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Abstract: The aim of this study was to elucidate some mechanisms of radical scavenging and the
anti-inflammatory, anti-hyperglycemic, and anti-coagulant bioactivities of high molecular weight
fucoidan from Fucus vesiculosus in several in vitro models. Fucoidan has displayed potent 1, 1-diphenyl-
2-picryl hydrazil radical scavenging and reduction power activities. It significantly inhibits the
cyclooxygenase-2 (COX-2) enzyme (ICsy 4.3 pug mL™!) with a greater selectivity index (Ig(ICgp
COX-2/ ICgyCOX-1), —1.55) than the synthetic non-steroidal anti-inflammatory drug indomethacin
(Ig(ICgy COX-2/ICgyCOX-1), —0.09). A concentration-dependent inhibition of hyaluronidase enzyme
with an ICsg of 2.9 pg mL~! was observed. Fucoidan attenuated the lipopolysaccharide-induced
expression of mitogen-activated protein kinase p38. Our findings suggest that the inhibition of
dipeptidyl peptidase-IV (DPP-IV) (IC5p 1.11 pg mL™1) is one of the possible mechanisms involved in
the anti-hyperglycemic activity of fucoidan. At a concentration of 3.2 pg mL~!, fucoidan prolongs the
activated partial thromboplastin time and thrombin time by 1.5-fold and 2.5-fold compared with a
control, respectively. A significant increase of prothrombin time was observed after the concentration
of fucoidan was increased above 80 ug mL~!. This evidenced that fucoidan may have an effect on
intrinsic/common pathways and little effect on the extrinsic mechanism. This study sheds light on the
multiple pathways of the bioactivities of fucoidan. As far as we know, the inhibition of hyaluronidase
and DPP-IV by high molecular fucoidan was studied for the first time in this work. Our results
and literature data suggest that molecular weight, sulfate content, fucose content, and polyphenols
may contribute to these activities. It seems that high molecular weight fucoidan has promising
therapeutic applications in different pharmacological settings. Anti-oxidant, anti-inflammatory and
anti-coagulant drugs have been used for the management of complications of COVID19. Taken as a
whole, fucoidan could be considered as a prospective candidate for the treatment of patients with
COVID19; however, additional research in this field is required.

Keywords: fucoidan; cyclooxygenase; dipeptidyl peptidase IV; anti-inflammatory; anti-hyperglycemic;
anti-coagulant; COVID19

1. Introduction

Natural sources such as marine flora are of interest in the development of new effective medicines.
In this context, marine algae represent one of the richest sources of bioactive compounds [1].
Fucoidans are biologically active sulfated polysaccharides that are synthesized by brown algae.
Their analogues have not yet been found in terrestrial organisms. In recent years, fucoidans have
become the subject of increased attention and numerous studies. They represent an extensive class
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of biopolymers, the content and structure of which varies depending on the type of algae, their
places of growth, harvest season and other factors [2-5]. Fucoidan is renowned as a substance
with a broad spectrum of biological activities including anti-oxidant [6-8], anti-inflammatory [9,10],
anti-diabetic [11,12], anti-coagulant [13-15], anti-thrombotic [16], and anti-viral [17] activity, etc.,
and has been used for oral [16,18-20] and topical [21,22] applications.

It is reported that brown seaweed is resistant to oxidative stress under salt conditions; the absence
of oxidative damage in biochemical parameters caused by stress suggests that they contain anti-oxidant
metabolites [23]. Chronic oxidative stress has been shown to play an important role in the occurrence
of chronic diseases such as inflammatory pathogenesis and type 2 diabetes [24].

One of the possible mechanisms of the anti-inflammatory action of various drugs is the inhibition of
the arachidonic acid cascade and the synthesis of prostaglandins and leukotrienes [25]. Cyclooxygenase
1/2 (COX-1/COX-2), key enzymes of this cascade, are promising targets for anti-inflammatory drugs [26].
The synthesis of pro-inflammatory cytokines is initiated by intracellular signaling, one of the links
of which involves mitogen-activated protein kinases (MAPK). When cells are stimulated with
inflammatory factors, MAPK are phosphorylated and activate factors that trigger the transcription of
inflammatory mediators (including interleukins, COX-2, arachidonic acid, etc.) [27,28]. Hyaluronidase
is an enzyme located in connective tissues which plays an important role in the development of
inflammatory diseases, since the destruction of the connective tissue promotes the spreading of
chemotactic factors of inflammation [29]. The inhibition of hyaluronidase prevents tissue damage
and is capable of suppressing brain metastasis [30]. Therefore, it is reasonable to study the effects of
fucoidan on the COX-1/2 enzymes, MAPK, and hyaluronidase.

Insufficient glycemic control of patients with diabetes is one of the leading causes of death.
Dipeptidyl peptidase-IV (DPP-1V) is an enzyme that is involved in the inhibition of the rapid
degradation of incretin hormones, which prevents postprandial hyperglycemia. Inhibiting DPP-IV
prolongs the action of incretins, which reduces glucose production and increases insulin production [31].
Anti-hyperglycemic effects of fucoidans have been reported in the literature [32]. DPP-IV inhibitors
have been investigated as a new therapy; however, the mechanisms of fucoidan have been not proven.

Due to its anti-coagulant properties, fucoidan has gained increasing attention from scientists.
The mechanisms of anti-coagulant action of fucoidan are predominantly related to the in vitro
potentiation of the activated partial thromboplastin time (APTT), thrombin time (TT), and prothrombin
time (PT). Fucoidans with low and middle molecular weight have been the focus of several
studies [33-35], while little is known about high molecular weight fucoidans.

