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Résumé

Fucus vesiculosus et Ascophyllum nodosum sont des algues brunes comestibles et abondantes
au Québec. Cependant, elles ont ét¢ négligées en raison de leur valeur potentielle inconnue et
de la période de récolte limitée. Afin de valider leur utilité, la composition chimique de ces
algues et I’activité inhibitrice des enzymes digestives de 'amidon par les fucoidanes extraits de
ces deux especes d'algues ont été étudiés en fonction de la saison. Les composants principaux
des algues sont dans 1’ordre: les polysaccharides> minéraux> protéines> fucoidane> lipides>>
composés phénoliques, et leur quantité est trés variable selon la période de récolte. F.
vesiculosus contenait une plus grande quantité de protéines et de minéraux, alors que 4.
nodosum avait relativement plus de polysaccharides. Par conséquent, F. vesiculosus serait plus
avantageux comme source d’¢léments nutritifs. L’algue 4. nodosum récoltée en Juillet a permis
d’obtenir le fucoidane ayant la pureté la plus élevée et le meilleur rendement. Les fucoidanes
extraits des deux especes d’algues ont inhibé 1’activité de 1’a-glucosidase alors que seul celui
extrait d’A. nodosum a pu, de plus, inhiber I’a-amylase. Le fucoidane d’A. nodosum était un
inhibiteur plus puissant que le fucoidane de F. vesiculosus pour 1’a-glucosidase avec des 1Csg
variant de 0,013 ~ 0,047 mg/ml, tout comme pour I’a-amylase avec des ICsy de 0,12 ~ 4,62
mg/mL selon le mois. Pour comprendre les facteurs clés expliquant les différences d’inhibition
d’o-amylase entre les fucoidane d’A. nodosum et F. vesiculosus, certaines caractéristiques
structurales ont ét¢ analysées et comparées a du galactofucoidane qui a servi de contrdle. A
partir des résultats obtenus, il est confirmé que la masse moléculaire plus faible (637 kDa) du
fucoidane d’A4. nodosum et la présence de sulfates sont liées a son activité inhibitrice. Nous
avons émis I’hypothése que les faibles masses moléculaires permettent d’exposer facilement les
groupements sulfate qui peuvent agir sur I’a-amylase par interaction électrostatique, et donc
d'inhiber son activité. En conclusion, les algues brunes du Québec présentent un potentiel
d’utilisation important pour leur valeur nutritionnelle et leurs composés bioactifs. Le fucoidane
a montré une activit¢ d'inhibition des enzymes digestives de l'amidon (a-amylase et -
glucosidase) et cette activité est différente selon les espéces d'algues et la période de récolte.
Une meilleure compréhension du mécanisme inhibiteur par le fucoidane peut étre utile afin de

développer un ingrédient fonctionnel permettant de prévenir le diabéte de Type-2.
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Abstract

Fucus vesiculosus and Ascophyllum nodosum are edible brown seaweed and abundantly
available in Quebec. However, they have been neglected because of their unknown value and
technical limitation in harvest. In order to validate their usefulness, chemical composition in
seaweeds and starch digestive enzyme inhibition activity by fucoidan extracted from two
seaweed species were investigated with different seasons. The major components in both
seaweeds were in order: polysaccharide > minerals > protein > fucoidan > lipid > phenol, and
their quantity was quite variable depending on harvesting timing. F. vesiculosus contained
larger amount of proteins and minerals, while 4. nodosum had relatively more polysaccharides.
Therefore, F. vesiculosus are advantageous as a nutritional source. Especially, from A. nodosum
harvested in July, a fucoidan having higher purity and better yield was obtained. Fucoidans
from two seaweeds species inhibited a-glucosidase activity while, only fucoidan from A.
nodosum could inhibit a-amylase activity. 4. nodosum fucoidan was a more potent inhibitor
than F. vesiculosus fucoidan for a-glucosidase with ICsy of 0.013 ~ 0.047 mg/mL, and for a-
amylase with ICsy of 0.12 ~ 4.62 mg/mL depending on harvest month. To understand the key
factors explaining the difference in a-amylase inhibition between A. nodosum fucoidan and F.
vesiculosus fucoidan, structural characteristic was analyzed and compared with galactofucoidan
as a control. From the obtained results, it is confirmed that smaller molecular weight (637 kDa)
of A. nodosum fucoidan and the presence of sulfates are related to its inhibitory activity. It is
proposed that small molecular weight permits to expose easily sulfate groups for interaction
with a-amylase throughout electrostatic interactions, and therefore inhibiting its activity. In
conclusion, brown seaweeds in Quebec have a considerable importance for nutrition and
bioactive products. Fucoidan shows the inhibition activity for starch digestive enzymes (o-
amylase and a-glucosidase) and its activity is different depending on seaweed species and
harvesting period. Further understanding of the inhibitory mechanism by fucoidan can be useful

to develop a functional ingredient to help preventing for Type-2 diabetes.
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Preface

This thesis has been prepared to present the results as scientific publications and is organized as

follows.

The first chapter « Literature Review » contains the descriptions of general characteristic of

seaweeds, structural characteristic and biological ability of fucoidan, and starch digestive

enzyme.

The second chapter is entitled « Seasonal variation of fucoidan and the evaluation of nutritional
components of brown algae in Quebec: Fucus vesiculosus and Ascophyllum nodosum ». This
chapter shows the results on seasonal variation of chemical components of seaweeds (F.
vesiculosus and A. nodosum) in Quebec and key characteristics of their fucoidan extracts. We
observed the influence of harvesting month and seaweed species on the variation of
components. Especially, the characteristic of fucoidan has been observed depending on
seaweed harvesting period. I have done all the laboratory experiments, data analysis and

manuscript preparation under the supervision of Prof. Sylvie L. Turgeon, my supervisor.

The third chapter deals with the topic, « Alpha-amylase and alpha-glucosidase inhibition is
differentially modulated by fucoidan obtained from Fucus vesiculosus and Ascophyllum
nodosum », and is also being prepared to publish. In this chapter the possibility of fucoidan as
an inhibitor of starch digestive enzymes (Human salivary a-amylase and a-glucosidase) was
evaluated possibly to control blood glucose level. I have done all the experimental work,
analysis and preparation of the results. Ms Laurie-Eve Rioux assisted me for the statistical
analysis and reviewing of the article. Professor Sylvie Turgeon supervised me for the

experimental planning, interpretation and thorough correction of the manuscript.

The fourth chapter is titled as « Inhibition of alpha-amylase by fucoidan obtained from two
species of brown seaweed: the effects of the structural characteristics ». This chapter was
performed to find out a key factor of a-amylase inhibition of fucoidan by comparing structural
characteristics of two fucoidans (F. vesiculosus and A. nodosum), and by using galactofucoidan
from Saccharina longicruris as a positive control. The analysis on monosaccharide and linkage

was done by Laurie-Eve Rioux Ph.D. who is a research associate at the department of Food
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Science and Technology of Laval University. I performed fucoidan extraction, the other

structural analysis and enzyme inhibition assay in vitro. I prepared the manuscript. Prof. Sylvie

Turgeon supervised the activities and corrected the manuscript.
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General introduction



For several centuries, humans have used countless terrestrial species of plants as foods and as sources
of numerous useful materials to produce functional foods, cosmetic products and medical substances.
However, many of these resources are close to exhaustion or will run into limitations on their use
because of the pressures of an ever-increasing population of consumers and changes in
environmental conditions. Marine plants have also been valuable sources of useful materials and
studies of algae or seaweed have been on the fast track. The study of marine algae has a shorter
history than that of plants, and the objectives of research on algae differ considerably between Asia
and the Occident, because of the different patterns of algae consumption. Seaweeds have been an
important food source in Asia (especially Korea and Japan) since ancient civilization. In addition,
seaweed is now quite expensive. Korea consumed an estimated 140 million tons of the red seaweed
Porphyra tenera kjellman (laver) as food in 1997 (based on the report of Korea Maritime Institute,

1999), while Western countries like Canada and the USA use it in animal feeds.

Many now consider seaweed as a new natural resource from which many functional materials may be
extracted to replace terrestrial resources used throughout the 20th century. In addition, seaweed is a
more attractive marine resource than many others, since it contains many functional components. The
functional components in seaweed have evolved as mechanisms of survival under severe conditions
such as low temperature, physical impact of the action of waves, tides and inflow, sea salt, intense
ultraviolet rays and dryness due to wind (Barsanti and Gualtieri, 2006; Percival and McDowell,

1967).

Among the three types of seaweed (brown, red and green), brown seaweed contains the most
polysaccharide. The biological activities of the polysaccharides in brown seaweed have been
described in the scientific literature (Rupérez et al., 2002; Koyanagi et al., 2003). Polysaccharides are
classified in three groups: mucilaginous, storage and structural. Fucoidan, laminaran and alginic acid
are the major polysaccharides of seaweeds. Over 50% of brown seaweed is composed of
polysaccharides and much of them are sulfated, which is rarely observed in land plants (Cho et al.,

1999).

Fucoidan was isolated and named by Kylin in 1913 (Percival and McDowell, 1967). It is an
intracellular sulfated water-soluble and highly hygroscopic polysaccharide (Percival and McDowell,

1967). The principal function of fucoidan is to protect the seaweed surface from dryness and to



contribute to the formation of a gel network (Percival and McDowell, 1967). It is also known as a
bio-functional component with anti-coagulant, anti-thrombin (Cho et al., 1999; Soeda et al., 2000),
anti-HIV and anti-tumor activities (Moen and Clark, 1993; Béress et al., 1993). Toida et al. (2003)
reported that the sulfate groups in the fucoidan molecule play a key role in the biological activities of
fucoidan. Recently, new function of fucoidan from Undaria pinnatifida have been reported by Cho et
al. (2011a) that was the inhibition of amylase activities (one of starch digestive enzymes) for limiting
glucose absorption. The inhibition of starch digestive enzymes can prevent the increase of blood

glucose level and thus it can be useful to control diabetic symptom.

It has long been presumed that the chemical composition of seaweed is the result of many factors
such as harvesting region, season and seaweed species. The production of fucoidan in the plant is
also subject to environmental conditions. Season is an especially significant factor. It is therefore
important to understand the seasonal variations of seaweed components in order to determine the
proper time to harvest seaweed for a given application. Many studies have examined the relationship
between season and seaweed components (Chapman and Craigie, 1977; Kim et al., 1996; Fleurence,
1999; Rupérez et al., 2002). Winter to spring, the proliferation period of seaweed has been suggested
as the optimal harvesting period (Chapman and Craigie, 1977 & 1978; Kim et al., 1996).

There are three major species of brown seaweed in the lower St. Lawrence River in Quebec. These
are Fucus vesiculosus, Ascophyllum nodosum and Laminaria longicruris. The world rate of
consumption of brown seaweed is higher than for other species and the amount of seaweed
harvesting is increasing every year (Barsanti and Gualtieri, 2006). However, seaweed harvesting
from winter to spring is not profitable in Quebec, since the St. Lawrence River is covered with thick
ice during the winter and often into the spring as well. The study of seasonal variations of seaweed
components is therefore especially important for the use of brown seaweed harvested in Quebec. The
relationship between season and components has been studied in the case of L. longicruris (Anderson
et al., 1981; Souchet, 2004), but not for F. vesiculosus or A. nodosum. There is thus a lack of
information on the variation of the chemical components of seaweed for efficient utilization of

seaweed harvested in Quebec.

In the present study, the seasonal variation of the overall chemical composition of F. vesiculosus and

A. nodosum in Quebec was evaluated from spring to autumn for three years (2002, 2003 and 2005).



The fucoidan and polyphenol contents, two seaweed components associated with biological activity,
were then studied. Also, the purity and quantity of fucoidan were evaluated according to the season.
The possibility of using fucoidan as an inhibitor of starch digestive enzymes (a-amylase and o-
glucosidase) to control the symptoms of type-2 diabetes was then investigated as a function of
seaweed species and harvesting period. And finally, the dependence of the amylase-inhibiting
function of fucoidan on seaweed species was studied and an attempt was made to determine the

nature of the key factor underlying the different biological activities of fucoidans.

The information obtained from this study should be useful for determining the best period for
harvesting seaweeds, for using brown seaweed as a source of food and ingredients such as fucoidan

to control starch digestive enzymes (a-amylase and a-glucosidase).



Chapter 1. Literature Review



1.1 Marine algae (seaweed)

Algae are autotrophic, aerobic organisms that contain chlorophyll and photosynthesize like vascular
plants. They grow in water or on shorelines and “seaweed” is a common name for marine algae
(Cambridge dictionaries. 2000). Marine algae contain unusual components compared to plants as a
result of adaptation to the severe conditions under which they grow. For example, the floating
structures of Fucus vesiculosus and Ascophyllum nodosum are mostly exposed to the air while the
“root” portion and much of the stalk are submerged in seawater. The portion that is exposed to dry
conditions also varies with tidal activity. In addition, much of the deeply immersed structure does not
receive enough sunlight for photosynthesis. The components that enable marine algae to survive vary
depending on species. For example, fucoidan is present only in brown algae and not in red or green
algae. The taxonomical classification of seaweed is now based on Kingdom > Division > Class
(Barsanti and Gualtieri, 2006) but seaweed in general is commonly identified by color since this is

convenient. Green, red and brown seaweeds are thus recognized (Tilden, 1935).

1.2 Utilization of marine algae

The uses of seaweed differ greatly between Asia and western nations. In Asia, seaweed is a common
food and part of the food culture. For example, Undaria pinnatifida (a brown alga) is prepared as a
soup for consumption by parturient women in Korea. Laver (called kim in Korea), a mixture of red
seaweeds such as Porphyra yezoensis and Porphyra tenera, is a highly appreciated ingredient in maki.

At least fourteen species of laver are used in Korea and Japan (Lee and Ahn, 1986).

In comparison, seaweed is used in western society mostly as raw material for producing commodity
products, which may be used as food ingredients but are more often used for industrial purposes. The
brown seaweed Ascophyllum nodosum is used on a commercial scale in North America in plant
fertilizers and has been studied as an additive in pig feed by Archer et al. (2008) and Gardiner et al.
(2008).

The study of marine algae has so far focused primarily on its use as bio-fuel (micro-algae) or as a

source of health products or for use in cosmetics and so on. While cornstarch is currently the



principal feedstock for bio-fuel production, cellulose from seaweed would have the advantage of
providing bio-fuel without competing for land use or pushing corn prices upward. The study of both
macro-algae and micro-algae for bio-fuel production is increasing due to the large amounts of

polysaccharide and cellulose that these plants contain (Hossain et al., 2008; Wi et al., 2009).

1.3 Components of marine algae and their potential

1.3.1 Protein/nitrogen

Protein/nitrogen content is important for human nutrition and represents an essential element for
plant fertilizers (Stewart, 1974). The protein (nitrogen) content of marine algae increases their value
both as food and as fertilizer for plant cultivation. Numerous studies of protein content have been

done to increase the value of marine algae.

The protein content of dried marine algae is typically 10-30%. It is 15-25% in green seaweed, 5-15%
in brown seaweed and 15-30% in red seaweed (Table 1-1). The protein content of marine algae is

relatively constant and high compared to plants (Souchet, 2004; Fleurence, 1999).

Table 1-1. Protein in various marine algae used in the food industry

Protein content

Species
(% of dry mass)

Palmaria palmata 8-35
Porphya tenera 33-47
Ulva lactuca 10-21
Ulva pertusa 20-26
Laminaria digitata 8-15
Fucus species 3-11
Ascophyllum nodosum 3-15

(Reference; Fleurence, 1999)



Marine algae synthesize protein through fixation of atmospheric nitrogen and protein content
therefore varies with harvesting period. Environmental factors such as light, temperature and salinity
influence protein synthesis (Stewart, 1974; Barsanti and Gualtieri, 2006). Chapman & Craigie (1977)
and Souchet (2004) reported the correlation between protein and water nitrogen content and as high
temperatures decrease dissolved nitrogen content in seawater, consequently nitrogen fixation is
reduced and the marine algae’s protein content harvested in the summer. In addition, higher
temperatures also increase energy consumption due to algal respiration (Anderson et al., 1981). This
energy demand exceeds the rate of energy capture by photosynthesis and results in the diversion of
fixed and stored carbon away from nitrogen assimilation (Graham and Wilcox, 2000; Anderson et al.,
1981). Other reports (Germann et al., 1987; Chapman & Craigie, 1977) confirm that protein content

is relatively low in summer and higher in winter.

1.3.2 Lipids

The lipid content of marine algae is usually low and generally less than 4% of the dried mass,
although Sargassum kjellmaniamum (a brown alga) contains more than 6% (Sanchez-Machado et al.,
2004). However, the relationship between lipid content and species has been difficult to determine
with precision (Ito and Tsuchiya, 1977). In brown algae, the fatty acids include primarily C16, C18
and C20 forms, with palmitic acid (C16) making up 10-15% and considered as a major fatty acid.
The fatty acids composition in seaweed has been linked to decreased risk of heart disease, thrombosis
and atherosclerosis and to antiviral activity (Sanchez-Machado et al., 2004). In addition, marine algal

lipid contains antioxidants such as tocopherol, which can be used in cosmetics or health products

(Norziah and Chio, 2000; Dawczynski et al., 2007).

1.3.3 Minerals

Mineral content varies with algal species (Table 1-2), growing region, season and environmental
conditions. Algae absorb and store several minerals from seawater. Minerals generally represent 10-
35% of the dry mass of seaweed (Ito and Hori, 1989) as compared to 5-10% of the dry mass of land
vegetation (Rupérez, 2002). Brown algae are rich in nutrients such as calcium, magnesium,

potassium, sodium, phosphorus, sulfur, iodine, iron and so on. The iodine content of brown algae is



especially high. Iodine concentration varies depending on seaweed species (Kiipper et al. 1998; van
Netten et al., 2000; Hou and Yan, 1998; Chance et al. 2009). Mineral products made from marine

algae are manufactured and marketed like certain vitamin products as natural health products.

Table 1-2. Ash contents of edible brown and red algae
(%, dry basis)

Type Genus Ash *

Brown algae Fucus 30.10+0.20
Laminaria 35.59+0.40
Wakam 29.26+0.24

Red algae Chondrus 21.08+0.12
Nori 20.59+0.16

* Analysis condition: 550°Cfor 16h (reference; Rupérez, 2002)

1.3.4 Polysaccharide

Polysaccharides are polymers of monosaccharides and major components of marine algae
representing over 60% of dry weight (Marinho-Soriano et al. 2006; Rioux et al, 2007a). Each
polysaccharide has specific chemical characteristics such as molecular mass, degree of
polymerization, degree of branching, types of monosaccharide units and types of linkage. These
characteristics vary among polysaccharides within and between algal species. Furthermore, some
monosaccharides can bear substituents as sulfate which have an important effect on functionality. For
example, the presence, position and type of sulfate groups determine the physicochemical properties

of polysaccharides such as fucoidan (Rioux 2005).

Marine algae contain large amounts of non-starch polysaccharides that cannot be digested completely
by the human digestive system and which therefore have potential as new sources of dietary fiber,
prebiotics or other functional ingredients (Lahaye, 1991; Mabeau and Fleurence, 1993). As with plant
fiber from other sources, seaweed fiber is interesting because its consumption has been associated
with a significant reduction of chronic diseases such as diabetes, obesity, heart diseases, cancer and
so on. It has been shown that the physiological effect of fiber is related to its physicochemical

properties. Fiber is classified as soluble and insoluble fractions (Roehring, 1988). Soluble fiber can
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slow down digestion and absorption of nutrients by increasing viscosity and might thereby decrease
blood sugar and cholesterol. In contrast, insoluble fiber decreases intestinal retention time and fecal

mass (Mabeau and Fleurence, 1993).

Algal polysaccharides are divided into three groups based on their role: structural polysaccharide,
intercellular mucilage and storage polysaccharide. Polysaccharide composition differs widely among
green, brown and red algae and marine algal polysaccharides as a whole offer a wide range of
commercially valuable physicochemical properties for the food, pharmaceutical, cosmetics and other

industries.

1.3.4.1 Polysaccharides in green marine algae

Like vascular plants, green seaweed contains cellulose as the principal structural polysaccharide
(Yaich et al. 2011). However, some green seaweed contains structural polysaccharides other than
cellulose. For instance, Codium uses B-1,4-mannan as a structural polysaccharide (Percival and
McDowell, 1967). Intercellular mucilage polysaccharides are glucuronoxylorhamnans,
glucuronoxylorhamnogalactans and xyloarabinogalactans, which bear sulfate groups. Amylose and

amylopectin are stored as energy sources (Percival and McDowell, 1967).

1.3.4.2 Polysaccharide in brown marine algae

Cellulose is present in brown seaweed as structural polysaccharide and its content range from 5.7 to
14% (Park et al. 2000). The mucilage polysaccharides are alginate, fucoidan and laminaran. Alginate
was first separated in 1883 by Standford in England (Park et al., 1997b; Percival and McDowell,
1967) and was identified as an intercellular or cell wall matrix. As shown in Table 1-3, alginate
generally makes up to 10-30% of the dry mass of marine algae (Park et al., 2000). Alginate is a B-1,4-
linked polymer of D-mannuronic acid (M) and L-guluronic acid (QG). Its properties including
solubility depend on the M/G ratio and on the molecular mass, which ranges from 150 to 1700 kDa,
depending on the source and the extraction method (Moe et al., 1995). In general, the molecular mass
of alginate for commercial use ranges from 32 to 200 kDa (Park et al., 2000). Alginate is highly
appreciated in the food industry for its gelling, thickening, emulsifying, and stabilizing properties

(Park et al., 1997b).
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Fucoidan is a well-known mucilage heteropolysaccharide in brown algae (Park et al., 1997a; Park et
al., 2000; Percival and McDowell, 1967). It is synthesized in the Golgi apparatus inside cells and is
found in the intercellular spaces throughout the algal tissue (Park et al., 1997a). The principal
function of fucoidan is to prevent drying out of the plant exposed to the air by tides (Percival and
McDowell, 1967). The fucoidan content of brown algae varies with species, growing region and

season (Park et al., 2000). More information on fucoidan is provided in section 1.6.

Laminaran is a f3 -glucan with a molecular mass of 3.5~5.3 kDa (Rioux, 2005; Souchet, 2004). It is
the main storage polysaccharide in brown algae. Its known biological activities include stimulation of
the immune system and cytotoxic effects on tumor cells (Nagaoka et al., 2000). Laminaran is a -1,3-
linked polymer of mostly D-glucose with some B-1,6 linkage (Park et al., 1997a and 2000). The
detailed structure of laminaran varies among species and its solubility depends on the amount of j3-
1,6 linkage. Laminaran is classified as soluble or insoluble in cold water (20°C), and the insoluble
laminaran fraction is solubilized in water at 60-70°C (Souchet, 2004; Park et al. 2000). Its solubility
depends on chain length (CL) and the degree of polymerization (DP). For soluble laminaran, CL = 7-
11 and DP = 26-31, while for insoluble laminaran, CL = 15-19 and DP = 16-24 (Souchet, 2004;
Nelson and Lewis, 1974).
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Table 1-3. Polysaccharide content of brown algae
(%, dry basis)

Species Laminaran Alginate Crude fiber

Laminaria japonica 1.3 22.5 9.1

L. angustata var. longissima 1.4 27.2 12.8
Kjellmaniella gyrate 4.3 30.2 16.1

Undaria pinnatifida 0.6 22.7 15.2
Anthrothamnus bifidus 0.7 16.6 6.8
Elisenia bicyclis 13.3 17.9 7.1
Ecklonia kurome - 16.0 4.6
Pelvetia wrightii 1.6 25.0 17.1

(Referred source; Translated from Park et al., 2000)

1.3.4.3 Polysaccharides in red algae

Most red algae contain cellulose as the main structural polysaccharide (Park et al., 2000), although
species of Rhodeminea contain B-1,3 and B-1,4 xylans for this purpose (Park et al., 1997a). The
mucilage polysaccharide of red algae is a-1,3-linked and B-1,4-linked sulfated galactan. Other major
polysaccharides in red algae are agar, carrageenan and porphyran (Park et al., 2000).

