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Preface to ”Fucoidans”

Fucoidans are a group of fucose-containing sulfated polysaccharides found in many species

of brown seaweed, with numerous bioactive properties. These days, fucoidans in the market are

highly attractive, because fucoidans isolated from different brown seaweeds have been scientifically

and industrially studied for their potential biological activities, such as anti-inflammatory,

immunomodulatory, antioxidant, anticoagulant, antivirus, and anticancer. Besides, the chemical

structures of fucoidans are unique, due to fucose-rich polysaccharides, containing sulfate groups.

These sulfated polysaccharides are not found in land plants. Therefore, this book entitled

“Fucoidans” will help with the understanding and application of fucoidans, not only in research,

but also in industrial applications.

You-Jin Jeon

Editor
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1. Introduction

As a highly bioactive seaweed substance with many promising physiological activities,
fucoidan has attracted attention from many industries all over the world. Even though
fucoidans are a rich source of bioactive properties, the structural properties and bioactive
mechanisms of fucoidans are poorly understood. Therefore, novel studies that either char-
acterize the physical properties or biological activities of fucoidans will fill the knowledge
gap between industrial applications and the scientific background of those applications.

Both purified and partially purified fucoidans isolated from brown seaweeds present
high potential as preventative and therapeutic agents against a number of chronic dis-
eases due to their anti-inflammatory, antioxidant, anticancer, neuroprotective, antiviral,
antimicrobial, and anticoagulative properties.

This Special Issue is aimed at presenting updated information on well-documented
studies of the structural characterization and major biological actions relevant for medi-
cal, cosmeceutical, and pharmaceutical applications that fucoidans isolated from brown
seaweed can offer.

2. What Is Fucoidan

Fucoidan is a type of sulfated polysaccharide which contains a significant portion of
L-fucose. Fucoidans are mainly extracted from brown seaweeds and one of the well-known
bio-active polysaccharides collected from seaweeds [1]. Earlier Fucoidan was named as
“fucoidin” when it was first separated from seaweeds by Kylin in 1913. According to
the IUPAC rules correct term is fucoidan. However, some people still use fucosan, fucan,
and sulfated fucan instead of fucoidan [2]. In recent years, fucoidan has been extensively
studied due to its beneficial and interesting biological activities [3]. Specifically, fucoidan
possess numerous bioactive properties such as, anti-inflammatory, immunomodulatory,
antioxidant, anticoagulant, antivirus, anticancer, and gastric protective properties.

3. The Structure Characterization

With the effort of the scientific community, several fucoidans’ structures have been
elucidated, and their biological activities have been identified [3]. The structure of fucoidans
is complex in nature and it is very difficult to elucidate the general structure due to
their heterogenous nature [4]. However, the majority of algal fucoidans consist of a
linear backbone of random 1 → 3 or 1 → 4 linked α-L-fucopyranose residues periodically
interrupted by other monosaccharides. Sulfate ester groups are arbitrarily substituted at 2,
3 and/or 4 positions of fucopyranose units, making it a highly heterogenous polymer [1,5].

4. How to Prepare

Fucoidan contents of brown seaweeds depend on a lot of factors such as variety,
harvesting season, and maturity stage of seaweeds. In general, polysaccharides available
in seaweeds can be extracted using water with or without some special enzymes, and
separated by adding organic solvents [6]. However, extractions of cell wall polysaccharides

Mar. Drugs 2021, 19, 284. https://doi.org/10.3390/md19060284 https://www.mdpi.com/journal/marinedrugs
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are little bit difficult with the solvent extraction process. To extract cell wall polysaccharides
such as fucoidan requires lyases in order to increase the extraction efficiency. Therefore,
an enzyme-assisted extraction technique can be employed as an alternative method to
enhance the extraction efficiency of fucoidan for industrial use [7].

In the article by Dörschmann, P. et al. [8], the authors enzymatically extracted Saccha-
rina latissima fucoidan and isolated its low-molecular weight fraction. The results showed
that the enzyme-treated fucoidans and the fractionated low-molecular-weight fucoidans
are very promising for beneficial age-related macular degeneration-relevant biological
activities. In order to modify fucoidans in molecular weights, fucoidans can be hydrolyzed
by enzymes or phyco-chemical treatments and the resultant smaller fucoidans or fucoidan
oligomers might improve bioactivities. In this Special Issue, a native fucoidan extracted
from Sargassum crassifolium pretreated by single-screw extrusion was degraded by ascorbic
acid or hydrogen peroxide. The lower-molecular-weight fucoidan prepared by ascorbic
acid exhibits the highest cytotoxicity to A-549 cells and a strong ability to suppress Bcl-2
expression [9]. Tan, J. et al. [10] isolated fucoidan from Saccharina japonica and prepared its
depolymerized fragment by oxidant degradation. The molecular weights of Fucoidan and
its depolymerized fragment were 136 and 9.5 kDa, respectively. The low-molecular-weight
fucoidan had higher renoprotective activity on adriamycin-induced nephrotic syndrome.
On the other hand, Zayed, A. and Ulber, R. [11] mentioned in their review article that since
a universal protocol for fucoidans production has not been established yet, all the currently
used processes were presented and justified. The review article in the fucoidans field
provided an updated overview regarding the different downstream processes, including
pre-treatment, extraction, purification and enzymatic modification processes, and shows
the recent non-traditional applications of fucoidans in relation to their characters.

5. Important Bioactivities

With the growing interest towards functional materials from natural sources, fucoidans
isolated from different seaweeds have been scientifically and industrially studied aiming
at assessing their potential biological activities such as anti-inflammatory, immunomod-
ulatory, antioxidant, anticoagulant, antivirus, and anticancer properties [5,12]. Besides
the cellular level activities, studies also focused on non-classical studies from fucoidans
such as angiogenesis, treatment of intestinal diseases (inflammatory bowel disease and
gastric ulcers), treatment of metabolic syndrome, and bone health supplements [13,14]. In
this Special Issue, many articles provided bioactivities and physiological functionalities of
fucoidans; for example, fucoidans of Moroccan brown seaweed act as an elicitor of natu-
ral defenses in date palm roots [15] and fucoidan from Ascophyllum nodosum suppresses
postprandial hyperglycemia by inhibiting Na+/glucose cotransporter 1 activity [16]. It is
well known that fucoidans show a protective effect against apoptosis [17] and ultraviolet
B-induced photodamage [18]. On the other hand, one of the important bioactivities of
fucoidans is an anticancer effect. Two articles in the Special Issue published anticancer activ-
ities of fucoidan via inducing apoptosis of cancer cells [19,20]. M. E. Reyes et al. reviewed
brown seaweed fucoidan in cancer, in particular introduced implications in metastasis and
drug resistance [21]. Typical bioactivities of fucoidans are antibacterial and antioxidant.
Fucoidans in this Special Issue exhibited antibacterial effect against Helicobacter pylori in-
fection [22] and antioxidant effect against oxidative stress [23]. Fucoidans can be effective
on skin. Takahashi, M. et al. [24] have studied the improvement of psoriasis by alteration
of the gut environment by oral administration of fucoidan. Furthermore, fucoidans were
recently utilized to create a multilayer film with chitosan to bind fibroblast growth factor-2
for pharmaceutical-grade use [25].

6. Conclusions

Functional food is considered to be any food or food component that provides health
benefits beyond basic nutrition. Recently, considerable attention has been directed by
consumers towards functional ingredients from food, because of the lack of side effects.
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Compared with other polysaccharides, fucoidans are sulfated polysaccharides and are very
active in their functions. In order to be commercially and widely available as functional
food additives, a large number of fucoidans have been investigated in recent years.

Funding: This work was supported by the 2021 education, research and student guidance grant
funded by Jeju National University.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Nephrotic syndrome (NS) is a clinical syndrome with a variety of causes, mainly
characterized by heavy proteinuria, hypoalbuminemia, and edema. At present, identification
of effective and less toxic therapeutic interventions for nephrotic syndrome remains to be an important
issue. In this study, we isolated fucoidan from Saccharina japonica and prepared its depolymerized
fragment by oxidant degradation. Fucoidan and its depolymerized fragment had similar chemical
constituents. Their average molecular weights were 136 and 9.5 kDa respectively. The effect
of fucoidan and its depolymerized fragment on adriamycin-induced nephrotic syndrome were
investigated in a rat model. The results showed that adriamycin-treated rats had heavy proteinuria
and increased blood urea nitrogen (BUN), serum creatinine (SCr), total cholesterol (TC), and total
triglyceride (TG) levels. Oral administration of fucoidan or low-molecular-weight fucoidan for
30 days could significantly inhibit proteinuria and decrease the elevated BUN, SCr, TG, and TC level
in a dose-dependent manner. At the same dose (100 mg/kg), low-molecular-weight fucoidan had
higher renoprotective activity than fucoidan. Their protective effect on nephrotic syndrome was partly
related to their antioxidant activity. The results suggested that both fucoidan and its depolymerized
fragment had excellent protective effect on adriamycin-induced nephrotic syndrome, and might have
potential for the treatment of nephrotic syndrome.

Keywords: fucoidan; low-molecular-weight fucoidan; adriamycin; nephrotic syndrome

1. Introduction

Chronic kidney disease has become a significant public health concern. Nephrotic syndrome (NS) is
a special type of chronic kidney disease, which could be caused by a variety of factors. It is characterized
by heavy proteinuria (more than 3.5 g/d), hypoalbuminemia, and edema [1]. Affected patients without
effective treatment will in time develop end-stage renal disease. The adriamycin-induced nephrotic
syndrome, which was first reported by Bertani et al. in 1982, is a classical nephrotic syndrome model [2].
Adriamycin is a quinone-containing anthracycline antibiotic and can be reduced to a semiquinone
radical by metabolism in the kidney. The latter reacts with oxygen to produce reactive oxygen, inducing
lipid peroxidation in the glomerular epithelial cells and destruction of the structure and function of
the filtration membrane, and leading to progressive and irreversible proteinuria, hypoalbuminemia
and hyperlipidemia [3]. An acute adriamycin-induced nephropathy model is induced by a single tail
vein injection of 5–7.5 mg/kg adriamycin. This model, similar to human minimal change nephrotic
syndrome, has been well characterized as an experimental model for nephrotic syndrome [4].
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Treatment of nephrotic syndrome can slow its progression to end-stage renal disease. However,
the therapies of nephrotic syndrome remain limited [5]. Many clinical and experimental studies
have shown that the pathogenesis of nephrotic syndrome is associated with immune dysfunction.
Immunosuppressive treatment, including corticosteroids, is the first-line treatment for nephrotic
syndrome [6]. However, steroid resistance or steroid dependence is very common and frequently
causes immune dysfunction and complicated infection, leading to end-stage renal failure [7]. Therefore
identification of effective and less toxic therapeutic interventions for nephrotic syndrome remains to be
an important issue.

The brown seaweed, Saccharina japonica, is a common seafood in China and Japan. It was
documented as a traditional herb in traditional Chinese medicine for over a thousand years.
The hot-water decoction of S. japonica is orally administered solely or combined with other herb
extracts, and used for treatment of edema, a symptom of renal disease. Based on its therapeutic
effect, our previous studies revealed that fucoidan, the water-soluble sulfated fucose-containing
polysaccharide from S. japonica, was the main active component to treat edema. Fucoidan from
S. japonica had renoprotective effect on chronic renal failure, diabetic nephropathy and acute kidney
disease [8–11]. Nephrotic syndrome is a special type of chronic kidney disease, whether fucoidan have
protective effect on nephrotic syndrome is still unclear.

As reviewed by Berteau and Mulloy [12], algal fucoidan represents a rather heterogeneous
group of sulfated polysaccharides with complex and heterogeneous structures devoid of regularity.
The structure of fucoidan extracted from S. japonica was much more complicated [13]. Its backbone was
primarily consisted of (1→3)-linked-α-L-fucopyranose residues and a few (1→4)-α-L-fucopyranose
linkages. The branch points were at C-4 of 3-linked -α-L-fucopyranose residues byβ-D-galactopyranose
unites or at C-2 of 3-linked -α-L-fucopyranose residues by non-reducing terminal fucose units. Sulfate
groups occupied at position C-4 or C-2, sometimes C-2, 4 to fucose residues, and C-3 and/or C-4 to
galactose residues. Besides fucose, fucoidan from S. japonica also contains minor galactose, mannose,
glucose, rhamnose, and xylose. Fucoidans have been reported to have diverse bioactivities, such as
antioxidant [14], anti-inflammatory [15], reno-protective [8], antitumor [16], and anticoagulant [17]
activities. The molecular weight has been demonstrated to play an important role in the biological
activities of polysaccharides. Comparing with unfractioned heparin, low-molecular-weight heparin
has improved bio-availability, a longer half-life, and more predictable dose response, which make their
use increasing common in the treatment and prophylaxis [18]. The relationship between molecular
weight and bioactivities of fucoidan was reported in recent years. A low-molecular-weight fucan
fraction extracted from the brown seaweed Ascophyllum nodosum exhibited dose-related venous
antithrombotic activity [19]. A high level of inhibitory activity on complement can be achieved with
low-molecular-weight fucoidan molecules [20]. If fucoidans with different molecular weight have a
different effect on nephrotic syndrome still needs investigation.

In this study, we isolated a fucoidan from S. japonica and prepared its depolymerized fragment by
oxidant degradation. The effect of fucoidan and its depolymerized fragment on adriamycin-induced
nephrotic syndrome were investigated in a rat model.

2. Results and Discussion

2.1. Chemical Properties

Fucoidan was extracted from S. japonica by hot-water extraction. The yield of fucoidan was 1.2%.
Fucoidan was further degraded into low-molecular-weight fucoidan (LMWF) by oxidant degradation
by the combination of hydrogen peroxide and ascorbic acid at room temperature. The average molecular
weights of fucoidan and its depolymerized fragment LMWF were 136 and 9.5 kDa, respectively.

It is reported that ascorbate and hydrogen peroxide could induce scission of plant cell
wall polysaccharides [21]. In this study, this method was used for the degradation of native
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fucoidan, and the changes of molecular mass indicated that fucoidan was successfully degraded into
depolymerized fragment.

The chemical properties of fucoidan and its depolymerized fragment are shown in Table 1.
The results indicated that both fucoidan and its depolymerized fragment had similar chemical
constituents. The fucose content of fucoidan and LMWF were 31.6% and 29.6%, respectively. Their
sulfate contents were 33.58% and 32.66%, respectively. Besides fucose, other monosaccharides including
galactose, mannose, glucose, rhamnose, and xylose were present in fucoidan and LMWF, and they also
had similar neutral monosaccharide ratios.

Table 1. Chemical constituents of fucoidan and low-molecular-weight fucoidan (LMWF) prepared
from S. japonica.

Samples Fucose
%

Uronic
Acid %

Sulfate
%

Neutral Monosaccharide (Molar Ratio)
Fuc Gal Man Glc Rha Xyl

LMWF 31.60 5.69 33.58 1.000 0.303 0.088 0.072 0.035 0.053
Fucoidan 29.12 6.07 32.66 1.000 0.296 0.068 0.087 0.039 0.046

The IR spectra of fucoidan and LMWF are shown in Figure 1. Both samples had same infrared
absorption properties, suggesting that both fucoidan and its depolymerized fragment contained the
same functional groups. As shown in Figure 1, the band at 3600-3000 cm−1 was assigned to the
deformation of O-H. The strong band around 1251 cm−1 was attributed to the asymmetric stretching
of S=O, the absorption band around 835 cm−1 indicated the presence of sulfate groups. The strong
absorption at approximately 1020–1050 cm−1 corresponded to the C-O-C/C-OH stretching frequency.
Meanwhile, from the spectra, it was found that the band around 1251 cm−1 of fucoidan and LMWF
had similar intensity, which means their sulfate contents were similar, which was consistent to the
results of chemical analysis. The results indicated that oxidation degradation had no damage to the
backbone structure of fucoidan.

 
Figure 1. Infrared spectra of fucoidan and low molecular weight fucoidan (LMWF). FPS—fucoidan;
DFPS:—low-molecular-weight fucoidan.

Based on the above analysis, it can be concluded that after degradation, the chemical constituents
of fucoidan and its depolymerized fragment had no significant changes, only the molecular weight
was greatly decreased.

2.2. Evaluation of Rats Weight Alteration

The adriamycin-induced nephrotic syndrome is a classical nephrotic syndrome model. In this
study, the general condition of the animals was observed during the experiments. Compared with the
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normal rats, rats treated with adriamycin showed abnormal behavioral activities, including reduced
feed intake, easy tiredness, emaciation, tarnish, and depilation. Some animals had obvious diarrhea.

Body weight changes of all rats were examined once a week during the experiment; the weight
changes before and after drug administration are shown in Table 2. Significant changes in body weight
were observed among the normal and other groups during the treatment period. The body weight of
the model group was significantly lower (p < 0.01) than that of the normal group. Compared with the
model group, the body weight of rats in positive control group administrated with dexamethasone
was much lower, while rats treated with fucoidan and LMWF at the dose of 100 mg/kg gained
weight significantly. Rats treated with LMWF at the dose of 100 mg/kg gained a higher weight than
fucoidan-treated rats at two weeks after drug administration (p < 0.05). LMWF treatment at the dose
of 50 and 25 mg/kg also increased the body weight of rats, but had no statistical difference.

Table 2. Effect of fucoidan and low molecular weight fucoidan (LMWF) treatment on body weight of
rats (X ± S, g).

Groups
Dosage
(mg/kg)

Weeks after Drug Administration
0 1 2 3 4

Normal - 344.4 ± 12.2 366.3 ± 21.9 387.5 ± 23.5 401.2 ± 24.8 408.8 ± 26.9
Model - 296.2 ± 26.9 ΔΔ 293.0 ± 16.7 ΔΔ 294.4 ± 19.8 ΔΔ 303.9 ± 19.6 ΔΔ 309.5 ± 21.8 ΔΔ

dexamethasone 0.1 293.2 ± 30.8 250.0 ± 18.6 ** 223.3 ± 14.1 ** 225.9 ± 16.3 ** 225.4 ± 14.2 **

Fucoidan 100 292.8 ± 15.3 315.5 ± 24.4 * 307.7 ± 14.1 323.3 ± 11.3 * 332.9 ± 17.1 *

LMWF 100 279.8 ± 13.0 318.6 ± 29.4 * 329.3 ± 31.5 * 332.9 ± 34.1 * 339.5 ± 35.9 *

LMWF 50 286.7 ± 21.3 309.6 ± 29.7 321.5 ± 30.5 * 315.1 ± 33.2 317.3 ± 37.9
LMWF 25 285.2 ± 19.3 309.5 ± 20.2 320.6 ± 24.8 * 319.9 ± 27.8 314.5 ± 28.1

�: p < 0.05, ��: p < 0.01 (vs normal group); *: p < 0.05, **: p < 0.01 (vs model group).

The daily feed intake of rats was significantly reduced after adriamycin treatment (Table 3).
Compared with the model group, rats treated with fucoidan and LMWF at the dose of 100 mg/kg had
much higher feed intake. It partly explains why these rats had higher body weight.

Table 3. Effect of fucoidan and low molecular weight fucoidan (LMWF) treatment on feed intake of
rats (X ± S, g).