A number of studies and reviews have summarized the biological activities of fucoidans; however,
these polysaccharides are heterogeneous, and their structure and activity vary depending on the
source, processing techniques, molecular weight, etc. [7,19,36,37]. The molecular weight of fucoidans
shows a vast divergence from 43 up to 1600 kDa [38]. The variation between fucoidans is reflected in
sulfate content (9%—40%), fucose (25%-93%), uronic acid (up to 25%), and neutral sugars [3]. Thus,
each fucoidan isolated from a seaweed is a compound with a unique structure and consequently
has potential specific biological activities. The majority of articles have focused on low molecular
weight fucoidans.

As a continuation of our exploration of fucoidan recovered from Fucus vesiculosus L. of the
Barents Sea, the aim of this study was to elucidate some mechanisms of radical scavenging and the
anti-inflammatory, anti-hyperglycemic, and anti-coagulant bioactivities of high molecular weight
fucoidan from Fucus vesiculosus of the Barents Sea in several in vitro models. As far as we know,
the inhibition of hyaluronidase and DPP-IV by high molecular fucoidan was studied for the first time
in this work.

2. Results and Discussion

The radical scavenging and the anti-inflammatory, anti-hyperglycemic, and anti-coagulant
activities of fucoidan from F. vesiculosus were evaluated using different in vitro assays.
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2.1. Radical Scavenging Activities

The 1, 1-Diphenyl-2-picryl hydrazil (DPPH) radical-scavenging model is one of the convenient
tools for estimating the free radical-scavenging activities. The radical scavenging capacity of fucoidan
arises from its ability to donate hydrogen atoms towards the DPPH free radical (purple), thereby forming
DPPH-H (yellow) [14]. We have found that the scavenging ability of fucoidan was concentration-related
(Figure 1). The ICs( of fucoidan was equal to that of quercetin (Table 1). A similar result was observed
for the ascorbic acid equivalent anti-oxidant capacity (AEAC) for fucoidan and quercetin. Flavonoids
are also electron donors, and electron donation is mainly derived from the flavonoid’s B-ring [39].
Therefore, quercetin was used as a standard anti-oxidant in this test. Thus, fucoidan has a lower
free-radical scavenging activity than that of synthetic anti-oxidants, but its activity is comparable to
that of the natural anti-oxidant quercetin, especially at concentrations above 0.06 mg mL~! (Figure 1).

Table 1. Comparison of 1, 1-Diphenyl-2-picryl hydrazil (DPPH) radical scavenging activities of the
fucoidan extracted from F. vesiculosus, and reference compounds, Mean + SD, (n = 3). AEAC: ascorbic
acid equivalent anti-oxidant capacity.

Sample ICsp (mg mL~1) AEAC (mgAA/100 g)
Fucoidan 0.035 + 0.002 914 + 28
Quercetin 0.026 + 0.001 1231 + 56
Butylated hydroxyanisole (BHA) 0.00059 + 0.00005 54237 + 22
Butylated hydroxytoluene (BHT) 0.00092 + 0.00003 34783 + 14
Ascorbic acid (AA) 0.00032 + 0.00002

A similar specificity was described for fucoidans from Undaria pinnatifida. Crude fucoidan (sulfate
content 23%, fucose 29 mol%, xylose 30 mol%, galactose 23 mol%, glucose 3 mol%, uronic acid 4 mol%)
and fucoidan with a molecular weight (Mw) cut off of 300 kDa (sulfate content 20%, fucose 27 mol%,
xylose 3 mol%, galactose 18 mol%, glucose 2 mol%, uronic acid 4.6 mol%) exhibited significantly
lower antioxidant activities (7.4 pg mL~! and 9.0 pg mL~! trolox equivalent, respectively) compared to
both ascorbic acid (AA) and butylated hydroxyanisole (BHA) (244 g mL~! and 235 ng mL! trolox
equivalent, respectively) in DPPH assay [8]. The same trend was observed for fucoidan from brown
seaweed Sargassum binderi with an Mw cut off of 2000 Da [40]. This fucoidan was less potent in the
scavenging of DPPH (ICsp 2.0 mg mL™!) when compared with our fucoidan, while the ICs; value
reported by authors for BHA, butylated hydroxytoluene (BHT), and AA are in agreement with our
data (Table 1).
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Figure 1. DPPH radical scavenging activity for fucoidan. Each value represents the mean + SD of
three determinations.
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It is noteworthy that the activity of our fucoidan was much higher in DPPH assay than the
activity of fucoidan (Mw 34.4 kDa, sulfate content 27.1%, fucose 41.2 mol%, galactose 6 mol%, glucose
6 mol%, xylose 15 mol%, mannose 11.3 mol%, uronic acid 24.6 mol%) from Ascophyllum nodosum
(30.4% scavenging of DPPH at 10 mg mL ™) [41] or fucoidan with unknown molecular weight (sulfate
content 21.2%, fucose 76.8 mol%, galactose 23.2 mol%, total phenolics 5.6%) from F. vesiculosus
(23% scavenging of DPPH at 1 mg mL™1) [42].