Agar is a mucilage polysaccharide used widely for commercial purposes as a gelling agent in foods
and in media for culturing microbial organisms (Fuse and Goto, 1971). Agar is composed of agarose
(70%) and agaropectin (30%). Agarose contains 1,4-linked a-3,6-anhydro-L-galactose (about 34%)
and 1,3-linked B-D-galactose (about 56%). Agaropectin is essentially agarose with sulfate ester and
D-glucuronic acid side groups (Park et al., 1997a; Park et al., 2000). Properties of agar such as gel
forming ability or gel strength depend on the ratio of agarose to agaropectin, the sulfate content,
harvesting region and season and the extraction method (Fuse and Goto, 1971; Park et al., 1997a;

Park et al., 2000).

Carrageenan is another sulfate-containing polysaccharide abundant in red algae (Park et al., 1997a;
Park et al., 2000). It consists of D-galactose and 3,6-anhydro-D-galactose sulfate esters. The gelling
ability of carrageenan is lower, while its viscosity is higher than that of agar (Park et al., 1997a).
According to Campo et al. (2009), carrageenans are widely used in the food industry because of their

physical properties such as thickening, gelling and stabilizing abilities. These properties are useful to
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control the texture and viscosity of dairy products, and are utilized for binders and stabilizers in the

meat-processing industry such as sausages and low-fat hamburgers.

1.3.5 Polyphenols/phenolic compounds

Phenolic compounds encompass a wide range of molecules. Benzene rings bearing a hydroxyl group
are antioxidative site. Flavonoids are a group of polyphenols (Boudet, 2007). Holiman et al. (1996)
reported that over 4,000 different flavonoids have been observed, and that at least a thousand kinds
of phenolic compounds undiscovered could exist. However, relatively few phenolic compounds have
been identified and studied completely. These include primarily flavonones, flavonols, anthocyanin,

tannins and so on (Fig. 1-1).

The phenolic compounds which are discovered in marine algae have strong antioxidant activity
(Jiménez-Escrig et al., 2001). Some of these compounds also displayed detoxification ability due to
their chelating capability (Ragan et al., 1980). For instance, various biological activities such as
anticancer and anti-proliferation have been reported for phenolic compounds. The activities depend
on the antioxidant and/or chelating abilities of polyphenols. For example, flavonoids exert these
effects through antioxidant properties, since oxygen free radicals are related to cancer and

inflammation (Holiman et al., 1996).

In addition, phenolic compounds strongly bind to proteins and can inhibit enzymatic activity. Tannin
from the brown seaweed Ascophyllum nodosum also displays several biological activities (Wang et
al., 2008). In addition, numerous reports on the phenolic extracts from seaweed have mentioned o-
amylase or a-glucosidase inhibition (Zhang et al., 2007; Ohta et al., 2002; Bhandari et al., 2008). The
interactions between protein and polyphenols will be described in greater detail below (section

1.8.1.1.2.).



Phenolic compounds

Flavonoids

Phenolic acids 4[

Hydroxycinnamic
acid deriviatives

Lignans

Flavenols

Flavanones

Catechins

Anthrocyanins — Genistein
|5F,f|avones — Diadzein
Dihydroflavonols

Chalcones

Quercetin

Ellagic acid
Tannic acid
Vanilin

Caffeic acid
Chlorogenic acid
Ferulic acid
Curcumin
Courmarins

Figure 1-1. Nomenclature of some of phenolic compounds from natural sources

1.3.6 Vitamins

14

Like many vegetables, marine algae contain several vitamins, their composition in several algae is

shown in Table 1-4. The particularity of marine algae is the presence of vitamin B,

(cyanocobalamin), which is rare in vegetables. Vitamin B, has long been considered an animal

protein factor but was found recently in marine seaweeds (Park et al, 1997a and 2000). The vitamin

B, in marine algae is similar to that formed in animal intestines and can be used to replace the

animal sources. Marine algae are also sources of vitamin E (a-tocopherol) and generally contain this

vitamin at concentrations of 0.7-8 mg per 100 g. However, the vitamin E content is variable

according to the season. In the case of vitamin C, the period from spring to early summer produces

algae with the highest content (Park et al., 1997a).



Table 1-4. Vitamins contents (mg/100g dry basis) of marine algae

15

Type of algae A B1 B2 B6 B12 C
Green
Ulva pertusa 590 0.09 0.28 nd 0.0063  27-41
Monostroma nitidum 2647 0.12 0.85 nd 0.0013 75-80
Enteromorpha linza 12495 0.15 0.12 nd 0.0098  10-257
Brown
Laminaria spp. 619 0.09 0.02 0.03 0.0003 3-91
Ecklonia cava 0.11 0.25 nd 0.0003
Hizikia fusiforme 359 0.03 0.27 nd 0.0006 0-92
Undaria pinnatifida 813 0.73 1.88 nd nd 156
Red
Porphyra tenera 15748 0.17 2.31 1.04 0.0291  10-831
Gelidium amansii 5329 0.16 1.80 nd 0.0036 nd

nd; not determined. (Reference; Translated from Park et al., 1997a)
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1.4 Environmental effects on the growth of marine algae

Marine algae contain the six principal elements of biomass, namely carbon, oxygen, hydrogen,
nitrogen, phosphorus and sulfur (Park et al., 1997a; Park et al., 2000) and several minor elements.
Smaller quantities of calcium, potassium, sodium, chloride, magnesium, iron and silicate are required
for the metabolism of seaweed. Environmental conditions (light, temperature) and nutrient
availability (nitrogen, minerals, silicate, phosphorus, etc.) could have an effect on seaweed growth.
Algae utilize nitrogen in water to synthesize protein, and phosphorus is needed for the production of
nucleic acids and ATP for energetic functions. Barsanti and Gualtieri (2006) reported the importance
of phosphorus as it is connected mainly to the growth of algae and plants. If all phosphorus is
consumed, autotroph growth will cease, no matter how much nitrogen is available. Furthermore, the

sporulation of Rhodochorton spp., a red seaweed, is enhanced at low salinity (Round, 1981).

Each factor is important in view of Liebig’s Law (Barsanti and Gualtieri, 2006). The concept of
Liebig is the “Law of the Minimum”, meaning that algal growth is not limited by the total amount of
nutrients available but by the nutrient available in the smallest quantity relative to its requirement.
Concentration will be an indicator of limitation of a specific nutrient, however, and the rate of supply
of that nutrient or its turnover time is more important in determining the degree of limitation

(Barsanti and Gualtieri, 2006).

Marine algae contain special components not found in terrestrial plants, because of the severe
conditions of their environment. Algae could live completely immerged in water or at the surface and
could then be immerged or exposed to air with tides. The root of the alga is fixed to a submerged
solid surface and much of the plant is submerged. In contrast, the extremity of the alga floats on the
water and is dried by sunlight and dry air. The length of the exposed portion of the alga is dependent
on tides and changes frequently. Parts that are in deep water do not receive sunlight for
photosynthesis. In order to survive under the worst conditions, algae contain some unique
components not discovered in plants and these components differ according to algal species (Amer et

al., 1997). For example, fucoidan is detected only in brown algae but not in red and green algae.

Numerous species of algae grow in the Eastern part of Canada, and among them Fucus vesiculosus

and Ascophyllum nodosum exist in quantities to permit a commercial utilization.
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1.5 Fucus vesiculosus and Ascophyllum nodosum

1.5.1 Characteristics of F. vesiculosus and A. nodosum

Fucus vesiculosus and Ascophyllum nodosum are assorted to the class of Phaeophyceae in the
scientific classification. They are very well known brown seaweeds and they live completely
submerged as an intertidal marine alga (Round, 1981). These species are useful as sources of
bioactive elements. The common or commercial name of Fucus vesiculosus is bladderwrack, a type
of seaweed that grows on and adheres to stones (Dickinson, 1963). Bladderwrack is found on the
coasts of the North Sea, the western Baltic Sea and the Atlantic and Pacific Oceans. It is a common
food in Japan and is used as an additive or flavoring agent in various food products in Europe.
Recently, fucoidan extracted from Fucus vesiculosus gained interest because of its biological
activities and potential medical applications. More discussion of the biological activities of Fucus

vesiculosus will be provided in section 1.6.6.

Ascophyllum nodosum is commonly known as knotted sea-wrack. It alternates between diploid and
gametophyte life stages. Water temperature at high tide has been associated with Ascophyllum
nodosum gamete release (Bacon and Vadas, 1991). The onset, midpoint, and end stages of gamete
release occur at 6, 10, and 15°C respectively (Bacon and Vadas, 1991). The general composition of 4.

nodosum and F. vesiculosus was studied by Rioux (2005) and is presented in Table 1-5.

Table 1-5. Chemical components of F. vesiculosus and A. nodosum
(%, dry basis)

Species Ash Protein Lipid Polysaccharide
A.nodosum 22.5+0.1 6.6:0.1 1.2+0.1 69.6+0.2
F.vesiculosus 24.8+0.2 8.1+0.1 1.4+0.1 65.7+0.4

(Referred source: Rioux, 2005)
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1.5.2 Geographical distribution of F. vesiculosus and A. nodosum

The distribution of F. vesiculosus and 4. nodosum is mainly in the shores of North America (USA
and Canada) and North Atlantic Europe countries in North Atlantic Ocean. Cooler temperatures
appear to be required for the colonization of shores by these algae. According to National Fisheries
Research and Development Institute of Korea, the habitat of these algae is not found on the shore of
Asian countries like Korea and Japan. It is rare to find F. vesiculosus and A. nodosum in other Asian

countries

In Canada, F. vesiculosus and A. nodosum are most abundant on the southern shores of the Saint-
Lawrence’s gulf in the Province of Quebec (Fig. 1-2). However, the harvesting period is very limited
compared to other regions because of the long winter. A thick layer of ice covers the Saint Lawrence
River as early as December for almost half year, limiting the seaweed harvest to the late spring and

the summer and autumn.

REBOE LA
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Figure 1-2. The habitat of F. vesiculosus and A. nodosum in Quebec (Fisheries and Oceans
Canada).
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1.6 Fucoidan

1.6.1 Characteristics

Fucoidan was first extracted in 1913 from Laminaria digitata, Fucus vesiculosus and Ascophyllum
nodosum (Li et al., 2008; Percival and McDowell, 1967). Fucoidan can only be found in brown
algae, not in red or green algae (Percival and McDowell, 1967). Fucoidan is a mucilaginous
negatively charged polysaccharide highly hygroscopic (Percival and McDowell, 1967). Higher
content of fucoidan is found in surface of leaves of Laminaria digitata, Ascophyllum nodosum,
Macrocystis pyrifera and Fucus vesiculosus (Evans and Callow, 1974). Fucoidan is soluble in water
and in acid solution (Rupérez et al. 2002). It is generally believed that the function of fucoidan is to
prevent the surface of the seaweed from drying out when the algae are exposed to air above the water

surface (Park et al, 1997; Percival and McDowell, 1967).

The exact molecular mass of fucoidan is still debated. The molecular weight (Mw) of fucoidan was
different depending on seaweed species and extracting method. Mw of fucoidan from A. nodosum
was 417 kDa and 1,323 kDa. In the case of F. vesiculosus, it was 529 kDa and 887 kDa (Rioux et al.,
2007a). Patankar et al. (1993) reported 100 kDa. Rupérez et al. (2002) extracted two fucoidan
fractions with different molecular weight (1,600 kDa and 43 kDa). In addition, galactofucoidan, a
kind of fucoidan obtained from Saccharina longicruris had variable molecular weights between 765
and 1,529kDa, depending on seaweed harvesting time (Rioux et al., 2010). Molecular mass appears
to be affected by seaweed species, extraction method and environmental conditions. Fucoidan in the

native form can be bound to protein (Tissot et al., 2003).

1.6.2 Composition

The early reports on fucoidan composition defined it as a polysaccharide found in a hydrophilic
extract containing L-fucose and D-xylose, while D-galactose and uronic acid were considered
contaminants (Percival and McDowell, 1967). However, Percival and Ross (1950) reported 38% half
ester sulfate, 56.7% fucose, 4% galactose, 1.5% xylose, 3% uronic acid and 8% mineral in hot water
extracts of fucoidan from Fucus vesiculosus, Fucus spiralis and Himanthalia lorea. Although many
components besides fucose and sulfate were detected in this study, it was not confirmed until later by

Bernady and Springer (1962) and O’Neill (1954) that fucoidan itself could to be made of more than
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just fucose. The fucose to galactose ratio was shown to be dependent on species (Nishino et al., 1994;
Marais and Joseleau, 2001; Percival and McDowell, 1967). Dillon et al. (1953) separated fucoidan
from A. nodosum with a fucose to galactose ratio of 8:1, while a ratio of 18:1 was found for fucoidan
extracted from Macrocystis pyrifera (Schweiger, 1962). In addition, other types of monosaccharide
sugars (e.g. xylose) were recognized as components of fucoidan (Percival and McDowell, 1967). The
composition determined for fucoidan from F. vesiculosus was 44.1% fucose, 26.3% sulfate, 31.1%
ash (Percival and Ross, 1950) and a small amount of amino-glucose (Li et al., 2008). Therefore, the
composition of fucoidan can be different depending on species and extraction method (Mian and

Percival., 1973; Brasch et al., 1981; Marais and Joseleau., 2001).

1.6.3 Concentration in algae

Opinions still vary on the subject of the seasonal variation of the fucoidan content of brown algae.
Park et al. (1997a) reported that fucoidan content was 1~20% of dry seaweed, depending on species.
Koo (1994) had earlier reported that L. religiosa, U. pinnatifida, H. fusiforme and S. fulvellum
contained respectively only 2.7%, 6.7%, 2.5% and 1.6% pure fucoidan. Stewart et al. (1961) reported
that fucoidan content did not differ significantly over the seasons, even though the quantity of
alginate and laminaran did. However, this finding was later corrected in numerous studies, for
example, the fucoidan content of L. longicruris in Quebec varied depending on harvesting month
(Souchet, 2004). The fucoidan content differs by region, algal species and the season (Park et al.,
1997a; Usov et al., 2001; Mian and Percival, 1973).

1.6.4 Structure

Fucoidan is a family of sulfated homo- and hetero-polysaccharides and is composed mainly of a-(1-
2)- or a~(1-3)-linked L-fucose residues (Patankar et al., 1993; Percival and McDowell; 1967). A lot
of fucoidan’s structure analysis has been reported and various structural characteristics depend on
algal species. The precise structure of the fucoidans from Fucus vesiculosus and Ascophyllum
nodosum (Berteau and Mulloy, 2003) remains uncertain (Fig. 1-3), although the main repeating unit

has been confirmed.
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The perceived structure of this fucoidan has changed over the years with the findings of several
studies. It was reported first by Conchie & Percival (1950) and O’Neil (1954) that the primary
structure of fucoidan was a-(1-2)-linked fucose-4-sulfate with the possibility of a-(1-3)-linked
fucose-4-sulfate branches. However, Patankar et al. (1993) corrected this model, as shown in Figure
1-4, suggesting a-(1-3)-linked fucose as a backbone with sulfate groups at C-4 on every two or three
fucose residues within the chain (Fig. 1-3). The consensus remains that sulfate is located mostly at C-
4 (Patankar et al., 1993) and mostly on fucose residues (Conchie and Percival, 1950; O’Neil, 1954)
in fucoidan obtained from F. vesiculosus. Anno et al. (1970) reported that the sulfate group was at

the axial C-4 position.

OE

Figure 1-3. The proposed structures of fucoidan structures

(A) Fucoidan structures proposed by Percival and McDowell (1967), (B) Fucoidan structures
proposed by Patankar et al. (1993)

As shown in Bilan et al. (2002), the fucoidan obtained from different species of Fucus evanescens C.
Ag, Fucus distichus and Fucus serratus L. contains (1-3)-a-L-Fuc(2S05)-(1-4)-0a-L-Fuc(2505)- with
additional sulfate at C-4 of some 3-linked fucose residues on a linear backbone of 3-linked and 4-

linked alpha-L-fucose-2-sulfate residues. The sulfate groups are mostly at C-2 and often at C-4 of
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fucoidan from F. serratus, while 3,4-diglycosylated and many terminal fucose residues are not

sulfated.

The fucoidan extracted from Stoechospermum marginatum has (1-4)-linked and (1-3)-linked-o-L-
fucosyl residues as a backbone and sulfates at C-2 and/or C-4 of the fucosyl residues (Adhikaria et
al., 2006). However, a mixture of a-(1-2)-linked and a-(1-4)-linked fucose is also found in some
brown algae (Li et al., 2008). Mian and Percival (1973) reported that the fucoidan from Himanthalia
lorea and Bifurcaria bifurcate was (1-2)-linked or (1-3)-linked, while that from Padina pavonia

contained (1-2) and (1-4) linkage.

The fucoidan extracted from Ascophyllum nodosum is composed of [1-3)-a-L-Fuc(2S0O5°)-(1-4)-a-L-
Fuc(2,3diSo37)-(1]n (Chevolot et al., 2001). The main structure is a o-(1-2)-fucose backbone with a
high proportion of a-(1-4)-linkages, while branch points are from the second position of -3-fucosyl
internal residues. Sulfate groups occur at C-2 and/or C-4 (Chevolot et al., 1999; Chevolot et al.,
2001; Marais and Joseleau, 2001). Moreover, as shown in Figure 1-5, a-(1-3) and a-(1-4) glycosidic
bonds were detected in oligosaccharides of 8-14 monosaccharide units in fucoidan from A. nodosum
(Chevolot et al., 2001) and a highly branched fucoidan fraction was also obtained from this species
(Marais and Joseleau, 2001). In addition, (1-3)-linked and (1-4)-linked un-sulfated and 2-sulfated a-
L-fucose residues were found in low molecular mass fragments of fucoidan obtained by enzymatic

degradation (Daniel et al. 1999).

In summary, fucoidan structure is difficult to define with precision because of the variability of the
linkage types among the different algal species. However, the position of sulfate group on fucose has

been confirmed at least for F. vesiculosus and A. nodosum.
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1.6.5 Sulfate groups and their relationship with biological activities

In general, the sulfate content of fucoidan from brown algae including F. vesiculosus and A.
nodosum, is 35-40% of the dry weight of the fucoidan (Kloareg et al., 1986). Fucoidan is always
described as a ‘sulfated polysaccharide’ or ‘polysaccharide containing sulfate groups’. Why so much
emphasis on sulfate groups? Sulfate is one of the main structural or chemical factors associated with
biologically or physiologically active polysaccharides. For example, heparin is a clinical
anticoagulant (Murray, 1947) and its sulfate content is associated with its anticoagulant activity
(Stringer and Gallagher, 1997). Soeda et al. (2000) demonstrated the increased ability of over-
sulfated fucoidan to bind to and inhibit bFGF (basic fibroblast growth factor). The number of sulfate
groups in fucoidan could contribute to the efficacy of its anti-angiogenic and anti-tumor activities
(Koyanagi et al., 2003). Furthermore, low molecular weight fucoidan (fucan) from A4. nodosum is
involved in anticoagulant and anti-proliferative activities and these properties depended also on the
number of sulfate groups (Haroun-Bouhedja et al., 2000; Roger et al., 2004). In another case, the
sulfonated residues of laminarin were effective in preventing and treating ischemic cerebrovascular
disease (Miao et al., 1995). Dextran sulfate has displayed some ability to inhibit HIV (human

immunodeficiency virus) (Flexner et al., 1991).

In general, infrared (IR) analysis (Qiu et al., 2006) and inductively coupled plasma-optical emission
spectroscopy (ICP-OES) (Roger et al., 2004) can be used to measure sulfate group content. Total
sulfate measurement can be done using ICP-OES with the equation shown in Rioux et al. (2007),
while the position and type of sulfate group can be determined by IR analysis (Méhner et al., 2001;
Yang et al., 2003; Lijour et al., 1994; Rupérez et al., 2002). In the case of fucoidan, the asymmetrical
stretching of S=O bonds resonate at 1250 cm™ and CSO at C-2 or C-3 resonate at 820 and C-4 at
840 cm™ (Qiu et al., 2006; Patankar et al., 1993).

1.6.6 Biological activity of fucoidan

1.6.6.1 Anticoagulant (anti-thrombin) activity
Springer et al. (1957), who extracted fucoidan from Fucus vesiculosus, discovered the blood
anticoagulant activity of this polysaccharide. This activity depends on the molecular mass and the

number of sulfate groups. In general, the maximum anti-thrombin activity is observed with fucoidan
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of mass between 10 and 30 kDa (Zvyagintseva et al., 1999). When the number of sulfate groups
increases, the activity increases (Li et al., 2008). Fucoidan inhibits the conversion of prothrombin to
thrombin and this is caused by a(1—2)-L-fucose-sulfate residues of the third and fourth carbon
(Pereira et al., 1999). The reaction of fucoidan is similar to the blood anticoagulant heparin. Heparin
is hydrophilic and activates lipase in order to hasten the circulation of lipids in blood vessels (Soeda

et al., 2000; Nishino and Nagumo, 1992).

1.6.6.2 Anti-HIV activity

Fucoidan has been shown to have some anti-HIV activity. The human immunodeficiency virus (HIV)
is a cause of acquired immune deficiency syndrome (AIDS). The proposed mechanism of anti-HIV
activity is that fucoidan acts as competitive inhibitor of the interaction between HIV reverse
transcriptase and the nucleic acid substrate (Moen and Clark, 1993; Schaeffer and Krylov, 2000).
However, the anti-HIV activity of fucoidan is still debated because it has been also reported that
fucoidan does not inhibit HIV syncytium formation (Béress et al., 1993; Moen and Clark, 1993;
Schaefter and Krylov, 2000).

1.6.6.3 Angiogenesis activity

Angiogenesis is divided into pro- and anti-angiogenesis. Pro-angiogenesis activity promotes the
progression of new blood vessels. Low-molecular-weight fucoidan especially has shown pro-
angiogenesis activity in endothelial progenitor cell (EPC) enhancement (Zemani et al., 2005). Anti-
angiogenesis is interference with or inhibition of blood vessel cell multiplication and is related to
anti-cancer activity. Furthermore, the direct interaction between fucoidan and protein (as a major

content of blood vessel cells) has been demonstrated by affinity capillary electrophoresis.

1.6.6.4 Anti-tumor (anti-cancer) activity

Anti-tumor activity has been reported in numerous studies (Koyanagi et al. 2003; Cho et al. 2011b;
Synytsya et al. 2010; Yang et al., 2008). Both normal fucoidan and over-sulfated fucoidan suppress
the activity of vascular endothelial growth factor 165(VEGF4s) by inhibiting the binding between
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VEGF65 and its cell surface receptor (Koyanagi et al., 2003). In addition, this inhibitory activity
increases in proportion to the number of sulfate groups in the fucoidan structure (Koyanagi et al,

2003; Zvyagintseva et al, ).