Groups
Dosage
(mg/kg)

Weeks after Drug Administration
0 1 2 3 4

Normal - 26.8 ± 1.3 36.1 ± 1.0 34.0 ± 0.9 37.2 ± 0.3 38.1 ± 1.3
Model - 16.8 ± 0.3 Δ 23.1 ± 0.1 Δ 23.9 ± 1.4 Δ 24.0 ± 0.9 Δ 23.7 ± 0.4 Δ

dexamethasone 0.1 16.9 ± 1.6 Δ 17.4 ± 0.0 * 19.4 ± 3.4 16.6 ± 1.9 19.1 ± 2.9
Fucoidan 100 17.4 ± 1.4 Δ 28.2 ± 2.0 * 29.5 ± 2.1 * 32.0 ± 2.0 * 32.7 ± 3.8 *

LMWF 100 18.3 ± 1.6 Δ 32.9 ± 2.7 * 30.5 ± 1.0 * 31.9 ± 5.0 * 34.9 ± 2.4 *

LMWF 50 18.5 ± 0.7 Δ 23.5 ± 1.6 29.3 ± 1.3 28.0 ± 5.4 28.4 ± 0.9
LMWF 25 18.1 ± 1.8 Δ 22.9 ± 2.4 28.2 ± 0.9 26.7 ± 4.9 24.7 ± 1.8

�: p < 0.05 (vs normal group); *: p < 0.05 (vs model group).

2.3. Urinary Protein Excretion

Proteinuria is the most important feature of nephrotic syndrome. To measure the urinary protein
levels, the rats were placed in individual metabolic cages for 24 h urine collection once a week.
We detected the 24 h urinary protein excretion of all rats. As shown in Table 4, two weeks after
adriamycin administration (0 week in Table 4, the beginning time of drug administration), the 24
h urinary protein of the model group was significantly higher than that of the normal group and
became higher over time. This phenomenon proved that adriamycin treatment can be used to form
a rat model of nephropathy with continuous aggravation, which is similar to nephrotic syndrome.
The urinary protein excretion of rats treated with fucoidan or LMWF (50 or 100 mg/kg) was significantly
reduced after administration, which was significantly different from that of the model rats. The results
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suggested that both fucoidan and LMWF could ameliorate the symptoms of hyperalbuminuria and
gradually recover the damage of glomerular filtration membrane caused by adriamycin. Compared
with fucoidan, LMWF at dose of 100 mg/kg had a much lower urinary protein excretion (p < 0.05, three
weeks after drug administration), suggesting that low-molecular-weight fucoidan could inhibit the
production of proteinuria with a higher activity.

Table 4. Effect of fucoidan and LMWF treatment on 24 h urinary protein of rats (X ± S, mg/mL).

Groups
Dosage
(mg/kg)

Weeks after Drug Administration (mg/mL)
0 1 2 3 4

Normal - 0.58 ± 0.40 0.73 ± 0.51 0.73 ± 0.47 0.65 ± 0.35 0.59 ± 0.36
Model - 22.42 ± 22.55 ΔΔ 36.60 ± 14.54 ΔΔ 43.98 ± 26.64 ΔΔ 48.41 ± 22.18 ΔΔ 54.60 ± 31.27 ΔΔ

dexamethasone 0.1 19.98 ± 14.87 ΔΔ 23.56 ± 10.47 * 25.25 ± 9.85 * 26.63 ± 16.98 * 28.62 ± 19.15 *
Fucoidan 100 20.45 ± 10.00 ΔΔ 20.19 ± 12.37 * 23.21 ± 13.54 * 26.13 ± 9.63 * 27.82 ± 12.28 *

LMWF 100 20.11 ± 10.86 ΔΔ 19.26 ± 12.12 * 21.88 ± 13.28 * 21.71 ± 12.76 ** 25.31 ± 9.58 *

LMWF 50 23.28 ± 19.18 ΔΔ 22.90 ± 12.39 * 24.40 ± 7.89 * 29.34 ± 9.67 * 29.15 ± 8.79 *
LMWF 25 25.16 ± 20.65 ΔΔ 33.19 ± 15.96 30.42 ± 21.03 31.00 ± 14.17 36.91 ± 20.51

�: p < 0.05, ��: p < 0.01 (vs normal group); *: p < 0.05, **: p < 0.01 (vs model group).

2.4. Blood Biochemical Indexes

At the end of the experiment, the blood biochemical indexes of rats were detected. The blood levels
of total protein (TP), albumin, blood urea nitrogen (BUN), serum creatinine (SCr), total cholesterol (TC),
and total triglyceride (TG) of the model rats were significantly changed (Table 5). It is worth noting
that the blood lipid level of the model rats was remarkably elevated. Compared with the normal rats,
the blood level of total cholesterol and total triglyceride of the model rats induced by adriamycin were
increased by 9.4-fold and 6.4-fold, respectively. These results indicated that adriamycin treatment
could induce significant hyperlipidemia.

Table 5. Effect of fucoidan and low molecular weight fucoidan (LMWF) on blood biochemical indexes
of NS rats (X ± S).

Groups
Dosage
(mg/kg)

T-P
(g/L)

ALB
(g/L)

SCr
(μmol/L)

BUN
(mmol/L)

TG
(mmol/L)

T-CHO
(mmol/L)

Normal - 68.63 ± 5.77 32.71 ± 8.78 77.23 ± 5.26 7.21 ± 0.92 0.48 ± 0.13 1.50 ± 0.38
Model - 50.85 ± 18.50 Δ 16.14 ± 3.68 ΔΔ 101.33 ± 20.96 ΔΔ 16.14 ± 7.60 ΔΔ 4.99 ± 1.38 ΔΔ 11.12 ± 3.07 ΔΔ

dexamethasone 0.1 59.34 ± 16.39 18.87 ± 4.95 86.37 ± 3.18 10.41 ± 2.42 * 3.80 ± 2.02 9.48 ± 3.20
Fucoidan 100 64.46 ± 6.94 21.40 ± 6.61 * 85.60 ± 11.42 10.52 ± 1.59 * 2.86 ± 1.29 ** 8.10 ± 4.01

LMWF 100 66.49 ± 11.28 * 26.26 ± 10.11 * 79.53 ± 15.50 * 8.64 ± 2.93 * 2.39 ± 1.54 ** 7.23 ± 2.99 **

LMWF 50 61.86 ± 4.16 22.50 ± 8.27 * 86.77 ± 10.29 10.64 ± 2.28 2.90 ± 1.38 ** 8.01 ± 1.71 **

LMWF 25 61.35 ± 4.53 19.93 ± 2.85 * 79.85 ± 4.88 9.40 ± 1.55 * 2.94 ± 1.73 ** 8.63 ± 2.84 *

�: p < 0.05, ��: p < 0.01 (vs normal group); *: p < 0.05, **: p < 0.01 (vs model group). T-P: total protein; ALB: albumin;
SCr: serum creatinine; BUN: blood urea nitrogen; TG: triglyceride; T-CHO: total cholesterol.

Blood urea nitrogen and serum creatinine are two major indexes of renal function. As expected,
adriamycin-induced rats had higher BUN and SCr levels, indicating that the kidney of the model
rats was damaged by adriamycin administration. Blood total protein and albumin level of model
rats were decreased by adriamycin, suggesting that hypoalbuminemia occurred in the model rats.
However, the alteration of these biochemical indexes could be significantly reversed by fucoidan and
LMWF treatment in a dose-dependent manner. Fucoidan, dexamethasone and LMWF (50 mg/kg)
decreased the levels of BUN and SCr at the similar magnitude, while LMWF at the dose of 100 mg/kg
had the highest decrease in SCr level (p < 0.05, vs fucoidan group). Both fucoidan and LMWF could
significantly increase the blood albumin level and decrease TG and TC levels, and LMWF at the dose
of 100 mg/kg had a more potent activities (p < 0.05). But the positive control dexamethasone could not
alter the level of blood albumin, TG, and TC.

These results showed that both fucoidan and its depolymerized fragment could improve the renal
function, elevate blood albumin level, and inhibit hyperlipidemia. Low-molecular-weight fucoidan
had a more potent activity.
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Adriamycin is a kind of amino nucleoside substance. After adriamycin transformed to semiquinone
free radicals in organism, the radicals can react with oxygen to produce reactive oxygen species
(ROS). The ROS further induces lipid peroxidation of glomerular epithelial cells and destroys the
structure and function of the filtration membrane, leading to proteinuria and subsequent nephrotic
syndrome [4]. It has been observed that a high cholesterol diet can aggravate the lipid metabolism
disorder of adriamycin-induced renal injury [22]. On the contrary, serious proteinuria could lead to
the incidence of hypoproteinemia, which further causes malnutrition, especially protein malnutrition.
Hypoproteinemia can also reduce the plasma osmotic pressure, especially the colloidal osmotic pressure
around the hepatocytes, stimulate the hepatocytes to synthesize lipoproteins, and finally results in the
disorder of lipid metabolism and hyperlipidemia.

The renoprotective effect of fucoidan or LMWF may be due to its antioxidant activity. Fucoidan
and low-molecular-weight fucoidan were proved to have in vitro free radical scavenging activities [23].
The antioxidant activity of fucoidan may be helpful in eliminating the reactive oxygen species initiated
by adriamycin and maintaining the structure and function of glomerular basement membrane, thus
inhibiting the occurrence and development of proteinuria. In order to verify the correlation between
the renoprotection and anti-oxidation of fucoidan and its depolymerized fragment, we further detected
the lipid peroxidation in kidney of rats.

2.5. Lipid Peroxidation

The levels of malondialdehyde (MDA) and superoxide dismutase (SOD) of the kidney tissue were
measured in all groups. The MDA production was increased in kidney tissue of adriamycin-treated
model rats (Table 6). While adriamycin treatment decreased the SOD level of the kidney tissue of rats.
Treating adriamycin-induced rats with LMWF significantly and dose-dependently increased the SOD
level and decreased the MDA level in kidney tissue. Fucoidan treatment also increased the SOD level
and decreased the MDA level. LMWF at the dose of 100 mg/kg was more potent in decreasing the
MDA level (p < 0.05), while both fucoidan and LMWF had similar activities on SOD at the same dose
(100 mg/kg).

Table 6. Effect of fucoidan and low molecular weight fucoidan (LMWF) on malondialdehyde (MDA)
and superoxide dismutase (SOD) levels in kidney (X ± S).

Groups
Dosage
(mg/kg)

MDA
(nmol/mg prot)

SOD
(u/mg prot)

Normal - 1.03 ± 0.35 86.31 ± 5.50
Model - 1.65 ± 0.66 Δ 72.92 ± 12.66 Δ

dexamethasone 0.1 1.07 ± 0.35 * 77.48 ± 11.22
Fucoidan 100 1.12 ± 0.44 * 84.45 ± 10.44 *

LMWF 100 0.94 ± 0.33 ** 83.72 ± 8.15 *
LMWF 50 1.16 ± 0.27 * 82.89 ± 7.27 *
LMWF 25 1.37 ± 0.22 79.68 ± 9.91

�: p < 0.05 (vs normal group); *: p < 0.05, **: p < 0.01 (vs model group).

MDA is a main marker of endogenous lipid peroxidation [24]. The increase of MDA production
indicates that peroxidative damage increases after adriamycin induction. Antioxidant enzymes are
considered to be a primary defense that prevents biological macromolecules from oxidative damage.
SOD is an important enzymatic antioxidant defense mechanisms that protects against oxidative
processes initiated by the superoxide anion.

The results demonstrated that both fucoidan and its depolymerized fragment were successful in
inhibiting lipid peroxidation in the kidney of adriamycin-induced rats, as observed in the reduction of
MDA production and increase of SOD level. The results were in accordance with previous studies on
the antioxidant activities of fucoidan and low-molecular-weight fucoidans [24]. The renoprotective
effect of fucoidans was at least partly due to its antioxidant activities.
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2.6. Effect of Molecular Weight on Adriamycin-Induced Nephrotic Syndrome

The molecular weight has been demonstrated to play an important role in the biological activities
of polysaccharides [25]. Low-molecular-weight heparin is a classic example. Comparing with
unfractioned heparin, low-molecular-weight heparin has improved bio-availability, a longer half-life,
and more predictable dose response, which make its use increasingly common in the treatment and
prophylaxis of thromboembolism [18]. High and low-molecular-weight fucoidans were also reported
to have differential effect on the severity of collagen-induced arthritis in mice [26]. A daily oral
administration of high-molecular-weight fucoidan (HMWF, 100 ± 4 kDa) enhanced the severity of
arthritis, inflammatory responses in the joint cartilage, and the levels of collagen-specific antibodies,
while low-molecular-weight fucoidan (LMWF, 1 ± 0.2 kDa) reduced the severity of arthritis and the
levels of Th1-dependent collagen-specific IgG2a.

Our group previously reported that fucoidan from S. japonica has a protective effect on chronic
renal failure, diabetic nephropathy, and acute kidney injury [8–11]. This study revealed that fucoidan
and low-molecular-weight fucoidan also have a protective effect on adriamycin-induced nephrotic
syndrome. LMWF at the same dose had a better protective effect than fucoidan. Since fucoidan and
LMWF had similar sugar constituents but different molecular weight, the difference in renoprotection
between fucoidan and LMWF was mainly attributed to their discrepancy in molecular weight. The exact
mechanism of the renoprotective effect of fucoidan and LMWF needs further investigation in the
following study.

3. Materials and Methods

3.1. Materials

Adriamycin was purchased from Meilun Biological Technology Co., Ltd. (Dalian, China).
Dexamethasone Acetate tablet (Lot No.170545) was purchased from Tianjin Tianyao Pharmaceutical Co.
Ltd. (Tianjin, China). All other chemicals and reagents were obtained from general commercial sources.

3.2. Preparation of Fucoidan and Its Depolymerized Fragment

Saccharina japonica Aresch (Formerly name: Laminaria japonica, Laminariaceae), cultured in the
coast of Rongcheng, Shandong Province, China, was collected in July 2017. The fresh seaweed was
washed with clean seawater and sun dried. Fucoidan was extracted from S. japonica in hot water at 100
◦C for 2 h. The extraction liquid was filtered and 1% CaCl2 was added to precipitate soluble alginate.
After centrifugation, the supernatant was dialyzed using a dialysis membrane (molecular weight cutoff
(MWCO) 3500 Da) against pure water, concentrated under reduced pressure and finally precipitated
with ethanol. The precipitate was washed twice with ethanol and dried to get fucoidan.

Low-molecular-weight fucoidan (LMWF) was prepared using free radical degradation with the
combination of hydrogen peroxide and ascorbic acid. Briefly, fucoidan was dissolved in distilled water
to a final concentration of 0.5%, ascorbic acid and hydrogen peroxide was added to the solution to
a final concentration of 30 mM, and stirred at room temperature for 2 h. The solution was filtered,
dialyzed against pure water (MWCO 3500 Da), concentrated under reduced pressure and subsequently
precipitated with ethanol (75%, final concentration).

3.3. Chemical Analysis

Fucose content was determined using cysteine hydrochloride–sulfuric acid method with L-fucose
as the standard [27]. Sulfate content was analyzed using ion chromatography with potassium sulfate
as the standard. Total sugar content was measured by phenol-sulfuric acid method. Uronic acid was
tested using modified carbazole method with D-glucuronic acid as the standard [28]. Monosaccharide
composition was estimated with high-performance liquid chromatography (HPLC) according to the
method of Zhang et al. [29]. The proportion of monosaccharide was evaluated by calculating the
molar ratio of other monosaccharide to fucose. Infrared spectra were recorded with a Nicolet-750
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FT-IR spectrometer. Average molecular weight was determined by high performance gel filtration
chromatography (HPGPC) on TSK G4000 PWxl or G3000 PWxl column eluted with 0.7% Na2SO4 using
a series of dextrans with different molecule weight as standard.

3.4. Animals and Experimental Design

Adult male Sprague-Dawley rats (220–240 g) were provided by Experimental Animal Center of
Shandong University. The animals were maintained on a 12 h dark/light cycle at about 22 ◦C and
relative humidity (60–70%), allowed free access to standard rat chows and water during the experiments.
The experiments were performed in complete compliance with the National Guide for the Care and
Use of Laboratory Animals, and were approved by the Experimental Animal Ethics Committee of
Institute of Oceanology, Chinese Academy of Sciences, China (approval code SCXK(Lu)20190002).

The adriamycin-induced nephrotic syndrome model in rats was performed according to
Bertani et al. protocol [2]. A single dose of adriamycin (6.0 mg/kg body weight) was injected via the
femoral vein to induce nephrotic syndrome (NS) model. After injection of adriamycin, 24 h urinary
protein content was measured once a week. Two weeks following the adriamycin injection, proteinuria
was detected, then the rats were randomly divided into six groups (n = 10): Group 1 was the model
group which consisted of NS rats; Group 2 consisted of 10 NS rats and the rats were treated with
daily oral gavage of fucoidan at dosage of 100 mg/kg body weight; Group 3, 4, and 5 consisted of NS
rats and were treated daily oral gavage of LMWF at dosage of 100, 50, and 25 mg/kg body weight,
respectively. Group 6 was the positive control group, and NS rats in this group were administrated with
dexamethasone acetate at dose of 0.1 mg/kg body weight. Group 7 was the normal group (n = 10) and
rats were orally administrated with 10 mL/kg/d of saline. All rats were raised in the same environment
and were allowed unlimited access to water and conventional rat chow during the experiments. During
the experiments, the animals were weighed twice a week, the general state of animals was recorded
every day, including body hair, stool, and mental state.

To measure urinary protein levels, the rats were placed in individual metabolic cages for 24 h
urine collection once a week.

On the thirtieth experimental day the animals were anaesthetized by ether and blood samples
were taken from the eye-pit of rats. After the blood sample was taken, the rats were killed and the
kidneys were weighted and taken for routine histological examination.

3.5. Blood Biochemical Indexes

Serum was separated and the levels of serum creatinine, blood urea nitrogen (BUN), total protein,
albumin, total cholesterol, and total triglyceride were analyzed with Beckman biochemical analyzer.
The protein of the kidney was determined using Coomassie Brilliant Blue (G-250) by the method of
Bradford using a bovine serum albumin (BSA) standard.

3.6. Assessment of MDA and SOD Levels

The kidney levels of SOD and MDA were analyzed using kits from NanJing JianCheng (NanJing
JianCheng Bio Inst, China), and the protocols were all followed the introduction of the kit.

3.7. Statistical Analysis

Data were presented as means ± SD. ANOVA was used to analyze the data and the Student’s
t-test was used to determine the level of significance of differences in population means. A significant
difference was accepted with p < 0.05.