In the reducing power assay, the absorbance increased linearly with the concentration of fucoidan
(Figure 2). This evidences its ability to donate electrons. Since the electron acceptor (Fe3*(CN)¢)
was added to excess in the assay method, the range of concentrations (0-2.5 mg mL ! reaction) was
chosen so that the absorbance did not exceed 1.5 U, as a higher absorbance decreases the accuracy
due to the logarithmic relation between absorbance and transmittance [43]. From the absorbance plot,
an arbitrary point at RCy 55y (reducing capacity at 0.5 absorbance unit) could be obtained to indicate
the potency of a test substance. This is a convenient point for comparison with an electron-donating
anti-oxidant, such as quercetin (Figure 2), to obtain a quercetin equivalent reducing capacity (QERC)
value. The RCy5ayu values were 1.48 mg mL ™! for fucoidan and 0.11 mg mL~! for quercetin. The QERC
value for fucoidan was 7432 + 62. The reducing power of fucoidan from Sargassum binderi (0.6 mg
gallic acid equivalents (GAE) 100 g~!) was significantly lower than that of BHA (63.6 mg GAE 100 g™ 1),
BHT (32.4 mg GAE 100 g~ 1), or AA (42.3 mg GAE 100 g~1) [40].

The reducing power of fucoidans from Durvillaea antarctica (Mw 482 kDa, molar rate 0.2, 26.2,
0.9,2.9, and 2.7 for fucose, glucose, xylose, galactose, mannose, and sorbose, respectively) and from
Ulva lactuca (Mw 466 kDa, molar rate 1.1, 1.9, 0.2, 0.5, 0.3, 6.7, and 0.5 for fucose, glucose, galactose,
arabinose, xylose, mannose, and sorbose, respectively) were approximately two folds lower than for
our fucoidan [44]. It should be noted that the reducing power of fucoidan from Ascophyllum nodosum
at the concentration of 3 mg mL ~! [41] was equal to the reducing power of our fucoidan at the same
concentration. A noteworthy radical scavenging potential (ICsg 0.045 mg mL~! in DPPH assay and
399.35 g mg ! ascorbic acid equivalent in reducing power) was found by Phull et al. for commercial
fucoidan from Undaria pinnatifida [45]. However, the authors have not provided information about the
Mw and composition for this fucoidan.
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Figure 2. Reducing power for fucoidan. Each value represents the mean + SD of three determinations.
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The factors determining the radical scavenging activity of fucoidan are comprehensive, and there
is not a single factor [7,46]. He et al. observed that sulfated polysaccharides from different seaweeds
with an Mw of 404482 kDa and total sugar content 23%-64% were more active radical scavengers than
the non-sulfated polysaccharide with an Mw of 591 kDa [44]. The anti-oxidant activities of sulfated
polysaccharides from Corallina officinalis show a positive correlation with the sulfate content [47];
the sulfate content may be affected by purification techniques [48]. Yuan and Macquarrie demonstrated
that the reducing power of fucoidan was increased with higher sulfate content and molecular weight [41].
However, the relationship between molecular weight and radical scavenging activities is not simply
linear [49].

The sulfate content and molecular weight are not the only factors influencing radical scavenging
activity. It was reported that crude fucoidans in the presence of polyphenols had a stronger radical
scavenging activity than purified fucoidan [49-51]. A high and significant correlation between
phenolics content and DPPH radical scavenging activity was demonstrated for Icelandic seaweed
extracts [52]. Potent radical scavenging derivatives of phloroglucinol were isolated from ethanol
extract of F. vesiculosus. Trifucodiphlorethol A, trifucotriphlorethol A, and fucotriphlorethol A showed
inhibition of DPPH with an ICs of 10.0-14.4 pg mL~! [53].

Our results suggest that high molecular weight fucoidan from F. wvesiculosus is a good
radical scavenging agent. This activity could be related to its molecular weight and sulfate and
polyphenol contents.

2.2. Anti-Inflammatory Activities

The anti-inflammatory activity and associated molecular mechanisms of fucoidan have gained
significant attention [45]. In this study, the anti-inflammatory properties of fucoidan were assessed in
different test systems such as by the inhibition of COX, hyaluronidase, and MAPK p38 enzymes.

Our efforts commenced by evaluating the inhibitory activity towards both isoforms of
pro-inflammatory cyclooxygenase (COX-1 and 2) enzymes. It was found that fucoidan concentration-
dependently inhibits the activity of both isoforms of the COX enzyme in a concentration range of
0.1-10 pg mL™! (Figure 3). Fucoidan exhibited potent COX-2 inhibitory activity (ICsp 4.3 ng mL™),
which was found to be higher than the level of COX-1 inhibition (IC5y 27 pg mL71). A higher
selectivity index (lg ICgy COX-2/COX-1 —1.55) was calculated for fucoidan than for the reference
drug indomethacin (Ig ICgy COX-2/COX-1 —0.09). COX-1 is expressed constitutively in almost all
cell types. COX-1 controls the production of prostaglandins, which regulate the integrity of the
gastrointestinal mucosa, platelet function and renal blood flow, and COX-2 is involved in the synthesis
of prostaglandins involved in inflammation. Moreover, COX-2 is not present under normal conditions,
but is formed under the influence of some tissue factors initiating the inflammatory reaction [54,55].
It is assumed that the anti-inflammatory effect of non-steroidal anti-inflammatory drugs is associated
with the inhibition of COX-2, and their adverse side effect is associated with the inhibition of COX-1.
In this regard, fucoidan from F. vesiculosus is promising.