1.6.6.5. a-Amylase inhibitory activity

Cho et al. (2011a) recently studied the inhibitive activity of fucoidan extracted from Undaria
pinnatifida. The authors showed that native fucoidan (containg 41.5% of sulfate) had no effect on a-
amylase activity. However chemically oversulfated fucoidan (51.1% of sulfation) decreased amylase

activity. Furthermore, both native and oversulfated fucoidans reduced a-amyloglucosidase activity.

1.6.7 Toxicity of fucoidan

Even positive functional material and compound might cause a side-effect and toxicity when it would
be over-dosed or inappropriately used. For example, dextran sulfate, a polysaccharide having a large
molecular mass, inhibits a sort of reverse transcriptase (RT). It is also toxic when injected
intravenously and reduces reversible alopecia (Flexner et al., 1991). Li et al. (2005) reported that
fucoidan was not toxic below 300 mg/kg/day, but can be toxic at higher intake of 900 ~ 2,500
mg/kg/day. Therefore, it may be necessary to consider the range of toxicity of fucoidans when

designing safe applications for them.

Among the biological activities of fucoidan, inhibition of amylases is very interesting because it is
closely related to diabetes. Recently starch digestive enzymes inhibitors (including amylase and
glucosidase) like acarbose have been studied to control diabetic symptom by delay or interruption of

glucose absorption.
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1.7 Diabetes

1.7.1 Glucose metabolism

Glucose as a monosaccharide is an important energy source of metabolism and only this form can be
used in cells. Several plants store glucose for future utilization as starch. The use of starch as energy
source, involves an enzymatic hydrolysis to release free glucose. For starch digestion in the human
body, two enzymes are involved, which are a-amylase and a-glucosidase. At first, starch is degraded
into large number of maltose by salivary a-amylase in mouth and then the maltose is decomposed

into two glucose units in the intestine by a-glucosidase.

Glucose is absorbed from the small intestine into the bloodstream. From the bloodstream, glucose is
transported into the liver and muscles through a process mediated by insulin, which is a hormone
secreted by the pancreas. The normal level of blood glucose is about 80 mg/dl between meals and up
to 110 mg/dl shortly after a meal. Even when large quanties of starch are consumed, the level of
blood glucose does not exceed 140 mg/dl in normal humans. In diabetic patients, however, blood
glucose may exceed 140 mg/dl even between meals due to an impaired capacity to regulate glucose

level (Porte, 2001).

The WHO report in 1999 upheld the classification of diabetes in two categories: type 1 and type 2.
Type-1 diabetes is due to little or no insulin secretion from the pancreas and is thus named insulin-
dependent diabetes mellitus. Type-1 diabetes usually involves hereditary factors. Type-2 diabetes is
non-insulin dependent and is the result of insufficient insulin secretion for the amount of blood
glucose absorbed. Most diabetic patients have type-2 diabetes and over 80% of these persons are
obese (Kuo et al., 2008). Type 2 is considered a more serious problem for society as a whole, since it
is increasing in prevalence very quickly and threatens to become a huge burden on health-care
systems. According to the study by Wild et al. (2004), the number of diabetic patients in the world
was 171 million in 2000 and will be 366 million in 2030. It is assumed that the increase in cases will

be about 6.5 million per year if nothing is done to stop it.

1.7.2 Symptoms and complications of diabetes
Diagnosis of type-1 and type-2 diabetes is based on the level of glucose in blood. Excess blood

glucose increases blood viscosity, decreases blood flow speed and increases blood pressure (Clinical
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Pratice Guidelines of Canadian Diabetes association; http://www.diabetes.ca/diabetes-and-
you/what/facts/). Glucose has four hydroxyl groups available for hydrogen bonding and its reducing
end is a very reactive chemical group, providing numerous possibilities for accelerating the
precipitation of other blood components such as lipids and nutrients. At the extreme, sludge will
block blood vessels and the circulation of blood, oxygen and other nutrients into cells (Grant, 2010).
Diabetes causes a complex disease, a metabolic problem and serious damage to cells and the nervous
system. Blockage of blood vessels is frequent and is more serious in the fingers and toes because of
the number of capillary vessels. Also, diabetes predispose to several diseases like cardiovascular,
necrosis, Alzheimer (Marks and Raskin, 2000; Kuo et al., 2008; Kloppenborg et al., 2008; Biessels
and Kappelle, 2005).

1.7.3 Cure and treatment of diabetes: limitation of medications and diet

The development of medication for diabetes has focused mostly on type-2 diabetes, because insulin
injection remains the only way possible to treat type-1 diabetes. A clinical approach is possible and
preferred for ameliorating the symptoms of type-2 diabetes. In order to cure diabetes, especially type
2, there are currently two main approaches, namely medication and diet therapy. Insulin injection has
provided a simple and effective medical cure. However, this is expensive and uncomfortable. In
addition, insulin efficiency falls to 50% within three hours after injection (Canadian Diabetes
Association, 2008). Moreover, frequent utilization of insulin can cause insulin resistance and
overload of the liver (Porte, 2001; Kahn and Porte, 1997; Reaven, 1988). Stimulation of insulin
secretion therefore has been studied as an alternative to insulin injection and effective compounds
such as sulfonylurea and repaglinide have been developed (Daniel, 2001). However, these stimulants

are not free of side effects and their effectiveness is short-lived (Daniel, 2001).

Control of nutrient intake is the method most recommended by physicians and pharmacists for curing
diabetics. This can stabilize the level of blood glucose even without medication. This is called diet or
medical nutrition therapy (MNT) and is implemented using the glycemic (blood sugar raising) index
or GI of foods. Low GI foods have been shown to decrease the postprandial blood glucose peak, to
increase satiety, to promote weight loss, to improve insulin sensitivity and to improve lipid profile
(Jenkins et al., 2002; Leeds, 2002; Brand-Miller et al., 2002). The MNT diet approach is effective,

simple and helpful for curing diabetes and maximizing the effectiveness of medication (Choudhary,
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2004). However, MNT/diet is not an ideal solution for diabetics because it places serious limitations
on the quantity and variety of foods consumed in order to comply with the GI constraint. Limiting
food consumption deprives the patient of the major pleasures of enjoying food taste and satisfying
appetite. This limitation can also affect friends and family of the diabetic patient from time to time. It
can induce stress by suppression of natural desire. Diabetic patients thus cure their condition by

sacrificing their quality of life.

To avoid such negative effects such as these, many food scientists and medical researchers have
looked for alternatives to improve the quality of life and minimize the drawbacks of MNT, namely
delaying or interrupting glucose absorption. This approach could make more flexible food
consumption possible and thereby improve the quality of the diabetic patient’s life. For this purpose,

the focus has been on inhibiting starch digestive enzymes.

1.8 Starch digestive enzymes

1.8.1 Salivary a-amylase

Amylase is defined as an enzyme that hydrolyzes the O-glycosyl linkages of starch. There are four
categories of amylase, based on the type of linkage hydrolyzed and the type of molecule released or
synthesized: (1) a-amylase, which hydrolyses a-1,4-glucosidic linkages (EC 3.2.1.1); (2) pullulanase
(EC 3.2.1.41) or isoamylase (EC 3.2.1.68), which hydrolyse a-1,6-glucosidic linkages; (3)
cyclodextrin glucanotransferase or CGTase (EC 2.4.1.19), which catalyzes transglycosylation to
form a-1,4-glucosidic linkages and (4) 1,4-0-D-glycan/6-a-D-(1,4-a-D-glucano) transferase or
branching enzyme (EC 2.4.1.18), which catalyzes transglycosylation to branches (Kuriki and
Imanaka, 1999).

Alpha-amylase is one of the major protein components of saliva. The a-amylase in human saliva
(E.C. 3.2.1.1.) is an example of a category-1 amylase (Hara and Honda, 1990). This enzyme
catalyzes random splitting of a-1,4 glucosidic linkages of glucans and the terminal of glucose bond is
split much more slowly (Bernfeld, 1955). The end products of amylolytic digestion of starches are
maltose and some glucose (Jacobsen et al., 1972; Baum, 1993). The hydrolysis of starch by a-

amylase thus starts during mastication. Gastric acid stops this activity.
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The molecular mass of salivary a-amylase is approximately 55 kDa. The optimal pH for its
hydrolytic activity is 6.8 and its isoelectric point is about pH 8.0 (Righetti and Caravaggio, 1976;
Jacobsen et al., 1972). The concentration of amylase in human saliva is generally in the 0.04-0.4
mg/ml range and this varies slightly with the overall condition of the individual, age and period of

the day and with food consumption (Jacobsen et al., 1972)

CHzOH 0*””3“'359 CHEOH CHEOH

Figure 1-6. Starch hydrolysis by a-amylase

Although a-amylase is a very well known enzyme, some details about its function remain unclear
(Doleckova-Maresova et al., 2005). Based on existing knowledge, a-amylase is activated by divalent
cations, especially calcium (Ca*"), which is an important stabilizing factor in many proteins and a
well-known o-amylase stabilizer. The a-amylase molecule comprises three domains, A, B and C.
Domain A is the largest and contains the active site near the carboxyl-terminal end of the B-strands.
Once believed to bind strongly between domains A and B, calcium has been shown to bind to a high-

affinity site and to a secondary binding site near the active site (Teeri, 1991).

Like Ca**, chloride ion (CI’) also contributes to a-amylase stabilization, and can even increase o-
amylase activity (Jacobsen et al., 1972; Bellavia et al., 1979). As little as 1 mM CI restored up to 80%
of the initial activity of a-amylase lost caused by purification steps (Bernfeld, 1955).

1.8.1.1 Inhibitors of a-amylase

1.8.1.1.1 The purpose of a-amylase inhibition
The inhibition of a-amylase contributes to improve symptoms of type-2 diabetes (Lamela et al.,

1989) by delaying or interrupting glucose absorption as a result of slowing starch digestion. Although
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the main purpose of a-amylase inhibition is to slow down maltose and glucose production, it can also
slow a-glucosidase function by eliminating the substrate of this enzyme. Golay et al. (1991)
demonstrated the improvement of diabetes mellitus by the delay of starch disgestion by adding

trestatin which is partially purified mixture of complex oligosaccharides and a-amylase inhibitor.

1.8.1.1.2 Mechanisms of amylase inhibition
The mechanism of a-amylase inhibition differs somewhat depending on inhibitor type. Suggested

inhibition mechanisms are (1) an inhibitor combines with the negatively charged binding/catalytic
site of a-amylase (Kim et al., 1999; Hansawasdi et al., 2000; Nahoum et al., 2000; Qian et al., 2001)
as is the case for inhibitors such as acarbose, isoacarbose, acarviosine-glucose, hibiscus acid and
cyclodextrins (Fig.1-7); (2) blocking the network of hydrogen bonding between the substrate and the
amino acid residues of the substrate-binding region; (3) bifunctional inhibition in which the inhibitor
fits between a-amylase and the substrate (Alam et al., 2001; Strobl et al., 1995); (4) slowing the
diffusion of glucose from the active site, for example, by viscous water-soluble dietary fibers,
delaying both carbohydrate digestion and glucose absorption (Ou et al., 2001); (5) binding to another
site (site 1 or 2 in Fig. 1-8). In this latter case, a-amylase does not function even though it binds with
its substrate (Ferey-Roux et al., 1998). (6) Complex formation with large molecular weight
macromolecule as polyphenol and polysaccharide. Several natural compounds have inhibitory effect

on a-amylase. They are presented below.
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Figure 1-7. Structure of the a-amylase inhibitors acarbose, isoacarbose and acarviosine-
glucose

(Reference; Franco et al., 2002)
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Figure 1-8. Mechanism of a-amylase inhibition by acarbose

(Reference; Ferey-Roux et al., 1998)

In the inhibition of a-amylase by acarbose, 3 mechanisms are possible: acarbose can bind to (1) only
the active site of a-amylase for substrate, (2) other active sites of a-amylase, not for substrate, and (3)

active sites of (1) and (2) at the same time.
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1.8.1.1.3 Polyphenols
Polyphenols including tea polyphenols are o-amylase inhibitors in addition to being strong

antioxidants. However, the exact mechanism of a-amylase inhibition by polyphenols is not yet fully
understood. The mechanism of a-amylase inhibition could be as suggested by Spencer et al. (1988),
who reported that phenolic polymers combine with protein and thus inhibit enzymes as well as
reducing the nutritional availability of proteins in foods. The association of polyphenols with proteins
is principally a surface phenomenon, as shown in Figure 1-9. The efficacy of polyphenol as inhibitors
is related to its ability to bind simultaneously to more than one point on the protein surface. By
binding in monolayers to protein surface, polyphenols reduce the hydrophilic character of proteins
and cause their precipitation even at low concentrations (Spencer et al., 1988) (Fig. 1-9a). At high
protein concentrations, polyphenols use their multi-dentate ' nature to form a cross-linked
hydrophobic surface layer with protein molecules and thereby cause precipitation (Spencer et al.,
1988) (Fig. 1-9b).

In addition, He et al. (2006a and 2006b) suggested that a-amylase inhibition by tea polyphenols
occurs as a result of hydrogen bonding with the polar groups (amide, guanidine, peptide, amino and
carboxyl groups) of the enzyme. Then, the mechanisms of a-amylase inhibition are diverse and
depend on various factors as enzyme concentration, specificity of the binding site, ligand nature and

SO O1n.

1.8.1.1.3.1 Tannins
Tannins are natural products with relatively high molecular weight which have the ability to bind

strongly to carbohydrates and proteins including a-amylase (Park et al., 1997a; Park et al., 2000; Al-
Mamary et al., 2001). Tannins belong to a broad class of chemicals called polyphenols and are
widespread in plant-based foods such as fruits, vegetables, teas and beverages. Tannins can be
divided into two groups, hydrolyzable and condensed tannins (Park et al., 1997a; Park et al., 2000).
Hydrolyzable tannin is subdivided into gallotannin and ellagitannin based on the nature of the
phenolic carboxylic acid (Park et al., 1997a; Park et al., 2000). Kandra et al. (2004) demonstrated
that gallotannin (containing quinic acid with two to seven units of gallic acid) inhibited 2-chloro-4-

nitrophenyl-4-O-p-D-galactopyranosyl-maltoside hydrolysis catalyzed by human salivary a-amylase,

! being, containing, or involving a ligand that can form bonds at more than one point
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Figure 1-9. Polyphenol-protein complexation and precipitation

(Reference; Spencer et al., 1988)

with kinetic constants Kg; = 9.03 pg/mL (complex of enzyme and inhibitor) and Kgg; = 47.8 pg/mL
(complex of enzyme, substance and inhibitor). Low value of kinetic contant (K) indicates high
affinity with enzyme. In addition, tannins are known to be potential metal ion chelators, protein

precipitating agents and biological antioxidants.

1.8.1.1.3.2 Tea polyphenols
Tea polyphenols are believed to have biological properties such as decreasing the risk of heart

disease and cancer and acting as antioxidants (Park et al., 1997a; Park et al., 2000). Based on their
ability to bind to proteins, tea polyphenols could interfere with the activity of digestive enzymes. In
the presence of 0.05 mg/mL of polyphenols extracted from Chinese green tea, the activities of a-

amylase, pepsin, trypsin and lipase were decreased respectively by 61%, 32%, 38% and 54% (He et
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al., 2006a). According to He et al. (2006a and 2006b), tea polyphenols can reduce a-amylase activity
by 39%.

1.8.1.1.3.3 Polyphenols in brown algae
Brown seaweeds such as 4. nodosum, F. vesiculosus, F. serratus and Pelvetia canaliculata are

reported as good sources of polyphenols. Polyphenols extracted from brown seaweeds at a
concentration of 0.05mg/ml decreased a-amylase activity by 90%. The a-amylase inhibiting potency
was twice as high per gram of F. vesiculosus as for A. nodosum, F. serratus and P. canadiculata
(Barwell et al., 1989). The potential function of polyphenols of 4. nodosum as starch digestive
enzyme inhibitor was also reported by Zhang et al. (2007) and Apostolidis and Lee (2010).

1.8.1.1.4 Fucoidan
Recently, Cho et al. (2011a) reported that chemically oversulfated fucoidan from Undaria

pinnatifida inhibited a-amylase however native fucoidan did not. The authors proposed that the
inhibition ability of oversulfated fucoidan was due to better mobility and higher diffusion
associated to lower viscosity of oversulfated fucoidan. Interestingly, the difference of sulfate

content between oversulfated and native fucoidan was only 10%.

1.8.2 a-Glucosidase

Alpha-glucosidase (EC. 3.2.1.20, a-D-glucosidic glucohydrolase) is the other main starch-digesting
enzyme and is considered a target for the amelioration of type-2 diabetes. Many studies on inhibiting
this enzyme have been done. Alpha-glucosidase is an exo-type carbohydrase that liberates glucose by
catalyzing the hydrolysis of the a-(1,4)-glucosidic linkage at the non-reducing end of the substrate
(Yu et al., 1999). In plants, a-glucosidase is a defense mechanism that works by releasing inhibitory
compounds that are stored in vacuoles as stable, highly soluble and non-active glucosylated forms
(Jones and Vogt, 2001). Alpha-glucosidase thus catalyzes the final step of starch digestion, its
substrates being the products of the action of a-amylase (Fig. 1-10). In type-2 diabetes, inhibition of

a-glucosidase to delay the absorption of glucose is well known to be beneficial in therapy. This
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enzyme is therefore a major target in the design and development of anti-diabetic therapy (Tewari et

al., 2003).

Amyleglueosidase
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Figure 1-10. Catalysis of maltose hydrolysis by a-glucosidase
(Reference; Sigma-Aldrich, 2007)

1.8.2.1 Mechanism of a-glucosidase action

Most glucosidases contain a pair of carboxylic acid groups (-COOH) in the active site. Two theories
have been advanced to explain the glucosidase activation mechanism: one is an inverting reaction
mechanism and the other is a retaining mechanism. The two mechanisms differ by the replacement
process being direct or indirect. In the inverting reaction, a part of the enzyme acts as an acid and the
other is generally a base. The reaction occurs by direct displacement, the position of carboxyl group
hydrogen (H) of glucosidase is transferred to the other side of the enzyme after the hydrolysis (Fig.
1-11, A). In contrast, the retaining reaction involves a double-displacement: a glucosyl-enzyme
intermediate involving one of the carboxyl groups is formed and then hydrolyzed with general
acid/base assistance from the other group. There is no difference between glucosidase structure at the
beginning and the end of the reaction (Fig. 1-11, B). The normal mechanism of a-glucosidase
involves the formation and hydrolysis of a glycosyl-enzyme intermediate with general acid/base
catalytic assistance via transition states with substantial oxocarbenium ion character (Lai et al., 1996;

Sinnott, 1990).
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Figure 1-11. Inverting and retaining mechanisms of glucosidase activity

(A) Direct displacement: acid and base sites exist at the same time; part of the enzyme reacts with
intermediate (H,O). (B) Double-displacement: glycosyl-enzyme intermediate involves one of the
carboxyl groups; enzyme reacts with the substrate and then gets a hydrogen (H) from the
intermediate (H,O). (Reference; Lai et al., 1996)

1.8.2.2 Inhibitors of a-glucosidase

The mechanism of a-glucosidase inhibition is simpler than for a-amylase. In order to catalyze the
hydrolysis of the a-(1,4)-glucosidic linkage, glucosidase donates the hydrogen of its carboxyl group
to a substrate such as maltose. The main principle of a-glucosidase inhibition is the blocking of the
hydrogen displacement with C-2 of the substrate through hydrogen interception. The way the
hydrogen displacement is blocked depends on the specific inhibitor. The classification of inhibitors
varies among authors and researchers and has not been formalized because the known inhibitors and
their derivatives are too varied. For example, the standard of classification of Melo et al. (2006)

recognizes 153 sugar types and five categories of a-glucosidase inhibitors and the method of
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measuring inhibitory activity is not equal. The extracts from tea or green tea are not purified (Matsui
et al., 1996) nor are the polyphenols from seaweeds (Zhang et al., 2007; Lamela et al., 1989; Kim et
al., 2008). Inhibitors of a-glucosidase have been extracted from various natural sources such as
plants, seeds, seaweeds and tea (Thalapaneni et al., 2008; Shinde et al., 2008; Matsui et al., 1996;
Kao et al.,, 2006) or synthesized (Braunt et al., 1995) like acarbose and salacinol and related
analogues (Mohan and Pinto, 2007).

Sugar mimics have also been found to inhibit a-glucosidase activity (Fig. 1-12). Some of these
contain sulfate groups (Seo et al., 2005; Minami et al., 2008). In addition, polyphenols (e.g.
quercetin, catechins, etc.) also show a-glucosidase inhibitory activity (Seo et al., 2005; Ohta et al.,
2002; Lee et al., 2008; Gamberucci et al., 2006). It is believed that the chelating, free radical
scavenging and antioxidant abilities of polyphenols (Han et al., 2007) contribute to a-glucosidase
inhibition, given the enzymatic mechanism. Some polyphenols such as luteolin and flavonoids have

inhibitory activity against both a-amylase and a-glucosidase (Kim et al., 2000; Bhandari et al., 2008).
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Figure 1-12. Structures of five-membered sugar mimics

1: 1,4-dideoxy-1,4-imino-D-arabinitol (D-AB1); 2: L-ABI1; 3: 2,5-dideoxy-2,5-imino-D-mannitol
(D-DMD); 4: L-DMD; 5: 1,4-dideoxy-1,4-imino-D-ribitol (D-DRB); 6: 1,4-dideoxy-1,4-imino-D-
xylitol (D-DIX); 7: 1,4-imino-1,2,4-trideoxy-D-arabinitol (CYB-1); 8: 2,5-dideoxy-2,5-imino-D-
glucitol (D-DIG); 9: 2,5-dideoxy-2,5-imino-D-glycero-D-manno-heptitol (homoDMDP); 10: 2,5-
imino-2,5,6-trideoxy-D-manno-heptitol (deoxy-homoDMDP); 11: 1,4-dideoxy-1,4-
(hydroxyethyliminiumyl)-D-arabinitol (N-hydroxyethyl-D-DB1); 12: 1,4-dideoxy-1,4-{(S)-[(2S,3S)-
2,4-dihydroxy-3-(sulfooxy)butyl]-episulfoniumylidene } -D-arabinitol inner salt (salacinol); 13: 1,4-
anhydro-4-thio-D-arabinitol ~ (D-ATA);  14:  1,4-dideoxy-1,4-{(S)-[(2S,3S)-2,4-dihydroxy-3-
butyl]episulfoniumylidene}-D-arabinitol inner salt (neosalacinol).
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1.9 Hypothesis and objectives

The characteristics and chemical components contents of algae are different depending on seaweed
species and region. Algae are a good source of protein and minerals as food and plant fertilizer. Also,
seaweed has several molecules such as polyphenols to prevent diabetes by inhibition of starch
digestive enzymes activity (a-amylase and a-glucosidase). Study on F. vesiculosus and A. nodosum

brown seaweed growing in the Eastern part of Canada has been few.

The hypothesis of this study is that the understanding of seasonal variation of nutritional components
and starch digestive enzymes inhibitory ability of fucoidan will permit to improve the value of
seaweed in Quebec (F. vesiculosus and A. nodosum) and to develop a functional food to control

blood glucose.