4. Conclusions

Fucoidan was extracted from S. japonica, and further degraded into low-molecular-weight fucoidan
by oxidant degradation. The average molecular weights of fucoidan and low-molecular-weight
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fucoidan were 136 and 9.5 kDa, respectively. The in vivo animal experiment revealed that fucoidan
and low-molecular-weight fucoidan had protective effect on adriamycin-induced nephrotic syndrome.
Fucoidan and LMWF treatment could significantly inhibit adriamycin-induced proteinuria and decrease
the elevated BUN, SCr, TG, and TC level of rats in a dose-dependent manner. LMWF at the same dose
had a better protective effect than fucoidan. Since fucoidan and LMWF had similar sugar constituents
but different molecular weight, the difference in renoprotection between fucoidan and LMWF was
mainly attributed to their discrepancy in molecular weight. Their renoprotective effect maybe partly
related to their antioxidant effect.
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Abstract: Psoriasis is a chronic autoimmune inflammatory disease for which there is no cure; it results
in skin lesions and has a strong negative impact on patients’ quality of life. Fucoidan from Cladosiphon
okamuranus is a dietary seaweed fiber with immunostimulatory effects. The present study reports
that the administration of fucoidan provided symptomatic relief of facial itching and altered the gut
environment in the TNF receptor-associated factor 3-interacting protein 2 (Traf3ip2) mutant mice
(m-Traf3ip2 mice); the Traf3ip2 mutation was responsible for psoriasis in the mouse model used in this
study. A fucoidan diet ameliorated symptoms of psoriasis and decreased facial scratching. In fecal
microbiota analysis, the fucoidan diet drastically altered the presence of major intestinal opportunistic
microbiota. At the same time, the fucoidan diet increased mucin volume in ileum and feces, and
IgA contents in cecum. These results suggest that dietary fucoidan may play a significant role in the
prevention of dysfunctional immune diseases by improving the intestinal environment and increasing
the production of substances that protect the immune system.

Keywords: fucoidan; psoriasis; Traf3ip2; microbiota; mucin; IgA

1. Introduction

Psoriasis is a chronic autoimmune inflammatory disease characterized by skin lesions and abnormal
keratinocyte proliferation. The number of cases of psoriasis vulgaris is increasing worldwide [1].
The etiology of psoriasis remains unclear, although there is evidence for genetic predisposition.
The TNF receptor-associated factor 3-interacting protein 2 (TRAF3IP2) gene was identified in 2010 as
a new susceptibility locus containing the psoriasis vulgaris disease gene in European genome-wide
association studies [2]. The TRAF3IP2 gene encodes a protein involved in IL-17 signaling, which
interacts with members of the nuclear factor-kappa-B transcription factor family. Recently, an important
genetic influence of the polymorphism in TRAF3IP2 on the susceptibility to psoriasis, but not to atopic
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dermatitis, was reported in a Japanese population [3,4]. Matsushima et al. [5] also reported that a
genetic mutation in Traf3ip2 mice caused an atopic dermatitis-like skin disease with hyper-IgE-emia.

The gut microbiota observed in patients with psoriatic was less diverse when compared to
that of healthy controls [6]. The gut microbiota profile in the gut environment has been found to
significantly influence autoimmune diseases such as multiple sclerosis [7,8]. Recently, however, adults
with psoriasis and/or psoriatic arthritis have learned to supplement their standard medical therapies
with dietary interventions to reduce disease severity [9]. There are many reports about the relationship
between immunostimulatory effects and dietary components of microbiota [10]. Polysaccharides are
considered a dietary fiber, and work as prebiotics which are beneficial for the intestinal environment [11].
Fructo-oligosaccharides maintain intestinal barrier function, as does immunoglobulin A (IgA), in a
methionine–choline-deficient mouse model of nonalcoholic steatohepatitis [12]. Secreted IgA cells in
colonic tissue generate mucus that is secreted into the outermost intestinal cecal patch; the secreted
mucus entraps bacteria and prevents their translocation into the tissue [13].

This study was focused on fucoidan, which is found in the cell wall matrix of brown algae.
Fucoidan is a high-molecular weight (over 200,000 Daltons) sulfated polysaccharide; it consists mostly,
i.e., 13% or more, of sulfated fucose and glucuronic acid [14,15]. Many reports have reported that
fucoidans from various brown algae have some biological activities, such as antitumor, anticoagulant,
and apoptosis induction, along with other antiallergic and immunologic activities [16–18]. Fucoidan
supplementation improved fecal microbiota composition and repaired intestinal barrier function;
moreover, fucoidan is an intestinal flora modulator for the potential prevention of breast cancer [19].
However, it has not been reported whether fucoidan in the diet affects psoriasis or changes the intestinal
environment components of the intestinal environment such as mucin, IgA, and bacterial flora.

The present study demonstrated that fucoidan affects psoriasis symptoms; it ameliorated the
effect of phenotype and altered the intestinal microbiota and the quality of secreted IgA and mucin in
m-Traf3ip2 mutant mice.

2. Results

2.1. Fucoidan Diet Rescued Psoriasis Symptoms on m-Traf3ip2 Mouse Faces and Reduced Scratching

Psoriasis is a chronic immunological inflammatory disease of the skin characterized by dry silvery
scales with eruptions. In this study, the severity of symptoms on the faces of m-Traf3ip2 mice was
graded by phenotype using a scoring system based on clinical Psoriasis Area and Severity Index
(PASI) and an ethological method as a scratch test. For this study, 1% fucoidan or 1% cellulose was
administered by adding it to the AIN-93G diet, which is a normal diet. m-Traf3ip2 mice facial skin
showed significant differences in symptoms between the fucoidan and normal diet groups. m-Traf3ip2
mice which were on the normal diet showed severe symptoms of psoriasis on their faces, whereas
the mice on the fucoidan diet showed improved facial symptoms after 21 days and tended to enter
remission in the following weeks (Figure 1A). The normal diet group exhibited increased scratching
within a certain time frame, whereas the fucoidan diet group showed significantly decreased facial
scratching from 1 week until after 56 days (Figure 1B). In the normal diet group, the mice with the
highest PASI scores showed the most serious symptoms and the most severe scratch test results. On the
other hand, the symptoms of the fucoidan diet mice group decreased from 21 days until after 63 days,
and were significantly lower than in those of the control group (Figure 1C). Histological sections of the
facial skin of mice that had high PASI scores showed thickening of both the epithelium and keratin
layer of the epidermis by hematoxylin-eosin (HE) staining (Figure 1D).
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Figure 1. Effects of fucoidan diet on m-Traf3ip2 mouse faces by PASI score analysis and scratching
actions. (A) Aspects of m-Traf3ip2 typical mouse face over time. (a), (b), (c) Sections are normal diet
mice and (d), (e), (f) sections are fucoidan diet mice. (B) Scratching behavior of individual mice. Closed
triangle shows normal diet group and closed circle shows fucoidan diet group. PASI test scored 5
persons and each value. The calculated values for the in vitro experiments are mean ± SD (fucoidan
diet group n = 14 and normal diet group n = 9). (C) The severity of the psoriasis-like skin condition.
(D) Histological analysis by HE staining of faces. Normal diet mice and fucoidan diet mice epidermal
sections are shown on left and right, respectively. Bars show 0.2 mm. Asterisk (*) shows significant
difference (p < 0.05).
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These results suggested that fucoidan improved psoriasis symptoms on the faces of m-Traf3ip2 mice.

2.2. Fucoidan Drastically Changed Microbiota in the Small Intestines of m-Traf3ip2 Mice

Dietary fiber is a prebiotic, which is useful in the intestinal environment [11,12]. In the present
study, 16S rRNA from intestinal microorganisms in fecal samples was analyzed using next-generation
genome sequences. In phylum analysis, fecal microflora in the fucoidan diet group showed significantly
increasing relative abundance of the Bacteroidetes and Proteobacteria phyla during each time course
(i.e., 6, 28, and 56 days) compared to mice fed the normal diet, whereas the relative abundance of the
Firmicutes and TM7 phyla significantly decreased in the fucoidan diet group after 6 days and remained
at a low level until the end of the experiment (Figure 2A) compared to the fecal microorganisms
of the normal diet fed mice. Table 1 shows the changes in phylum levels in fecal microflora of
m-Traf3ip2 fucoidan diet and normal diet mice over time. The relative abundance of Deferribacteres and
Actinobacteria phyla, which were the lowest of all the phyla, were higher in the fucoidan diet group
than in the normal diet group. The differences between the fucoidan and normal diet samples were
then analyzed by taxonomy, class, order, family, and genus. After 56 days, levels of fecal microbiota
belonging to the Bacteroidaceae and Paraprevotellaceae families in the Bacteroidetes phylum in fucoidan
diet group were significantly higher than those of normal diet group. On the other hand, the fecal
microbiota of fucoidan diet group in the family of F16 in the phylum of TM-7, and those in the family
of Odoribacteraceae in the phylum Bacteroidetes, showed decreased levels of the same kinds of microflora
after 56 days (Figure 2B,C) compared to the microbiota of normal diet mice group. In the genus
analysis, fecal microflora of fucoidan diet group showed significantly increased relative abundance of
unclassified Paraprevotellaceae genera and Bacteroides genera in the family of Bacteroidetes compared to
fecal microflora of the normal diet group (Figure 2D,E).

Table 1. Changes in phylum levels in fecal microbiota of m-Traf3ip2 fucoidan diet group and normal diet
group. Significant difference between fucoidan and normal diets. (p < 0.01 (c), p < 0.05 (d)). Significant
difference from before to after same diet administration. (p < 0.01 (a), p < 0.05 (b)).

Administration
Days (D)

0 D 6 D 28 D 56 D

Diet Norml Fucoidan Normal Fucoidan Normal Fucoidan Normal Fucoidan

Relative abundance (%)

Actinobacteria 0.43 ± 0.15 0.48 ± 0.15 0.38 ± 0.04 0.25 ± 0.05 (b, d) 0.70 ± 0.19 1.88 ± 1.52 (b, c) 0.45 ± 0.15 0.83 ± 0.72

Bacteroidetes 60.0 ± 7.69 65.4 ± 5.57 60.2 ± 2.90 79.2 ± 1.74 (c, a) 59.1 ± 4.18 77.4 ± 2.78 59.4 ± 9.69 78.2 ± 6.42 (b, d)
Deferribacteres 0.10 ± 0.07 0.08 ± 0.04 0.25 ± 0.11 0.33 ± 0.33 0.05 ± 0.05 0.10 ± 0.00 (a, c) 0.20 ± 0.12 0.40 ± 0.31

Firmicutes 36.3 ± 8.56 29.2 ± 4.43 33.1 ± 2.18 16.3 ± 2.25 (b, c) 30.8 ± 2.27 15.2 ± 1.9 (a, c) 34.3 ± 9.05 16.3 ± 4.98 (b, d)
Proteobacteria 1.35 ± 0.27 1.10 ± 0.16 1.95 ± 0.30 3.03 ± 0.33 (c, a) 1.40 ± 0.27 3.50 ± 0.87 (a, c) 1.73 ± 0.53 3.05 ± 0.62 (a, d)

TM7 3.75 ± 1.51 3.58 ± 1.29 3.73 ± 0.62 0.98 ± 0.26 (b, c) 7.78 ± 1.92 1.98 ± 0.19 (c) 3.80 ± 0.24 1.23 ± 0.11 (b, c)

Microorganisms of the Desulfovibrionaceae family were found at slightly higher levels in the
fecal microbiota of the fucoidan diet group compared to that of the normal diet group. The fecal
microbiota of fucoidan diet group showed significantly lower populations of the genera Prevotella
and Odoribacter, as well as of an unclassified S24-7 family in the Bacteroidetes phylum, than in the
normal diet group after 56 days. In the Firmicutes phylum, the genera of Coprococcus, unclassified
members of the Ruminococcaceae family, and unclassified members of the order Clostridiales were lower
in fecal microbiota of the fucoidan diet group compared to those of the normal diet group. The normal
diet group showed significant increase in the fecal microbiota of F16 family compared to those of the
fucoidan diet group.

These results suggested that the fucoidan diet altered the taxonomic compositions of many
microbiota in m-Traf3ip2 mice 6 days after feeding, and thereafter, the microbiota conditions were
continuously maintained.
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Figure 2. Fecal microbiota analysis. 16S rRNA genome-wide screening analysis. Time dependence of
fecal microbiota analyses were performed on the phylum (A), family (B), (C), and genus (D), (E), levels
of normal diet group (left) and fucoidan diet group (right). White bar shows normal diet group and
black bar shows fucoidan group. The calculated values for the in vitro experiments are means ± SD
(n =5).
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2.3. Fucoidan Diet Promoted Fecal Mucin Production

Mucin, which is produced by mucous/goblet cells, is a major component of mucosal fluid.
Alterations in gastrointestinal mucin induced by dietary fiber may affect nutrient bioavailability,
cytoprotection of the mucosa, or other aspects of gastrointestinal function [20,21]. In this study, mucin
production in feces by mucous goblet cells was measured. Fluorescence labeling was used to measure
terminal N-acetylgalactosamine in mucin components in feces. In m-Traf3ip2 mice, the fucoidan diet
group showed increased mucin production, especially from 21 days after the diet had begun, whereas
the normal diet group showed little change (Figure 3A). Similarly, wild-type, not mutated gene of
Traf3ip2 BALB/c mice, fed a fucoidan diet showed significantly increasing mucin secretion compared to
the group of a normal diet mice (Figure 3B). These results suggested that fucoidan promoted mucin
production and created a better intestinal environment.

Figure 3. Quantification of mouse fecal mucin. Volume concentrations of (A) m-Traf3ip2 and (B) wild
type mouse in fecal mucin. White bar shows normal diet group and black bar shows fucoidan group
from fecal. The calculated values for the in vitro experiments are mean ± SD (n = 5). Asterisk (*) shows
significant difference (p < 0.05).

2.4. Production of IgA in Feces and Cecum

Secreted of IgA in the gut mucosal layer plays important roles in intestinal immune function,
e.g., prevention of bacterial and viral invasion. IgA suppresses the expression of bad bacteria and
maintains a healthy balance of gut microbiota. Enzyme-linked immunosorbent assay (ELISA) was
used to evaluate IgA expression in feces and cecum of m-Traf3ip2 mice fed on fucoidan with or without
diet for 63 days. The assay showed that secreted IgA was not present, or was present at levels below
detection, in fecal samples from both groups. It was reported that the cecum produces IgA [22].
Our study detected total IgA in the cecum of both groups in the samples obtained at 63 days. Total IgA
volume was obviously higher in the ceca of the fucoidan fed mice group compared to those of the
normal diet mice group (Figure 4A). Wild type mice fed a fucoidan diet also showed higher total IgA
compared to the normal diet group of wild type mice (Figure 4B).
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Figure 4. Quantification of total IgA in cecal contents of fucoidan diet group and normal diet group.
Volume concentrations of (A) m-Traf3ip2 and (B) wild type mouse total IgA were quantified from 63
days and 31 days, respectively, in cecum contents by ELISA. White bar shows normal diet group and
black bar shows fucoidan diet group from cecum. The absorbance of reaction products was determined
at 450 nm, and the production was quantified. The calculated values for the in vitro experiments are
expressed as mean ± SD (n = 5). Asterisk (*) shows significant difference (p < 0.05).

This result indicated that fucoidan promotes the secretion of IgA in the cecum and improves the
intestinal immunity.

3. Discussion

The present study showed that the administration of the sulfated polysaccharide fucoidan
improves the symptoms of psoriasis, an immune disorder disease, changes the composition of intestinal
microbiota to include high relative abundance of Bacteroidetes, and improves the gut environment by
increasing the volumes of mucin and IgA.

First, the administration of the fucoidan diet to psoriasis model mice with the m-Traf3ip2 mutation
gradually improved symptoms, and especially significantly improved phenotypes, scratch test scores,
and PASI scores, beginning at 21 days until after 56 days. However, m-Traf3ip2 mice did not show a
preference for the fucoidan diet, and mice in the two dietary groups showed no weight difference. In the
same period, we showed the alteration of microflora and the production of mucin at the lamina propria
of the mucous membrane and of IgA in cecum. Bacteroidetes and Firmicutes, which comprise more than
90% of all phylogenetic types, are the two dominant bacterial phyla in the human, mouse [23–25], and
pig [26] gut. An analysis of fecal microbiota by genome sequences revealed that feeding of fucoidan to
m-Traf3ip2 mice significantly increased relative abundance of the phylum Bacteroidetes for all bacteria
beginning at 6 days and continuing beyond 56 days compared to the relative abundance in the normal
diet mice.

In a comparison between two phylum groups, Bacteroidetes and Firmicutes, for all bacteria,
Firmicutes levels decreased from 2 days after the beginning of the experiments and remained low after
56 days; the analysis was performed using quantitative PCR. These results showed that feed intake of
fucoidan by m-Traf3ip2 mice increased the relative abundance of the Bacteroidetes phylum and decreased
those of the Firmicutes phylum. However, the family S24-7 in the phylum Bacteroidetes was decreased
in the fucoidan diet group. It was reported that S24-7 is related to bowel inflammation [27]. A fucoidan
diet changes fecal microbiota and may also have anti-inflammatory effects. On the other hand, the
fucoidan diet group showed drastically decreased the relative abundance of the phylum Firmicutes.
Firmicutes was reported to have a wide range of both beneficial and harmful effects on autoimmune
disorders. The feces of fucoidan diet group showed a significantly lower relative abundance of
the phylum Firmicutes compared with the growth rate of control diet group. In this study, levels

22



Mar. Drugs 2020, 18, 154

of two Clostridiales families, Lachnospiraceae and Ruminococcaceae, were decreased in the intestinal
microflora of the fucoidan diet group. Especially, fucoidan administration decreased the presence of
Ruminococcaceae Oscillospira species in the intestinal microbiota. Our results corresponded with those
of another microbiota analysis: soluble dextrin fibers altered the intestinal microbiota and reduced
proinflammatory cytokine secretion in male IL-10-deficient mice [28]. Some unidentified members
of the Clostridiales family may be related to the induction of Th17 cells in the small intestine and aid
in protection against pathogens. Th17 cell induction is harmful in patients with an autoimmune
disorder [29].

The relative abundance of the phylum Proteobacteria, family Desulfovibrionaceae, was also higher
in the fucoidan diet group than in the control group. Glycomacropeptide is a prebiotic that reduces
Desulfovibrio bacteria, increases cecal short-chain fatty acids, and has an anti-inflammatory effect in
mice [30]. In the present study, fucoidan was a possible source of Desulfovibrionaceae consumption as a
source of nutrition. The increased relative abundance of the family Desulfovibrionaceae may be related
to some improvement in the symptoms of psoriasis in the present study. The analysis suggested that
the fecal microbiota of Bacteroidetes acidifaciens were drastically increased in fucoidan diet group in this
study (data not shown). Species of B. acidifaciens promote the expression of secreted IgA in the large
intestine [13,31], and members of the genus Rikenellaceae are often found in the gastrointestinal tracts of
a number of animals [32]. The species of B. acidifaciens may be related to the improvement of symptoms
of psoriasis. Additionally, levels of the Bacteroidetes species Parabacteroides was increased in the fecal
microbiota of the fucoidan diet group. Intestinal microbiota of the genus Bacteroides, as well as those of
Porphyromonadaceae Parabacteroides, produce antagonistic substances in ecological niches, preventing
the colonization and invasion of exogenous bacteria, and might be one of the mechanisms underlying
such prevention [33]. In the present study, drastic increase in the volumes of cecal IgA and ileal mucin
was observed in the intestines of fucoidan fed m-Traf3ip2 mice. Interestingly, these increases coincided
with the increase in the Bacteroidetes population. β-glucans also have distinctive immunomodulatory
characteristics [11,34,35]. In children with chronic respiratory problems, short-term oral application of
β-glucan affects mucosal immunity by stabilizing secreted IgA levels [36]. The present results suggest
that fucoidan administration induces the production of IgA and mucin, rearranging the intestinal
environment to regulate immune response [37]. In pigs, a laminarin diet affects immune function by
increasing genes that encode mucin expression, namely, MUC2, MUC4, IL-6, and IL-8 in the ileum [11].
Laminarin also binds to mammalian non-Toll-like pattern-recognition receptors, such as, dectin-1,
complement receptor-3, lactosylceramide, and scavenger, thereby stimulating innate immunity through
the activation of macrophages, dendritic cells, neutrophils, natural killer cells, and helper T-cells [35].
Our study did not elucidate the relation of administration of fucoidan and its molecular action in
psoriasis model mice. It will be necessary to elucidate the mechanism underlying the effect of fucoidan
on the remission of psoriasis.