The inhibition of COX enzymes by fucoidan was reported previously in cell lines [56] and
suggested in silico [57]. According to in silico calculations, the bonding energy required by fucoidan
binding to COX-1 and COX-2 was almost half of that required by acetylsalicylic acid. This represents
evidence for the high potential for fucoidan as an inhibitor of COX-1 and COX-2 [57]. In most studies,
the inhibition of COX-2 by fucoidan was observed. As a result of the study of three fractions of
fucoidan from Ecklonia cava, it was found that fraction F3 (with a low Mw of 88.3 g mol~!, high sulfate
content of 39.1%, high fucose 77.9 mol%, rhamnose 2.3 mol%, galactose 10.1 mol%, glucose 2.2 mol%,
xylose 7.5 mol%) was a very strong inhibitor of NO by down-regulating the expression of iNOS,
COX-2, and pro-inflammatory cytokines in raw 264.7 murine macrophage cells stimulated with
lipopolysaccharide (LPS). The authors believe that the level of NO released from macrophages was
proportionally related to the Mw and sulfate content of the fucoidan [58]. Commercial fucoidan from
Undaria pinnatifida (with high sulfate and fucose content, and unknown Mw) at the concentrations
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of 0-100 pg mL~! down-regulated the expression of COX-2 in a concentration and time-dependent
manner in rabbit articular chondrocytes [59]. It should be noted that this fucoidan showed a radical
scavenging activity very similar to that exhibited by our fucoidan from F. vesiculosus (Section 2.1).

The alcohol-induced up-regulation of COX-2 in murine liver was markedly attenuated in the
presence of commercial fucoidan from F. vesiculosus (purity > 95%, with peaks of Mw 680 kDa,
190 kDa, and 6.6 kDa, molar rate 1:0.03:0.02:0.04:0.2:1.2 for fucose, galactose, mannose, xylose,
uronic acid, and sulfate, respectively). The effective doses were 30-60 mg kg~! [60]. The fucoidan
fraction from Turbinaria ornata (sulfate content 38.3%, polyphenols 0.25%, Mw not reported, fucose
86.4 mol%, rhamnose 0.4 mol%, galactose 1.7 mol%, glucose 0.8 mol%) concentration-dependently
(25-100 g mL™!) suppressed the expression of COX-2 and pro-inflammatory cytokines in LPS-induced
RAW 264.7 macrophages [61].

Recently, the inhibition of COX-1/2 (human) by fucoidan from different sources was investigated
in vitro using AChE competitive ELISA [20]. Commercial crude fucoidan from F.vesiculosus
(Mw 20-200 kDa, sulfate content 23%, fucose 33 mol%, uronic acid 8 mol%) significantly inhibited
COX-1 activity with ICsy 22.8 ng uL~! but did not attenuate COX-2. The fucoidan extract with a
low Mw from Cladosiphon novae-caledoniae (sulfate content 14.5%, fucose 73 mol%, xylose 12 mol%,
mannose 7 mol%) inhibited COX-1 and COX-2 with ICsg values of 19.35 ng L. ™! and 80.64 ng uL~!,
respectively. In the same experiments, commercial purified (>95%) fucoidan from F. vesiculosus with a
peak Mw of 68.6 KDa did not show a COX-1/2 inhibitory effect. The authors of this study speculated
that the purification of fucoidan could lead to a decrease of sulfating and resulted in a decrease of
COX inhibition [20]. This hypothesis, as well as the results of previously described studies [58,59],
is consistent with our above-mentioned results showing the promising inhibition of both COX-1 and
COX-2 by fucoidan from F. vesiculosus with a sulfate content of 27%. It is noteworthy that all discussed
fucoidans were rich in fucose. The polyphenols presented in our fucoidan could contribute to COX
inhibition as well. In particular, phloroglucinols from an ethanol extract of F. vesiculosus inhibited
COX-1 with an ICsq of 3944 pg mL~! [53].
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Figure 3. The inhibitory effect of fucoidan on the cyclooxygenase (COX)-1 and COX-2 enzymes.
Each value represents the mean + SD of three determinations.
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The anti-hyaluronidase activity of fucoidan from F. vesiculosus was compared with the officinal
medicine Alflutop® (Biotehnos S.A, Otopeni, Romania) which is recommended as a chondroprotective
drug with anti-hyaluronidase and anti-inflammatory activity [62]. Alflutop is a bioactive complex
from small fish species which contains glycosaminoglycans, essential amino acids, essential fatty acids,
glycerophosphates, and microelements [63]. Both fucoidan and the positive control Alflutop have
been shown to inhibit hyaluronidase enzyme activity in a concentration-dependent manner. The ICs
value for the fucoidan was 2.9 ug mL~!, while that for Alflutop was 3.3 ug mL~!. Fucoidan isolated
from Undaria pinnatifida was capable of inhibiting hyaluronidase activity in a concentration-dependent
manner with an ICsy of 13.0 ug mL~!. This fucoidan had a molar composition of fucose: galactose:
glucuronic acid: sulfuric acid of 1.0:1.0:0.04:5.2 [29]. Our fucoidan from F. vesiculosus contained fucose,
glucose, galactose, xylose, mannose, and arabinose at a molar ratio of 1.0:0.16:0.05:0.09:0.03:0.03,
respectively [18]. We assumed that the significant contribution to the anti-hyaluronidase activity of
fucoidan could be attributed to fucose.

In the next stage of our study, the anti-inflammatory effect of fucoidan extracted from F. vesiculosus
was assessed in human mononuclear U937 cells. The stimulation of U937 with LPS resulted in
the direct activation of MAPK p38. The results presented in Table 2 indicate that MAPK p38 was
concentration-dependently inhibited by fucoidan. Interestingly, fucoidan was a more potent inhibitor
of MAPK p38 than the specific inhibitor SB203580.

Table 2. Effect of fucoidan on the phosphorylation of mitogen-activated protein kinase (MAPK) p38 in
the human mononuclear U937 cells stimulated with lipopolysaccharides (LPS). Mean + SEM, (n = 6).