In order to validate this hypothesis, this study has been performed by three specific objectives;

1. To analyze fucoidan content and nutritional components (protein, lipid, ash, polysaccharide and
total phenolic substances) of two brown algae for three different harvest years (2002, 2003 and 2005)
from spring to autumn, in order to verify the basic information on seasonal variation of fucoidan and

nutritional components depending on harvesting time and species of seaweed.

2. To evaluate the variations of the ability of fucoidan to inhibit starch digestive enzymes (a-amylase

and a-glucosidase) depending on harvesting season and seaweed species.

3. To investigate differences between the fucoidans extracted from Fucus vesiculosus and
Ascophyllum nodosum in respect to the inhibition of starch digestive enzymes (a-amylase and o-
glucosidase), and to identify major structural factor contributing to the enzyme activity. The obtained
information (structure, monosaccharide composition, sulfation and molecular weight) on the
variation of fucoidan activity would be helpful for optimization of the use of seaweeds harvested in
Quebec; for instance, therapeutic purposes (especially, treatment of type-2 diabetes), functional

foods, fucoidan-containing derivatives and so on.
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2.1 Abstract

F. vesiculosus and A. nodosum are eatable brown seaweed and abundant in the province of Quebec.
However, the commercial utilization of F. vesiculosus and A. nodosum is limited. The limited
harvesting period, which is caused by a long cold winter, is an obstacle to utilize the seaweeds in
Quebec. On the other hand, brown seaweeds have been known to contain numerous functional
substances in general. The aim of this study is to investigate the influence of harvesting season for

fucoidan and nutritional components of F. vesiculosus and A. nodosum.

The amount of polysaccharide, protein, minerals, lipid, polyphenols and fucoidan was measured and
converted to the relative portion (%, w/w) on dry basis of seaweed. The relative portion of major
seaweeds components was ordered as polysaccharide > minerals > protein > lipid > phenol. In a view
of nutrition, average content of protein and mineral was similar between F. vesiculosus (10.45% +
1.49% and 25.30 + 6.30%) and 4. nodosum (8.41 £ 1.31% and 20.06 + 3.73%). However, seaweed
components showed variable changes between seaweed species depending on season (harvest month).
According to seaweed harvesting month, F. vesiculosus contained relatively more protein and
mineral content than 4. nodosum and the best harvesting period was in May for protein and summer
for mineral respectively. 4. nodosum had more polysaccharide and fucoidan than F. vesiculosus and
the optimal period for fucoidan extraction was in July. Interestingly, annual average content of
fucoidan was not different among 2002, 2003 and 2005 year.

Taken all together, seaweed components between two species showed significant difference
depending on harvesting month even though the average content was similar. Therefore, A.
nodosum in July is better source for fucoidan extraction and F. vesiculosus in spring is suitable

for food and plant fertilizer because of larger protein content.
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2.2 Introduction

The demand for brown seaweed is increasing and the harvesting area of brown seaweed is more than
double compare to the one of red or green seaweeds (Barsanti and Gualtieri, 2006). Fucus
vesiculosus and Ascophyllum nodosum are eatable brown seaweed growing on St-Laurence River
coasts in East Canada (Rioux et al., 2007a). They are well known as an intertidal marine alga and
adhere to stones (Round, 1981; Dickinson, 1963). They have been discovered in North America and
Europe in the North Atlantic Ocean (Coyer et al., 2011). These brown seaweeds are valuable as foods
and source of bioactive elements. The general composition of F. vesiculosus and A. nodosum in
Quebec was 70% of polysaccharide, 22% of protein, 7% of minerals and 1% of lipid (Rioux et al.,

2007a). The portion of general components was similar between both seaweeds.

Each component has potential industrial value. For example, nitrogen and protein concentrations in
seaweed are important factors to determine commercial value of seaweed for nutrition or plant
fertilizer. Lipid is useful to develop cosmetic product, and mineral is worthy for healthy food. Algae
polysaccharides are widly used as food stabilizers and some possess interesting biological properties.

Fucoidan is well known because of its biological activities such as anti-coagulation, anti-thrombin
(Park et al., 2000; Soeda et al., 2000), anti-HIV and anti-tumor activities (Moen and Clark, 1993;
Béress et al., 1993). Fucoidan is a hetero- and muco-polysaccharide (Park et al., 1997a; Park et al.,
2000; Percival and McDowell, 1967). It is found in intercellular spaces throughout the tissue of
brown seaweed (Park et al., 1997a). The main function of fucoidan is to prevent seaweed from being

dried on exposition to the air by tides (Souchet, 2004).

Polyphenols content is an important factor to increase the seaweed value because these compounds
have biological functions such as antioxidant and chelating ability. Anti-oxidative property of
phenols has been related to anti-cancer and anti-inflammation by free radical oxygen removing
(Holiman et al., 1996). Also, phenolic extract of seaweed inhibited a-amylase and a-glucosidase
(Zhang et al., 2007; Ohta et al., 2002; Bhandari et al., 2008). The inhibition of phenols onto two
enzymes can be useful to delay glucose absorption and then decrease glucose level in blood because

these enzymes are involved in starch digestion.
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Food having low glycemia index can reduce repetitive peak in glucose each time a food containing
starch is consumed resulting in stimulation of insulin production, repetitively. This overstimulation
for long time can induce insulin resistance and the type-2 diabetes. The blood glucose level of
diabetic patients before meal excesses the glucose level of normal person after meal. High glucose
concentration in blood increases the viscosity of blood and it decrases the flow rate of blood and
accumulates precipitation in blood vessel. These phenomenoms decreases the cross-sectional area of
blood vessel and interrupts the delivery of nutritions and oxygen into cells. Therefore, necrosis of cell

and organics can be happened.

On the other hand, seaweed components can be variable depending on harvesting period (Sheader
and Moss, 1975). The comprehension of seasonal variation of algae components is necessary to
decide optimal harvesting period. Several studies were performed in order to understand the
relationship between season and algae components (Chapman et al., 1977; Stromgrem, 1986; Kim et
al., 1996; Fleurence, 1999; Rupérez et al., 2002; Obluchinskaya et al., 2002). Mathieson et al. (1976)
reported different patterns of growth rate, length, weight of brown seaweed between F. vesiculosus

and 4. nodosum under the same environmental condition.

Brown seaweeds like Fucus vesiculosus, Ascophyllum nodosum and Laminaria longicruris in
Quebec are growing under specific environmental condition, because St-Laurence River is covered
with thick ice during winter. Some of the researches between season and algae chemical components
have been performed with Laminaria longicruris (Anderson et al., 1981; Gagné et al., 1982; and
Souchet, 2004) but not on F. vesiculosus and A. nodosum. Therefore, this study aims to investigate
the correlation between the harvesting period and chemical composition (protein, lipid, ash,

polysaccharide, fucoidan and phenols) of F. vesiculosus and A. nodosum respectively.
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2.3 Materials and Methods

2.3.1 Sample preparation

Two species of brown algae, Fucus vesiculosus and Ascophyllum nodosum, were harvested at ile-
Verte (Quebec, Canada) for 3 years; in 2002 (May, June, July, September, October), in 2003 (June,
July, August, September, October) and in 2005 (May, June, August, November).Algae were milled
in a Comitrol Mill with perforated plates of 24.5 and 1 mm, freeze-dried and then kept at -20C until

use. All reagants and chemicals were purchased from Sigma-Aldrich in USA and Canada.

2.3.2 Chemical composition in seaweed

The composition of crude seaweed was analyzed using official AOAC method (1990). Moisture
content was measured (AOAC, 930.04; 1990). Total nitrogen in algae was determined by nitrogen
analysis equipement Leco (Leco MI, USA). A conversion factor of 6.25 was used to calculate protein
content. Lipid content was quantified using Folch’s method (Folch et al., 1957) and mineral content
was estimated from ash (AOAC, 942.05; 1990). Polysaccharide content was calculated by the
following equation; Polysaccharide content (%) = 100 — (the content (%) of protein + lipid + ash).

2.3.3 Total polyphenols content

The amount of polyphenols in algae was measured according to Slinkard and Singleton (1977) and
Prior et al. (1998). Dried seaweed (0.5 g) was mixed with 10 ml of acetonitrile containing 4% of
acetic acid. The mixed solution was agitated for 30 min, and then centrifuged at 13,000 g for 15 min.
The supernatant (1 ml) was transferred into another glass cap-tube and mixed with 0.2N Folin-
Cocialteu stock reagent (0.5 ml) and 15% w/v sodium carbonate (2 ml). This solution was filled up to
10 ml of final volume with water and then mixed. After 8 min 20 sec, OD at 765 nm was measured

using an UV-spectrophotometer. For standard curve, gallic acid (10 ~ 50 ppm in water) was used.

2.3.4 Fucoidan extraction

Fucoidan was extracted as presented by Rioux et al. (2009). Dried alga was mixed with 1% (w/v)

CaCl, solution (30 volumes) and then stirred for 4 hours at 85°C at 455 + 5 rpm by using a stirrer
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RZR1 (Caframo Ltd. Canada). The supernatant was separated by centrifugation (16,887g, 20 min),
and vacuum filtration on Whatman No. 4 filter. The filtered liquid was mixed with 2 volumes of 95%
ethanol and 1 volume of 2% (w/v) NaCl and then stirred for 1 hour at room temperature for alcoholic
precipitation of fucoidan. This solution was kept at -20°C for 48 hours. The pellet containing
fucoidan was recovered by centrifugation (16,887 g, 12 min). Then, it was resolubillized in 100 ml of
fresh deionized water, and dialyzed for 48 hr by using membrane of 15 kDa (Sigma, USA) to remove
minor constituents and solvents. Fucoidan was recovered by freeze-drying and preserved at -20C in
a sealed tube to keep away from humidity. Yield of fucoidan was calculated as the percentage (%) of

dry weight of seaweed.

2.3.5 Fucoidan purity

The purity of the extracted fucoidan was analyzed using HPLC combining Rezex RPM
Monosaccharide 50X7.8 mm precolumn (Phenomenex, USA) and Rezex RPM Monosaccharide
300X7.8 mm (Phenomenex, USA). The system consisted of Waters 715 Ultra wisp sample
processor (Millipore, USA), LKB Bromma 2150 HPLC pump (LKB, Sweden) and Water 410
differential Refractometer detector (Millipore, USA) linked to Agilent interface analogue 3590E
(Agilent technology, USA) with HP Chemstation Rev. A.06.03 software. The mobile phase was
0.2 pm filtered HPLC grade water and the flow rate was 0.6 ml/min. Commercial fucoidan (98%
purity) of F. vesiculosus (Sigma-Aldrich, USA) was dissolved in deionized water to make several

concentrations (125, 250, 300, 400 and 500 ppm) for standard curve.

2.3.6 Chemical composition of fucoidan fraction

Sulphur content of fucoidan was determined by ICP-OES (inductively coupled plasma-optical
emission spectroscopy) using the model Optima 4300DV (Perkin-Elmer, USA) equipped with
Winlab32 software. Sulfate content was calculated using the following equation (Roger et al. 2004).

Sulfate group (%) = 3.22 X Sulphur (% wt).

The determination of nitrogen content in fucoidan was same method of section 2.3.2. The
determination of uronic acid was performed using the method of Blumenkrantz and Asboe-Hansen
(1973). Glucuronic acid was used as the standard 2.5 pg/ml to 20 pg/ml and absorbance was

measured in triplicate at 520 nm.
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2.3.7 Statistical analysis

Prism 5.0 software (USA) was used for statistical analysis of the obtained data according to months
and seaweed species by Two-way ANOVA and the results are shown in Annex 1 to 5. For instance,
single data per month indicated as mean value of the accumulated data during three years of
investigation, and marked as mean + SD was used for statistical analysis. In order to verify the
influence of month for fucoidan content, Tukey test was performed and the significant difference was

detected at p < 0.05.
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2.4 Results and discussion

2.4.1 Protein content in seaweed

The harvesting period was a significant factor on protein content (p<0.05). As shown in Fig. 2-1A
and Table 2-1, minimal and maximal protein contents of F. vesiculosus during three years of
investigation were 9.1% and 13.2%. At the same period, A. nodosum had relatively smaller content
of protein as 7.0% (min.) and 10.8% (max.). Protein content is higher in May and decreases in
summer and reach a lower value that remain constant in fall. The mean quantity of protein was 10.5
+ 1.5% in F. vesiculosus and 8.4 £ 1.3% in 4. nodosum. A similar behaviour has been reported by
Boney (1965). This lower protein content of seaweed during summer was explained by decreased
nitrogen content in water and nitrogen assimilation for increased energy consumption because of
high temperature during summer (Chapman et al., 1977; Souchet, 2004; Percival and McDowell,
1967; Graham and Wilcox, 2000; Anderson et al., 1981; Park et al., 1997a; Germann et al., 1987).
High protein content could allow seaweed use as food or plant fertilizer. Therefore, the best

harvesting period of F. vesiculosus and A. nodosum in Quebec is May for food and plant fertilizer.

2.4.2 Lipid content in seaweed

There was no significant difference of harvesting period in lipid content for both seaweeds (Fig. 2-
1B). The lipid average content of F. vesiculosus and A. nodosum was low at about 1.5 ~ 1.6% (Table
2-1). This is similar to Sanchez-Machado et al. (2004) and Park et al., (1997a) reported lipid contents
lower than 2% in many species of seaweeds such as S. polyschides, H. elongate, L. ochroleuca, U.
pinnatifida, Palmaria species, and Porphyra species. Low lipid content of F. vesiculosus and A.

nodosum will contribute few calories to the diet as mentioned by Jurkovi¢ et al. (1995).

2.4.3 Total phenols content in seaweed

The quantity of phenolic substances varied depending on season (Fig. 2-1C). Both species had
similar patterns with low contents from spring to early summer followed by increasing values up to
September. The phenol content of 4. nodosum in September was higher than May and June (p<0.05).

However, F. vesiculosus showed rather delayed turning point to increase phenol quantity from
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August (late summer) and had maximal quantity of phenol in October/November (late autumn).
Comparing two seaweeds in July, 4. nodosum had double fold of phenol content relative to that of F.
vesiculosus. The phenols content per dried seaweed weight (100 g) was 33.8 ~ 115.7 mg for F.

vesiculosus and 36.1 ~ 124.8 mg for A. nodosum.

Many studies on polyphenols of seaweed have been performed, because polyphenols have
antioxidative and radical scavenging activities (Breton et al., 2011). Polyphenols are also able to
inhibit alpha-glucosidase, contributing to decrease diabetic symptom (Kim et al., 2008; Zhang et al.,
2007). In addition, polyphenols from F. vesiculosus and A. nodosum were more efficient antioxidant
than that of other species such as Laminaria digitata, Palmaria palmata and Chondrus crispus
(Wang et al., 2009a). The amount of phenolic compounds in seaweeds was debated. For instance, the
quantity of polyphenols in 4. nodosum was reported as 0.07 ~ 0.13% by Ragan and Jensen (1977),
0.5 ~ 9.4% by Haug and Larsen (1958). For the amount of polyphenols in F. vesiculosus, there were
many reports; as 0.01 ~ 0.06% by Ragan and Craigie (1976) and 0.08 ~ 0.17% by Ragan and Jesen
(1977). Recently, Geiselman and McConnell (1981) reported that polyphenols contents of F.
vesiculosus and A. nodosum were as low as 1% (dry weigth). On the other hand, the age of seaweed
can be an effective factor that affects the amount of polyphenols. The polyphenols were increased by
age of the tissue of A. nodosum (Pederson, 1984). It was also reported that large quantity of heavy
metals contributed to the accumulation of the phenol (physodes) in F. vesiculosus (Forsberg et al.,
1988). The polyphenols content of F. vesiculosus and A. nodosum in Quebec was approximately 0.2%
and less. For polyphenol content (Fig. 2-1C), F. vesiculosus in Oct&Nov. was higher than May to
August (p < 0.05) and 4. nodosum in September had significantly higher than May and June (p <
0.05). Overall, autumn (September and October) was considered optimum seaweed harvesting period

than spring for phenolic compounds extraction.

2.4.4 Mineral content in seaweed

Minerals were estimated from the ash of seaweeds (Fig. 2-1D). In Table 2-1, the mineral content of
F. vesiculosus ranged from 23.6% to 28.0% during the same period and A. nodosum had 17.0% to
23.3%. The average content of minerals, during three years of investigation, was 25.3% and 20.1%
for F. vesiculosus and A. nodosum, respectively. Considering of the variability, there was no

significant difference between F. vesiculosus and A. nodosum. However the mineral content of A.
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nodosum reached its lowest value in August. Ito and Hori, (1989) and Ortega-Calvo et al. (1993)
reported that mineral content of seaweed is higher than that of land plants and animal products. F.
vesiculosus and A. nodosum contained high mineral content similar to the reports of Mabeau and
Fleurence (1993) and Ortega-Calvo et al. (1993) which were 8% to 40% of mineral content. It shows
that two species brown seaweeds in Quebec can be a good source of mineral for food and health
products.

According to Park (1969), the mineral content of Ecklonia cava, Sargassum sugamianum and Hizikia
fusiforme increases from autumn to spring, thus mineral content in spring should be higher than

autumn.

2.4.5 Polysaccharide content in seaweed

Polysaccharide content in F. vesiculosus ranged from 59.5% to 67.3% depending on harvest period
and A. nodosum contained 64.0% to 73.5% of polysaccharide (Fig. 2-1E). The average
polysaccharide content for 3 years, F. vesiculosus was 62.6% and 4. nodosum 70.2% (Table 2-1). A4.
nodosum had slightly higher polysaccharide than F. vesiculosus similarly to Rioux et al.’s (2007a)
which showed that the polysaccharide content of seaweeds in September 2002 was 65.7 + 0.4% for F.
vesiculosus and 69.6 + 0.2% for A. nodosum. Results obtained for F. vesiculosus and A. nodosum
also correspond with Bobin-Dubigeon et al. (1997) and the content is larger than other brown
seaweed species such as Hijiki (49.2%), Wakame (35.3%) and Himantalia elongate (32.7%)
(Jiménez-Escrig and Sanchez-Muniz, 2000). The polysaccharide content of both seaweeds was not
significantly different depending on harvesting month. However, the polysaccharide content tends to
increase from spring to autumn. A. nodosum harvested in July and August had significantly higher

polysaccharide content than F. vesiculosus (p<0.05).

Numerous studies on polysaccharides of seaweeds have been done because of their various
biochemical functions (Park et al., 2000; Percival and Mc Dowell, 1967; Chevolot et al., 2001). The
major polysaccharides of brown seaweeds are cellulose, alginate, fucoidan and laminaran (Park et al.,
2000). Cellulose has recently gain interest as a material for biofuel production (Ragauskas et al.,
2006; Weng et al., 2008) and alginate is a valuable component as gelification and food ingredient
(Park et al., 1997b; Rioux et al., 2007a). Fucoidan is interesting because of its biological activities

(Koyanagi et al. 2003; Moen and Clark, 1993; Zemani et al., 2005). In this study, high content of
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polysaccharide could be an indicator on which brown seaweeds in Quebec have high potential value

in commercial industries.

2.4.6 Fucoidan

2.4.6.1 Yield and purity of crude fucoidans

In observation of influence of harvesting year, the difference of annual average content of fucoidan
among 2002, 2003 and 2005 was not significant (p > 0.05) in both seaweeds (Table 2-2) and the
result was arranged by months. Total yield of the fucoidans which were obtained from F. vesiculosus
ranged from 2.8% to 3.4%, with an average value of 3.1 £+ 0.4%. The fucoidan content of 4. nodosum
was from 2.6% to 4.1%, with an average value of 3.2 + 0.7%. The average fucoidan content over the
three years did not show significant difference between both seaweeds (p > 0.05). However, the
influence of harvesting period was observed differently depending on seaweed species. In Fig. 2-2A,
fucoidan content of A. nodosum in May and July respectively was higher than September and
Oct&Nov (p < 0.05), and there was no significant difference in fucoidan content between May and
July (p>0.05).

On the other hand, the purity of fucoidan extract was investigated by HPLC analysis. As shown in
Fig. 2-2B, the crude fucoidans from both seaweeds showed a high and stable purity. There was no
significant difference between two species in purity; 81.0 = 5.9% for fucoidans of F. vesiculosus and
86.6 + 4.4% for fucoidans of A. nodosum. Considering the purity, pure fucoidan content in July was
higher than May (p < 0.01), therefore the best harvest month of A. nodosum was July to extract

higher content of pure fucoidan.

Obluchinskaya et al. (2002) reported that the fucoidan content of brown seaweeds in Barents Sea
showed no significant difference depending on season and 4. nodosum had lower fucoidan content
than F. vesiculosus, F. distichus and F. serratus. According to Souchet (2004), fucoidan content of
Laminaria longicruris in Quebec was high in May, June and November, and low in July. In addition,
galactofucoidan content and its monosaccharide compostion of Saccharina longicruris varied
depending on seaweed harvesting period and extracting method (Rioux et al., 2009). The study of

algae from different regions and seaweed species makes difficult their comparison.
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2.4.6.2 Sulfate content in fucoidan

Sulfate content of fucoidan ranged from 17.8% to 23.4% and from 20.2% to 22.9% for F. vesiculosus
and A4. nodosum respectively. The fucoidan of F. vesiculosus showed more variability in its sulfate
content depending on the month than that of 4. nodosum. However average sulphate content of
fucoidan was similar between both seaweeds at 20.3 + 2.7% for F. vesiculosus and 21.5 + 1.7% for
A. nodosum respectively. As seen in Fig. 2-3A, the sulfate content of A. nodosum was not
significantly different with harvest month, however fucoidan of F. vesiculosus in August (23.4 +
0.8%) had higher sulphate content than that in May (18.4 £+ 1.9%, p<0.05) and October (17.8 + 2.0%,
p<0.01) significantly. It shows that sulfate content of fucoidan can be different depending on the

harvesting month of F. vesiculosus, whereas A. nodosum was fairly consistent.

2.4.6.3 Protein content in fucoidan

The presence of protein in fucoidan is regarded as disadvantage because it could be strongly
combined with polysaccharide in general. Interestingly, the protein contents in purified fucoidans of
two seaweeds were different as shown in Fig. 2-3B. The fucoidans of F. vesiculosus had higher
content of protein than those of 4. nodosum for all months. On the average, the fucoidan of F.
vesiculosus contained 5.0 = 0.9% proteins while A. nodosum had 3.0 £ 0.7% protein content in its
fucoidans. Both seaweeds had a large content of protein in its fucoidan in May/June, however, they

had relatively less protein in July.

2.4.6.4 Uronic acid in fucoidan

The fucoidan of 4. nodosum contained more uronic acid than that of F. vesiculosus (p < 0.05) (Fig.
2-3C). While 1 g of fucoidan extracted from F. vesiculosus contained 26.5 + 8.3 ng of uronic acid on
average, 1 g of fucoidan extracted from A. nodosum had 36.0 + 5.5 ug of uronic acid. In addition, the
fucoidan of A. nodosum showed stable ratio of uronic acid, and there was no seasonal effect.
However, F. vesiculosus had approximately 40% decreased uronic acid in its fucoidan from June to

August.