In conclusion, fucoidan as a dietary supplement could modulate the fecal microbiota composition
and repair intestinal barrier function. This study suggested that fucoidan can be used to improve the
symptoms of psoriasis.

4. Materials and Methods

4.1. Reagents

All reagents used in the enzyme assays were obtained from Wako Pure Chemical Industries
(Tokyo, Japan). Fucoidan from Cladosiphon Okamuranus was provided by Marine Products Kimuraya
Co., Ltd. (Tottori, Japan). The average molecular weight of fucoidan is 300,000 Dalton as analyzed by
size exclusion chromatography. The fucose content is about 60%, and sulfated fucose is 14.3% in total
fucoidan. Food entrainment, i.e., AIN-93G, was purchased from CREA Japan Inc. (Tokyo, Japan).
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4.2. Animals and Diets

m-Traf3ip2 and BALB/c mice were previously generated as described in prior studies [5] and
purchased from Japan SLC, Inc. (Shizuoka, Japan). SPF-grade animals were maintained under
conventional conditions in animal facilities certified by the Animal Care and Use Committee of the
Maebashi Institute of Technology. The experimental procedures were all in accordance with the
National Institutes of Health guidelines for the care of experimental animals, and the experimental
protocol was approved by the Institutional Animal Care and Use Committee of Maebashi Institute
of Technology (16-001). The animals were housed individually in plastic cages, allowing for the
separation and collection of feces, at 21 ◦C with a relative humidity of 55% under a 12:12 h light:dark
cycle. 6-week-old mice were housed as 5 mice per cage in a controlled environment. After 1 week
of acclimatization, the mice were randomly divided into two groups, and thereafter, were fed the
experimental/normal or fucoidan diets with free access to drinking water. The animals were fed Rodent
Diet AIN-93G (CLEA Japan, Tokyo, Japan). Two groups of 14 or 9 Traf3ip2 mutant mice were fed a
diet containing 1.0% w/w fucoidan or crystalline cellulose, respectively. Each group was fed for 9
weeks. Two groups of five wild type, BALB/c mice, were fed a diet containing 1.0% w/w fucoidan or
crystalline cellulose, respectively. Each group was fed for 31days.

4.3. Analysis of Phenotype and Scratch Test

The face of each mouse was photographed from three angles: front, left side, and right side.
To score the severity of skin inflammation, the severity of the psoriasis-like skin condition in the facial
area of m-Traf3ip2 mice was monitored and graded every 7 days. The scoring system was based on the
clinical PASI [38]. The modified PASI score was based on three parameters, namely, erythema, scaling,
and thickening. Each parameter score was assigned independently on a scale of 0 to 4 as follows: 0,
none; 1, slight; 2, moderate; 3, marked; and 4, very marked. A scoring table with red taints was used to
score the level of erythema. The cumulative score (erythema, desquamation, swelling, and scaling
area) denoted the severity of inflammation (scale 0–100%). The modified PASI test was applied to each
mouse by five persons. Accurate scratching behavior of individual mice was assessed by counting the
scratches. Scratching behavior was monitored and the number of scratching movements was counted
during a 10-minute period each week.

4.4. Histochemical Analysis of Facial Skin Dissection

After shaving the faces of mice, their facial skin was fixed with 4% paraformaldehyde and then
OTC-embedded punch biopsies were sectioned longitudinally into 7–8 μm thick sections. The sections
were stained using HE for histological evaluation and for the evaluation of the microarchitecture of
thickened epithelium and the keratinocyte layer. Experiments were conducted in triplicate; the data
were averaged to evaluate inflammation and epithelial and keratinocyte changes.

4.5. Microbiota Analysis in Feces

DNA was extracted from fecal samples for microflora analyses using 16S rRNA high-throughput
sequencing. For DNA extraction, the fecal microbiomes were analyzed from 20 mg fecal samples
obtained from each animal in the normal as well as fucoidan diet group. For each mouse in either
group, total DNA was extracted from a 100 mg fecal sample using QIAamp DNA Stool Mini Kit
(Qiagen, Venlo, Netherlands) according to the manufacturer’s instructions. The DNA concentration
was determined using a NanoDrop (Scrum, Tokyo, Japan). Extracted fecal DNA was examined using
16S rDNA gene sequencing by MiSeq (Illumina, Tokyo, Japan). Library preparation, deep sequence,
and data analysis were carried out using methods described by Inoue et al [39]. Data analysis was
performed by Bio-Linux, a Linux computing platform customized for bioinformatics research [40].
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4.6. Quantification of Fecal Mucin and Cecum IgA

Mucin was extracted from each 100 mg fecal sample. Fecal mucin contents were determined
using a fecal mucin assay kit (Mucin Assay Kit, Cosmo Bio, Co., Ltd., Tokyo, Japan). A fluorometric
assay discriminated O-linked glycoproteins (mucins) from N-linked glycoproteins. Fluorescence
was measured using a SoftMax® Pro spectrometer (Molecular Devices, CA, USA). Total IgA was
extracted from 50 mg of cecum samples and quantified using a mouse IgA ELISA quantitation kit
(Immundiagnostik, Bensheim, Germany) as specified in the manufacturer’s instructions. The reaction
products were determined from absorbance at 450 nm using XFluor4 (Tecan, Zurich Switzerland), and
IgA was qualified.

4.7. Statistical Analysis

The calculated values for the in vitro and in vivo experiments are expressed as mean ± SD.
Student’s t test was used for statistical analysis.
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Abstract: Fucoidans are multifunctional marine macromolecules that are subjected to numerous and
various downstream processes during their production. These processes were considered the most
important abiotic factors affecting fucoidan chemical skeletons, quality, physicochemical properties,
biological properties and industrial applications. Since a universal protocol for fucoidans production
has not been established yet, all the currently used processes were presented and justified. The current
article complements our previous articles in the fucoidans field, provides an updated overview
regarding the different downstream processes, including pre-treatment, extraction, purification and
enzymatic modification processes, and shows the recent non-traditional applications of fucoidans in
relation to their characters.
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1. Introduction

Polysaccharides, nucleic acids, and peptides are considered the main three types of bioactive
polymeric macromolecules [1]. Among these, polysaccharides serve various roles in living cells
including structural functions, where cellulose and chitin represent the major components of the
different cell wall matrices [2,3], energy storage (e.g., starch and glycogen) [4,5], and hydration and
signaling functions (e.g., mucilage and alginic acid) [6,7].

Particularly, marine homo- and heteropolysaccharides are derived from marine organisms,
which represent a large part of global biodiversity [8]. Among these are the algal polysaccharides,
such as fucoidan and alginate in brown seaweeds, carrageenan in red seaweeds and ulvan in green
seaweeds. These were reported to have interesting nutraceutical, biomedical, pharmaceutical and
cosmeceutical applications, including dietary fibers; anti-inflammatory, anti-tumor, anti-oxidant,
hepatoprotective and anti-coagulant properties; and drug carrier functionality. Therefore, they have
been extensively investigated during the last few decades [9–13], especially after the emergence of
glycobiology and glycomics [14–17].

Polysaccharides such as dietary fibers of brown algae are abundant and diverse (e.g., alginates,
cellulose, fucoidans and laminarins) constituting the major components (up to 75%) of the dried
thallus weight (% DW) [18–20]. Previous work investigated their abundance in different species,
reporting Fucus, Ascophyllum, Saccharina, and Sargassum to contain 65.7, 69.6, 57.8 and 67.8 % DW,
respectively [21,22]. Specifically, fucoidans are found in the cell walls and extracellular matrices
of brown algae in addition to more than 265 genera and 2040 species of marine invertebrates (e.g.,
sea cucumbers), where they perform vital structural functions [23–26]. Fucoidans are assumed to act
as cross-linkers between the major threads of cellulose and hemicellulose, promoting cellular integrity
and maintaining cellular hydration (especially during drought seasons) [27]. They also act in other
reproductive, immune and cell-to-cell communicative roles [23]. As recommended by the International
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Union of Pure and Applied Chemistry (IUPAC), fucoidans is a general term used to describe sulfated
L-fucose-based polymers including sulfated fucans cited by the Swedish scholar Kylin, as well as other
fucose-rich sulfated heteropolysaccharides [23,28]. Their chemical structures, in terms of monomeric
composition and branching, are quite simple in marine invertebrates compared to their analogues in
brown algae [13,29].

Hundreds of articles have thoroughly discussed and reviewed the biological, pharmacological
and pharmaceutical applications of fucoidans [30–33], including nanomedicine, [34] which has made it
a hot topic in the last few decades [35–37]. All these studies tried to investigate fucoidans molecular
mechanisms in relation to their chemical structure and physicochemical properties. Therefore, different
hypotheses were suggested for each activity, such as anti-tumor [31,38–40], anti-coagulant [41,42],
anti-viral [43,44] and anti-inflammatory activity[45,46]. These investigations revealed that various
factors are relevant, such as molecular weight, sulfation pattern, sulfate content and monomeric
composition [47–49]. For example, different fractions were produced with different physicochemical
properties in our previous experiments; sulfation pattern and sulfate content were highly related to
anti-viral and cytotoxic activities against HSV-1 and Caco-2 cell lines, respectively, while molecular
weight and sugar composition were potential factors in anti-coagulation activity [41,50]. In addition,
degree of purity was reported as an influential factor [32], where co-extracted contaminants (e.g.,
phlorotannins or polyphenols) could lead to significant interference in anti-oxidant activity and,
consequently, cosmetic applications [51,52].

Therefore, several key production challenges regarding fucoidans were discussed in our last
review article in order to obtain a product that follows the universal good manufactured practice (GMP)
guidelines. The article discussed sources of heterogeneity in extracted fucoidans, including the different
biotic (e.g., biogenic, geographical and seasonal factors) and abiotic (e.g., downstream processes) factors
affecting the fucoidans physicochemical and chemical properties [53]. Others patented production
techniques that have assisted in the marketing of several commercial fucoidans by well-known
companies (e.g., Sigma-Aldrich®, Algues and Mer and Marinova®) derived from Fucus vesiculosus and
other brown algae species [54–56].

Furthermore, the improvement of fucoidans activity was investigated, targeting several points.
Among these was the modification of the chemical structure of the native fucoidans scaffolding,
including depolymerization [57,58] and over-sulfation [59]. These modifications could be attempted
chemically [60], enzymatically [35,61] or physically [62]. Predetermined synthesis of oligomers [63,64]
and low molecular weight polymers with defined monomeric units [65] is also involved. Additionally,
fractionation of fucoidans is a common approach during extraction and purifications steps by applying
different extraction and purification conditions (e.g., pH, time, molarity of NaCl) [49,55].

The current article aimed at complementing our previously published article discussing the
reasons for heterogeneity of fucoidans [53]. It reviewed and evaluated the different downstream
processes used in production as the most important abiotic factors affecting the fucoidans quality and
structural features; it then addressed recent uncommon applications and prospective bioproduction
of fucoidans. In addition, the updated status of enzymatic structural modifications of fucoidans,
especially by fucoidanases, were presented.

2. Global Market and Cultivation of Brown Algae

Marine hydrocolloids (e.g., agar, carrageenan and alginate) are of particular industrial interest,
with worldwide annual production of approx. 100,000 tons and a value above US $1.1 billion [66].
Based on FAO periodical reports (FAO, 2014, 2016), among the top seven most-cultivated seaweeds,
three taxa are mainly used for hydrocolloids production; these include Rhodophyta (e.g., Eucheuma sp.
and Kappaphycus alvarezii) for carrageenan production and Gracilaria sp. for agar production [67].
These data encouraged the global marine market to escalate the production yield by finding alternative,
eco-friendly seaweed cultivation techniques, such as sea farming or aquaculture and biotechnology [53].
In 2014, the annual production of cultivated seaweeds reached 27.3 million tons [68], representing 27%
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of the total marine aquaculture production, while the global market of marine biotechnology (blue
biotechnology) for industrial applications has been expected to achieve US $4.8 billion in 2020 and
grow to US $6.4 billion by 2025 [69].

Species of brown macroalgae (Phaeophyceae) are distributed among the orders Fucales and
Laminariales, which are the major commercial sources of the algal sulfated polysaccharides, in addition
to Chordariales, Dictyotales, Dictyosiphonales, Ectocarpales, and Scytosiphonales. Moreover,
phylogenetic analysis showed that Fucales are one of the largest and most diversified orders within
Phaeophyceae, having eight families (41 genera and 485 species), named Ascoseiraceae, Cystoseiraceae,
Durvillaeaceae, Fucaceae, Hormosiraceae, Himanthaliaceae, Sargassaceae, and Seirococcaceae [70].
Figure 1 illustrates the distribution of several examples of well-known brown algae species which are
considered potential sources of sulfated polysaccharides dominating tropical to temperate marine
forests and intertidal regions. The data were based on Wahl, et al. [71].

Figure 1. Global distribution of the major brown seaweeds’ species. They dominate tropical to
temperate marine forests and intertidal regions.

Furthermore, like terrestrial plant tissue culture (PTC), several biotechnological attempts were
performed to cultivate and/or regenerate thallus from different species of brown seaweeds using
seaweeds tissue culture [72]. They include micropropagation, callus induction and protoplast
isolation [69,73–75]. They are very promising techniques as it may not only help to overcome the
previously mentioned fucoidans production heterogeneity challenges [53] but also provide a sustainable
supply [76]. However, compared to PTC, STC is still not well-enough established to be used for
production of hydrocolloids and fucoidans [77] or cultivation in closed, well-controlled bioreactors,
as in case of the red algae organism Agardhiella subulata [78].

3. Downstream Processes

Fucoidans are anionic polymers occurring in highly complicated matrices in cell walls and
intercellular spaces along with other carbohydrate polymers (e.g., alginate, cellulose and laminarin),
polyphenols and proteins [79]. Additionally, due to the sulfate ester groups, fucoidans are
water soluble polysaccharide polymers [80] exhibiting high affinity to other cell wall components,
especially polyphenols [81]. Therefore, various and complicated downstream processes are required to
remove such extraneous substances before and after precipitation with ethanol or cationic surfactants
to obtain high-purity fucoidans [82,83]. The processes always include pre-treatment, extraction and
purification stages as shown in Figure 2.
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Figure 2. Required downstream processes including steps in each process for fucoidans production.

3.1. Pre-Treatment

After harvesting algal biomass from beaches, the biomass should be washed thoroughly with
tap water to remove sands and epiphytes, then dried and milled to increase the area-to-mass
ratio. Several pre-treatment steps are performed before the extraction step to release fucoidans
from intercalating components, ease the following extraction process, improve the extraction
yield, and decrease the possible interferences from co-extracted components in purification and
biological investigations.

Previous experiments tried to remove pigments (e.g., chlorophyll, flavins and carotenoids) and
lipids in specific bleaching and defatting steps with acetone, toluene, charcoal or 80%–85% (v/v)
ethanol [34,84,85]. Since fucoidans are negatively charged molecules, they remained unaffected by
incubation with organic solvents (e.g., acetone, toluene or hexane:isopropanol (3:2) mixture) during
pre-treatment of the dried algal biomass. Such extracts were further treated to obtain carotenoids,
represented by fucoxanthin in brown algae [86], lipids and fatty acid metabolites (especially essential
polyunsaturated fatty acids (PUFA) and fucosterol), adding to nutraceutical applications of brown
algae [87,88]. In contrast, activated carbon materials, such as charcoal, adsorb the target fucoidans
molecules, adversely affecting the final production yield [79].

Other studies tried to exclude the tightly non-covalently bound polyphenolic compounds
represented by phloroglucinol-type phlorotannins [89], which contribute to the light to dark brown
color of the crude fucoidans extract (along with fucoxanthin) [41,81]. They reported comparatively
high phlorotannins content, reaching approximately one fifth of the brown algae dry weight [25].
Phlorotannins perform major structural and physiological functions, like tannins found in plants,
including defense against biotic and abiotic stresses [90,91]. Despite of the great pharmacological
importance of phlorotannins [92,93], their presence in high-quality fucoidans is not acceptable because of
the possibility of interference with the anti-oxidant [25,52,94] and anti-tumor activities of fucoidans [95].
Therefore, the natural phenolics content of fucoidans should be determined before the measurement of
their biological activities [96]. Therefore, nearly all pre-extraction protocols for fucoidans involved
strategies to remove such contaminants, e.g., incubation with EtOH:H2O:HCHO (16:3:1) (v/v/v) at
pH 2. Under such conditions, formaldehyde enhances the crosslinking and polymerization of such
polyphenolic contaminants and the high volume of ethanol results in protein denaturation [41,60,97,98].
However, the toxicity of formaldehyde limits its utilization in pre-treatment protocols [51].

Furthermore, pre-treatment steps are performed to remove other carbohydrates such as alginate,
the major hydrocolloids in brown algae [99]. This is commonly removed by formation of water-insoluble
calcium complex either before [60] or during the extraction procedure using 1%–4% (w/v) CaCl2 followed
by a filtration or centrifugation step to remove the formed precipitate [58,98,100,101]. These previously
mentioned procedures were optimized using successive incubation, centrifugation or filtration,
washing and drying for the main extraction step of the dried, milled algal biomass, as described
in Figure 3. The application of such an optimized protocol resulted in a dried, pre-treated powder
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representing 71% (w/w) of the starting material [98]. Despite these results, downstream processing of
fucoidans, except with enzymatic modification, starts with a small scale (e.g., 5–10 g of the dried algal
biomass) to optimize parameters like dried biomass to solvent ratio, temperatures, pH, and incubation
time, based on preliminary quality and yield of crude fucoidans measured by infra-red spectroscopy
(IR), simple sugar tests and elemental analysis. After this, transfer to large scale production could be
accomplished using larger biomass quantities (e.g., 500–1000 g).

Figure 3. Overview of optimized pre-treatment steps of the dried algae biomass before fucoidans
extraction. All steps were performed at 25 ◦C overnight and the ratio between dried algal biomass to
solvent was 1:10, except for the acetone step, which was 1:20 (modified after [98,102]).

Due to several complicated pre-treatment steps, general protocols always employ a single
incubation step using the ternary mixture composed of CH3OH:CH3Cl:H2O (4:2:1) (v/v/v) [103],
binary mixture of CH2Cl2:EtOH (94.2:5.8, v/v) [104], or aqueous ethanol (e.g., 95% v/v) [105,106] to
remove pigments [107], polyphenols [51,103] and lipids [108]. Nevertheless, pre-treatment steps may
be insufficient for complete removal or prevention of some residual co-extraction.

Notably, all these procedures were carried out at room temperature in organic solvents and high
volumes of ethanol, in which fucoidans are insoluble. Theoretically, the native structural backbone
should not be affected. However, similar polymeric carbohydrates such as laminarin may still be
present, contaminating the extract after these steps.

Recently, in order to decrease pollution of organic toxic solvents, compressional-puffing
pre-treatment was applied for Sargassum hemiphyllum and S. glaucescens fucoidans. The pre-treatment
method was based on mechanical pressure at higher temperatures that loosen the cell wall matrix
before the step of extraction. Such methods succeeded in increasing the production yield, but they
affected the molecular features of the fucoidans, including molecular weight [109,110].