Sample, Concentration Percentage of MAPK p38 (%)
Intact cells (no stimulation with LPS) 23.0+1.2
Control cells stimulated with LPS (1 ug mL1) 100

SB203580 (1.88 ug mL™1) + LPS 41.0+1.8
Fucoidan (0.25 pg mL~!) + LPS 17.0+ 0.6
Fucoidan (0.125 pg mL~1) + LPS 20.0 0.5
Fucoidan (0.05 ug mL~1) + LPS 31.0 0.9
Fucoidan (0.025 pg mL~!) + LPS 53.0 + 0.8
Fucoidan (0.0125 pug mL~1) + LPS 56.0 + 0.9
Fucoidan (0.00625 pg mL™1) + LPS 77.0 £ 0.9

Our results are consistent with previous studies demonstrating that commercial fucoidan purified
from Fucus vesiculosus (composition is not provided) significantly suppresses the LPS-induced release
of NO, prostaglandin E, (PGE2), monocyte chemoattractant protein (MCP-1), interleukin (IL)-1f3,
and tumor necrosis factor (TNF)-« by the inhibition of nuclear factor kappa B (NF-«B), Akt, extracellular
signal-regulated kinase (ERK), MAPK p38, and c-Jun N-terminal kinases (JNK) activation in BV2
microglia cells [56]. Additionally, the MAPK pathway is an insulin signaling cascade. Commercial
fucoidan from Fucus vesiculosus (composition not provided) inhibits adipocyte differentiation though
the MAPK p38 pathway in 3T3-L1 preadipocytes [64]. Fucoidan-like crude polysaccharide from
Sargassum horneri (sulfate content 12%, polyphenols 3.9%) attenuates the phosphorylation of MAPK
p38 at a concentration of 100 pg mL~! [65].

Taken together, these results and literature data suggest that fucoidan has significant
anti-inflammatory activity that involves different pathways: the inhibition of COX-1/2, hyaluronidase
and MAPK p38. Apparently, the sulfate content, fucose content, and polyphenols may contribute to
these activities.

2.3. Anti-Hyperglycemic Activity

We have found a concentration-dependent inhibition of the enzyme DPP-IV by fucoidan at the
concentration range of 0.02-200 pg mL~!. The IC5y was 11.1 ug mL~! and the maximum inhibition
degree was 60%~75%, while for the reference preparation of sitagliptin, the ICsy was 3.8 g mL~".
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In recent years, the DPP-IV enzyme has become an important new drug target for diabetes, and the
efforts of the pharmaceutical industry have led to the development of DPP-IV inhibitors with good
safety and efficacy profiles. There are few data regarding the inhibitory effect of brown algae extracts
on DPP-IV activity. The value of IC5p for methanol and acetone extracts from Turbinaria ornata
seaweed was 55.2 ug mL~! [66]. A similar activity was also demonstrated for methanol extracts of
algae Sargassum polycystum and S. wightii: ICsq values were 38.3 and 36.9 ng mL™!, respectively [67].
However, the polysaccharide content in these extracts was not provided.

As far as we know, our findings suggest for the first time that the inhibition of DPP-IV is one of
the possible mechanisms involved in the anti-hyperglycemic effect of fucoidan.

2.4. Anti-Coagulant Activity

The anti-coagulant activity of fucoidan was determined by activated APTT, TT, and PT assays
in vitro that characterized two pathways of the coagulation process. The intrinsic pathway was
mainly evaluated by the APTT assay, whereas in the PT assay, coagulation was triggered through
the extrinsic pathway [68]. These pathways merge at the common point in which prothrombin is
converted to thrombin, which leads to the formation of fibrin threads [34]. Fucoidan induced the
concentration-dependent prolongation of APTT, TT and PT (Figure 4A—C). The effect of fucoidan
on APTT and TT was more pronounced than on PT. In APTT assay, fucoidan at the concentration
of 3.2 ug mL™! extended the clotting time by up to 46.1 s (by 1.5-fold longer compared with the
control) (Figure 4A). This was equal to the effect of 0.048 TU mL! heparin (clotting time 44.5 s).
The maximal prolongation by 2.5-fold was observed for fucoidan at 10 pg mL~'. Apparently, our
fucoidan was more active than fucoidan isolated from cloned Grateloupia filicina (Mw 11.7 kDa, sulfate
content 19.9%, molar rate 0.11:0.08:1.0:0.01:0.11:0.02 for fucose, glucose, galactose, mannose, xylose,
and glucuronic acid, respectively) which increased APTT by 2.5-fold compared to the control at the
concentration of 30 ug mL~! [69]. Similar patterns in clotting time were observed regarding the
effect of our fucoidan on TT, where fucoidan (3.2 pg mL™!) extended the clotting time by 2.2-fold
compared with the control (Figure 4B). Our results are consistent with those reported for fucoidan from
F. vesiculosus (Mw 150 kDa, sulfate content 9.1%, fucose 92.5 mol%, galactose 7.5 mol%) [33], fucoidan
from F. vesiculosus (Mw 98 kDa, sulfate content 9.8%, fucose 86.8 mol%, galactose 9.0 mol%, xylose
4.2 mol%) [34], and fucoidans from Grateloupia filicina (Mw 11.7 kDa [69] and Mw 1.4 kDa) [70], which
suggested that anti-coagulant activities mainly resulted from the inhibition of the intrinsic coagulation
pathway. An increase in APTT may also be the result of the inhibition of enzymes and cofactors of the
common pathway, and not only the intrinsic pathway.