The optimal conditions (for example, seaweed species and harvesting period) can be chosen to
increase yield of seaweed products, depending on application, either for food or for specific

substance. Determination of the optimal condition to use F.vesiculosus and A.nodosum in Quebec is a
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more significant factor than other regions because seaweed harvesting is interrupted by water

freezing during winter.
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2.5 Conclusion

Annual average content of fucoidan was not significantly different with seaweed harvest year for
both seaweeds. For fucoidan extraction, 4. nodosum was better source than F. vesiculosus and the
best period to harvest 4. nodosum was in July. Considering of sulfate content of fucoidans, it is
supposed that the functional activity of fucoidans between F. vesiculosus and A. nodosum will be

similar because sulfate is well-known factor of fucoidan’s biological function.

The seaweeds were composed of polysaccharide > minerals > protein > lipid > phenols in order. A.
nodosum contained more polysaccharide than F. vesiculosus. In a view of protein and mineral
content, it is estimated that F. vesiculosus and A. nodosum in Quebec showed a good nutritional
value. F. vesiculosus was more suitable for food and plant fertilizer than A. nodosum because of its
higher protein and mineral content. This study showed clearly the importance of seaweed harvest
timing. Even though average content of components between seaweeds is similar, the component

content varies with harvesting month.
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Table 2-1. Maximal, minimal and average quantity of seaweed components of F.
vesiculosus and A. nodosum

60

Seaweed components (%) F. vesiculosus A. nodosum
Max. 13.2+0.8 10.8+1.5
Protein Min. 9.1+1.0 7.0+0.9
Average 10.5+1.5 84+£13
Max. 25+1.0 20+04
Lipid Min. 1.3+£0.4 1.3+0.6
Average 1.6 £0.7 1.5+0.6
Max. 31.8+8.1 233+£6.6
Ash Min. 20.1+3.8 170+ 1.4
Average 253+6.3 20.1£3.7
Max. 67.3+43 73.5+1.3
Polysaccharide Min. 57.7+7.0 64.0+5.5
Average 62.6 +6.0 70.2+43
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Table 2-2. Analysis of variance and Tukey test for fucoidan content

Covariate: Year A. nodosum F. vesiculosus
Degree of freedom 2 2
F - value 2.978 0.08235
Pr>F 0.09626 0.9215
Are means signif. different? (P < 0.05) NS* NS*
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Chapter 3. Alpha-amylase and alpha-glucosidase
inhibition is differentially modulated by fucoidan
obtained from Fucus vesiculosus and Ascophyllum

nodosum.

Kyung-Tae Kim, Laurie-Eve Rioux and Sylvie L. Turgeon
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3.1 Abstract

Fucoidan is a water-soluble, negatively charged polysaccharide abundant in brown marine
algae and many biological functions were reported for this polysaccharide. However, the
inhibition of a-amylase and a-glucosidase by two fucoidan (4scophyllum nodosum and Fucus
vesiculosus) harvested at different period (months and years) has never been investigated.
Fucoidans inhibited a-glucosidase depending on algal species and season of harvest. Fucoidans
extracted from A. nodosum were a more potent inhibitor of a-glucosidase with 1Cs, ranging
from 0.013 to 0.047 mg/mL than those from F. vesiculosus (ICsp= 0.049 mg/mL). In contrast,
fucoidan extracted from F. vesiculosus did not inhibit a-amylase, while, fucoidan from 4.
nodosum decreased a-amylase activity by 7 to 107% at 5 mg/ml, depending the algae harvest
period. An ICsp of 0.12 to 4.62 mg/mL for fucoidan from A. nodosum was found. The ability of
fucoidan to inhibit a-amylase and a-glucosidase varies according to algae species and harvest
period. Thus, 4. nodosum is more suitable than F. vesiculosus as a source of fucoidan to reduce

glucose production by inhibiting a-amylase and a-glucosidase activity.

Keywords: Fucoidan, o-amylase, a-glucosidase, inhibition, Fucus vesiculosus, Ascophyllum

nodosum, Type-2 diabetes, season.
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3.2 Introduction

Diabetes is a metabolic disorder characterized by high plasma glucose levels (Mitrakou et al.,
1992; Daniel et al., 2001) Diabetes is classified as Type-1 and Type-2. Type-1 or insulin-
dependent diabetes is due to failure of the pancreas to secrete insulin, while Type-2 or non-
insulin-dependent diabetes is the result of insufficient insulin production. Wild et al. (2004)
estimated that 246 million persons in the world suffered from Type-2 diabetes in 2007 and that
this number will reach at least 380 million by 2025.

Type-2 diabetes receives more attention than Type-1 because it is considered avoidable. Type-2
diabetes is caused by imbalance between blood sugar absorption and insulin secretion. Post-
prandial hyperglycemia plays an important role in development of Type-2 diabetes (Baron,
1998). The control of plasma glucose level is essential to delay and even prevent Type-2
diabetes. To reach this goal, increasing or stimulating insulin secretion through medication
(Wang, 1998; Goldberg et al., 1998; UK Prospective Diabetes Study Group, 1998; Daniel et al.,
2001) and/or by dietary supervision could be achieved. Dietary control is suggested as a safe
and complementary treatment of diabetes. A diet based on glycemic index is currently one of
the most recommended nutritional treatments. It has been reported that dietary therapy can be
used simultaneously with other medical treatments in order to obtain a synergistic effect
(Jenkins, 1981; Wolever et al., 1994; Franz, 2000; Ganon et al., 2001). However, this has the
drawback of limiting the types and quantity of food consumed. Another possible solution is to
decrease the rate of blood sugar absorption from the small intestine by slowing and interrupting
the digestion of dietary starch, the major source of glucose (Zhang et al., 2007; Bhandari et al.,
2008; Ali et al., 2006; Doleckova-MareSova et al., 2005). This approach is considered more
efficient than controlling insulin secretion, for economic reasons, convenience and avoidance of
side effects (Porte, 2001) The inhibition of enzymes that digest dietary starch into glucose, a-
amylase and a-glucosidase, has been studied as a way of controlling blood sugar level
(Svensson et al., 2004; Ali et al., 2006; Geng and Bai, 2008). a-Amylase from human saliva
catalyses the hydrolysis of a-(1,4)-glucosidic linkages and produces maltose and glucose from
starch (Segaard et al., 1993; Teeri, 1991), while a-glucosidase releases glucose from maltose
(Roth et al., 2003; Mohan and Pinto, 2007). By inhibiting these two enzymes, the absorption of

glucose into the bloodstream can be delayed and thus, ameliorating Type-2 diabetes symptoms
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like hyperglycemia. Attempts have been made to identify a-amylase and a-glucosidase
inhibitors that can be used as food or food additives. Although Seo et al. (2005) and Kato et al.
(2005) demonstrated that some sugar-like phenolic compounds have a-glucosidase inhibitory
activity, most studies on a-amylase and a-glucosidase inhibitors have focused on the utilization
of proteins or phenolic compounds (Kim et al., 2000; Song et al., 2005; Zhang et al., 2007; He
et al., 2006 (a&Db); Bhandari et al., 2008; Lee et al., 2008). Although phenolic compounds have
high inhibitory activity of a-amylase and a-glucosidase, phenolic compounds are unstable,

sensitive to light and heat treatment limits their uses as nutraceuticals.

Recently, algae have been considered as a source of enzyme inhibitors. As several plant
extracts, algae contain some polyphenolic compounds as bromophenols (Kurihara et al. 1999,
Liu et al. 2011), phlorotannins (Zhang et al. 2007, Nwosu et al. 2011) which are inhibitors of a-
glucosidase. Also, polysaccharides, isolated from algae, have become attractive in the
biomedical area for numerous bioactivities (Gupta and Abu-Ghannam, 2011; Holdt and Kraan,
2011; Li et al., 2008). In this context, fucoidan a polysaccharide found in brown algae and
having several bioactivities appears promising. Fucoidan is abundant in brown seaweed such as
Fucus vesiculosus and Ascophyllum nodosum (Percival and McDowell, 1967). It is a
mucilaginous, hygroscopic and sulfated polysaccharide (Black, 1954) and it protects seaweed
from dehydration (Percival and McDowell, 1967). The biological effects attributed to fucoidan
are: anti-coagulant (Church et al., 1989; Boisson-Vidal et al., 2000), anti-HIV (Moen and
Clark, 1993; Schaeffer and Krylov, 2000) and anti-tumor (anti-angiogenesis) activities
(Koyanagi et al., 2003). Brown algae contain up to 10% of fucoidan and the quantity varies
depending on the region, species and season (Mabeau et al., 1990; Park et al., 1997a). The
structural and chemical characteristics of fucoidan also vary among algal species (Bilan et al.,

2002; Pereira et al., 1999; Chevolot et al., 2001; Marais and Joseleau, 2001).

The aim of this study was to investigate the inhibition of starch digestive enzymes (o-amylase
and o-glucosidase) by fucoidan extracted from F. vesiculosus and A. nodosum harvested in

Eastern Canada over several years and months.
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3.3 Material and methods

3.3.1 Algae and chemicals

The brown marine algae F. vesiculosus and A. nodosum were harvested near L’Isle Verte
(latitude 47° 48.6' N and longitude 69° 33.0' W) from the St. Lawrence River in Quebec
(Eastern Canada) from May to November in 2002, 2003 and 2005. Algae were milled in
Comitrol Mill fitted with perforated plates of 24.5 and 1 mm, freeze-dried and then kept at -20
°C until use. Cornstarch used as a substrate for a-amylase assay (Novation 9230 organic corn
starch) was provided from National Starch Food Innovation Canada. Water used in the
experimental procedures was distilled de-ionized water and filtered using 0.2-um membrane.

All chemicals were purchased from Sigma-Aldrich (ON, Canada)

3.3.2 Fucoidan extraction

Lyophilized algae mass (15 g) was suspended in 450 mL of 1% CacCl, solution and stirred for 4
h at 85°C using an RZR1 stirrer (Caframo Ltd. Canada) set at 455 + 5 rpm. After centrifugation
(16,887 g, 12 min), the liquid phase was separated by vacuum filtration using Whatman No. 4
filter paper. The filtrate was mixed with two volumes of 100% ethanol and one volume of 1%
NaCl solution. The mixture was kept at -20 °C for 48 h. The precipitates were collected by
centrifugation (16,887 g, 20 min) and completely re-suspended in 100 mL of de-ionized water.
This solution was dialyzed for 48 h using a 15 kDa cut off dialysis membrane (Fisher Sci.,
USA). The dialyzed fucoidan was freeze-dried and kept at -20 °C in sealed tubes. Two

extractions were conducted per seaweed sample.

3.3.3 Alpha-amylase inhibition assay

The method of Conforti et al. (2005) was modified to determine the inhibitory effects of the
fucoidan extract on a-amylase (from human salivary, EC 3.2.1.1). A 1% starch solution was
prepared by stirring 1 g of corn starch in 100 mL of 20 mM sodium phosphate buffer with 6.7
mM sodium chloride, pH 6.9. The solution was heated at 100°C for 15 min and then cooled to
room temperature. The volume was brought to 100 mL with distilled water. An a-amylase
(A0521, Sigma, On, Canada) solution was prepared as 1 unit/mL. The colorimetric reagent was

prepared as shown in the method of Conforti et al. (2005). The fucoidan solution (0.1 mL) was
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added in 1 mL of a starch solution to give final concentrations of 0, 0.05, 0.1, 0.5, 1.0 and 5
mg/mL. The tubes were prepared in duplicate and split into two groups, which were classified
as a test group (TG) and a control group (CG). All tubes were incubated at 20 °C for 10 min,
and then, 1 mL of a-amylase solution was added. For amylase activation, the TG tubes were
incubated at exactly 20°C for 5 min. The colorimetric reagent (1 mL) was added to all of the
tubes of the TG, heated at 100 °C for 15 min and then cooled in an ice bath. 9 ml of distilled
water was added to each tube, and the absorbance at 540 nm was measured. The same steps
were realized for the CG, but the incubation at 20°C for 5 min was omitted. As blank, 0.1 mL
of distilled water was added instead of the fucoidan solution (0 mg/mL fucoidan). The optical
density of the blank (OD ) refers to the difference between test and control group at 0 mg/ml

of fucoidan. The degree of enzyme inhibition was calculated using the following equation:

OD 1r¢-0D ¢;)—0D
Enzyme inhibition (%) = (0D oD cc) ’
B

X 100(%)

3.3.4 Alpha-glucosidase inhibition assay

For the determination of a-glucosidase (EC 3.2.1.20) inhibitory activity of fucoidan, all
solutions were prepared according to the method of Halvorson and Ellias (1958). 5 ml of 67
mM potassium phosphate (pH 6.8 at 37 °C) and 0.2 mL of 3 mM glutathione solution were
added into total 10 test-tubes. They were split into two groups: the test group (TG) and control
group (CG). 0.2 mL of 1 unit/mL of a-glucosidase (G5003, Sigma) was added only into TG
tubes and 0.2 mL of distilled water was added into CG tubes instead of a-glucosidase. 0.1 mL
of fucoidan solutions were added to get a final concentration of 0, 0.005, 0.01, 0.025 and 0.05
mg/mL in both TG and CG tubes in parallel. As blank, 0.1 mL of distilled water was added
instead of the fucoidan solution (0 mg/mL fucoidan). The optical density of blank (OD ) refers
to the difference between test and control group at 0 mg/ml of fucoidan. All tubes were kept at
37 °C for 20 min. 0.5 mL of 10 mM p-Nitrophenyl alpha-D-glucopyranoside was added into all
tubes and then incubated at 37 "C for 20 min. 1 ml of the previous mixture solution was

transferred into new test tube containing 4 mL of sodium carbonate (0.1 M), and the solution
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was mixed. The absorbance was measured at 400 nm and the degree of enzyme inhibition was

calculated using the following equation:

(OD1c-0D¢c)-ODs
0D

Enzyme inhibition (%) = X 100(%)

3.3.5 Statistical analysis

Enzyme inhibition analyses were performed in duplicate with two repetitions for each fucoidan
sample. Results are presented as mean + standard deviations (SD) for each harvested period.
Significant differences were found as when p < 0.05. Statistical analysis was carried out using
Prism version 5.0 (GraphPad Software, San Diego, USA) for the ICs calculation. The enzyme
activity data were analyzed using SAS 9.2 software (SAS Institute Inc., Cary, USA). To
determine the effect of fucoidan purity on the enzyme activity, the purity of each fucoidan
sample was added to the statistical model as a covariate in the mixed model analysis. Since the
year when fucoidan was harvested was significant at p < 0.05 another test was realized for each
year at the higher fucoidan concentration to compare the least squares means of months using

Tukey adjustment with p < 0.05.
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3.4 Results and discussion

Most studies looking for natural extracts contributing to diabetes prevention have been focusing
on o-glucosidase inhibition because this enzyme plays a role at the ending step of starch
digestion by producing glucose from maltose. Although the inhibition of a-amylase also results
in the decrease of glucose release, its complete inhibition is not desired because it could
provoke intestinal disorders (Cho et al., 2011a). The undigested starch could be utilized by the
gut microflora for gas production. Therefore, partial inhibition of a-amylase could contribute to

modulate the rate of glucose release from starch.

3.4.1 Inhibition of a-amylase by fucoidan

In this study, brown algae harvested from Eastern Canada from May to November in 2002,
2003 and 2005 were used to determine the ability of fucoidan to inhibit a-amylase throughout
different harvest period. No harvesting was possible during winter because of ice. The range of

fucoidan concentrations investigated (0 to 5 mg/mL) was established by preliminary tests.

Interestingly, a-amylase inhibitory activity of fucoidan was completely different depending on
the seaweed source. The fucoidans extracted from A. nodosum significantly suppressed o-
amylase activity depending on harvest periods and fucoidan concentrations. In contrast, none of
the fucoidan extracts from F. vesiculosus inhibited o-amylase activity in the range of
concentration studied (data not shown). This difference indicates that the source of fucoidan
has a strong influence on its inhibitory capacity. It should be noted that the same extraction
method was used for both seaweed species from which fucoidan was extracted and they were

similar in general composition, as shown previously (Fig 2-2B in Chapter 2).

Several concentrations of fucoidan were tested (0.05 to 5 mg/mL). Statistical analysis revealed
that the purity of fucoidan fractions did not impact their activity (average purity: 87% for A.
nodosum and 81% for F. vesiculosus). At low dose of fucoidan (0.05 mg/mL), no significant
effect was observed for the a-amylase activity (Table 3-1). As the concentration increased (0.1

to 5 mg/mL), the independent variables (year and/or months) and the interaction of those



70

variables explain most of the variation observed. a-Amylase activity induced by fucoidan (5
mg/mL) for each harvest period is shown in Figure 3.1. Although we don’t see any clear trends
for the a-amylase activity, the inhibition is significantly lower in May 2002 and 2005 (20%
inhibition) and no inhibition was observed in 2003. Late summer months present generally
significant higher inhibition activity (> 83% in October 2002 and in August 2005). The results
indicate important variation according to the harvest period. An ICs, value ranging from 0.12 to
4.62 mg/mL was found (Table 3-2). According to Black (1954), the ratio of L-fucose in
fucoidan obtained from F. vesiculosus and A. nodosum varies depending on the harvest period.
The seasonal variation of fucoidan structure has not been reported for those seaweeds. But
others have demonstrated for other brown seaweeds that the structure changes according to the
harvest period (Skriptsova et al., 2010; Rioux et al., 2009). The variation in a-amylase
inhibitory activity induced by fucoidan may depend on the fucoidan structure (sulfate, uronic

acid) which was previously shown to vary according to the harvest period.

The ability of fucoidan to inhibit a-amylase has been reported by Cho et al. (2011a) using an
extract from Undaria pinnatifida (wakame). Native fucoidan fraction did not show any
inhibition activity but an oversulfated fucoidan slightly reduced the enzyme activity. This study
introduced a possible relationship between sulfate content of fucoidan and its a-amylase
inhibition capacity. In Cho’s et al. (2011a) studies, a sulfate content as high as 51% was
required to inhibit a-amylase compared to 42% for native fucoidan. However, all fucoidan
extracts from A. nodosum which showed a-amylase inhibition were less sulfated than U.
pinnatifida fucoidan (< 25% of sulfate content). In addition, the average sulfate content of
fucoidan was not significantly different between F. vesiculosus (20.3%) and A. nodosum
(21.5%) (data not shown). The results of a-amylase inhibition by fucoidan in this study are not
in agreement with the result of Cho et al. (2011a). It should be considered that other structural

features might be involved in a-amylase inhibition.

3.4.2 Inhibition of a-glucosidase by fucoidan
Several concentrations of fucoidan were tested (0.005 to 0.05 mg/mL) to determine o-
glucosidase inhibition. Statistical analysis revealed that the purity was significant only for F.

vesiculosus at 0.01 mg/mL. At low dose of fucoidan (0.005 and 0.01 mg/mL), the independent
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variation does not completely explain the variation in a-glucosidase activity (Table 3-3). As
the concentration is increased, most of the variation is explained by the independent variables
(year and months) which mean the a-glucosidase activity is significantly different throughout
each seaweed harvest period. Results presenting a-glucosidase activity inhibited by fucoidan
(0.05 mg/mL) is shown in Figure 3-2 and 3-3. Fucoidans from both F. vesiculosus and A.
nodosum inhibited a-glucosidase activity. Inhibition depended on both the harvesting period
and the algal species, being greater for A. nodosum. For F. vesiculosus the maximal inhibition
capacity was 51.4% (September 2002) while for 4. nodosum the inhibition was 99.6% (October
2002 and 2003). Even at a concentration of 0.025 mg/mL, fucoidan extracted from 4. nodosum
in autumn (October/November) showed remarkable a-glucosidase inhibition (over 80%). The
ICs values for a-glucosidase inhibition are shown in Table 3-4 using fucoidan obtained from A.
nodosum. Results showed that the ICs, ranged from 0.013 to 0.047 mg/mL for 4. nodosum. On
the other hand, ICsy value for the fucoidan of F. vesiculosus could only be calculated for
October 2002 (ICso= 0.049 mg/mL) because it is the only harvest period that reached an
inhibition of 50% at the concentrations tested. In overall, fucoidans from A. nodosum showed
better a-glucosidase inhibition than those of F. vesiculosus and the highest inhibitory activity

was obtained in the autumn (October/ November) for 4. nodosum.

The ICsy of the fucoidan obtained from 4. nodosum ranged from 0.013 to 0.047 mg/mL
making it more potent than other a-glucosidase inhibitors including acarbose (ICso = 1 mg/mL),
which is used as medication for Type-2 diabetes (Table 3-5). It is also lower than the ICs,
values of several plant extracts as tea and other food products which ICs, range from 11.1 to
519.8 mg/mL (Table 3-5). In addition, the ICs, of fucoidan from A. nodosum was lower than
polyphenols extracted from A. nodosum having ICs, values ranging from 0.024 to 0.077 mg/mL
(Zhang et al., 2007). These authors also studied the effect of a polyphenol fraction and a
polysaccharide enriched fraction included in the diet of diabetic mice (200 mg/kg body mass of
extracts). While the polyphenol fraction reduced rapidly glucose level after a 14 days diet, the
polysaccharide enriched fraction did not decrease it significantly. Apostolidis and Lee (2010)
reported a strong a-glucosidase inhibition (ICsy 0.24 pg of fresh algae) and a mild a-amylase
inhibitory effect (1.34 pg of fresh algae) with a water-soluble extract from A. nodosum.
However, they did not mention the fucoidan content in the extract. In our study, fucoidans from

F. vesiculosus and A. nodosum in October 2002 contained about 0.1% of polyphenols.
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Nevertheless, it is considered that a-amylase and a-glucosidase inhibition by fucoidan is not
due to the contamination by phenolic compounds. At the maximal dose (0.05 mg/mL), only
0.05 ug of polyphenol is recovered with fucoidan which is five time less than the ICs, found for
a-glucosidase (Apostolidis and Lee, 2010). For the a-amylase, 5 mg of fucoidan contained 5 ug
of polyphenol which could be enough to inhibit the enzyme according to Apostolidis and Lee
(2010). However, only 4. nodosum has inhibited the enzyme while no activity was observed for
F. vesiculosus. In addition, Zhang et al. (2007) used a protocol similar to ours but omitting the
CaCl, step to extract polysaccharide which we believe is fucoidan and alginate. After feeding
diabetic mice with polyphenol or a polysaccharide during 14 days, only the polyphenol fed
group was significantly different. This indicates that the 200 mg/kg polysaccharide diet does
not contain enough polyphenol to modify the fasting serum glucose. Thus, it is unlikely that the
amount of residual polyphenol found in fucoidan would have interfered with our results. Also,
we believe the reason why the polysaccharide fraction did not improve fasting serum glucose in
Zhang et al. (2007) study is because of the presence of alginate which is soluble in water when

no calcium chloride is used.