3.2. Extraction

As previously mentioned, fucoidans are principally anionic water-soluble macromolecules.
Therefore, they can be extracted from the pre-treated biomass using a simple hot- or cold-water
incubation. Afterwards, the extracted fucoidans can be precipitated by high volumes of solvents with
a low dielectric constant (e.g., >70% (v/v), > 2.5 volume ethanol [111,112], <2 volume acetone [113])
or cationic surfactants (e.g., hexadecyltrimethylammonium bromide (Cetavlon®) 10% (v/v)) [55] via
an affinity complex formation at low temperatures (4 ◦C) to remove the undesired salts from the
sulfated polysaccharides [52]. This specific precipitation reaction between fucoidans and Cetavlon® is
applied in screening tests of microorganisms for putative fucoidanase activity [114].

Ale et al. published comprehensive articles discussing the history of extraction, including the
different classical extraction methods of fucoidans, and reported that extraction procedures significantly
affect the polymers monomeric composition, even for the same organism [60,115]. Beyond simple
hot water extraction [58,116], attempts were made to increase the selectivity and extraction yields,
including extraction in acidic [117], alkaline [118], and buffered [41,119] aqueous solutions. However,
a neutralization step is required, using Na2CO3 or (NH4)2CO3, directly after extraction to guard against
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the non-specific acidic hydrolysis of the polymer [101,115]. Such drastic pH changes affect the chemical
and physicochemical properties of fucoidans during the extraction step.

Currently, besides the previously discussed classical extraction methods based on thermal energy,
extraction protocols based on vibrational energy have been developed. These protocols are based on
microwave-assisted (MAE) [120,121] or ultrasound-assisted (UAE) [94,122] extraction steps to elicit
cell wall degradation which improves the polymer release into aqueous solvent. These protocols
were optimized either using an approach that modified one factor at a time or a multiple factorial
design, setting the polymers production yield, monomeric composition and biological activities as the
measured responses.

Recently, combined sulfated polysaccharides extraction protocols were optimized from different
brown algae species using hydrothermal-assisted extraction (HAE) followed by sequential ultrasound
and thermal technologies [123]. Similarly, subcritical water extraction was applied to increase the
production yield of fucoidans from Nizamuddinia zanardinii [124]; such mild conditions may be
advantageous to preserve the native chemical backbone and physicochemical characters of fucoidans.

Recently, as a trial to reduce such undesirable effects, enzyme-aided or assisted extraction
(EAE) protocols are being developed using enzymes instead of harsh chemicals and high extraction
temperatures during extraction. These include cellulase, papain, laminarinase, alginate lyase,
and protease, which are present in products of Novozymes [79,125–128]. In addition, other cost-effective
and time-saving techniques are reported, like those for terrestrial plant polysaccharides, such as
extraction under vacuum to lower the boiling point of water and hence avoid possible heat-induced
fucoidans degradation [129]. Alternatively, 0.5% (w/v) ethylenediaminetetraacetic acid (EDTA)
was applied at 70 ◦C for simultaneous extraction of Laminaria japonica fucoidans and removal
of pigments [130].

3.3. Separation Physical Methods

Filtration, dialysis and centrifugation, either for the algal biomass or precipitates, are also among
the downstream processes after pre-treatment and extraction steps [131–133]. Cross-flow filtration
and dialysis against water are usually performed using different molecular weight cut-off (MWCO)
membranes for isolation of fucoidans from smaller compounds depending on the high molecular
weight of fucoidans [134] and also for fractionation purposes, where low molecular weight fucoidans
(LMWF) can be separated from high molecular weight analogues (HMWF) [49].

In addition, filtration, concentration, and fractionation are simultaneously performed using
centrifugal concentrators (Vivaspin®) equipped with membranes with certain MWCO, like in protein
purification. However, in some cases, especially in the presence of bulk masses or high concentrations of
salts and small contaminants, the use of centrifugal concentrators becomes practically and economically
unsuitable for fucoidans purification. In such cases, bulky contaminants result in membrane clogging
leading to its deterioration and increasing the production cost.

3.4. Purification

Despite the previously mentioned purification steps, residuals of co-extracted contaminants are
still present, and resulting fucoidans are still crude-type. [27]. Therefore, further selective purification
steps are needed to obtain a high-quality product for reproducible and accurate biological investigations.
Some researches adopted simple, non-chromatographic steps, such as bleaching of the crude fucoidans
(NaClO2 in dilute HCl) followed by precipitation with cetyltrimethylammonium bromide [135] or
by cold overnight incubation in aqueous buffered solution of calcium acetate (20 mM, pH = 6.5
-7.5) followed by dialysis [136]. In addition, membrane filtration was reported to produce fucoidans
fractions of different molecular weight [137].

However, other chromatographic purification techniques were discussed in our previous
publications [41,53,98,102]. Almost all the chromatographic techniques are based on the permanent
negatively charged sulfate ester groups distributed on the polymer backbone which allow selective
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fucoidans capture. However, carboxylated (e.g., alginate) and phosphorylated (e.g., nucleic acids)
compounds might interfere [138,139]. Therefore, the pH value of the applied solvents is critical during
chromatographic purification. One option for this uses anionic exchange resins (e.g., diethylaminoethyl
cellulose or DEAE-cellulose), which was performed at pH 7.2 using 0.1 M sodium phosphate
buffer [140]. An alternative is cationic dyes (e.g., toluidine blue- or perylene diimide derivative),
modified resins or chitosan functioning in buffered solutions [27,102]. Both anion exchange and dye
affinity chromatography involve the use of highly concentrated NaCl elution solvents. As a result,
a subsequent purification step using chromatographic gel permeation [141] or dialysis [140] is required
to remove salts, increasing the production costs. Other methods based on the use of biological
macromolecules, such as lectins and anti-thrombin III, were also reported [53].

Novel innovative purification techniques were recently developed, such as selective solid phase
extraction for purifying fucoidans and other complex seaweeds polymers by molecularly imprinted
polymers (MIP) [142,143] or MIP modified by deep eutectic solvents [142,143]. Abdella et al.,
developed a green and time-saving purification protocol using genipin cross-linked toluidine blue
immobilized-chitosan beads employing fucoidans affinity to cationic thiazine dyes [102].

4. Recent Uncommon Applications

In addition to the classical therapeutic applications of fucoidans, including anti-coagulant [41,144],
anti-viral [145,146], anti-inflammatory [46,147] and selective cytotoxic and anti-tumor uses [39,50],
uncommon bioactivities, including cosmeceutical, pharmaceutical, diagnostic, and synergistic
therapeutic applications were recently reported [32]. Recent fucoidans uses included therapeutic
treatment of major blindness diseases [148]. It has also been used as a drug carrier, especially for
anti-cancer treatments and anti-biotics. Additionally, fucoidans have been shown to improve drug
bioavailability and efficacy in pharmaceutical formulations, including in nanoparticles, liposomes,
microparticles, and semisolid formulations [28,149,150]. Table 1 summarizes some of the recent and
uncommon fucoidans applications based on in-vitro or in-vivo studies, in addition to biogenic resources
and physicochemical features.
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Table 1. Some selected recent therapeutic, diagnostic and pharmaceutical applications of fucoidans
including the biogenic sources.

Application
Biogenic
Source

Quality
Grade/Purification

Method
Structural Features Involved Mechanism Ref.

Therapeutic

Anti-viral
(IAV)

Kjellmaniella
crassifolia

(Laminariales)
*

Inhibition of the viral
neuraminidase (NA)

Interference with the cellular
EGFR pathway

[43]

Anti-metabolic
syndrome Fucus vesiculosus

(Fucales)

Dialysis of crude
alginate-free fucoidans

Alternating
α(1→3)/α(1→4)linked

fucose,
Mw > 7.0 × 103 g/mol

Regulation of jnk, akt,
and ampk signaling

Alleviation of insulin
resistance Regulation of

lipid metabolism

[151]

Anti-leishmaniasis
Commercial product

purchased from
Sigma-Aldrich®

Polymer of α-(1→3)
linked fucose

Activation of the
mitogen-activated protein

kinase (MAPK)/NF-κB
pathway against Leishmania

donovani-infected
macrophages

[152]

Enhancement of dendritic
cells maturation, production

of
pro-inflammatory cytokines,

and down-regulation of
anti-inflammatory cytokines

[153,154]

Immunostimulant
Nizamuddinia

zanardinii
(Fucales)

A fraction of DEAE
Sepharose Fast Flow

column

Highly branched
polymer

Mw: 953.6 × 103 g/mol

Stimulation of RAW264.7
murine macrophage and NK

cells
[155]

Anti-metastasis Undaria
pinnatifida

(Laminariales)

DEAE-cellulose,
and Sephadex G-100

column
chromatography

(purity>90%)

Mw: of 10.4356 × 104

g/mol

- Suppression of Hca-F cell
growth, adhesion, invasion,
and metastasis capabilities,
- Inactivation of the NF-κB

pathway

[156]

Gastrointestinal
tract protective

Purity ≥ 95%
(Commercial product

purchased from
Sigma-Aldrich®)

Protection against
H2O2-induced damage via

activation of the NRF2
signaling pathway

[157]

Anti-malaria

- Partial purification by
cetylpyridinum

chloride
Fractionation by

DEAE-Sephadex A-25
column

Sugar monomers,
and uronic acid,

M.wt: approx. 15 ×
103 g/mol

In-vitro and in-vivo
inhibition of erythrocytes
invasion by P. falciparum

merozoites

[158]

Renal
protective

Laminaria
japonica

(Laminariales)

LMWF
(Mw: 7 x 103 g/mol)

Inhibition of overexpression
of pro-inflammatory and

pro-fibrotic factors, oxidative
stress and apoptosis

[159,160]

Cardio-,
hepatic- and

renal protective

Commercial product
purchased from

Absunutrix
Lyfetrition®

Reduction of oxidative
stress, pro-inflammatory
effects and injuries to the

cardiac, hepatic, and renal
tissues

[161]

Inhibition of
tumor

angiogenesis

Sargassum
hemiphyllum

(Fucales)

Hydrolyzed crude
extract

LMWF;
760 g/mol

Suppression of
HIF-1/VEGF-regulated

signaling pathway
[162]

Pro-angiogenic
Ascophyllum

nodosum
(Fucales)

Fractionated with
dialysis commercial

crude fucoidan
(ASPHY)

LMWF
(<4.9 x 103 g/mol)

Increase of the vascular
network formation

regulated via Erk1/2 and
PI3K/AKT cell signaling

pathways

[163]

Alleviation of
diabetic

complications

S. Fusiforme
(Fucales) Crude extract Mw: 205.89x103 g/mol,

high sulfate content

- Suppression of oxidative
stress

- Alteration of the gut
microbiota

- Attenuation of the
pathological changes in

heart and liver

[164]
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Table 1. Cont.

Application
Biogenic
Source

Quality
Grade/Purification

Method
Structural Features Involved Mechanism Ref.

Diagnostic

Imaging of
cardiovascular

diseases

Ascophyllum
nodosum
(Fucales)

An oxidative-reductive
degraded crude extract

(purchased from
Algues and Mer,
Ascophyscient®)

GMP-grade LMWF
(7.1x103 g/mol)

Synthesis of
technetium-99m-fucoidan
radiotracer for detection of

P-selectin

[56]

Commercial product
from Algues and Mer

Synthesis of
polycyanoacrylate-fucoidan
microcapsules (Fuco-MCs)
for detection of P-selectin

[165]

Cosmeceutical

Anti-Photoaging Ecklonia cava
(Laminariales)

Enzymatic
degradation of

a commercial HMWF

LMWF (Mw: 8 × 103

g/mol)

Anti-oxidant, anti-apoptotic,
and MMP-9-inhibiting

effects
[166]

Skin
brightening
and age spot

reduction

F. vesiculosus
(Fucales)

Crude extracts
purchased from

Marinova® Pty Ltd.

58.6% fucoidans,
33.7% polyphenol

Increase of Sirtuin 1 (SIRT1)
expression in vitro [167,168]

Skin immunity,
soothing and

protection

U. pinnatifida
(Laminariales)

89.6% fucoidans,
<2% polyphenol

Reconstruction
of skin

F. vesiculosus
(Fucales)

Commercial product
from Sigma-Aldrich®

(not determined the
degree of purity)

Increase of proliferating cell
nuclear antigen (PCNA) p63
and α6-integrin expression

[169]

Pharmaceutical technology

As vehicle for
drug delivery F. vesiculosus

(Fucales)

Commercial product
purchased from
Sigma-Aldrich®

Mw: 57.26 ×103 g/mol

- Chitosan-fucoidans-based
nanoparticles for delivery of

anti-cancers (e.g.,
curcumin-loaded NPs)

- Nanoencapsulation of poly
L-lysine

[170,171]

Piperlongumine (PL)-loaded
chitosan-fucoidan

nanoparticles (PL-CS-F NPs)
[172]

Synthesis of
fucoidan/trimethylchitosan

nanoparticles
(FUC-TMC-NPs) as adjuvant
in anthrax vaccine adsorbed

[173]

Green synthesis
of silver

nanoparticles

Synthesis of
chitosan-fucoidan

complex-coated AgNPs
[174]

*: Not specified.

5. Enzymatic Modification of Native Fucoidans

Owing to their high molecular weight, therapeutic applications of native fucoidans face many
challenges including structure elucidation, solubility, manufacturing, and handling [63,116], in addition
to safety as a food supplement [175]. Structure elucidation and quantitation of native fucoidans is highly
complicated and requires advanced or hyphenated spectroscopic techniques such asHPLC-MS/MS as
it applied in Sea Cucumbers fucoidans [176,177]. Also, these techniques must be applied after a step of
enzymatic or acid hydrolysis to transform the fucoidans polymers to oligomers. According to their
molecular weight, fucoidans are classified into three classes: LMWF (<10 kDa), medium molecular
weight fucoidan (MMWF) (10–10000 kDa), and HMWF (>10000 kDa) [31]. LMWF demonstrated
better bioavailability and bioactivities than HMWF [178,179]. As a consequence, several articles
reported physical, chemical and enzymatic modification of the native HMWF to get LMWF of
higher biological activity [62]. Specifically, enzymatic modification of macroalgal polysaccharides,
including fucoidans by either fucoidanases or sulfatases, is characterized by regioselectivity and
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stereospecificity. This new trend is considered crucial and highly promising for current and future
applications of polysaccharides [180].

Nevertheless, our publications in 2009 particularly reviewed the specific enzymatic degradation
of fucoidans induced by fucoidanases (EC 3.2.1.44) and α-L-fucosidases (EC 3.2.1.51), mainly those
isolated from marine bacteria [35]. Cumashi, et al. studied the chemical structures of different
fucoidans isolated from a number of brown algal species [181]. Their proposed models, which were
highly appreciated and recommended by many researchers [60], showed the backbone of fucoidans
to be mainly an alternating α-(1-4) and α-(1-3) linked L-fucopyranoside. Regarding the sulfation
pattern, C-2 is usually substituted with sulfate ester groups in addition to alternating C-3 or C-4 in
L-fucopyranose residue, according to the glycosidic linkages. In addition, branched chain polymers
were also found as in F. serratus. Other minor sugar units (e.g., mannose, galactose, glucose and
xylose) occur as well in fucoidans structure; however, their distribution pattern and positions are still
unknown [60,181]. Now, the mechanism of enzymatic degradation can be described in relation to
fucoidans chemical structures.

Despite the increasing number of publications investigating fucoidanase activity of different marine
species cell extracts, few of these enzymes have been isolated and characterized. Moreover, genome
sequences encoding few fucoidanases have been published, including Ffa2 and FFA1 from Formosa algae
KMM 3553T [182,183], FcnA from Mariniflexili fucanivorans SW5T [184]. Therefore, specificity of fucoidanases,
type of cleaved glycoside bond, structure-activity relationship studies and enzyme stability are still poorly
described. It was only observed that identified microbial fucoidanses act only on fucoidans isolated from
their respective symbionts [185]. In fact, fucoidanases have not actually been fully utilized yet as a powerful
tool either for the structural studies of fucoidans or production of defined and well-characterized bioactive
fragments of extracted fucoidans, as shown in Table 2.

Similarly, recent advances in bioinformatics and genome sequencing of microbial species have
resulted in a continual increase of novel genome sequences. These genomes demonstrated various
potential genes encoding for enzymes with biopolymer-degrading capabilities, such as Shewanella
violacea DSS12 (NC_014012.1), Formosa algae KMM 3553 (NZ_LMAK01000014.1) [182], Formosa haliotis
MA1 (NZ_BDEL01000001.1) [198], Wenyingzhuangia fucanilytica CZ1127 (NZ_CP014224.1) [199] and
Pseudoalteromonas sp. strain A601 (MXQF01000000) [200]. Moreover, production of stabilized
fucoidanases has been achieved by targeted truncation of the C-terminal of FcnA2, Fda1 and
Fda2. This recently developed method may help with enzymatic production of defined degrees
of polymerization and more bioactive products from native fucoidan substrates [201].
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Table 2. Source of fucoidans as a substrate and mode of action of some fucoidanases.

Biogenic Source of
Fucoidans

Fucoidanase Source Mode of Action Ref.

F. evanescens
Formosa algae KMM 3553 Endo

α-1→4 [61,182]

Pseudoalteromonas citrea
strains KMM 3296, KMM 3297,

KMM 3298

Endo
α-1→3 [186]

F. vesiculosus Dendryphiella. arenaria TM94 Endo
n.d. * [187]

Kjellmaniella crassifolia Fucobacter marina SA-0082 Endo
β-1→4 [188]

Cladosiphon okamuranus
Fucophilus fucoidanolyticus

SI-1234
Endo
α-1→3 [189]

Flavobacterium sp. F-31 Endo
n.d. [190]

F. distichus Littorina kurila Endo
α-1→3 [191]

Pelvetia canaliculata Mariniflexile fucanivorans SW5T Endo
α-1→4 [184]

Undara pinnatifida Sphingomonas paucimobilis PF-1 Endo
n.d. [192,193]

Saccharina cichorioides
Pseudoalteromonas citrea

strains KMM 3296, KMM 3297,
KMM 3298

Endo
α-1→3 [186]

Nemacystus decipiens Mizuhopecten yessoensis Endo
n.d. [194]

Ascophyllum nodosum Pecten maximus Exo
n.d. [195,196]

Thelenota ananas (Wild
sea cucumber) Wenyingzhuangia Fucanilytica Endo

n.d. [197]

* n.d.: not determined.

6. Conclusion and Future Prospective

As multifunctional molecules, fucoidans have received special interest based on their proven
efficacy in different fields. The current article reviewed many aspects related to fucoidans’ production,
mainly from brown algae. Biogenic source and downstream processes were shown as major
factors determining their application, which is affected by molecular weight and quality grade
of fucoidans. Therefore, the alteration of fucoidans’ native structure was recommended, especially as
performed by fucoidanases. Their production in nanoform or in combination with other polymers can
improve or modify their potential uses, allowing their expanded potential as therapeutic agents, e.g.,
in anti-cancer applications [202].

Production of high-quality purified fucoidans is urgently required to clarify the relationships
between chemical structure and the various bioactivities attributed to fucoidans, eliminating any
interference from contaminants. However, it was observed in some cases that crude extracts and
presence of co-extracted contaminants, especially polyphenolic phlorotannins, have advantageous
cosmeceutical effects due to their powerful anti-oxidant activity [203,204].