It is obvious from Figure 4C that fucoidan was not able to prolong PT significantly. The clotting
time at 80 ug mL~! of fucoidan was prolonged from 13.3 s (control) up to 15.2 s. The same clotting
time (15.9 s) was observed for heparin at 0.33 IU mL~!. The increase of fucoidan concentration above
80 ug mL~! led to a greater increase in PT. These observations are of a similar magnitude to those by
Irhimeh et al. [13], who reported that fucoidan from Undaria pinnatifida (sulfate content 29.0 mol%,
fucose 24.8 mol%, galactose 20.4 mol%) at low concentrations (up to 63 mg L~1) had no effect on
PT in vitro; however, with an increase of concentration above 125 mg L~! the PT was increased.
A comparison of the effect of heparin and fucoidan allows us to calculate that the activity of 1 mg of
fucoidan corresponds to the activity of 2.7 IU of heparin on PT and 14.1 IU on APTT, respectively.

The anti-coagulant activity of fucoidan was confirmed in clinic. The oral administration of
fucoidan from Undaria pinnatifida by volunteers (3 g for 12 days) resulted in an increase of APTT from
28 s up to 34 s, whereas TT was decreased from 18.6 s to 17.5 s (p < 0.02), and PT was not changed
statistically significantly [13].
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Figure 4. Anti-coagulant activity of fucoidan measured by activated partial thromboplastin time
(APTT) (A), thrombin time (TT) (B), and prothrombin time (PT) (C) assays. Each value represents the
mean + SD of three determinations. * differences are statistically significant compared with the control,
Student’s t-test p < 0.05.
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Thus, fucoidan from F. vesiculosus showed potent anti-coagulant activities. It prolongs APTT and
TT significantly and concentration-dependently and prolongs PT at high concentrations. This showed
that the studied fucoidan may have an effect on intrinsic/common pathways and little effect on the
extrinsic mechanism. The activity of our fucoidan with high molecular weight and sulfate content is in
line with the literature data, which indicated that the higher anti-coagulant activity of fucoidans is
correlated with high sulfate content and a large Mw [71].

3. Materials and Methods
3.1. Materials

3.1.1. Fucoidan

Fucoidan with an average Mw of 735 kDa was provided by MMBI KSC RAS, Murmansk, Russia.
Fucoidan was extracted from F. vesiculosus by ultrasound-assisted extraction [72] according to the
procedure described previously [18]. The yield of fucoidan was 4.9% by mass. Fucoidan contained
79.5% of neutral carbohydrates, 27.0% of sulfate residues, and 0.7% of uronic acid. Carbohydrates
were represented by fucose (73.5 mol%), glucose (11.8 mol%), galactose (3.7 mol%), xylose (6.6 mol%),
mannose (0.2 mol%), and arabinose (0.2 mol%). The molar ratio of fucose, glucose, galactose, xylose,
mannose, and arabinose was 1.0:0.16:0.05:0.09:0.03:0.03, respectively, as evidenced by high performance
liquid chromatography (HPLC) [18]. According to the literature data, fucoidans from Fucus spp.
are represented mainly by (1—3)- and (1—4)-linked a-l-fucopyranose residues [3,36]. Electrospray
ionization mass spectrometry evidenced that sulfate groups are attached mostly at C-2 and sometimes
at C-4 of sugar residues in fucoidans from brown seaweeds [73].

The concentration of total polyphenols was determined with Folin-Ciocalteu reagent as described
previously [74]. Phloroglucinol (Sigma, St. Louis, MO, USA) was used as reference. The total
polyphenol content was 4.7 + 0.5 mg PGEq g_1 (milligram of phloroglucinol equivalent PGEq per
1 g fucoidan).

3.1.2. Chemicals

Analytical-grade chemicals and solvents for extraction and chromatography were purchased
from local chemical suppliers. Specialized chemicals and reference compounds were purchased
from Sigma Chemical Co. (St Louis, MO, USA) and Cayman Chemical Co. (Ann Arbor, MI, USA).
Reagents for activated partial thromboplastin time (APTT), prothrombin time (PT), thrombin time
(TT), and reference normal human platelet-poor plasma (RNP) (cat. No717) were purchased from
LLC Technology-Standard, Barnaul, Russia. RNP plasma was restored with water and kept at room
temperature for 15-20 min before assay. Deionized water, filtered through a 0.22 pm filter, was used to
reconstitute the calibrators and reagents.

3.2. Radical Scavenging Activity Assays

3.2.1. 1, 1-Diphenyl-2-picryl hydrazil Radical Scavenging Activities

The DPPH radical scavenging activity was determined according to the well accepted procedure.
In brief, fucoidan solution (50 pL in water) was mixed with 50 pL. methanol and DPPH solution
(100 pL), vortexed, and kept in the dark at room temperature for 30 min. The decrease in absorbance
of the mixture was measured at 517 nm against a reagent blank. The DPPH tests were performed in
triplicate. The percentage of inhibition was calculated as follows:

Inhibition (%) = (A—C)/A x 100 1)

where A is the absorbance of the control, and C is the absorbance of the sample.
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The inhibitory concentration (ICsp) or the concentration of the title compound at which it scavenges
50% of radical activities was calculated from the plot with concentrations of the sample against the
percentage of inhibition and expressed in milligrams per milliliter. The ICsy of fucoidan was calculated
and compared with that of butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), quercetin
and ascorbic acid (AA).