Mechanisms of a-glucosidase inhibition differ among the various inhibitors reported. Some
well-known inhibitors as acarbose mimic the enzyme substrate (Seo et al. 2005). Previously
published articles on the mechanism of polyphenol compounds suggest that the principal factor
acting on o-glucosidase activity is hydrogen scavenging because o-glucosidase provides
hydrogen to catalyze the hydrolysis of the a-(1,4)-glucosidic linkage (Braunt et al., 1995;
Borges de Melo et al., 2006; Mohan and Pinto, 2007). The inhibitor acts by intercepting the
hydrogen ion freed from the a-glucosidase catalytic site. Most studies conducted with fucoidan
showed that the sulfate content is closely related to its biological properties. Wang et al.
(2009b) showed a relation between sulfate content and radical scavenging property using
fucoidan from Laminaria japonica. So et al. (2007) also reported free-radical scavening ability
of fucoidan from F. vesiculosus. Highly sulfated fucoidan (37% sulfate groups) showed better
free radical scavenging activity than native fucoidan (28% sulfate groups). Increasing sulfate
groups may enhance the scavenging activity of fucoidan and thus, promote its capacity to
intercept free hydrogen. Numerous phenolic compounds such as flavonol (Lee et al., 2008;
Gamberucci et al., 2006), catechins and theaflavins (Matsui et al., 2007; Bhandari et al., 2008)

have an a-glucosidase inhibitory activity. The intensity of the activity is related to the structure
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and conformation of polyphenols (Matsui et al., 2007). Fucoidan might inhibit a-glucosidase by
a mechanism similar to that of polyphenols that involves scavenging but more research will be
needed in order to determine the mechanism of action. Since the inhibition of a-amylase and a-
glucosidase varies in a great manner between both seaweed sources, we believe that the
structure of both kind of fucoidan differs. Structural features such as molecular weight and the
amount of sulfate groups could seriously impact the enzyme activity. More work was realized
in order to explain how those structural characteristics influence the enzyme activity and this is

discussed in Chapter 4.

Finally, when comparing the inhibition of the two digestive enzymes studied, a-amylase and a-
glucosidase, it should be emphasized that at least 100 times more fucoidan is needed (5 mg/ml)
to inhibit a-amylase to the same degree as a-glucosidase (0.05 mg/mL). This difference in
inhibition offers a complementary effect because as reported by Cho et al. (2011a), high a-
amylase inhibition could be related to intestinal discomfort, so a moderated inhibition of a-
amylase and a stronger glucosidase inhibition would be preferred. The level of inhibition
obtained with fucoidan should have the desired effect by slowing the absorption of glucose
from the intestine into the bloodstream enough to allow the insulin-based mechanism of the
diabetic patient to transport blood sugar into the muscles before it can reach harmful levels.
These data overall suggest that fucoidan could be useful as a component of new medication, as
a food additive or as a food supplement for an enzyme-targeted treatment of Type-2 diabetes.
More information on fucoidan structural features are required to understand the mechanism by
which fucoidan inhibits a-amylase and a-glucosidase and why fucoidan obtained from A.

nodosum is the only one to inhibit a-amylase.
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3.5 Conclusion

This study has revealed a novel function of fucoidan as an efficient inhibitor of the starch-
digesting enzymes a-amylase and a-glucosidase. In summary, the enzyme-inhibiting activity of
fucoidan was quite variable, depending on the algal species from which the fucoidan was
extracted, the month and year during which the algae were harvested and the targeted enzyme
(a-amylase or a-glucosidase). Not all fucoidans are a-amylase inhibitors. Fucoidan from A.
nodosum inhibited both a-amylase and o-glucosidase but the required quantities were much
higher for a-amylase inhibition. The best harvesting period for fucoidan potency was
summer/autumn in the case of 4. nodosum for a-amylase inhibition and autumn for both A.
nodosum and F. vesiculosus for a-glucosidase inhibition. Harvested in Eastern Canada, 4.

nodosum has greater potential for the prevention of Type-2 diabetes than F. vesiculosus.
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Figure 3-1..a-Amylase inhibitory activity induced by fucoidans (5 mg/mL) extracted
from A. nodosum harvested in: A-2002; B-2003 and C-2005. Identical letters within
the same panel are not significantly different at p < 0.05.



76

120 -
A b ab a
100 - X a
S 80 -
5
£ %
-— C
= 401
20- -
0
5 6 7 9 10
Months
120 -
B a
100 - a a
b
S 80 -
5
= 601
[=
=< 071 ¢
1
0

6 7 8 9o 10
Months
120 - a
C
100
G 80 -
= b b
= 601
£ c
= 401
20 | .
0 J
5 6 8 11
Months

Figure 3-2..a-Glucosidase inhibitory activity induced by fucoidans (0.05 mg/mL)
extracted from A. nodosum harvested in: A-2002; B-2003 and C-2005. Identical letters
within the same panel are not significantly different at p < 0.05.



80 -
A a

_860' a
re)
Evo- b
ko b b
- i - i
0

5 6

7 9o 10
Months
80_
B
6 60
5
:40_
[ o
5 > e
< 20 - ab ab b -
Nl B
6 7 8 9o 10
Months
80_
C
560 ; .
5
240- b
S c
= 20
0_
5 6 8 11
Months

Figure 3-3..0-Glucosidase inhibitory activity induced by fucoidans (0.05 mg/mL)
extracted from F. vesiculosus harvested in: A-2002; B-2003 and C-2005. Identical
letters within the same panel are not significantly different at p < 0.05.

77



Table 3-1. Analysis of variance for the a-amylase measurements

Degree of freedom| F-value Pr>F
Fucoidan concentration: 0.05 mg/mL
Covariate: Purity 1 0.4 0.5269
Year 2 0.5 0.6326
Months 6 1.3 0.3245
Year*Months 5 0.4 0.8316
Fucoidan concentration: 0.1 mg/mL
Covariate: Purity 1 0.9 0.3624
Year 2 14 0.2909
Months 6 11.3 0.0002
Year*Months 5 7.7 0.0015
Fucoidan concentration: 0.5 mg/mL
Covariate: Purity 1 0.2 0.6354
Year 2 9.4 0.003
Months 6 15.7 <.0001
Year*Months 5 6.0 0.0044
Fucoidan concentration: 1 mg/mL
Covariate: Purity 1 0.3 0.5946
Year 2 5.3 0.0208
Months 6 10.8 0.0002
Year*Months 5 24 0.0979
Fucoidan concentration:5 mg/mL
Covariate: Purity 1 0.3 0.5987
Year 2 29.7 <.0001
Months 6 17.4 <.0001
Year*Months 5 15.6 <.0001
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Table 3-2. Variation of the a-amylase inhibitory activity of fucoidans extracted from

A. nodosum for selected harvests

Harvest month

IC5o of fucoidan (mg/ml)*

June

July

August

September

October

2.301 to 2.515

4.189

0.124 to 2.699

4.520

0.471 to 4.621

* Calculation of the fucoidan concentration needed to inhibit 50% of the enzyme activity

(realized by Prism software).



Table 3-3. Analysis of variance for the a-glucosidase measurements
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A. nodosum F. vesiculosus

Degree of freedom| F-value Pr>F F-value Pr>F

Fucoidan concentration: 0.005 mg/mL
Covariate: Purity 1 0.19 0.6719 0.03 0.8582
Year 2 0.59 0.5706 1.37 0.2883
Months 6 4.39 0.0122 2.37 0.0901
Year*Months 5 0.27 0.9203 0.92 0.4992

Fucoidan concentration: 0.01 mg/mL

Covariate: Purity 1 0.08 0.7852 5.44 0.0364
Year 2 1.09 0.3661 1.58 0.2430
Months 6 11.76 0.0001 2.37 0.0906
Year*Months 5 0.72 0.6194 0.97 0.4719

Fucoidan concentration: 0.025 mg/mL
Covariate: Purity 1 0.27 0.6118 3.88 0.0706
Year 2 5.75 0.0162 6.77 0.0097
Months 6 16.61 <.0001 3.52 0.0270
Year*Months 5 6.53 0.0030 0.72 0.6224

Fucoidan concentration: 0.05 mg/mL

Covariate: Purity 1 0.00 0.9977 0.21 0.6543
Year 2 8.60 0.0042 13.46 0.0007
Months 6 52.63 <.0001 7.52 0.0012
Year*Months 5 31.90 <.0001 2.61 0.0755




Table 3-4.Variation of the a-glucosidase inhibitory activity of fucoidans extracted

from A. nodosum for selected harvests

Harvest month

IC5¢ of fucoidan (mg/ml)*

May
June
July
August
September
October

November

0.047

0.037

0.015 to 0.036

0.017 to 0.046

0.026 to 0.029

0.013

0.014

" Calculation of the fucoidan concentration needed to inhibit 50% of the enzyme activity

(realized by Prism software).
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Table 3-5. Comparision of fucoidans extracted from A. nodosum and other food

products as inhibitors of a-glucosidase

82

a-glucosidase inhibitor ICso (mg/mL)
Fucoidan from 4. nodosum 0.013~0.047
Green tea™ 11.1
Oolong tea* 11.3
Alkaline protease hydrolyzate of sardine muscle* 48.7
Chicken essence™ 471.4
Yogurt* 519.8
Acarbose (Type-2 diabetes medication)** 1
Polyphenolic extracts of A. nodosum *** 0.024~0.077

*From Matsui et al. (1996) Biosci. Biotech. Biochem., 60 (12), 2019-2022
**From Schifer and Hogger (2007) Diabetes Research and Clinical Practice, 77, 41-46
*#* From Zhang et al. (2007) Can. J. Physiol. Pharmacol., 85, 1116-1123.
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4.1 Abstract

Fucoidan has shown the possibility of functioning as an inhibitor of a-amylase and o-
glucosidase, which is an important discovery in the view of natural health products for diabetes
prevention. The inhibitory activity was shown to differ, depending on the seaweed species; the
inhibition of a-amylase was only observed with fucoidan from Ascophyllum nodosum. To
identify the key structural factors of fucoidan that are necessary for its a-amylase inhibitory
activity, composition and structural analysis, including glycosidic linkage position, sulfate
content and position, and molecular weight, have been comparatively performed using the
fucoidans obtained from Fucus vesiculosus and Ascophyllum nodosum. There was no
difference between the two species regarding their monosaccharide composition and type of
linkages. The fucoidans obtained from F. vesiculosus had lower sulfate content (15.5%) and a
higher molecular weight (2351 kDa) as compared to the fraction from 4. nodosum, 20.6% and
637 kDa, respectively. However, the portion of sulfate groups substituted at C-2/3 and C-4 was
similar for both fucoidans. Desulfation of the active fucoidan fractions eliminated its inhibitory
activity. The structural characteristics influencing fucoidan’s a-amylase inhibitory activity were
the molecular weight and the sulfate content. It is suggested that the sulfate groups found in
low-molecular fucoidan could easily interact with a-amylase due to their flexible structure.
Therefore, both highly sulfated and low-molecular weight fucoidan is suitable to inhibit a-

amylase activity.

Keywords: Seaweed, Fucus vesiculosus, Ascophyllum nodosum, Fucoidan, o-amylase

inhibition, Sulfate group, Monosaccharide, Molecular weight.
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4.2 Introduction

Fucoidan is a water-soluble, sulfated polysaccharide and is generally found in brown seaweed
such as Fucus vesiculosus, Ascophyllum nodosum, Ecklonia cava and Saccharina longicruris
(Park et al., 2000; Rioux et al., 2007a & b). The major function of fucoidan of seaweed is to
prevent its dehydration (Percival and McDowell, 1967). Moreover, therapeutic activities, such
as anticancer, anti-HIV, and anticoagulant properties, have been documented. The biological

activities of fucoidan were found to be related to its structure (Fujimura et al. 2000).

The structure of fucoidan varies depending on the alga source, the harvesting season and the
region (Li et al.,, 2008; Rioux et al., 2010; Zvyagintseva et al., 2003). Fucoidan from F.
vesiculosus is mainly composed of a-(1-3) linked sulfated L-fucose (Synytsya et al., 2010;
Patankar et al., 1993). In 4. nodosum, a-(1-3) linked fucose with a low proportion of a-(1-4)
linked fucose (Marais and Joseleau, 2001; Daniel et al., 1999) or a repeating a-(1-3) and a-(1-
4)-linkage (Chevolot et al., 2001; Daniel et al., 2007) were discovered. Toida et al. (2003)
reported that the (1-3)-linkage in fucoidan has a stronger anticoagulation ability than the (1-4)-
linkage.

The sulfate content of fucoidan also influences its biological activity, both the anticancer and
anticoagulant properties (Toida et al., 2003; Becker et al., 2007; Pereira et al., 2002). Among
recent studies, Cho et al. (2011a) reported that oversulfated fucoidan has a better a-amylase
inhibitory activity than that of native fucoidan. Others have also shown that the degree of
sulfation is an important parameter for its antiviral activity because high amounts of sulfation
interferes between the positively charged chain of a viral glycoprotein and the negatively
charged hydrogen sulfide at the cell-surface of the glycoprotein receptor (Karmakar et al.,
2009). Furthermore, the location of a sulfate group on fucose could affect the biological activity

of fucoidan (Tissot et al., 2006; Daniel et al., 2007; Daniel et al., 1999; Anastyuk et al., 2009).

Molecular weight also regulates the biological function of fucoidan; for example, Logeart et al.
(1997) showed that high-molecular weight fucoidan inhibited the growth of muscle cells. Also,
Yang et al. (2008) reported that partially hydrolyzed fucoidans (~390 - 2200 kDa) were more

potent in inducing anticancer activity than native fucoidans (5100 kDa). However, this activity
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was decreased at a molecular weight of 260 kDa, possibly because of partial desulfation. The
molecular weight of fucoidan varies according to algal species, harvesting period and extraction
method. Rioux et al. (2007a) found two different molecular weights for fucoidan in the same
seaweed source but using different extraction processes. For example, 4. nodosum revealed
molecular weights of 417 kDa and 1323 kDa, and F. vesiculosus revealed molecular weights of
529 kDa and 887 kDa. Patankar et al. (1993) obtained a 100 kDa fucoidan from F. vesiculosus,
while Rupérez et al. (2002) extracted two fucoidans with molecular weights of 1600 kDa and
43 kDa.

Among the numerous studies on the bioactivity of fucoidan, there has not been a clear
elucidation of its potential for diabetes prevention. The inhibition of digestive enzymes by
natural compounds has been proposed to delay the increase of blood glucose following starchy
food consumption (Kumar et al. 2011). The known natural inhibitors of digestive enzymes
include phenolic compounds (Zhang et al. 2007; Spencer et al. 1988; He et al. 2006a and 2006b;
Park et al., 1997a; Park et al., 2000; Al-Mamary et al., 2001; Matsui et al. 1996), anthocyanins
(Matsui et al. 2001), terpenoids and others. Human salivary a-amylase randomly hydrolyzes a-
(1,4)-glucosidic linkages (Bernfeld, 1955). Several amylase inhibitors have been identified,
which operate through various mechanisms. Some glucosidic compounds, such as acarbose,
which is a pseudo-disaccharide that has a non-reducing end, combine with the enzyme close to
the catalytic site and prevent the hydrolysis of starches (Brzozowski and Davies, 1997; Ferey-
Roux et al., 1998). Polyphenolic compounds inhibit this enzymatic activity through the

precipitation of a polyphenol-enzyme complex (Spencer et al., 1988).

We recently showed the efficiency of fucoidan from the two brown seaweeds A. nodosum and
F. vesiculosus to inhibit a-amylase and a-glucosidase. The fucoidans showed variable
inhibitory activity depending on the type of enzyme, for example, a-amylase and a-glucosidase,
and the seaweed species from which the fucoidans had been obtained (data shown in Chapter 3).
More specifically, the fucoidans obtained from both 4. nodosum and F. vesiculosus inhibited a-
glucosidase, but the capacity of inhibition was very different, showing higher activity with 4.
nodosum. Only the fucoidan obtained from A. nodosum showed inhibitory activity towards o-

amylase. Cho et al. (2011a) also reported a moderate inhibitory effect of fucoidan from
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Undaria pinnatifida on a-amyloglucosidase but no effect on a-amylase. The addition of sulfate
groups on fucoidan increased the inhibitory effect on a-amylase and a-amyloglucosidase.
However, the structural features associated with fucoidan’s inhibitory activity remains

unknown.

In this study, the structural characterization of fucoidans that were extracted from two brown
seaweeds, Fucus vesiculosus and Ascophyllum nodosum, in Canada was performed to
understand the key factors responsible for the a-amylase inhibitory activity. The results were
compared to galactofucoidan extracted from Saccharina longicruris, whose structure had been
previously described (Rioux et al., 2010) and which inhibited a-amylase activity. In addition,
we investigated the specificity of a-amylase inhibition by comparing the structure of fucoidan,
such as sulfation, monosaccharides composition, glycosidic linkage and molecular weight,

between F. vesiculosus and A. nodosum.
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4.3 Materials and methods

4.3.1 Fucoidan

Two types of fucoidans that had been obtained from Fucus vesiculosus and Ascophyllum
nodosum harvested from the St. Laurence River in Quebec in October 2002 were used for this
study. The fucoidans were extracted and purified as shown in Chapter 3. Galactofucoidan
obtained from Saccharina longicruris (Rioux et al., 2010) was utilized as a positive control for

fucoidans with an a-amylase inhibitory activity.

4.3.2 Chemical composition

The detection of the protein content of fucoidan samples was performed using a nitrogen
analyzer (Leco MI, USA), and 6.25 was used as the conversion factor. The sulfur content was
analyzed using ICP-OES (Inductively Coupled Plasma-Optical Emission Spectrometry) with a
model Optima 4300DV spectrometer (Perkin Elmer, USA). The following equation was used to
determine the sulfate content in fucoidan: Sulfate group (%) = 3.22 x Sulfur % (Roger et al.,
2004). The quantification of polyphenol was conducted using spectrometry. Briefly, fucoidan
(250 mg) was mixed with 25 mL of acetone-H,O-HOAc (70:29.5:0.5 (v/v)) and stirred under
nitrogen flow. The mixture was sonicated for 20 minutes at room temperature and decanted for
5 minutes. The mixture was filtered using a Whatman #1 filter and rinsed with MeOH. The last
two steps were repeated, and then, the filtrate was evaporated until a residual volume of 10 mL
was reached. This mixture was stirred in 40 mL of H,O. A standard curve with gallic acid was
prepared, and the Folin-Ciocalteu’s phenol reagent (F-9252, Sigma, On, Canada) was used as
previously described (Singleton et al., 1999). The absorbance at 765 nm was measured by UV
8543 Agilent spectrophotometer (Agilent, On, Canada).

4.3.3 Molecular weight determination

The molecular weight of the polysaccharide was determined by HPSEC-MALLS (High
Performance Size Exclusion Chromatography-Multiangle Laser Light Scattering) (Rioux et al.,
2009). A TSK-PWXL guard column (6 mm x 40 mm), TSK-G6000PW (7.5 mm x 300 mm)
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and TSK-G4000 PWXL (6 mm x 300 mm) (Tosoh Bioscience, Montgomeryville, USA)
columns were used in series. The MALLS system was performed in sequence to the HPSEC
procedure. The collected data were evaluated using ASTRA software 4.70.07. The dn/dc value
applied for fucoidan was 0.129 (Rioux et al., 2007b). As the fucoidans are polydispersed, only

the molecular weight averages were compared using the second-order Zimm model.

4.3.4 Monosaccharide analysis

This analysis was performed using a method from Rioux et al. (2009). Briefly, the methyl
glycosides in fucoidan were converted to their corresponding per-O-trimethylsilylated
derivatives by methanolysis. Then, the derivatives were analyzed by gas chromatography (HP
5890A system) with a FID detector. A CP-Sil-5CB fused silica column (60 m x 0.25 mm,
Chrompack, Varian) was used. The monosaccharides were identified based upon their retention
time and quantified by referencing an internal standard involving myo-inositol. All experiments

were conducted in triplicate.

4.3.5 Methylation analysis

Methylation analysis was performed as described in Rioux et al., (2010). The polysaccharide (2
mg) was prepared by lyophilization after being treated with Dowex cation exchange resin
(Sigma, On, Canada). Methyl iodide (Sigma, On, Canada) and butyl lithium (Sigma, On,
Canada) were used to methylate the hydroxyl groups. Then, the methylated polysaccharide was
purified, hydrolyzed, and reduced using sodium borodeuteride (Sigma, On, Canada). The
obtained derivatives were acetylated using acetic anhydride (Sigma, On, Canada) and pyridine
(Sigma, Canada), analyzed using GC-MS (model 6890N, Agilent Technologies, On, Canada),

and identified according to both the retention time and the mass fragment.

4.3.6 Desulfation of fucoidan
Fucoidan desulfation was performed as described in Rioux et al. (2010). The fucoidan solution

(10 mg/mL) was purified using Dowex S0WX8-200 ion exchange resin (Sigma, On, Canada).
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After the formation of pyridium salt, methanol (4:1 v/v) was added to the sample, and the
mixture was heated at 100 ‘C for 4 hours under stirring. The desulfated solution was
neutralized and dialyzed using a 1000 Da cut-off membrane (Millipore, USA) over a 48 hour

period. Desulfated fucoidan powder was collected after lyophilization.

4.3.7 Structural analysis of sulfate group

Fucoidan samples were analyzed with a Nicolet 506 FT-IR spectrophotometer (Magnar-IR,
USA) combined with OMNIC software, version 3.0 (Qiu et al., 2006). KBr pellets were
prepared by adding 1 mg of dry fucoidan and 100 mg of KBr. The positions of the sulfate

groups were estimated using the method described in Lijour et al. (1994).

4.3.8 Alpha-amylase inhibition assay

The method of Conforti et al. (2005) was modified to determine the inhibitory effects of 1
mg/ml of fucoidan extract on a-amylase (from human salivary, EC 3.2.1.1). The method as

shown in Chapter 3 was used.
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4.4 Results and Discussion

Fucoidan is a polysaccharide found in brown seaweed. As described Chapter 3, fucoidan from
A. nodosum efficiently inhibited a-amylase activity (83.2%, Table 4-1), but fucoidan from F.
vesiculosus did not. Galactofucoidan from Saccharina longicruris was utilized as a positive
control for a-amylase inhibitory activity (inhibition: 80.3%; Table 4-1) and for structural
comparison. To investigate the key factors involved in fucoidan a-amylase inhibitory activity,
the structural characterization of the two fucoidan samples obtained from F. vesiculosus and A.

nodosum harvested in October 2002 was performed.

4.4.1 Monosaccharide analysis

The extract was mainly composed of fucoidan (> 80%) and contained residual protein, with an
average content of 4% (Chapter 2). The fucoidans from F. vesiculosus and A. nodosum were
mainly composed of fucose, while the galactofucoidan contained a high proportion of galactose
(Table 4-2). Glucose and galacturonic acid were not detected in the fucoidan from 4. nodosum,
and only a small amount (< 1%) of these constituents were found in F. vesiculosus. The
proportion of fucose, galactose, xylose, mannose and glucuronic acid detected in the fucoidan
of F. vesiculosus and A. nodosum was similar. Also, these results were similar to those reported
by Marais and Joseleau (2001) and Nishino et al. (1994). Variations in the monosaccharide
composition can be attributed to the different geographical positions and the different
extraction methods (Mian and Percival, 1973; Marais and Joseleau, 2001; Percival and
McDowell, 1967). When compared with galactofucoidan from S. longicruris, both fucoidans
contained twice as much fucose and approximately 4-7 fold less galactose. In addition, the
ability of fucoidan from A. nodosum to inhibit a-amylase was similar to that of galactofucoidan
from S. longicruris. Considering the difference in the monosaccharide composition among
fucoidans and galactofucoidan, the monosaccharide composition is not a factor that influences

a-amylase activity.
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4.4.2 Glycosidic linkage position

Methylation analysis was performed to determine the monosaccharide linkage position. As
shown in Table 4-3, the total composition of the fucosyl residues in fucoidan was 82.91% for 4.
nodosum and 83.51% for F. vesiculosus, whereas the galactofucoidan had 41.60% of fucosyl
residues. The portion of galactosyl residues was 32.90% in galactofucoidan, 1.20% in A.
nodosum fucoidan and 8.74% in F. vesiculosus fucoidan. The proportion of galactosyl residues

in (galacto-) fucoidan was ordered as S. longicruris > F. vesiculosus > A. nodosum (Table 4-3).