Novel techniques, either in cultivation or downstream processes, have been established,
increasing the global production yields and reducing ecological and economic problems. A new
advance toward achieving such goals was established by optimization of water extraction via
measurement of kinetic parameters [205]. In addition to this, it is expected that most future trends
in marine biotechnology research will focus on the cell wall and extracellular matrix components of
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brown algae, including fucoidans’ biosynthetic genes and production regulators [23,53,63,206–208].
Such trials may enable the scientific community to produce more bioactive molecules of fucoidans
with defined characteristics, including degree of polymerization, sulfate content and pattern,
in reproducible manners.

Author Contributions: R.U. planned the manuscript’s topics and is the corresponding author, while A.Z. collected
the data and wrote the article. All authors have read and agreed to the published version of the manuscript.

Acknowledgments: The research is funded by the „Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation)-Project-ID 172116086-SFB 926“. The authors would like also to thank Mrs. Aya Abdella and Ms.
Gabrielle Phillips for helpful comments and English editing of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interests.

References

1. Munoz-Bonilla, A.; Echeverria, C.; Sonseca, A.; Arrieta, M.P.; Fernandez-Garcia, M. Bio-based polymers with
antimicrobial properties towards sustainable development. Materials 2019, 12, 641. [CrossRef] [PubMed]

2. Amos, R.A.; Mohnen, D. Critical review of plant cell wall matrix polysaccharide glycosyltransferase activities
verified by heterologous protein expression. Front. Plant Sci. 2019, 10, 915. [CrossRef]

3. Lampugnani, E.R.; Flores-Sandoval, E.; Tan, Q.W.; Mutwil, M.; Bowman, J.L.; Persson, S.
Cellulose synthesis—central components and their evolutionary relationships. Trends Plant Sci. 2019,
24, 402–412. [CrossRef] [PubMed]

4. Helle, S.; Bray, F.; Verbeke, J.; Devassine, S.; Courseaux, A.; Facon, M.; Tokarski, C.; Rolando, C.; Szydlowski, N.
Proteome analysis of potato starch reveals the presence of new starch metabolic proteins as well as multiple
protease inhibitors. Front. Plant Sci. 2018, 9, 746. [CrossRef] [PubMed]

5. Ball, S.; Colleoni, C.; Cenci, U.; Raj, J.N.; Tirtiaux, C. The evolution of glycogen and starch metabolism in
eukaryotes gives molecular clues to understand the establishment of plastid endosymbiosis. J. Exp. Bot.
2011, 62, 1775–1801. [CrossRef] [PubMed]

6. Edmond Ghanem, M.; Han, R.-M.; Classen, B.; Quetin-Leclerq, J.; Mahy, G.; Ruan, C.-J.; Qin, P.;
Pérez-Alfocea, F.; Lutts, S. Mucilage and Polysaccharides in the Halophyte plant species Kosteletzkya
virginica: Localization and composition in relation to salt stress. J. Plant Physiol. 2010, 167, 382–392.
[CrossRef]

7. Shukla, P.S.; Mantin, E.G.; Adil, M.; Bajpai, S.; Critchley, A.T.; Prithiviraj, B. Ascophyllum nodosum-based
biostimulants: sustainable applications in agriculture for the stimulation of plant growth, stress tolerance,
and disease management. Front. Plant Sci. 2019, 10, 655. [CrossRef]

8. Hamed, I.; Özogul, F.; Özogul, Y.; Regenstein, J.M. Marine bioactive compounds and their health benefits: A
review. Compr. Rev. Food Sci. Food Saf. 2015, 14, 446–465. [CrossRef]

9. Lee, Y.-E.; Kim, H.; Seo, C.; Park, T.; Lee, K.B.; Yoo, S.Y.; Hong, S.C.; Kim, J.T.; Lee, J. Marine polysaccharides:
therapeutic efficacy and biomedical applications. Arch. Pharmacal Res. 2017, 40, 1006–1020. [CrossRef]

10. Ruocco, N.; Costantini, S.; Guariniello, S.; Costantini, M. Polysaccharides from the marine environment with
pharmacological, cosmeceutical and nutraceutical potential. Molecules 2016, 21, 551. [CrossRef]

11. Laurienzo, P. Marine Polysaccharides in Pharmaceutical Applications: An Overview. Mar. Drugs 2010, 8,
2435–2465. [CrossRef] [PubMed]

12. Meenakshi, S.; Umayaparvathi, S.; Saravanan, R.; Manivasagam, T.; Balasubramanian, T. Hepatoprotective
effect of fucoidan isolated from the seaweed turbinaria decurrens in ethanol intoxicated rats. Int. J. Biol.
Macromol. 2014, 67, 367–372. [CrossRef] [PubMed]

13. Cunha, L.; Grenha, A. Sulfated seaweed polysaccharides as multifunctional materials in drug delivery
applications. Mar. Drugs 2016, 14, 42. [CrossRef] [PubMed]

14. Hudak, J.E.; Bertozzi, C.R. Glycotherapy: New advances inspire a reemergence of glycans in medicine.
Chem. Biol. 2014, 21, 16–37. [CrossRef] [PubMed]

15. Novotny, M.V.; Alley, W.R., Jr. Recent trends in analytical and structural glycobiology. Curr. Opin. Chem.
Biol. 2013, 17, 832–840. [CrossRef] [PubMed]

16. Caldwell, G.S.; Pagett, H.E. Marine glycobiology: Current status and future perspectives. Mar. Biotechnol.
2010, 12, 241–252. [CrossRef]

40



Mar. Drugs 2020, 18, 170

17. Pomin, V.H. Marine medicinal Gglycomics. Front. Cell. Infect. Microbiol. 2014, 4, 5. [CrossRef]
18. De Jesus Raposo, M.F.; de Morais, A.M.B.; de Morais, R.M.S.C. Marine polysaccharides from algae with

potential biomedical applications. Mar. Drugs 2015, 13, 2967–3028. [CrossRef]
19. Gobet, A.; Barbeyron, T.; Matard-Mann, M.; Magdelenat, G.; Vallenet, D.; Duchaud, E.; Michel, G.

Evolutionary evidence of algal polysaccharide degradation acquisition by Pseudoalteromonas carrageenovora
9T to adapt to macroalgal niches. Front. Microbiol. 2018, 9, 2740. [CrossRef]

20. Maneein, S.; Milledge, J.J.; Nielsen, B.V.; Harvey, P.J. A Review of seaweed pre-treatment methods for
enhanced biofuel production by anaerobic digestion or fermentation. Fermentation 2018, 4, 100. [CrossRef]

21. Afonso, N.C.; Catarino, M.D.; Silva, A.M.S.; Cardoso, S.M. Brown macroalgae as valuable food ingredients.
Antioxidants 2019, 8, 365. [CrossRef]

22. Catarino, M.D.; Silva, A.M.S.; Cardoso, S.M. Phycochemical constituents and biological activities of Fucus
spp. Mar. Drugs 2018, 16, 249. [CrossRef]

23. Deniaud-Bouët, E.; Hardouin, K.; Potin, P.; Kloareg, B.; Hervé, C. A review about brown algal cell walls
and fucose-containing sulfated polysaccharides: Cell wall context, biomedical properties and key research
challenges. Carbohydr. Polym. 2017, 175, 395–408. [CrossRef] [PubMed]

24. Deniaud-Bouët, E.; Kervarec, N.; Michel, G.; Tonon, T.; Kloareg, B.; Hervé, C. Chemical and enzymatic
fractionation of cell walls from Fucales: Insights into the structure of the extracellular matrix of brown algae.
Ann. Bot. 2014, 114, 1203–1216. [CrossRef] [PubMed]
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Abstract: Fucoidans are biocompatible, heterogeneous, and fucose rich sulfated polysaccharides
biosynthesized in brown algae, which are renowned for their broad-spectrum biofunctional properties.
As a continuation of our preliminary screening studies, the present work was undertaken to extract
polysaccharides from the edible brown algae Sargassum polycystum by a modified enzyme assisted
extraction process using Celluclast, a food-grade cellulase, and to purify fucoidan by DEAE-cellulose
anion exchange chromatography. The apoptotic and antiproliferative properties of the purified
fucoidan (F5) were evaluated on HL-60 and MCF-7 cells. Structural features were characterized
by FTIR and NMR analysis. F5 indicated profound antiproliferative effects on HL-60 leukemia
and MCF-7 breast cancer cells with IC50 values of 84.63 ± 0.08 μg mL−1 and 93.62 ± 3.53 μg mL−1

respectively. Further, F5 treatment increased the apoptotic body formation, DNA damage, and
accumulation of HL-60 and MCF-7 cells in the Sub-G1 phase of the cell cycle. The effects were found
to proceed via the mitochondria-mediated apoptosis pathway. The Celluclast assisted extraction
is a cost-efficient method of yielding fucoidan. With further studies in place, purified fucoidan of
S. polycystum could be applied as functional ingredients in food and pharmaceuticals.

Keywords: Sri Lankan algae; anticancer; sulfated polysaccharide; fucoidan; Celluclast; sargassum
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1. Introduction

Fucoidans found in brown algae are documented for their broad spectrum of bioactive properties,
including anticancer, anticoagulant, antioxidant, anti-inflammatory, and immunomodulatory activities
beneficial for the pharmaceutical, cosmeceutical, nutraceutical, and functional food industries [1].
The structure of fucoidan comprises of alternating units of L-fucose with mannose, glucose, galactose,
and xylose monosaccharides with substituted sulfate groups. The primary linkage between
α-l-fucopyranosyl residues is the (1→3) and (1→4) with sulfate groups substituted at either C2,
C4, or both positions [1,2]. However, differences in fucoidan structure have been observed in different
brown algae and remain ambiguous for their structures are highly heterogeneous. Typically, the
structural characterization of fucoidan is accomplished by analyzing the monosaccharides composition,
their connectivity, and substituted functional groups (methylation analysis, FTIR, and NMR) [3].
The publication by Bilan et al. (2013) reveals some significant findings regarding the fucoidan
structure of S. polycystum harvested from Vietnam, which is comprised of 3-linked α-l-fucopyranose
4-sulfate residues [4]. Apart from the species specificity, fucoidan structure could vary depending
on environmental factors and stress conditions. The structure of fucoidan (molecular weight,
monosaccharide composition, and their sequence, degree, and substitution of sulfate groups) is
a critical factor that determines its biofunctional properties. Li et al. (2008) provide a detailed review
of up to date understanding regarding the structure-activity relationship of fucoidans [5]. By far,
the anticancer properties of fucoidan have been found to increase with the increasing degree of sulfation
and with reduction of molecular weight up to a certain limit.

Cancer has become a burden and a leading cause of death throughout the world. The number of
cancer incidents in 2012 reached approximately 14.1 million, among which 8.2 million deaths have been
reported [6]. The rapid growth of cancer incidents is predicted to be due to the increasing population
and modernizing lifestyle patterns. Consumption of foods with artificial coloring, flavoring, and
preservatives, use of tobacco, physical inactivity, exposure to ionizing radiation, and carcinogenic
substances are among the major factors that contribute to the development of cancer [7]. Though
a vast number of anticancer drugs are available, continuing the search for new cancer medicine is
a prevailing task as many available anticancer agents cause serious side effects on normal tissues.
The lack of selectivity is one of the major drawbacks in many of these drugs except for a limited
number of anticancer medications such as “vemurafenib” that show their effects on melanoma cells
with V600E BRAF mutation and monoclonal antibodies that specifically target cancer antigens [8].
The heterogeneous nature of cancers and multidrug resistance causes the development of anticancer
drugs a challenging task [9]. Fucoidans, by far, have been recognized as a biocompatible substance
that indicates positive biological responses. A recent study by Silchenko et al. (2017) describes the
anticancer activity of fucoidan and sulfated fucooligosaccharides from Sargassum horneri, whereas
the fucoidans are reported to suppress the colony formation of DLD-1 (colorectal adenocarcinoma)
cells [10]. Fucoidans mediate anticancer functions not only by regulating intracellular mechanisms
of cancer cells such as apoptosis, but also the activity of immune cells such as lymphocytes and
natural killer cells [8,11]. Apart from the direct chemotherapeutic effects, fucoidan rich polysaccharides
have shown radioprotective effects that make them a useful substance in cancer-radiotherapy [12].
The objective of the current study was to explore the anticancer activity of fucoidan rich polysaccharides
of untapped S. polycystum harvested from the tropical island, Sri Lanka, and to explore its structural
properties. Recently Palanisamy et al. (2017) have reported the anticancer potential of a fucoidan
extract from S. polycystum on MCF-7 cells [13]. The present study so far is the first to report modified
enzyme assisted extraction of fucoidan enriched polysaccharides from S. polycystum, anion exchange
chromatographic purification, and detailed information of their anticancer properties.
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2. Results

2.1. Yields and Chemical Composition of the Polysaccharide Extracts and Fractions

Based on the compositional analysis (AOAC methods) S. polycystum indicated 2.75 ± 0.08%
moisture, 17.62 ± 0.16% ash, 52.46 ± 0.52% carbohydrate, 17.36 ± 0.04% protein, and 1.85 ± 0.06%
lipids on a dry basis. The yield of ethanol precipitate was 6.88 ± 0.52%. The ash content of the ethanol
precipitate was 0.08 ± 0.01% (relative to the dry weight of raw material).

2.2. Purification of Polysaccharides Molecular Weight Distribution and Monosaccharide Composition

As indicated in Figure 1a, anion exchange purification resolved the polysaccharide precipitate into
five fractions (F1–F5). The recovery yield of F1 and F5 was higher than other fractions. The molecular
weight distribution of fractions (F1–F5) indicated a decreasing trend and was estimated to be centered
on 77.0, 65.5, 59.5, 60.0, and 39.5 kDa, respectively (Figure 1b). The monosaccharide composition
of each fraction is given in Table 1. F1 had a higher galactose and mannose content, whereas the
other successive fractions indicated increasing amounts of fucose. Fucose content was highest in F5
(Figure 1c) with galactose and a minor amount of glucose.

Figure 1. Purification of precipitated polysaccharides by DEAE-cellulose anion exchange chromatography.
(a) Separating the collected column eluates into five fractions based on their polysaccharide content,
(b) molecular weight distribution of the eluted column fractions (F1–F5), and (c) the monosaccharide
composition analysis of the fraction F5.

Table 1. The composition of column fractions.

F1 F2 F3 F4 F5

Yield (%) 32.52 ± 0.17 12.24 ± 0.14 9.36 ± 0.09 11.78 ± 0.07 34.09 ± 0.14

Chemical
composition (%)

Polysaccharide 81.42 ± 0.09 75.66 ± 0.11 70.25 ± 0.26 64.82 ± 0.24 59.36 ± 0.03
Sulfate 12.42 ± 0.30 18.75 ± 0.00 23.12 ± 0.29 28.61 ± 0.22 33.56 ± 0.07
Protein 0.36 ± 0.02 0.28 ± 0.01 0.25 ± 0.02 0.33 ± 0.03 0.28 ± 0.00

Polyphenol 0.52 ± 0.02 0.55 ± 0.00 0.48 ± 0.04 0.39 ± 0.01 0.27 ± 0.02

Monosaccharide
composition (%)

Fucose 20.06 33.20 49.06 63.84 71.96
Rhamnose 1.72 1.45 0.89 0.60 N.D.
Arabinose 2.52 2.39 1.15 0.62 N.D.
Galactose 33.32 27.64 22.64 17.39 12.31
Glucose 7.48 5.81 3.74 1.46 1.41

Mannose 32.67 26.29 N.D. N.D. N.D.
Others 2.22 3.22 22.52 16.09 14.32

Chemical composition was calculated based on triplicate determinations. Results are given as the means ± SD.
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2.3. Characterization of Polysaccharide Structure (FTIR and NMR Analysis)

Wavenumber range 400–2000 cm−1 of FTIR spectra covering the fingerprint region of
polysaccharides were used to characterize the structural properties of polysaccharides. All FTIR
spectra, including column fractions and the commercial fucoidan standard, indicated prominent peaks
at 845, 1035, 1616 cm−1, and a broad peak between 1220–1270 cm−1. A clear difference was seen for
the intensity of 1220–1270 cm−1 peak between each spectrum, although the intensity of the peak at
1035 cm−1 was similar between all. The peak at 1733 cm−1 was absent in the commercial fucoidan,
whereas a minor peak was recorded for F5. However, 1733 cm−1 peak was prominent in all other
fractions (F1–F4). 1H and 13C NMR spectra of deuterium exchanged F5 fraction are presented in
Figure 2b,C. In the 1H spectrum, solvent peaks were observed at 2.50 ppm for dimethyl sulfoxide and
4.80 ppm for deuterium oxide. Unresolved peaks between 5.1–5.4 ppm could be assigned to protons
of α-l-fucopyranosyl units. Prominent peaks observed at 4.46, 3.90, and 3.71 ppm were respectively
assigned to H-1, H-5, and H-3 of D-galactons. The two overlapping peaks at 1.15, and 1.4 ppm were
assigned to methyl groups in fucose [1,2]. In the 13C spectrum, prominent peak 101.6 and peaks
between 65–80 are arising from the (1–6)-β-d-linked galactons [2].

Figure 2. Structural characterization of polysaccharide fractions. (a) FTIR spectra of the fractions
(F1–F5) provided in comparison to the commercial fucoidan, (b) 1H NMR spectrum of F5, and (c) 13C
NMR spectrum of F5. The NMR spectra were obtained for the deuterium exchanged polysaccharides.

2.4. Variation of Antiproliferative Activity of the Column Fractions

As shown in Figure 3, F4 and F5 promptly reduced the viability of both HL-60 and MCF-7 cells
compared to other fractions. The antiproliferative effects of F5 were stronger than F4. The IC50 values
related to F5 treatment was 84.63 ± 0.08 μg mL−1 and 93.62 ± 3.53 μg mL−1 respectively on HL-60
and MCF-7 cells. The viability of Vero cells (Figure 3c) was simultaneously evaluated to compare
the cytotoxic effects of these polysaccharides on non-cancerous cells. The viability of Vero cells was
89.83 ± 1.76% at 100 μg mL−1 concentration.
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Figure 3. Antiproliferative activity of polysaccharide fractions as a measure of cell viability. (a) HL-60,
(b) MCF-7, and (c) Vero cells. Cells were pre-seeded in 96 well plates for 24 h and incubated with
samples for another 24 h. Cell viability was measured by MTT assay. Results are given as the means ±
SD (n = 3). Significant differences from the control were identified at * p < 0.05 and ** p < 0.001.

2.5. Effect of F5 upon Apoptotic Body Formation in HL-60 and MCF-7 Cells and Pathway Studies by Western
Blot Analysis

As shown in Figure 4a, under the Hoechst 33342 staining, HL-60 and MCF-7 cells indicated
increased nuclear fragmentation and condensation (intensified spots) for increasing F5 concentrations.
Nuclear double staining method (Figure 4c) assists in distinguishing early and late apoptosis or
necrosis. Green fragmented nuclei (early apoptosis) were seen under 25 μg mL−1 of F5 treatment
after a 24 h incubation period, which increased with increasing F5 concentrations. The presence of
orange color spots together with green color fragmented nuclei (late apoptosis) were detected under
50 μg mL−1 concentration. Increased late apoptosis events were observed with 100 μg mL−1 of F5
concentration, whereas a few necrotic HL-60 cells were also detected. Western blot results indicated
increased production of Bax, caspases, and p53 (only MCF-7) levels with increasing F5 concentrations
together with increased PARP cleavage. Alternatively, reducing levels of Bcl-xL were also detected
with increasing F5 concentrations.