The DPPH radical scavenging was then expressed in terms of the ascorbic acid equivalent
anti-oxidant capacity (AEAC), which was calculated based on the equivalent anti-oxidant capacity of
ascorbic acid (AA) with 100 g of sample as follows:

AEAC (mg AA/100 g) = (IC504 o/IC50sample) x 100000 @)

3.2.2. Reducing Power

Reducing power was measured according to the method of Wang et al. [6]. Briefly, 20 pL of the
sample was mixed with 50 pL of phosphate buffer (0.2 M; pH 6.6) and 50 uL of potassium ferricyanide
(1%). The mixture was incubated at 50 °C for 20 min, and 50 pL of trichloroacetic acid (30%) was
added to the reaction followed by a centrifugation step (3000 min~! for 15 min). Finally, 50 uL of the
supernatant solution was mixed with 50 pL of deionized water and 10 uL of FeCl3 (0.1%), and then left
to stand for 10 min. The absorbance was measured at 700 nm in a 96-well plate (200 uL) using xMark
Microplate Spectrophotometer (BioRad, Hercules, CA, USA).

The results were then expressed in terms of quercetin equivalent reducing capacity (QERC), which
was calculated based on the reducing capacity at 0.5 absorbance unit of quercetin (QE) with 100 g of
sample as follows:

QERC (mg QE/100 g) = (RCy5au QE/RCy5au sample) x 100000 3)
3.3. Anti-Inflammatory Activity Assays

3.3.1. Inhibition of Cyclooxygenase

The invitro anti-inflammatory activity of fucoidan was examined using cyclooxygenase
(COX-1 and COX-2) inhibition assays. The inhibition of human recombinant cyclooxygenase COX-1
and COX-2 (Cayman Chemical, Ann Arbor, MI, USA) was assessed according to the manufacturer’s
instructions. Indomethacin (1 ug mL™1) from Sigma (St Louis, MO, USA) was used as reference.
Fucoidan was dissolved in water prior to analysis.

3.3.2. Hyaluronidase Activity

Hyaluronidase activity was assayed as described previously using a modified version of the
Morgan-Elson method [75]. Briefly, 100 puL of the hyaluronic acid (Sigma-Aldrich Co., St Louis,
MO, USA) solution was mixed with 200 pL of buffer at a pH of 3.85, and 500 pL of water in test
tubes. The reaction was started by the addition of 100 uL of hyaluronidase (from bovine, Type IV-S,
Sigma-Aldrich Co., St Louis, MO, USA) with 200 pL of reference or sample and followed with incubation
at 37 °C for 10 min. The enzymatic reaction was stopped by adding of 110 uL of alkaline borate
solution and subsequent heating for 4.5 min in a boiling water bath. The test tubes were then placed
on ice for 30 min, and 3.0 mL of p-dimethylaminobenzaldehyde solution was added. The tubes were
incubated at 37 °C for 20 min. After centrifugation, the supernatant absorbance was measured with a
PharmaSpec 1700 spectrophotometer (Shimadzu, Kyoto, Japan) at 584 nm. Test samples were replaced
by the buffer solution for the control, while the enzyme solution was replaced by a buffer solution for
the blank. The buffer was prepared by dissolving of 0.68 g sodium formate, 0.29 g NaCl, and 0.01 g
bovine serum albumin (BSA) in 45 mL of water. The pH (2.0-5.0) was adjusted with formic acid.

The percentage of inhibition was calculated according to the following equation:

Inhibition (%) = [(A-B) — (C—D)]/(A-B) x 100 @)
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where A is the absorbance of the control, B is the absorbance of the control blank, C is the absorbance
of the sample, and D is the absorbance of the sample blank. The IC5y was calculated using the mean of
three observations from each of the concentrations.

3.3.3. Cell Lines and Cell Culture

The human mononuclear U937 cells were purchased from the Russian Collection of Cell Culture
(Institute of Cytology of Russian Academy of Science, Saint-Petersburg, Russia), and maintained
at 37 °C in a humidified 95% air and 5% CO, atmosphere in RPMI1640 supplemented with 2 mM
glutamine, 10% heat-inactivated FBS, 100 U mL~! penicillin, and 100 ug mL~! streptomycin. Fucoidan
was dissolved in water as a stock solution at a 10 mg mL~! concentration, and the stock solution
was then diluted with the medium to the desired concentration prior to use. Cells derived from the
freeze-down batch were thawed, grown and seeded (106 cells per well) onto 12-well tissue culture
plates and cultured in medium for 24 h. The cells were then stimulated with 1 ug mL~! Escherichia coli
LPS (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C for 1 h. After that, the cells were treated with
SB203580 (Sigma-Aldrich, St. Louis, MO, USA) and various concentrations of fucoidan at 37 °C for 1 h.

3.3.4. Western Blotting

Cells were washed in cold (4 °C) phosphate-buffered saline (PBS; 0.5 mol L~! sodium phosphate,
pH 7.5) and separated by centrifugation (Hermle Labortechnik, Germany) at 1500 rpm™~! for 5 min at
4 °C, harvested by gentle scraping, and used to prepare total protein or nuclear extracts. Cells were
treated with lysis buffer (1 mol L~! Tris-HCl pH 7.5, 1.5 mol L~! NaCl, 10% Triton X-100, 0.2 mol L~
NazVOy, 1 mol L~! NaF, 0.2 mol L~! EDTA, phenylmethylsulphony! fluoride (PMSF), Abcam’s protease
inhibitor cocktail, and Abcam’s phosphatase inhibitor cocktail) for 20 min at 4 °C. The lysates were
then clarified by centrifugation at 15000 rpm~! for 15 min at 4 °C and the supernatant was collected.