According to the results of Rioux et al. (2010), the composition of (1,4)-fucosyl in
galactofucoidan of S. longicruris was 4.3%. The (1,4)-fucosyl linkage in both fucoidans, 10.17%
for A. nodosum and 11.82% for F. vesiculosus, was higher than that in galactofucoidan.
Galactofucoidan showed a slightly higher percentage (11.9%) of the (1,3)-fucosyl linkage than
fucoidans (8.19% A. nodosum and 7.04% F. vesiculosus). In addition, the (1,4)-glucosyl
linkage was only detected in F. vesiculosus fucoidan (1.47%) but not in 4. nodosum fucoidan
(Table 4-3). The amount of the xyloxyl residue in 4. nodosum, F. vesiculosus and S. longicruris
was 13.87%, 6.28% and 5.60%, respectively. Fucoidan from 4. nodosum contained twice the
amount of xylosyl residues than F. vesiculosus, but S. longicruris contained even less. Overall,
the methylation analysis showed few differences between the two fucoidans, but their structures
were different from that of galactofucoidan, which suggested that the type of linkage was not

the major factor modulating amylase activity.

4.4.3 Sulfate content and their position

The sulfate content was analyzed to investigate its influence on the inhibition of a-amylase
(Table 4-4). The total sulfate content of fucoidans was 15.49% for F. vesiculosus, 20.64% for A4.
nodosum, and 21.50% for the galactofucoidan of S. longicruris. This result shows that the
fucoidan of F. vesiculosus, which does not exhibit inhibitory activity, has approximately 5%
less sulfate groups than the others that do have inhibitory activity, 4. nodosum and S.

longicruris.

The location of the sulfate groups on pyranose residues was determined by IR analysis using

the method of Lijour et al. (1994). The data obtained were used to indicate whether a specific
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position of sulfate groups could regulate the inhibitory activity of a-amylase. According to
numerous reports on IR analysis (Qiu et al., 2006; Mahner et al., 2001; Yang et al., 2003;
Lijour et al., 1994; Rupérez et al., 2002), sulfate groups found in fucoidan are bound at the
equatorial C-2/3 position or at the axial C-4 position. The former position is detected at 840-
850 cm™', whereas the latter is detected at 820 cm™. As shown in Table 4-4, the proportion of
sulfate groups between C-2/3 and C-4 was compared, and there was no difference between the
two fucoidans in relation to the location of the sulfate groups. The FT-IR spectrum of the
fucoidans (Figure 4.1) showed similar patterns, but variable peak heights were found depending
on the source of the fucoidan. This result indicates that the amount of sulfate groups can be

variable while the position of sulfate groups in fucoidans is not changed.

The desulfation of fucoidan and galactofucoidan was performed to verify the importance of
sulfate groups to a-amylase inhibition. The amount of the remaining sulfate groups found after
the desulfation of fucoidan from 4. nodosum and galactofucoidan from S. longicruris was 2.65%
and 1%, respectively. The reduction of the sulfate content was shown by FT-IR analysis (Fig.
4-1), in which the peaks heights at 820 cm™, 848 cm™ and 1259 cm™ were reduced after
desulfation of fucoidan from 4. nodosum. Interestingly, both fucoidan from A. nodosum and
galactofucoidan from S. longicruris completely lost their ability to inhibit a-amylase activity
when sulfate groups were removed (Table 4-1). These results clearly indicated the role of
sulfate groups as an important factor for fucoidan to control a-amylase activity. However, other
structural characteristics are still related to a-amylase inhibition because fucoidan from F.

vesiculosus did not inhibit a-amylase activity even if it contained 15.49% sulfate groups.

Fucoidan from 4. nodosum and galactofucoidan possess similar amounts of sulfate groups and
a-amylase inhibitory activity. Therefore, the amount of sulfate groups could be an important
factor for its bioactivity. Cho et al. (2011a) reported the enhancing effect of the addition of
sulfate groups by the chemical oversulfation of fucoidan from U. pinnatifida on a-amylase
inhibition. In this study, the quantity of reducing sugars produced by a-amylase slightly

increased in the presence of native fucoidan, which contained 41.5% sulfate groups, but the
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quantity was significantly decreased in presence of oversulfated fucoidan, which contained 51.1%
sulfate groups. Because different methods were used to determine the amounts of sulfate
groups between studies, it is possible that there is an interaction between the sulfate content and

a-amylase inhibition, as seen in the study by Cho et al. (2011a).

Others have demonstrated that sulfate found at the C-2/3 position was required to inhibit factor
ITa, (anticoagulant activity) (Toida et al. 2003). Oversulfated fucoidan has suppressed the
activity of vascular endothelial growth factor 165 (VEGF,¢5) by disturbing the interaction
between VEGF¢s and its receptor on the cell surface, and the inhibitory activity was increased
according to the number of sulfate groups found in fucoidan (Koyanagi et al., 2003). According
to Tissot et al. (2003), negatively charged fucoidan binds to a part of the positive charges on
proteins, for example, antithrombin, through electrostatic interactions. Thus, the electrostatic
interaction between the negatively charged sulfate groups of fucoidan and a-amylase might be
involved in the modulation of a-amylase activity; however, the exact site of the interaction is
not known. Small carbohydrate molecules, such as acarbose, can bind to the active site of a-
amylase and hinder the hydrolytic process (Ferey-Roux et al., 1998). An electrostatic
interaction between fucoidan and some positively charged amino acids or patches on amylase
could modify its conformation and, consequently, its catalytic capability. Sulfated
polysaccharides have a well-known affinity for proteins as they are able to interact with
proteins at pH levels higher than their isoelectric point (Turgeon et al., 2007). Therefore, sulfate
groups found in fucoidan are mandatory for a-amylase inhibition. However, their mechanism of

action is still unclear.

4.4.4 Molecular weight analysis

The molecular weights of the fucoidan obtained from A. nodosum and galactofucoidan were
very similar, 637 kDa and 638 kDa, respectively (Table 4-4). Both polysaccharides also had a
similar capacity to inhibit a-amylase activity, 83.2% for fucoidan 4. nodosum and 80.3% for
galactofucoidan (Table 4-1). However, fucoidan from F. vesiculosus did not inhibit a-amylase
activity, and it had a larger molecular weight (2351 kDa) than the others. Therefore, the
molecular weight of the polysaccharides is one of the common characteristics associated with

a-amylase inhibition.
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The molecular weight of polysaccharides has already been linked to several biological activities.
Low-molecular weight fucoidan showed a higher biological activity in several domains, such as
anticoagulant (Springer et al., 1957; Zvyagintseva et al., 1999; Nishino and Nagumo, 1992),
anticancer (Yang et al., 2008), and anti-HIV (Moen and Clark, 1993; Schaeffer and Krylov,
2000) activities. For example, low-molecular weight fucoidan (approximately 10 to 30 kDa)
has stronger anticoagulant activity than native fucoidan (Nishino et al., 1991), and the presence

of 2-O-sulfation and 2,3-O-disulfation are required (Chevolot et al. 1999).

The molecular weight of fucoidan can impact several factors that could influence its efficiency
to inhibit a-amylase. First, a higher molecular weight could be associated with a larger
conformation that is unfavorable to interact with the enzyme. In contrast, a low-molecular
weight could more easily adopt a loose conformation, thus facilitating interactions with the
enzyme (Cho et al. 2011b). Secondly, a higher molecular weight results in increased viscosity
and, consequently, lower diffusivity in the solvent, thus increasing the time for fucoidan or the
substrate to reach the enzyme. Previous work has already shown that fucoidan from F.
vesiculosus has a higher viscosity than that of A. nodosum and S. longicruris (Rioux et al.,
2007b). Cho et al. (2011a) associated the higher inhibitory activity of the oversulfated
fucoidan to its lower molecular weight (165 x 10° g/mol) and lower viscosity as compared to

native fucoidan (281 x 10° g/mol).

From our results, a molecular weight as low as 637 kDa and a sulfate content of 20% for
fucoidan were associated with a-amylase activity inhibition. However, there may be other
minor constituents that influence the enzymatic activity. Previous work performed on
polyphenol and polysaccharides extracted from A. nodosum showed antidiabetic activity
(Zhang et al., 2007), and the polyphenols were able to inhibit rat intestinal a-glucosidase. To
verify if polyphenols were involved in the inhibition of a-amylase, the residual polyphenols of
fucoidan extracts were quantified; 4. nodosum contained 1.00 pug of polyphenol per mg of
fucoidan, and F. vesiculosus contained 0.98 pg of polyphenol per mg of fucoidan. The residual
quantities were low, as the aqueous extraction method was not optimized to retain polyphenolic

compounds. Apostolidis and coworker (2010) showed that both a-glucosidase and a-amylase
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activity increase with the extraction temperature of polyphenol. At 80 °C, an ICsy of 0.24 g
and 1.34 pg were found for a-glucosidase and a-amylase, respectively. It is unlikely that the
residual polyphenol found in fucoidan had an influence on the inhibition of a-amylase because

F. vesiculosus would have also been active against a-amylase.
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4.5 Conclusion

To identify the structural characteristics of fucoidan involved in the inhibition of a-amylase,
comparative investigations have been conducted using different fucoidans from F. vesiculosus,
which does not exhibit inhibitory activity, and 4. nodosum, which does exhibit inhibitory
activity. Structural similarities were found between both fucoidans, in which the
monosaccharide composition, the glycosidic linkage and the position of sulfate groups were
similar. Based on the structural analysis, a small molecular weight (637 kDa) and a high sulfate
content (21%) are required to inhibit a-amylase activity. Thus, fucoidan might bind to a-
amylase throughout electrostatic interactions, changing its conformation in solution and
therefore inhibiting its activity. More studies will be needed to verify if a smaller molecular
weight (less than 637 kDa) fucoidan would still inhibit a-amylase and to determine the amount

of sulfate groups required.
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Table 4-1. a-Amylase inhibition of native and desulfated fucoidans (at 1 mg/ml)

a-amylase inhibition (%)

Seaweed Native Desulfated
F. vesiculosus “ 0 NA
A. nodosum “ 83.2+4.0 0
S. longicruris 80.3+£0.3 0

“ Seaweeds were harvested in October 2002.

b Rioux et al. (2010) Phytochemistry 71, 1586-1595.
NA : not analyzed.
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Table 4-2. Monosaccharide composition of fucoidans and galactofucoidan obtained from
A. nodosum, F. vesiculosus, and S. longicruris

A. nodosum F. vesiculosus S. longicruris
Fucoidan® Fucoidan® Galactofucoidan®
(%) (%) (%)

Fucose 31.1 £ 54 24.6 + 84 14.4 + 1.9
Galactose 41 + 1.7 72 &+ 1.7 331 + 6.2
Xylose 64 £+ 25 39 &+ 32 21 + 0.2

Mannose 29 + 14 29 % 0.8 27 + 0.8
Glucose 00 +£ 00 05 =+ 0.3 14 =+ 0.8
Galacturonic acid 00 £ 00 02 =+ 04 1.0 =+ 2.0
Glucuronic acid 28 £ 0.8 2.8 &+ 0.6 32 % 09

“ The seaweed from which the fucoidan was obtained were harvested in October 2002.
b Data were taken from Rioux et al. (2010) Phytochemistry 71, 1586-1595.
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Table 4-3. Analysis of the methylated, reduced fucoidan alditol acetates.

Glycosyl Pgsition of De.d'uced C01.nposition (%) . .
residucs -methyl posﬂ;on of 4. nodosum F.vesiculosus S. longicruris
groups residue Fucoidan’ Fucoidan® Galactofucoidan”
2,34 p Terminal 8.60 10.02 11.40
2,34 f Terminal 1.68 1.20 nd
2,3 4 10.17 11.82 4.30
2,4 3 8.19 7.04 11.90
Fucosyl 34 2 5.59 8.12 nd
2 3.4 12.59 8.49 3.10
3 2,4 8.45 8.34 0.50
4 2,3 12.60 10.79 3.50
2,34 15.04 17.68 6.90
Total 82.91 83.51 41.60
2,3,4,6 p Terminal nd 2.01 9.00
2,4,6 3 nd 1.33 6.40
Galactosyl 2,34 6 nd 1.51 12.00
2,4 3,6 1.20 2.30 5.50
2or4 24,6 0r2,3,6 nd 1.60 nd
Total 1.20 8.74 32.90
Glucosyl 2,3,6 4 nd 1.47 1.90
Xyloxyl 2,34 Terminal 7.75 3.51 5.60
3,4 2 6.12 2.77 nd
Mannosyl 2or4 2,4,6 or2,3,6 2.02 nd 0.50

“ The seaweed from which the fucoidan was obtained were harvested in October 2002.
» Data were taken from Rioux et al. (2010) Phytochemistry 71, 1586-1595.
nd: not detected



Table 4-4. Molecular weight and sulfate group composition and position of fucoidan from

different sources.

Analysis

Sulfate Position of sulfate group (%) Molecular
content weight
Seaweed (%) C-2/3¢ C-4° (kDa)
F. vesiculosus 1549+ 1.14 46.08 53.92 2351
A. nodosum 20.64 +0.33 45.25 54.75 637
S. longicruris ¢ 21.50+1.10 NA NA 638

aDetected at 820 cm’™
b Detected at 840 cm™!

“Data were taken from Rioux et al. (2010) Phytochemistry 71, 1586-1595.

NA: not analyzed.

101



102

F. vesiculosus

Q
¥ ]
=
o
0
| .
a
0 A. nodosum
<
Desulfated A. nodosum
| | | | |
1800 1600 1400 1200 1000 800

Wavenumbers {cm-1)

Figure 4-1. FT-IR spectrum of native and desulfated fucoidan.
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Chapter 5. General Conclusion and Perspectives
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5.1 General Conclusion

This project has been performed to improve the use and the value of brown seaweeds in Quebec
through the investigation for harvestable period of seaweed and potential biological function of

fucoidan extract with the observation of seasonal influence and the specification of seaweed species.

The hypothesis of this study was that there would be a seasonal variation for chemical components of
seaweeds (F. vesiculosus and A. nodosum) and therefore better condition for seaweed harvest to
obtain useful ingredient would exist. The fucoidan which was extracted from the neglected seaweeds
in Quebec would have inhibitory ability for starch digestive enzymes (a-amylase and a-glucosidase)
and this would improve the value of seaweeds. In addition, understanding of the inhibition

mechanism by fucoidan would allow developing functional food for diabetes.
In order to validate this hypothesis, this study has been performed by three objectives;

First, we analyzed the general composition of polysaccharide, protein, lipid, mineral, total phenolic
substances and fucoidans of F. vesiculosus and 4. nodosum which were harvested during three years
of investigation (2002, 2003 and 2005 year). The seasonal variation depending on seaweed
harvesting period and the comparison of ingredient between two species have been estimated. As
shown in Chapter 2, the largest content in seaweeds was water to be over 80% (w/w) before
lyophilisation. The average composition of polysaccharide, minerals, protein and lipid in dried
seaweed was 62.6%, 25.3%, 10.5% and 1.6% for F. vesiculosus, and 70.2%, 20.1%, 8.4% and 1.5%
for A. nodosum respectively. In both seaweeds, the major ingredients were composed of
polysaccharide > minerals > protein > lipid > phenols in order (Table 2-1). The average content of
other ingredients did not show any remarkable pattern of difference. However, the difference
between F. vesiculosus and A. nodosum was shown depending on harvesting period. From the
observation of results, it is concluded that Fucus vesiculosus is beneficial for the nutritional base to
take more protein (especially from F. vesiculosus in May) and mineral (especially from F.
vesiculosus in summer), (refer to Annex 1 & 3). However, A. nodosum contains more polysaccharide
than F. vesiculosus. For the purpose of obtaining more fucoidan, Ascophyllum nodosum in July is

advantageous when considering both the yield and its purity (refer to Annex 4 & 5). Therefore, the
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choice of either seaweed species or harvesting period can be optimized depending on the purpose of

seaweed utilization.

Second, we investigated the fucoidan activity to inhibit starch digestive enzymes (o-amylase and a-
glucosidase) depending on seaweed harvesting period and species as shown in Chapter 3. The result
of enzyme inhibition test showed that both fucoidans were a potent inhibitor of a-glucosidase by
dose-response activity. The fucoidan extracted from 4. nodosum had higher inhibitory activity for a-
glucosidase than the fucoidan of F. vesiculosus. The 1Csy values of A. nodosum fucoidan for a-
glucosidase inhibition ranged from 0.013 to 0.047 mg/ml, and they were more potent than acarbose
(ICsp = 1 mg/ml), a well-characterized inhibitor. However, other natural inhibitors like phenolic
compounds have shown lower ICsy value than acarbose. In the case of a-amylase inhibition,
interestingly, F. vesiculosus fucoidan did not show the expected activity, whereas the inhibitory
activity was detected by 4. nodosum fucoidan (ICs, value: from 0.12 to 4.62 mg/mL). The required
fucoidan concentration for a-amylase inhibition (5 mg/ml of fucoidan) was at least 100-fold higher
than for a-glucosidase inhibition (0.05 mg/ml of fucoidan). Therefore, fucoidan from 4. nodosum
inhibited both a-amylase and a-glucosidase but the required quantities were much higher for a-
amylase inhibition. The optimal period for seaweed harvest to obtain fucoidan which has better
activity for a-amylase inhibition was summer/autumn, while the best season to obtain fucoidan for
higher a-glucosidase inhibition was autumn. Considering both of fucoidan concentration and the
efficiency of glucose reduction, 4. nodosum harvested in Quebec, has greater potential for the

prevention of Type-2 diabetes than F. vesiculosus.

Third, we tried to identify the factors which are related to the different a-amylase inhibition activity
of fucoidans from F. vesiculosus and A. nodosum. In order to understand the key structural factors
associated with a-amylase inhibitory activity, the characterization of several structural features such
as type of linkage, molecular weight, and the content and position of sulfate, were performed by
comparing F. vesiculosus fucoidan and 4. nodosum fucoidan with galactofucoidan (extracted from S.
longicruris) as a positive control for a-amylase inhibition. There was no meaningful difference
between F. vesiculosus fucoidan and A. nodosum fucoidan as shown in the result of monosaccharide
composition, linkage and sulfate. More evident differences between the two fucoidans were detected

in molecular weight. The fucoidan of F. vesiculosus had 2,351 kDa and the fucoidan of 4. nodosum
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had smaller molecular weight of 637 kDa, which was similar to 638 kDa of galactofucoidan having
a-amylase inhibitory activity similar to 4. nodosum fucoidan. In addition to this, it was confirmed
that sulfate was related to a-amylase inhibition from the result of desulfation (Table 4-1). For the
conclusion, a small molecular weight (637 kDa) and high sulfate content (21%) are required to
inhibit o-amylase activity. Thus, fucoidan might bind to o-amylase throughout electrostatic

interactions, changing its conformation in solution and therefore inhibiting its activity.

From the results of this study, it is confirmed that brown seaweeds in Quebec have been
underestimated and they represent considerable industrial importance for nutritions and bioactive

products.
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5.2 Perspective

According to the conclusion of this study, the components of seaweed are influenced by harvesting
period. This means that various environmental factors such as sunlight, temperature, nitrogen,
salinity, tide and phosphate, may contribute to the production of phytochemicals in seaweed.
Especially, in the case of seaweeds in Quebec, their habitat is specialized to be extremely severe
condition because of long cold period. Therefore, further estimation for the relationship between
environmental factors and seaweed components is required to decide and to predict the best
period to harvest F. vesiculosus and A. nodosum in Quebec. For more representative pattern to
understand how the environmental factors influence seaweed ingredients, long-period monitoring is

suggested.

For the functions of fucoidan, in general, there are many cases to be known, such as anti-cancer, anti-
coagulation, anti-inflamentation and so on. However, if we consider the seasonal/special variation for
the fucoidan activity to inhibit digestive enzymes, it will be useful to investigate the
seasonal/special variation for the other known functions of fucoidan. We may define better

condition of seaweed harvest depending on the targeted function of fucoidan.

Amongst many kinds of seaweed ingredients, we find out the fucoidan having very specific activity
to inhibit digestive enzymes of both a-amylase and a-glucosidase. Therefore, it is expected that the
fucoidan extracted from A. nodosum can be applied for the treatment of Type-2 diabetes and obesity.
For the purpose of this application, proper intake concentration of fucoidan should be estimated
to avoid a side-effect like digestive problem because excess enzyme inhibition can cause
abdominal inflation. In addition, there can exist many other useful ingredients in F. vesiculosus and A.
nodosum of Quebec, such as iodine, alginate, polyphenolic compounds (tocopherol, carotenoid) and
so on. Potentially, these are good elements for food and pharmaceutic industry, and therefore, we

need to investigate for a novel functional ingredient of seaweed.