2.6. F5 Increased the DNA Damage in HL-60 and MCF-7 Cells and the Population of Sub-G1 Hyperploid Cells

Comet assay serves as a tool in identifying cellular DNA damage. As depicted in Figure 5a,b,
the length of the comet tail increased in both HL-60 and MCF-7 cells with increasing F5 concentrations.
Flow cytometric analysis with propidium iodide (PI) is widely employed in identifying the accumulation
of cells in different phases of cell cycle based on their DNA content [14]. According to Figure 5c,d,
the proportion of Sub-G1 apoptotic cells increased with increasing F5 concentrations.
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Figure 4. Effects of F5 in inducing apoptotic body formation in HL-60 and MCF-7 cells and analysis of
the levels of molecular mediators. (a) Cells under Hoechst 33342 staining, (b) Western blot analysis
of the levels of apoptosis-related molecular mediators in HL-60 cells, (c) cells under nuclear double
staining, and (d) Western blot analysis of the levels of apoptosis-related molecular mediators in MCF-7
cells. Experiments were repeated three times to confirm the reproducibility.

Figure 5. Effects of F5 in inducing single-cell DNA damage in HL-60 and MCF-7 cells and cell cycle
analysis. Comet assay (a) HL-60 cells, (b) MCF-7 cells. Cell cycle analysis of (c) HL-60 cells, and (d)
MCF-7 cells. Pre-seeded cells were exposed to different concentrations of F5 for 24 h. Experiments
were repeated three times to confirm the reproducibility.
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3. Discussion

Cancer is one of the leading causes of death throughout the world, which is predicted to increase
in the future. The need for anticancer agents is an ever-increasing necessity, as many anticancer
drugs cause serious side effects related to their inherent toxic effects. The literature suggests that
fucoidan from brown algae could be a potential anticancer agent with promising bioactive effects
and biocompatible properties [15]. A recent clinical study suggests that the administration of low
molecular weight fucoidans to patients undergoing chemotherapy for metastatic colorectal cancer
significantly improved the disease control rate compared to the control group [16]. The bioactive
properties of fucoidan largely depend upon its structural characteristics. The structure of fucoidan
is highly heterogeneous and indicates variation based on its source. In a previous study, fucoidan
obtained from S. polycystum by hot water extraction has shown moderate antioxidant activity for DPPH
scavenging, total antioxidant and reducing power assays, and anticancer activity in MCF-7 cells with an
IC50 of 50 μg mL−1 [13]. Current investigations focus on the evaluation of antiproliferative properties of
polysaccharides, and a purified fucoidan fraction from the Celluclast assisted extraction of S. polycystum.
The selection of enzyme-assisted extraction supposedly gives better extraction yields compared to the
conventional water extraction of polysaccharides. Here Celluclast, a food-grade cellulase, assists in
hydrolyzing cellulose in cell walls [17]. Hexane washing removes the lipids and nonpolar pigments,
whereas ethanol assists in removing un-bound phenolic compounds. Formaldehyde pretreatment
causes polymerization of phenolic compounds that remain bound to the polysaccharide matrix and
with other polar molecules via strong intermolecular interactions [1]. This prevents the water-based
extract from getting contaminated by phenolic compounds. pH value is another factor that determines
the solubility of anionic and cationic polysaccharides. Brown algae are rich in anionic polyelectrolyte
alginic acid (pKa around 3.4–4.4) unlike other than fucoidan (pKa around 1.0–2.5) [18]. The optimum
extraction conditions of Celluclast (pH 4.5) hence minimize the solubility of high molecular weight
alginic acid, thus preventing the contamination of intended fucoidan extraction. However, CaCl2
was incorporated into the extract at a later stage to facilitate the complexation and precipitation of
any remaining alginic acid as calcium alginate [1]. Proteins are among the compounds soluble in
water, which get precipitated with the addition of ethanol. To prevent the contamination of the final
ethanol precipitate with proteins, we incorporated a commercial food grade protease (Alcalase) to the
extraction mixture to facilitate the hydrolysis of proteins. Finally, ethanol was added to the neutralized
and concentrated extraction mixture to lower its dielectric constant and precipitate polysaccharides.
Essentially, the above extraction method, except for some minor modifications, was optimized during
our previous studies to be efficient in purifying fucoidans [1]. The precipitated polysaccharides were
subjected to anion exchange chromatography, where five fractions were obtained. Elution of the
DEAE-Sepharose column with increasing Cl- concentrations enabled the successive elution of less
negative to highly negatively charged polysaccharides. The chemical composition of the fractions
indicates increasing amounts of sulfate through the successive column fractions agreeable with the
increasing negative charge of the polysaccharides. The total polyphenol and protein contents were
negligible in the fractions.

The molecular weight of sulfated polysaccharides is a major deterministic factor of its bioactivity [1].
The fractions indicated that different molecular weights ranged between 39–77 kDa. The lowest
molecular weight was observed in F5, which indicated the best antiproliferative properties. Similar
observations have reported that low molecular weight fucoidans are very effective as antiproliferative
agents [5]. The composition of monosaccharides explicated substantial deviation from each other.
An increase of the fucose content was observed with successive fractions, the highest being 71.96%
in F5 with 12.31% of galactose (a galactofucan). L-fucose is the major monosaccharide constituent in
fucoidans, which reports associating with sulfate groups. This agrees with the relatively high sulfate
content in F5 compared to other fractions. Much evidence is, therefore, in agreement with F5 being
a fucoidan. Crude fucoidan obtained from S. polycystum by Palanisamy et al. (2017) reported 46.8%
fucose content with 22.35 ± 0.23% sulfate with minor amounts of other monosaccharides, galactose
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(14.3%), glucose (11.5%), and xylose (13.2%) [13]. Bilan et al. (2013) have described the purification
(anion-exchange chromatography) and structural characterization of two highly sulfated galactofucan
fractions from S. polycystum following desulfation, methylation analysis, Smith degradation, and partial
acid hydrolysis following mass-spectrometric and NMR monitoring [4]. Their fine structure report
consists of mainly 3-linked α-l-fucopyranose units with C4-sulfate substitution, which is common
to fucoidans and short sequences of above structures interspersed by residues of single 2-linked
α-d-galactopyranose with C4 sulfation which is rather an unusual configuration.

Vibrational spectroscopic data were used in the structural characterization of the polysaccharides
as they provide information about functional groups. The prominent peaks at 845–1035 cm−1 and
the broad peak between 1220–1270 cm−1 respectively, representing the bending vibration of C-O-S,
stretching vibration of glycosidic (C-O-C) bridge (typical to all polysaccharides), and the stretching
vibrations of S=O bond in sulfate groups [1]. Interestingly the broadened peak between 1220 and
1270 cm−1 indicated a higher intensity in both commercial fucoidan and F5 fraction, suggesting a
higher sulfate substitution. The intensity of that peak increased with successive fractions agreeing with
the increased sulfate content observed. The intense peak at 1616 cm−1 is resulting from the asymmetric
carboxylate O-C-O vibration [19].

Based on MTT cell viability assay, F5 indicated cytotoxicity on HL-60 and MCF-7 cancer cells with
IC50 values of 84.63 ± 0.08 μg mL−1 and 93.62 ± 3.53 μg mL−1 respectively. Nonmalignant monkey
kidney epithelial cells (Vero) were the least sensitive. Previous studies report substantially different
IC50 values for the anticancer activity of fucoidans. According to Isnansetyo et al. (2017), fucoidans
purified (anion exchange chromatography) from three tropical algae Sargassum cristaefolium, Turbinaria
conoides, and Padina fraseri have shown substantially different IC50 values for cytotoxicity on MCF-7
and WiDr cell lines [19]. Herein P. fraseri fucoidan has shown IC50 of 144 and 118 μg mL−1, respectively,
on MCF-7 and WiDr cells, whereas the IC50 has ranged between 461 and 663 μg mL−1 for the fucoidans
of S. cristaefolium, and T. conoides.

There could be a number of possibilities for the observed antiproliferative effects such as apoptosis,
necrosis, cell cycle arrest, or a combination of two or more of the above effects. Evaluation of nuclear
morphology revealed that F5 treatment increased the apoptotic body formation with an increased
number of cells in late apoptosis. Further, the accumulation of cells in the Sub-G1 phase of the
cell cycle agrees with the observed formation of apoptotic bodies. As evident from comet assay,
DNA fragmentation is a characteristic feature observed in cells undergoing apoptosis. Apoptosis is a
cellular homeostatic process that eliminates damaged cells without causing damage to neighboring
tissues [20]. Hence substances that could induce apoptosis in cancer cells receive greater attention in
the discovery of anticancer drugs.

Apoptosis could be triggered by two main pathways, either the mitochondria-mediated intrinsic
pathway or cell surface receptor-mediated extrinsic pathway. Sensitivity to a vast number of death
stimuli makes mitochondria-mediated apoptosis the most frequently studied death mechanism.
This mechanism is inactivated in many cancer cells. Thus, its activation ramifies the therapeutic
perspectives of treating several malignant diseases [20]. The mitochondria-mediated apoptotic pathway
is controlled via a complex web of signaling cascade. Some of the major signaling molecules involved
are Bax, Bcl-xL, PARP, p53, and caspase-9 and -3. The pro-apoptotic protein, Bax and the anti-apoptotic
protein, Bcl-xL, belong to Bcl-2 family proteins. The Bax/Bcl-xL ratio is considered a major prognostic
factor of apoptosis. Activation of Bax causes disruptions in the voltage-dependent anion channels
in mitochondria releasing pro-apoptotic factors and cytochrome c that propagate apoptosis. Bcl-xL,
which resides on the outer mitochondrial membrane, inhibits the activation of pro-apoptotic proteins
such as Bax, thereby inhibiting the release of pro-apoptotic factors and cytochrome c [21]. In the
present study, treatment of F5 increased the levels of Bax while reducing Bcl-xL. Caspases are next
in line where their activation is triggered by cytochrome c, initiator caspases such as caspase-8 and
-9, or by autocatalytic processes. The activated effector caspases (caspase-3, -6, and -7) catalyze the
cleavage of critical regulatory proteins, such as PARP, which is involved in maintaining genomic
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stability by regulating base-excision DNA repair. F5 markedly increased the levels of caspase-9 in
both HL-60 and MCF-7 cells. Although caspase-3 is produced in HL-60 cells, MCF-7 cells cannot
synthesize caspase-3 due to a deletion in the CASP-3 gene [22]. However, PARP cleavage was observed
in both cell lines suggesting that it could have proceeded via activation of another effector caspase in
MCF-7 cells. These evidences conclude that the mitochondria-mediated pathway is a possible route
of apoptosis in HL-60 and MCF-7 cells upon treatment with fucoidan purified from S. polycystum.
While caspases are considered key biomarkers of apoptosis, numerous other apoptogenic molecular
mediators, which do not require caspase activation, have been discovered as potential targets for
anticancer drugs. Mitogen-activated protein kinases are a major grouping of such proteins involved in
mediating apoptosis, which could be targeted by fucoidans [23]. Hence further analysis of F5 could
widen its potential use in anticancer drug research. Structure-activity relationships of fucoidan are still
a controversy where fucoidan is highly heterogeneous in its structure. A large number of studies on
this topic suggest that sulfate content and molecular weight of polymer are major factors related to
the antioxidant, anticancer, and immunomodulatory properties of fucoidan [24]. Present evidence
suggests that fucoidans from S. polycystum could provide health benefits and could be utilized as
candidates in cancer chemotherapy.

4. Materials and Methods

4.1. Materials

Celluclast was purchased from Novozyme (Nordisk, Bagsvaerd, Denmark). Dulbecco’s Modified
Eagle Medium (DMEM), fetal bovine serum (FBS), and penicillin-streptomycin were purchased from Life
Technologies Corporation (Grand Island, NY, USA). Fucoidan standard, dextran sulfate, and chondroitin
6-sulfate molecular weight standards and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), acridine orange, 2′ 7′-dichlorodihydrofluorescein diacetate (DCFH2-DA), propidium iodide
(PI), trifluoroacetic acid, ethidium bromide, o-Toluidine blue, Hoechst 33342, agarose, low melting
agarose, and sodium dodecyl sulfate were purchased from Sigma-Aldrich (St Louis, MO, USA).
Polyvinylidin-fluorid (PVDF) membranes were obtained from Millipore (Schwallbach, Germany).
All organic solvents used in this study were of the HPLC grade and purchased from Daejung Chemicals
& Metals (Gyeonggi-do, S. Korea).

4.2. Collection and Extraction of Fucoidan Rich Fraction

Following up on the preliminary screening [25], Sargassum polycystum samples for the mass
extraction were collected from the south-west coast of Sri Lanka. After washing with tap water,
the samples were lyophilized and ground into a powder. The algae powder (350 g) was suspended
in a solution of 95% ethanol for depigmentation (repeated three times). Depigmented powder was
suspended in a solution of 10% formaldehyde in ethanol for 8 h at 37 ◦C. After filtration, the powder
was washed twice with 95% ethanol and dried at 45 ◦C in a drying oven and lyophilized to remove any
remaining moisture and ethanol. The powder (300 g) was then suspended in sterilized distilled water,
and the pH was adjusted to 4.5 using 1 M HCl. Celluclast was added to the suspension, reaching a
concentration of 0.5% of the substrate concentration. The mixture was incubated with continuous
agitation at 50 ◦C for 24 h while regulating the pH at 4.5. After the digestion, the mixture was filtered
through cheesecloth, and the filtrate was centrifuged to remove any particles. Celluclast was heat
deactivated by incubating the supernatant at 100 ◦C for 10 min. The supernatant pH was adjusted to
8.0. Alcalase (0.1%, for 8 h at 50 ◦C) was used to hydrolyze the proteins. Alcalase was heat-inactivated
by the same method above. Then the mixture was acidified to a pH of 4.0 using HCl and gradually
mixed with a solution of saturated CaCl2, facilitating the precipitation of alginate as calcium alginate.
The mixture was then centrifuged, obtaining the supernatant. The supernatant was neutralized by
using NaOH and lyophilized to reduce the water content to 1/4th of the initial extraction volume and
mixed with four volumes of 95% ethanol to precipitate the polysaccharides.
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4.3. Fucoidan Purification

The precipitated polysaccharides were purified using an anion exchange chromatography on an
ÄKTA chromatographic system (Uppsala, Sweden). The column (DEAE-sepharose) was equilibrated
with 50.0 mM sodium acetate buffer (pH 5.3) and eluted with gradient elution using a solvent of
50.0 mM sodium acetate buffer with increasing amounts of 2.0 M NaCl in the same buffer. The eluates
were collected into a hundred 15 mL conical tubes. The polysaccharide content in each tube was
measured by the phenol-sulfuric assay [26].

4.4. Chemical Analysis

The proximate composition of the chemical constituents in the samples was determined according
to the methods described in AOAC 2002 [27]. The adopted AOAC methods for the evaluation of ash,
protein, lipid, and carbohydrates were dry ashing in a furnace at 600 ◦C for 5 h, Kjeldahl digestion,
Soxhlet extraction, and phenol-sulfuric assay. The polysaccharide and sulfate content of the purified
fractions were respectively analyzed using the standard phenol-sulfuric assay and BaSO4 precipitation
methods with some minor modifications [28]. Additionally, the protein and polyphenol content were
estimated using the commercial BCA protein assay kit and by Folin–Ciocalteu method, respectively [29].
Monosaccharide composition was analyzed by a CarboPac PA1 cartridge column connected to an
ED50Dionex electrochemical detector after hydrolysis by trifluoroacetic acid [1].

4.5. FTIR and NMR Analysis

FTIR is extensively used for the structural characterization of polymers as it allows identification
of the functional groups. 10 mg of the purified polysaccharide powder were mixed with KBr and
cast into pellets. The FTIR readings were taken using a Thermo Scientific NicoletTM 6700 FTIR
spectrometer, MA USA. For the NMR analysis, the dialyzed polysaccharide was lyophilized, and
deuterium exchanged with D2O. The samples were then dissolved in D2O, and a minute amount of
deuterated dimethyl sulfoxide was added as an internal standard. NMR spectra were obtained using a
JEOL JNMECX400, NMR spectrometer, Japan at 33 k.

4.6. Evaluation of Molecular Weight Distribution

The molecular weights of the purified fractions were analyzed using agarose gel electrophoresis
following our previous method [1]. Briefly, the polysaccharide samples were electrophoresed in 1%
agarose gels using a running buffer composed of Tris-Borate-EDTA (pH 8.3). The electrophoresis was
carried out for 20 min at 100 V. The gel was stained with 0.02% o-Toluidine in 3% acetic acid with 0.5%
Triton X-100 and destained with 3% acetic acid. Molecular weight markers used were, dextran sulfate
(MW 50–500 kDa), chondroitin 6-sulfate (MW 60 kDa), Dextran sulfate (MW ≈ 50 kDa) and Dextran
sulfate (MW ≈ 8 kDa).

4.7. Cell Culture

The MCF-7 cells were cultured in DMEM media and HL-60, and Vero cells were cultured in
RPMI media, both of which were supplemented with 10% FBS and 1% penicillin/streptomycin mixture.
Cell cultures were maintained under 37 ◦C in a humidified atmosphere supplemented with 5% CO2.
The cells under exponential growth were seeded for the experiments. The cancer cells were seeded
in a concentration of 1 × 105 cells mL−1 in 96 well culture plates for 24 h and treated with different
concentrations of the samples. After incubating for 24 h, the MTT assay was carried out for the
determination of cell viability [30].

4.8. Evaluation of Nuclear Morphology

Nuclear fragmentation and chromatin condensation of the cancer cells were evaluated by using
the nuclear staining dye Hoechst 33342 (10 μg mL−1) and via the double staining method using acridine
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orange/ethidium bromide (100 μg mL−1). Experiments were carried out, according to Fernando et
al. (2018) [21]. Briefly, 24 h pre-seeded cells were treated with different concentrations of the samples
and incubated for 24 h. The fluorescence dyes were then applied to the wells and incubated for
10 min. The images were visualized using a fluorescence microscope with a CoolSNAP-Pro color
digital camera.

4.9. Cell Cycle Analysis

The proportion of cells in the Sub-G1 phase of the cell cycle, which indicate apoptotic hypodiploid
cells were measured using flow cytometry. The experiments were carried out according to the method
described by Fernando et al. (2018) [21]. Briefly, cells (2 × 105 cells mL−1) were incubated with
different concentrations of F5 for 24 h. The cells were then harvested, washed with PBS, and fixed
in 70% ethanol followed by washing with EDTA (2 mM) in PBS. Then the cells were suspended in a
PI solution containing RNase, and the cell cycle analysis was carried out using a FACSCalibur flow
cytometer, USA.

4.10. Analysis of DNA Damage

The DNA damage caused by F5 was analyzed by evaluating the single-cell DNA damage (comet
assay) and DNA laddering analysis. The alkaline comet assay was performed by using cells incubated
with different concentrations of F5 for 24 h. Experiments were carried out according to the method
described by Fernando et al. (2018) [21]. For the DNA laddering analysis, the cells were incubated
with samples for 24 h and harvested after PBS washing. The experiments were performed following
the method described by Jayasooriya et al. (2012) [31].

