

therapeutic strategies combining GAGs (including fucoidans) with cell therapy products. 
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