From the conclusion, the mechanism, by which fucoidan obtained from 4. nodosum inhibits a-
amylase (from human saliva), was related to key-factors of low molecular weight and sulfate.
However, the extracted fucoidan in the present study has purity less than 90%. It is noted that

other minor ingredient can be also involved in the inhibition mechanism. To examine this
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possibility, we need to improve the method of fucoidan extraction. In addition, an improved
fucoidan extracting method is needed to investigate efficiently the binding of enzyme-fucoidan
and the inhibition mechanism of fucoidan, In addition, the fucoidan extracting method should be
considered to minimize desulfation of fucoidan during molecular weight reducing. To understand
a-glucosidase inhibitory mechanism in future study, the relationship between antioxidant

capacity and the inhibitory capacity of fucoidan, should be investigated

To know the structural variation of fucoidan depending on season may be helpful to understand
detail mechanism. According to Logeart et al. (1997), fucoidan have at least thirty kinds of
saccharides to get anti-proliferation of vascular smooth muscle cell. Among them, how smaller
molecular weight of fucoidan is required for the best inhibition of amylase? How much of the
exposure of sulfate is required to increase the inhibition? Many questions to complete the

mechanism to inhibit a-amylase by the fucoidan obtained from 4. nodosum can be proposed.
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ANNEX
Summary Wording P - value
w Extremely significant < 0.001
** Very significant 0.001 to 0.01
* Significant 0.01t0 0.05
ns Not significant >0.05
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Annex 1. Two-way analysis of Protein content of F. vesiculosus and A. nodosum
(Month*Seaweed)

Two-way ANOVA

Source of Variation % of total variation P value

Seaweed 32.88 < 0.0001

Interaction b Yes

Month b Yes

m

Source of Variation Df Sum-of-squares Mean square

Seaweed 1 76.81 76.81 165.7

Residual 71 32.91 0.4636

N
[6)]

Number of missing values

Bonferroni posttests

Fucus vs Asco

May 13.22 10.76 -2.464 -3.531 to -1.397

Jul 9.155 8.230 -0.9246  -1.992to0 0.1423

Sep 9.937 7.144 -2.793 -3.913 to -1.674

*k

Ma -2.464 6.269 P<0.001

July -0.9246 2.352 P >0.05 ns

Sep -2.793 6.776 P<0.001 e
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Bonferroni posttests

May vs June
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

May vs July
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

May vs Aug
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

May vs Sep
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

May vs Oct&Nov
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

June vs July
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

June vs Aug
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

June vs Sep
Seaweed species
Fucus

May
13.22
10.76

Difference
-2.144
-2.206

May
13.22
10.76

Difference
-4.070
-2.530

May
13.22
10.76

Difference
-4.130
-2.510

May
13.22
10.76

Difference
-3.288
-3.617

May
13.22
10.76

Difference
-3.144
-2.921

June
11.08
8.554

Difference
-1.926
-0.3240

June
11.08
8.554

Difference
-1.986
-0.3037

June
11.08

June
11.08
8.554

5.975
6.147

July
9.155
8.230

10.35
6.436

Aug
9.095
8.251

t
10.51
6.384

Sep
9.937
7.144

t
8.363
8.772

Oct&Nov
10.08
7.839

t
8.761
8.141

July
9.155
8.230

t
5.366
0.9028

Aug
9.095
8.251

t
5.534
0.8463

Sep
9.937

Difference
-2.144
-2.206

P value
P<0.001
P<0.001

Difference
-4.070
-2.530

P value
P<0.001
P<0.001

Difference
-4.130
-2.510

P value
P<0.001
P<0.001

Difference
-3.288
-3.617

P value
P<0.001
P<0.001

Difference
-3.144
-2.921

P value
P<0.001
P<0.001

Difference
-1.926
-0.3240

P value
P<0.001
P >0.05

Difference
-1.986
-0.3037

P value
P<0.001
P >0.05

Difference
-1.144

95% CI of diff.
-3.317 to -0.9711
-3.379 to -1.033

Summary

Tk

Kk

95% CI of diff.
-5.355 to -2.785
-3.815 t0 -1.245

Summary

Kk

*kk

95% CI of diff.
-5.415 to -2.845
-3.795 to -1.225

Summary

*kk

Tk

95% CI of diff.
-4.573 to -2.003
-4.964 to -2.269

Summary

Tk

*kk

95% CI of diff.
-4.317 to -1.971
-4.094 to -1.748

Summary

*kk

Tk

95% CI of diff.
-3.099 to -0.7526
-1.497 to 0.8490

Summary

*kk

ns

95% Cl of diff.
-3.159 to -0.8127
-1.477 to 0.8693

Summary

*kk

ns

95% CI of diff.
-2.317 t0 0.02948
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Asco

Seaweed species
Fucus
Asco

June vs Oct&Nov
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

July vs Aug
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

July vs Sep
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

July vs Oct&Nov
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

Aug vs Sep
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

Aug vs Oct&Nov
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

Sep vs Oct&Nov
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

8.554

Difference
-1.144
-1.411

Difference
-0.9997
-0.7153

July
9.155
8.230

Difference
-0.06013
0.02027

July
9.155
8.230

Difference
0.7821
-1.087

July
9.155
8.230

Difference
0.9259
-0.3913

Aug
9.095
8.251

Difference
0.8422
-1.107

Aug
9.095
8.251

Difference
0.9861
-0.4116

Sep
9.937
7.144

Difference
0.1439
0.6955

7.144

t
3.187
3.715

Oct&Nov

Sep
9.937
7.144

t
1.989
2.636

Oct&Nov

2.685

Oct&Nov
10.08
7.839

t
2.748
1.147

Oct&Nov
10.08
7.839

t
0.4009
1.831

-1.411

P value
P<0.01
P<0.001

Difference
-0.9997
-0.7153

P value
P<0.01
P >0.05

Difference
-0.06013
0.02027

P value
P >0.05
P >0.05

Difference
0.7821
-1.087

P value
P >0.05
P <0.05

Difference
0.9259
-0.3913

P value
P <0.05
P >0.05

Difference
0.8422
-1.107

P value
P >0.05
P <0.05

Difference
0.9861
-0.4116

P value
P <0.05
P >0.05

Difference
0.1439
0.6955

P value
P >0.05
P > 0.05

-2.652 to -0.1694

Summary

*%

*kk

95% Cl of diff.
-2.049 to 0.04951
-1.764 to 0.3339

Summary

*k

ns

95% CI of diff.
-1.345 to 1.225
-1.265 to 1.305

Summary
ns
ns

95% Cl of diff.
-0.5029 to 2.067
-2.434 to 0.2609

Summary
ns
*

95% CI of diff.
-0.2471 to 2.099
-1.564 t0 0.7817

Summary

*

ns

95% CI of diff.
-0.4428 to 2.127
-2.455 to 0.2406

Summary
ns
*

95% CI of diff.
-0.1870 to 2.159
-1.585 10 0.7614

Summary

*

ns

95% Cl of diff.
-1.029 to 1.317
-0.5459 to 1.937

Summary
ns
ns
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Annex 2. Two-way analysis of lipid content of F. vesiculosus and A. nodosum

(Month*Seaweed)

Two-way ANOVA

Source of Variation
Interaction
Seaweed

Month

Source of Variation
Interaction
Seaweed

Month

Source of Variation
Interaction
Seaweed

Month

Residual

Number of missing values
Bonferroni posttests

Fucus vs Asco
Month

May

June

July

Aug

Sep

Oct&Nov

Month
May
June
July

Aug

Sep
Oct&Nov

% of total variation
14.90

0.03

17.03

P value summary
*

ns

*k

Fucus
1.485
1.478
1.340
1.294
1.343
2.466

Difference
0.5340
-0.1287
0.4657
-0.02593
-0.05966
-0.9317

P value
0.0129
0.8510
0.0060

Significant?
Yes

No

Yes

Sum-of-squares
5.216

0.01182

5.964

23.60

Asco
2.019
1.350
1.805
1.268
1.283
1.535

1.604
0.4736
1.334
0.07789
0.1792
3.428

Mean square
1.043
0.01182
1.193

0.3324

Difference
0.5340
-0.1287
0.4657
-0.02593
-0.05966
-0.9317

P value
P >0.05
P >0.05
P >0.05
P >0.05
P >0.05

P<0.01

F

3.138
0.03555
3.588

95% Cl of diff.
-0.3695 to 1.438
-0.8664 to 0.6090
-0.4819 to 1.413
-0.9294 to 0.8776
-0.9632 to 0.8439
-1.669 to -0.1940

Summary
ns
ns
ns
ns
ns

*%
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Bonferroni posttests

May vs June
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

May vs July
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

May vs Aug
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

May vs Sep
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

May vs Oct&Nov
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

June vs July
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

June vs Aug
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

June vs Sep
Seaweed species
Fucus

May
1.485
2.019

Difference
-0.006721
-0.6695

May
1.485
2.019

Difference
-0.1455
-0.2139

May
1.485
2.019

Difference
-0.1914
-0.7513

May
1.485
2.019

Difference
-0.1425
-0.7362

May
1.485
2.019

Difference
0.9811
-0.4845

June
1.478
1.350

Difference
-0.1388
0.4556

June
1.478
1.350

Difference
-0.1846
-0.08185

June
1.478

June
1.478
1.350

t
0.02212
2.203

July
1.340
1.805

t
0.4372
0.6126

Aug
1.294
1.268

t
0.5749
2.257

Sep
1.343
1.283

t
0.4281
2.212

Oct&Nov
2.466
1.535

t
3.229
1.595

July
1.340
1.805

t
0.4568
1.417

Aug
1.294
1.268

t
0.6076
0.2693

Sep
1.343

Difference
-0.006721
-0.6695

P value
P >0.05
P >0.05

Difference
-0.1455
-0.2139

P value
P > 0.05
P >0.05

Difference
-0.1914
-0.7513

P value
P >0.05
P >0.05

Difference
-0.1425
-0.7362

P value
P >0.05
P >0.05

Difference
0.9811
-0.4845

P value
P<0.01
P >0.05

Difference
-0.1388
0.4556

P value
P >0.05
P >0.05

Difference
-0.1846
-0.08185

P value
P >0.05
P >0.05

Difference
-0.1358

95% Cl of diff.
-1.000 to 0.9866
-1.663 to 0.3239

Summary
ns
ns

95% CI of diff.
-1.234 to 0.9426
-1.355 t0 0.9273

Summary
ns
ns

95% ClI of diff.
-1.280 to 0.8968
-1.839 to 0.3368

Summary
ns
ns

95% CI of diff.
-1.231 to 0.9456
-1.824 to 0.3520

Summary
ns
ns

95% CI of diff.
-0.01219 to 1.974
-1.478 to 0.5088

Summary
*%

ns

95% CI of diff.
-1.132 to 0.8545
-0.5957 to 1.507

Summary
ns
ns

95% Cl of diff.
-1.178 to 0.8087
-1.075t0 0.9115

Summary
ns
ns

95% CI of diff.
-1.129 to 0.8575
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Asco

Seaweed species
Fucus
Asco

June vs Oct&Nov
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

July vs Aug
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

July vs Sep
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

July vs Oct&Nov
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

Aug vs Sep
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

Aug vs Oct&Nov
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

Sep vs Oct&Nov
Seaweed species
Fucus

Asco

Seaweed species
Fucus
Asco

1.350

Difference
-0.1358
-0.06671

June
1.478
1.350

Difference
0.9879
0.1849

July
1.340
1.805

Difference
-0.04583
-0.5374

July
1.340
1.805

Difference
0.003041
-0.5223

July
1.340
1.805

Difference
1.127
-0.2707

Aug
1.294
1.268

Difference
0.04887
0.01514

Aug
1.294
1.268

Difference
1.172
0.2668

Sep
1.343
1.283

Difference
1.124
0.2516

1.283

t
0.4468
0.2195

Oct&Nov
2.466
1.535

t
3.635
0.6803

Aug
1.294
1.268

t
0.1377
1.539

Sep
1.343
1.283

t
0.009137
1.496

Oct&Nov
2.466
1.535

t
3.708
0.8416

Sep
1.343
1.283

t
0.1468
0.04547

Oct&Nov
2.466
1.535

t
3.858
0.8779

Oct&Nov
2.466
1.535

t
3.698
0.8280

-0.06671

P value
P >0.05
P >0.05

Difference
0.9879
0.1849

P value
P<0.01
P >0.05

Difference
-0.04583
-0.5374

P value
P >0.05
P >0.05

Difference
0.003041
-0.5223

P value
P >0.05
P >0.05

Difference
1.127
-0.2707

P value
P<0.001
P >0.05

Difference
0.04887
0.01514

P value
P >0.05
P >0.05

Difference
1.172
0.2668

P value
P<0.001
P >0.05

Difference
1.124
0.2516

P value
P<0.001
P > 0.05

-1.060 to 0.9266

Summary
ns
ns

95% Cl of diff.
0.09939 to 1.876
-0.7035 to 1.073

Summary

*k

ns

95% CI of diff.
-1.134 to 1.042
-1.679 to 0.6038

Summary
ns
ns

95% Cl of diff.
-1.085 to 1.091
-1.664 to 0.6190

Summary
ns
ns

95% CI of diff.
0.1333 t0 2.120
-1.322 to 0.7806

Summary

Tk

ns

95% CI of diff.
-1.039 to 1.137
-1.073 to 1.103

Summary
ns
ns

95% CI of diff.
0.1792 to 2.166
-0.7266 to 1.260

Summary

*kk

ns

95% Cl of diff.
0.1303 to 2.117
-0.7417 to 1.245

Summary

*kk

ns
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Annex 3. Two-way analysis of total polyphenol content of F. vesiculosus and A. nodosum

(Month*Seaweed)

Two-way ANOVA

Source of Variation
Interaction
Seaweed

Month

Source of Variation
Interaction
Seaweed

Month

Source of Variation
Interaction
Seaweed

Month

Residual

Number of missing values
Bonferroni posttests

Fucus vs Asco
Month

May

June

July

Aug

Sep

Oct&Nov

Month
May
June
July

Aug

Sep
Oct&Nov

% of total variation

9.25
2.27
40.69

P value summary
*

ns

Tk

Fucus
50.91
44 .44
33.83
60.71
100.7
115.7

Difference
10.48
-8.301
52.89
22.92
24.12
-25.03

P value
0.0263
0.0719
< 0.0001

Significant?
Yes

No

Yes

Sum-of-squares
13610

3342

59894

72110

Asco
61.39
36.14
86.73
83.63
124.8
90.62

0.5735
0.5564
2.895
1.254
1.320
1.678

Mean square
2722

3342

11979

1002

Difference
10.48
-8.301
52.89
22.92
24.12
-25.03

P value
P >0.05
P >0.05
P <0.05
P >0.05
P >0.05
P >0.05

F
2.718
3.337
11.96

95% Cl of diff.
-565.55 t0 76.51
-62.21 to 45.61
-13.13t0 118.9
-43.11 to 88.95
-41.91 t0 90.15
-78.95 to 28.88

Summary
ns
ns

*
ns
ns
ns
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Bonferroni posttests

May vs Jun

Fucus 50.91 44.44 -6.464 -60.96 to 48.03

Fucus -6.464 0.3875 P > 0.05

=}
7]

Seaweed May July  Difference 95% CI of diff.

Asco 61.39 86.73 25.34 -34.35 to 85.03

Seaweed Difference t P value Summa

Asco 25.34 1.387 P >0.05 ns

May vs Au

Fucus 50.91 60.71 9.803 -49.89 to 69.50

Fucus 9.803 0.5365 P >0.05

>
7]

Seaweed Ma Sep Difference 95% CI of diff.

Asco 61.39 124.8 63.45 3.753 t0 123.1

Seaweed Difference t P value Summa

*
*

Asco 63.45 3.472 P<0.01

May vs Oct&Nov

Fucus 50.91 115.7 64.75 10.25 to 119.2

Fucus 64.75 3.882 P<0.001 e

Seaweed Jun Jul Difference 95% CI of diff.

Asco 36.14 86.73 50.58 -3.909 to 105.1

Seaweed Difference t P value Summa

*
*

Asco 50.58 3.033 P<0.01

Jun vs Aug

Fucus 44.44 60.71 16.27 -38.23 10 70.76

Fucus 16.27 0.9752 P >0.05

>
(7]

Seaweed Jun Sep Difference 95% ClI of diff.
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Asco 36.14 124.8 88.69 34.20 to 143.2

Seaweed Difference t P value Summa

Asco 88.69 5.317 P<0.001 i

Jun vs Oct&Nov

Fucus 44.44 115.7 71.21 22,4710 119.9

Fucus 71.21 4.773 P<0.001 e

Seaweed Jul Au Difference 95% CI of diff.

Asco 86.73 83.63 -3.096 -62.79 to 56.60

Seaweed Difference t P value Summa

Asco -3.096 0.1694 P >0.05 ns

July vs Sep

Fucus 33.83 100.7 66.88 7.190 to 126.6

*
*
*

Fucus 66.88 3.661 P<0.001

Seaweed Jul Oct&Nov Difference 95% CI of diff.

Asco 86.73 90.62 3.896 -50.60 to 58.39

Seaweed Difference t P value Summary

Asco 3.896 0.2336 P >0.05 ns

Aug vs Sep

Fucus 60.71 100.7 40.00 -19.69 to 99.70

Fucus 40.00 2.189 P >0.05

>
7]

Seaweed Au Oct&Nov Difference 95% CI of diff.

Asco 83.63 90.62 6.991 -47.50 to 61.48

Seaweed Difference t P value Summary

Asco 6.991 0.4192 P >0.05 ns

Sep vs Oct&Nov

Fucus 100.7 1156.7 14.94 -39.55 t0 69.43

Fucus 14.94 0.8957 P >0.05 ns
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Annex 4. Two-way analysis of yield of fucoidan from F. vesiculosus and A. nodosum

(Month*Seaweed)

Two-way ANOVA

Source of Variation
Interaction

Month

Seaweed

Source of Variation
Interaction

Month

Seaweed

Source of Variation
Interaction

Month

Seaweed

Residual

Number of missing values
Bonferroni posttests

Fucus vs Asco
Seaweed

May

June

July

Aug

Sep

Oct&Nov

Seaweed
May
June
July

Aug

Sep
Oct&Nov

% of total variation

19.28
3.26
31.95

P value summary

*hk

344

Fucus
3.320
3.378
2.880
3.173
2.825
2.854

Difference
0.5308
-0.1833
1.237
-0.07356
-0.1984
-0.07463

P value
< 0.0001
0.0265
< 0.0001

Significant?
Yes
Yes
Yes

Sum-of-squares
5.324

0.9014

8.822

13.38

Asco
3.851
3.194
4117
3.099
2.626
2.779

2.342
0.9268
5.108
0.3036
0.8499
0.3871

Mean square
1.065
0.9014
1.764

0.1761

Difference
0.5308
-0.1833
1.237
-0.07356
-0.1984
-0.07463

P value
P >0.05
P >0.05
P<0.001
P >0.05
P >0.05
P >0.05

6.047
5.119
10.02

95% Cl of diff.
-0.2862 to 1.348

-0.8965 to 0.5298

0.3640 to 2.111

-0.9470 to 0.7998

-1.040 to 0.6432

-0.7697 to 0.6204

Summary
ns
ns
*kk
ns
ns
ns
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Bonferroni posttests

May vs Jun

Fucus 3.320 3.378 0.05787  -0.6069 to 0.7227

Fucus 0.05787 0.2838 P >0.05

=}
7]

Seaweed May July Difference 95% Cl of diff.

Asco 3.851 4.117 0.2663 -0.5236 to 1.056

Seaweed Difference t P value Summa

Asco 0.2663 1.099 P >0.05 ns

May vs Au

Fucus 3.320 3.173 -0.1468  -0.8857 to 0.5921

Fucus -0.1468 0.6479 P >0.05

>
7]

Seaweed Ma Sep Difference 95% CI of diff.

Asco 3.851 2.626 -1.224  -2.014 t0 -0.4344

Seaweed Difference t P value Summa

Asco -1.224 5.053 P<0.001 e

May vs Oct&Nov

Fucus 3.320 2.854 -0.4662 -1.115 t0 0.1828

*

Fucus -0.4662 2.342 P <0.05

Seaweed Jun Jul Difference 95% CI of diff.

Asco 3.194 4.117 0.9226 0.2015 to 1.644

Seaweed Difference t P value Summa

Asco 0.9226 4.172 P<0.001 i

Jun vs Aug

Fucus 3.378 3.173 -0.2047  -0.9258 to 0.5164

Fucus -0.2047 0.9256 P >0.05

>
(7]

Seaweed Jun Sep Difference 95% ClI of diff.
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Asco 3.194 2.626 -0.5680 -1.289 to 0.1530

Seaweed Difference t P value Summa

*

Asco -0.5680 2.568 P <0.05

Jun vs Oct&Nov

Fucus 3.378 2.854 -0.5240 -1.153 to 0.1046

*

Fucus -0.5240 2.718 P <0.05

Seaweed Jul Au Difference 95% CI of diff.

Asco 4.117 3.099 -1.018  -1.807 to -0.2276

Seaweed Difference t P value Summa

Asco -1.018 4.200 P<0.001 i

July vs Sep

Fucus 2.880 2.825 -0.05479  -0.8160 to 0.7064

Fucus -0.05479 0.2347 P >0.05

>
7]

Seaweed Jul Oct&Nov Difference 95% CI of diff.

Asco 4.117 2.779 -1.338  -2.059 to -0.6169

Seaweed Difference t P value Summary

Asco -1.338 6.050 P<0.001 i

Aug vs Sep

Fucus 3.173 2.825 -0.3482 -1.109 to 0.4129

Fucus -0.3482 1.492 P >0.05

>
7]

Seaweed Au Oct&Nov Difference 95% CI of diff.

Asco 3.099 2.779 -0.3204 -1.041 to 0.4007

Seaweed Difference t P value Summary

Asco -0.3204 1.449 P >0.05 ns

Sep vs Oct&Nov

Fucus 2.825 2.854 0.02890 -0.6453 to 0.7031

Fucus 0.02890 0.1398 P >0.05 ns
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Annex 5. Two-way analysis of pure fucoidan content from F. vesiculosus and A. nodosum

(Month*Seaweed)
Two-way ANOVA

Source of Variation % of total variation P value

Seaweed 6.67 0.0049

Interaction ** Yes

Month e Yes

Source of Variation Df  Sum-of-squares = Mean square F

Seaweed 1 1.738 1.738 8.391

Residual 7 15.95 0.2071

Number of missing values 55

Bonferroni posttests

Fucus vs Asco

May 0.1367  -0.5289 to 0.8023

July 1.232 0.5201 to 1.943

Sep 2.560 2.322 -0.2383  -0.9240 to 0.4474

May 0.1367 0.5560 P >0.05 ns

July 1.232 4.687 P<0.001 e

Sep -0.2383 0.9413 P >0.05 ns



Bonferroni posttests

May vs June

Fucus

2.885

Fucus

-0.1350

Seaweed Mai

Asco
Seaweed
Asco

May vs Aug

Fucus

3.022
Difference

0.7667

2.885

Fucus

-0.3067

Seaweed Mai

Asco

Seaweed

Asco

3.022
Difference

-0.7000

Mai vs Oct

Fucus

Fucus

Seaweed
Asco
Seaweed
Asco

June vs Aug

Fucus

Fucus

Seaweed
Asco
Seaweed
Asco

June vs Oct

Fucus

2.885

-0.3705

June

2.984

Difference

0.8039

2.750

-0.1717

June

2.984

Difference

-0.6628

2.750 -0.1350
0.6105 P >0.05
Jul Difference
3.788 0.7667
t P value
2.918 P<0.01
2.578 -0.3067
1.248 P>0.05
Sej Difference
2.322 -0.7000
t P value
2.664 P <0.05
2.515 -0.3705
1.752 P>0.05
Jul Difference
3.788 0.8039
t P value

3.351 P<0.01
2.578 -0.1717
0.7157 P >0.05

Difference
-0.6628
P value

P <0.05

-0.8557 to 0.5857

ns

95% Cl of diff.

-0.08959 to 1.623

Summar:

*k

-1.108 to 0.4943

ns

95% CI of diff.

-1.556 to 0.1563

Summa

-1.060 to 0.3187

ns

95% Cl of diff.

0.02223 to 1.586

Summary

*k

-0.9533 to 0.6100

ns

95% ClI of diff.

-1.444 10 0.1189

Summa

-0.9021 to 0.4311
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Fucus -0.2355 1.151 P >0.05 ns

. |
Seaweed Juli Aui Difference 95% CI of diff.

Asco 3.788 2.833 -0.9550 -1.811 to -0.09874
Seaweed Difference t P value Summa
Asco -0.9550 3.635 P<0.01 **

Juli vs Sei

Fucus 2.557 2.560 0.003333 -0.8218 to 0.8284
Fucus 0.003333 0.01316 P >0.05 ns
CdulyvsOet
Seaweed Jul Oct Difference 95% ClI of diff.

2515 -0.04212  -0.7948100.7106
Asco 3.788 2.610 -1.178 -1.960 to -0.3967
Seaweed Difference t P value Summa
Asco -1.178 4.913 P<0.001 x

Aui vs Sei

Fucus 2.578 2.560 -0.01833 -0.8434 to 0.8068
Fucus -0.01833 0.07241 P >0.05 ns
[AugvsOct
Seaweed Au Oct Difference 95% ClI of diff.
—_
Asco 2.833 2.610 -0.2233 -1.005 to 0.5583

Seaweed Difference t P value Summa
Asco -0.2233 0.9311 P >0.05 ns
Sep vs Oct

Fucus 2.560 2.515 -0.04545 -0.7625 to 0.6716

Fucus -0.04545 0.2066 P >0.05 ns