The protein concentrations of the extracts were determined using spectrophotometry XMark
(Bio-Rad, USA). For Western blot analysis, 40 ug of protein was desaturated by boiling with Laemmli
buffer (5 min at 100 °C) and subjected to 4%—-14% SDS-polyacrylamide gels, and transferred to
nitrocellulose membranes (Bio-Rad, USA) by electroblotting. The membranes were blocked with 5%
non-fat dry milk in PBS with Tween 20 buffer (PBS-T) (Tris-HCI (pH 7.5), 1.5 mol NaCl, and 0.1% Tween
20) for 1 h at room temperature. Membranes were then incubated overnight at 4 °C with the primary
antibodies, probed with enzyme-linked secondary antibodies, and visualized using a chemiluminescent
detection with LumiGLO® reagent (Cell Signaling Technology, Danvers, MA, USA) according to the
manufacturer’s instructions. After detection the membranes were scanned (Epson Perfection V330
Photo) and processed with Scion Image software (Alpha 4.0.3.2, National Institutes of Health, USA).
The band intensities were used for calculations. Phospho-p38 MAPKantibody rabbit, p38 MAPKXP
rabbit mAb, 3-actin rabbit mAb, and anti-rabbit IgG, HRP-linked antibody were from Cell Signaling
Technology (USA). SB203580 (5 M (1.88 pg mL~"! final concentration) was used as the positive control.

3.4. Anti-Hyperglycemic Activity Assay

The inhibition of human DPP-IV (DPP-1V, Sigma-Aldrich) was assessed by using a chromogenic
substrate method with glycine-proline-p-nitroanilide (Gly-Pro-PNA) as a substrate.

To each well of a 96-well microtiter plate, the enzyme (20 uL, 0.1 IU mL1), substrate (40 uL,
1 mM), and 40 uL of Tris buffer (0.1 M, pH 8.0) were added in turn and mixed. Volumes of 20 uL
of positive control (4 ug mL™1), negative control or sample (0.2-200 pg mL~!) were added, and the
plate was incubated at 37 °C for 30 min. The absorbance of each well was measured at 405 nm every
5 min with microplate Spectrophotometer xMarkTM (Bio-Rad Laboratories, Inc., Hercules, CA, USA).
Each test was performed with five replicates, and the result was given as an average. The test assay
was validated with sitagliptin—a well-known synthetic inhibitor of DPP-IV.
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3.5. Anti-Coagulant Activity Assay

The activated partial thromboplastin time (APTT) was measured according to the method of L.O.
Anderson et al. [76] with minor modification. Platelet-poor plasma samples (0.05 mL) were mixed
with different amounts of fucoidan from F. vesiculosus in water (0.015 mL) solution and incubated for
60 s at 37 °C. Subsequently, 0.05 mL of prewarmed APTT reagent was added and the mixture was
allowed to incubate for 3 min at 37 °C. Prewarmed 0.25 mol L™! calcium chloride (0.05 mL) was then
added, and the APTT was determined by semiautomatic blood coagulation analyzer in a coagulometer
(APG2-02-P, LLC EMCO, Moscow, Russia). Water and solutions of heparin were used as negative and
positive controls, respectively.

Prothrombin time (PT) was determined according to the method of Quick [77] with minor
modification. The reaction mixture containing different concentrations of fucoidan was incubated with
0.05 mL of plasma for 3 min at 37 °C; then, prewarmed PT reagent (0.1 mL) was added, and the time
for clot formation was determined by semiautomatic blood coagulation analyzer. Water and solutions
of heparin were used as negative and positive controls, respectively.

Thrombin time (TT) was determined using the method of Denson and Wang [15,78] with minor
modification. Plasma samples (0.05 mL) were mixed with fucoidan at different concentration levels in
0.9% NaCl (0.05 mL) solution. Subsequently, 0.05 mL of prewarmed TT reagent was added, and the
time for clot formation was determined by a semiautomatic blood coagulation analyzer. Water and
solutions of heparin were used as negative and positive controls, respectively.

3.6. Statistical Analysis

All experimental results were expressed as the mean of triplicate + standard deviation (SD).
Data were analyzed using Statistica version 6.0. Significant differences were considered as p < 0.05.

4. Conclusions

A biological evaluation of fucoidan from F. vesiculosus with a high Mw and sulfate content is
presented for the first time in this work. Our data indicated that the beneficial effects of fucoidan rely
on a variety of cellular and molecular mechanisms such as radical scavenging, down-regulation of
COX-1/2, MAPK p38, inhibition of hyaluronidase, DPP-IV and extension of APTT and TT. As far as we
know, the inhibition of hyaluronidase and DPP-IV by high molecular fucoidan was studied for the
first time in this work. Our results and literature data suggest that molecular weight, sulfate content,
fucose content, and polyphenols may contribute to these activities. High molecular weight fucoidan
may have promising therapeutic applications in different pharmacological settings.

Interestingly, anti-oxidant, anti-inflammatory and anti-coagulant drugs have been used for the
management of COVID19 complications. It has been suggested that a proper dose of anti-oxidants may
ameliorate the cardiac injuries of critically ill patients with COVID19 [79]. Chinese scientists have come
to the conclusion that anti-inflammatory treatment, started at the right time, is crucial in the therapy
of patients with COVID19 [80]. Prophylactic doses of low-Mw heparins are recommended for all
patients who require hospitalization for the management of COVID19 coagulopathy [81]. In summary,
fucoidan could be considered as a prospective candidate for amelioration the treatment of patients
with COVID19; however, additional research in this field is required.
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