4.11. Western Blot Analysis

The cells were pre-seeded in 6 well culture plates at 2 × 105 cells mL−1 for 24 h and treated
with different sample concentrations. After 24 h, the cells were harvested, lysed, and centrifuged at
12,000× g for 20 min to remove the cellular debris. The proteins were resolved by SDS-polyacrylamide
jell electrophoresis. Protein bands were blotted onto nitrocellulose membranes and incubated for
2 h with skim milk in TBST. The membranes were consequently incubated with primary (8 h under
4 ◦C) and secondary antibodies (2 h at room temperature). Protein bands were visualized by adding
chemiluminescent substrate (Cyanagen Srl, Italy) using a FUSION SOLO Vilber Lourmat system,
France [21].

4.12. Statistical Analysis

All data values are expressed as means ± SD based on at least three independent determinations.
Significant differences among the data values were determined using IBM SPSS Statistics 20 software
using one-way ANOVA by Duncan’s multiple range test. ** P-values less than 0.05 (p < 0.05) were
considered significant.
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Abstract: Elevated levels of reactive oxygen species (ROS) damage the internal cell components. Padina
boryana, a brown alga from the Maldives, was subjected to polysaccharide extraction. The Celluclast
enzyme assisted extract (PBE) and ethanol precipitation (PBP) of P. boryana were assessed against
hydrogen peroxide (H2O2) induced cell damage and zebra fish models. PBP which contains the
majority of sulfated polysaccharides based on fucoidan, showed outstanding extracellular ROS
scavenging potential against H2O2. PBP significantly declined the intracellular ROS levels, and
exhibited protection against apoptosis. The study revealed PBPs’ ability to activate the Nrf2/Keap1
signaling pathway, consequently initiating downstream elements such that catalase (CAT) and
superoxide dismutase (SOD). Further, ROS levels, lipid peroxidation values in zebrafish studies were
declined with the pre-treatment of PBP. Collectively, the results obtained in the study suggest the
polysaccharides from P. boryana might be a potent source of water soluble natural antioxidants that
could be sustainably utilized in the industrial applications.

Keywords: antioxidant; Maldives; Padina boryana; sulfated polysaccharide; zebrafish

1. Introduction

Aerobic metabolism results reactive oxygen species (ROS) as its by-product. ROS is comprised of
both radical and non-radical species. Distinctively, superoxide anion (O2

-•), hydroxyl radical (•OH), and
hydrogen peroxide (H2O2) exhibit properties which discuss its involvement in biological targets. ROS
possesses two faces; physiological levels support redox biology and pathological levels are explained
via oxidative stress. At normal physiological amounts, ROS contributes to the activation of signaling
pathways hence initiate biological processes, though oxidative stress damage cellular components
including macromolecules such as DNA, lipids, and proteins [1,2]. The effect of ROS elevated levels is
counterbalanced with a variety of antioxidants which are divided into two categories namely enzymatic
and non-enzymatic. Superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GTPx), and
glutathione transferase (GST) are foremost components of enzymatic antioxidants. Non-enzymatic
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antioxidants include compounds with a low molecular weight—such as ascorbic acid (vitamin C),
α-tocopherol (vitamin E), glutathione, and β-carotene [3]. However, excessive ROS accumulation
makes way to countless pathologies such as inflammation, cancer, and abnormal aging. With regard,
supplementary antioxidants are beneficial. Such synthetic antioxidants are butylated hydroxytoluene
(BHT), and butylated hydroxyanisole (BHA) [4]. However, given its synthetic nature, the human
body is vulnerable to side effects. Thus, research endeavors complying with natural antioxidants from
sustainable sources have received much attention.

Seaweeds are a source of bioactive components, capable of producing a myriad of secondary
metabolites. Previous literature covers antioxidant, anti-fungal, anti-inflammatory, and anti-tumor
potential of compounds from vivid algal species. Though seaweeds undergo harsh environmental
conditions, such as high intense light and oxygen concentrations, which support the formation of
oxidizing components, they manage to prevail without any serious damage. This fact suggests
possession of protective compounds and mechanisms among seaweeds [5,6].

Different species of the genus Padina have been subjected to experiments. A range of phytochemicals
and their bioactivities were analyzed in Padina tetrastromatica [7]. Padina pavonica was extensively studied
for its sulfated hetero-polysaccharides [8,9]. Inhibition of hyaluronidase activity of the Padina pavonica
was assessed in its water extract [10].

Polysaccharides are one of the major components of the natural sources available in marine
algae. These were reported as effective and non-toxic components with comparatively higher in
yield and rather easy to extract, having pharmacological importance [11]. Sulfated polysaccharides
inherit distinct attention among other types of polysaccharides due to its numerous bioactivities.
Anti-inflammatory [11,12], anti-coagulant [13], anti-proliferative, and antioxidant [14] properties of
polysaccharides purified from seaweed species have been studied previously.

This study focuses on the extraction of polysaccharides from brown algae Padina boryana collected
from the Maldives. Antioxidant potential of the polysaccharides from P. boryana has not been reported
yet, to the best of our knowledge. Hence, the above properties of the polysaccharides are evaluated
in vitro (Vero cells) and in vivo (zebrafish) scale.

2. Results

2.1. Chemical Composition

The celluclast enzyme assisted extract of P. boryana (PBE) and ethanol precipitated component
PBP were subjected to chemical composition analysis. The results are given in Table 1. The total
phenol content of PBE was 1.32 ± 0.17% while PBP exhibited 1.14 ± 0.26%. Sulfated polysaccharide
content was higher in the PBP (56.34%). Monosaccharide analysis revealed, high contents of fucose
and galactose in PBP compared to PBE.

Table 1. Chemical composition of PBE and PBP obtained from P. boryana.

Sample PBE PBP

Polysaccharides content % 42.14 ± 0.86 49.36 ± 0.79

Sulfates content % 4.57 ± 0.64 6.98 ± 0.35

Phenolic content % 1.32 ± 0.17 1.14 ± 0.26

Mono sugars %

Fucose 39.84 57.51

Galactose 15.11 21.35

Mannose 18.24 13.21

other 24.81 5.63

The analyzed Fourier transform infrared (FTIR) data are illustrated in Figure 1. Glycosidic bonds
are formed among multiple monomer units to form polysaccharides and are represented via the
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1025 cm−1 (C-O-C stretching vibrations) fingerprint peak. An intense peak at the 1200 cm−1 is observed
due to the sulfate stretching vibrations (S=O). While the bending sulfate vibrations are represented via
the absorptions at 845 cm−1 (C-O-S). The moisture content available in the sample was observed via
the H-O-H bending vibrations in the 1625 cm−1 region [12,15,16]. Results suggest the PBP possesses a
close correlation with commercial fucoidan.

Figure 1. Chemical characterization of PBP. (a) Standard monosaccharide and PBP analyzed by
HPAE-PAD spectrum. (b) ATR-FTIR spectra of PBP and commercial fucoidan.

2.2. Free Radical and Hydrogen Peroxided Scavenging Activity

The individual radical scavenging activities corresponding to each sample is expressed in Table 2.
Both samples exhibited potent scavenging activities where PBP was more active compared to PBE.
Interestingly, H2O2 chemical assay analysis for scavenging also exhibited PBP as the potent, significant
scavenger of radicals. Hence, further experiments were planned with the PBP sample.

Table 2. Free radical/ROS scavenging activities of PBE and PBP.

Free Radical/ROS Scavenging Activity (IC50, mg/mL)

DPPH Alkyl Hydroxyl H2O2

PBE 4.26 ± 0.14 3.88 ± 0.13 1.96 ± 0.17 1.17 ± 0.11

PBP 3.66 ± 0.44 2.87 ± 0.07 1.06 ± 0.21 0.58 ± 0.04

All results expressed as means ± SE, based on triplicated trials.

2.3. Protective Effect of PBP in H2O2 Stimulated Cells

The PBP exhibited protective effects against the H2O2 induced cells. The cell viability which was
declined with the H2O2 treatment was reinstated with the PBP treatment. Similarly, the intracellular
ROS level which was increased against the H2O2 stimulation was effectively downregulated with
the treatment of PBP. Furthermore, the results exhibited a dose dependent recovery of each indicator
(Figure 2).
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Figure 2. Hydrogen peroxide stimulated Vero cells exhibit oxidative stress. (a) Intracellular reactive
oxygen species (ROS) scavenging ability of PBP. (b) PBPs’ potential to protect cells against hydrogen
peroxide. Experiments were triplicated and data shown as mean ± SE; * p < 0.05, ** p < 0.01. (# denotes
significance compared to control while * represents significance compared to H2O2 treated group).

2.4. PBP Protects Cells from H2O2 Induced Apoptosis

Earlier studies have revealed the effect of H2O2 on DNA damage leading to apoptosis [17]. Hence,
the effect was evaluated through nuclear staining methods. This particular study followed the Hoechst
33342 staining method. Viable cells are indicated via homogeneously stained nuclei while fragmented
and chromatin condensed nuclei are an indication of apoptotic cells [18]. As indicated in Figure 3, cells
that were exposed to H2O2 were associated with increased cell death, indicating higher intensity in the
nuclei region. The number of apoptotic bodies was significantly decreased with the PBP treatment,
which was indicative of its potential to act as a protective substance against ROS.

Figure 3. PBP protects Vero cells against H2O2-induced apoptosis. The apoptotic body formation was
observed using Hoechst 33342 staining method under a fluorescence microscope. (a) non-treated group,
(b) H2O2 treated (1 mM) cells, H2O2 stimulated cells treated with PBP (c) 25 μg/mL, (d) 50 μg/mL,
(e) 100 μg/mL, (f) quantitative representation. The intensity levels were analyzed using ImageJ software.
Triplicated experiments were conducted and results are represented as mean ± SE; * p < 0.05, ** p < 0.01.
(# denotes significance compared to control while * represents significance compared to H2O2 treated group).
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2.5. Effect of PBP on Antioxidant Enzymes and Pathway Proteins

CAT and SOD are important enzymes in the process of degrading hydrogen peroxide to protect
the cells against oxidative damage. It was observed that the particular enzyme protein levels were
significantly declined with the H2O2 treatment. The co-treatment of the PBP recovered the enzyme
levels dose dependently overcoming the effect of H2O2 (Figure 4a,b). Further, the effect was examined
in the Nrf2-Keap1 pathway proteins. The cytoplasm nuclear factor E2-related factor 2 (Nrf2) level was
increased while Kelch-like ECH-associated protein 1 (Keap1) exhibited declining intensities. It was
observed that PBP encouraged the Nrf2 protein expression and stabilized the Keap1 protein allowing
successful translocation of Nrf2 to the nucleus (Figure 4c,d). Collectively, the results obtained suggested
the potential of PBP to promote Nrf2 expression and nuclear translocation to induce transcription of
antioxidant enzymes such as CAT and SOD.

Figure 4. Effect of PBP on the H2O2 induced antioxidant related protein in Vero cells. (a) CAT and SOD,
(b) relevant quantitative data, (c) Nrf2 and Keap1 in cytosol western blot, and (d) relevant quantitative
data. β-actin was used as internal control. Quantification was assisted with the ImageJ software.
Results are represented as mean ± SE; * p < 0.05, ** p < 0.01. (# denotes significance compared to control
while * represents significance compared to H2O2 treated group).

2.6. Potential of PBP to Protect H2O2 Induced Zebrafish in Lipid Peroxidation, ROS Accumulation, and
Cell Death

The survival rate and the heartbeat rate were recorded against the PBP treatment in H2O2

stimulated zebrafish (Figure 5). The ROS production in the zebrafish embryos treated with H2O2 was
investigated by 2,7-dichlorofluorescein diacetate (DCF-DA). The results are interpreted as an indication
of the fluorescence intensity. The H2O2 treated embryos expressed significantly high fluorescence
intensity compared to the non-treated group. PBP pre-treated embryos exhibited a downregulation
of fluorescence intensities dose dependently, subduing the effect generated via H2O2. This reflects
the gradual decrement of ROS production, which implies PBPs’ ability to work as a protective agent
(Figure 6a,b). The amount of lipid peroxidation was measured using the diphenyl-1-pyrenylphosphine
(DPPP) staining. Similarly, the results indicated a decline in the amount of lipid peroxidation with
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the PBP treatment, (Figure 6c,d). The cell death which was evaluated through the acridine orange
staining exhibited the fluorescent intensities to be declined significantly in H2O2 induced zebrafish
embryos with the PBP treatment (Figure 6e,f). The cell death percentage which was 290 in the H2O2

treated group was declined up to 170 with the PBP (100 μg/mL) treatment. These results reveal the
prospective of PBP to act as a potent protector against H2O2 stimulated oxidative stress.

Figure 5. Embryos pre-treated with H2O2 (5 mM) and followed by PBP treatment (25, 50, 100 μg/mL).
(a) survival rate, and (b) heart beating rate. Experimental procedure followed triplication and data
indicated as mean ± SE; * p < 0.05, ** p < 0.01. (# denotes significance compared to control while
* represents significance compared to H2O2 treated group).

Figure 6. in vivo evaluation of antioxidant potential of PBP. (a) Hydrogen peroxide induced ROS
production with DCF-DA staining, (c) Hydrogen peroxide-induced lipid peroxidation production
stained with DPPP, (e) PBP protects zebrafish embryos against H2O2-induced death, stained with
acridine orange and captured under fluorescence microscope. Quantitative results of each analysis are
represented in (b), (d), and (f) respectively, measured via ImageJ software. Triplicated experiments
were conducted and results are represented as mean ± SE; * p < 0.05, ** p < 0.01. (# denotes significance
compared to control while * represents significance compared to H2O2 treated group).
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3. Discussion

Marine organisms are reported to be immense sources of secondary metabolites that possess novel
biological activities. These sources have proven to be useful in the treatment of diseases and hence be
utilized prospectively in pharmacology and medicinal sectors [19]. The antioxidant activity of Hawaiian
marine algae has been studied by Kelman et al. (2012), providing an extensive report on different marine
algal species including red, brown, and green algae [20]. The sulfated polysaccharides from marine
algae as a source of antioxidant secondary metabolite were reviewed by Wijesekara et al. (2011) [21].
Brown algae Ecklonia cava was reported as a source of antioxidant components further conducting its
abilities in vitro scale. The secondary metabolite of interest; phlorotannin derivatives were reported to
be exhibiting noteworthy antioxidant potential [22].

Padina is a genus of brown algae in which the thallus is calcified. The seaweed is fan shaped, widely
distributed in warm tropical waters from lower intertidal to deep subtidal zones [23]. Padina boryana,
in particular, has previously been studied by Sanjeewa et al. (2019), purifying fucoidan and evaluating
its anti-inflammatory properties [24]. The structure of fucoidan was widely evaluated by Usoltseva
et al. (2017) [25]. The species form the Maldives has not been deeply studied for its secondary
metabolites specifically against antioxidant potentials. Hence, this study aimed to extract water soluble
sulfated polysaccharide from the above under-explored brown algae and to investigate its antioxidant
properties, specifically on the ethanol precipitation (PBP) which is rich in fucose.

Polysaccharides among other metabolites receive much attention due to their high availability,
and diversified structure with vivid functional groups attached to its backbone [26]. Polysaccharides
lack structural homogeneity. Fucoidan is one such polysaccharide containing fucose as its main
component. Sulfate groups are substituted in the structure of fucose forming ester bonds. Fucoidan
is unique due to its higher content of L-fucose and sulfate groups [27]. Different insertions into the
backbone of the structure are also possible (mannose, glucose, and galactose). The point of sulfation
and the degree of sulfation could be altered form one species to another. The bioactive properties of
fucoidans prevail and increase due to the substitution of sulfate groups. One such report emphasized
the action of the anionic sulfate group is that it enhances the nonspecific binding of proteins [28].
Hence, the potential of PBP is attributed to the higher degree of polysaccharide content and its
sulfate substitution percentage. Another important component of crude polysaccharide is alginate.
The chemical composition indicates higher polysaccharide yield in the PBP and sulfate content exhibits
a similar trend. The yield of the polysaccharide is justifiable via the activity of celluclast enzyme
to breakdown the cell wall. Furthermore, the dielectric constant of the solution is lowered by the
addition of ethanol and polysaccharides are precipitated. The structural characterization of the PBP
was supported by the FTIR analysis. The FTIR spectral data collectively revealed the correspondence
of PBP to commercial fucoidan.

Previous literature reveals the potential of crude polysaccharides to act as antioxidants.
The composition including its functional groups and monosaccharides are reported to synergistically
induce the free radical scavenging activity [29,30]. Therefore, monosaccharide composition of the
samples was analyzed and results indicate an increment in fucose and galactose contents. Higher
values of fucose and galactose composition were available in PBP compared to PBE accrediting PBPs’
elevated potential to act as an antioxidant.

DCF-DA assay was used in the evaluation of intracellular ROS scavenging activities. The stain is
absorbed into the cells through the membrane and converted to DCFH, a non-fluorescent component,
via the cellular esterases. Thus, intracellular ROS converts DCFH to fluorescent active DCF and
detectable with a fluorimeter. Intracellular ROS levels were observed to be upregulated with H2O2

pre-treatment while treatment with PBP dose-dependently downregulated it. Furthermore, the
protective effects of PBP against H2O2 were observed by cell viability analysis.

Oxidative stress is caused due to the presence of reactive oxygen species (ROS). Cellular metabolism
and environmental factors contribute to the production of ROS. At moderate concentrations, ROS
plays an important role in the function of physiological cell processes while high concentrations lead
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to adverse effects [31]. The highly reactive molecules damage cell structures including macromolecules
thus alter the physiological functions. Moreover, the imbalance between the ROS and its counterpart
antioxidants creates oxidative stress. Cell viability, proliferation rate, and further functions are affected
by oxidative stress. Even though aerobic organisms possess integrated antioxidant systems, under
pathological conditions these systems can be overwhelmed [3]. H2O2 is a distinct ROS species
with physiological significance among others such as superoxide anion (O2

-•) and hydroxyl radical
(•OH). H2O2 is produced in the cells upon phagocytosis due to the superoxide burst and converted.
Xanthine oxidase, NAD(P)H oxidase, and amino acid oxidase contribute in the production of hydrogen
peroxide [32]. In the presence of transition metal ions, H2O2 break down and result in OH- and •OH
via the Fenton reaction [33]. Therefore, this study focuses on the stimulation via H2O2 under both
in vivo and in vitro conditions.

The genetic material is modified by the ROS via different mechanisms involving DNA strand
breakage, sugar moiety modifications, base unit degradation, deletions, and translocations [34]. Possible
DNA modifications lead to carcinogenesis, aging, and numerous diseases. The effect was evaluated
in the study via nuclear staining methods. It was evident the effect of H2O2 on the condensation
and fragmentation of the nuclear material which was dose dependent and down regulated via the
treatment of PBP.

Superoxide anion radicals are scavenged via SOD, while CAT plays an important role in the
detoxification of the H2O2. Hence, these could eliminate free radicals and help the conversion of
reactive toxic components to non-toxic elements and protect the live organelles from oxidative damage.
The antioxidant enzymes were initially hampered by the excess ROS created via the effect of H2O2,
though the potential of PBP recovered the enzyme expression hence reducing ROS production. Keap1
is an inhibitor protein, a cysteine-rich protein that is anchored to the actin cytoskeleton. It is responsible
for the cytosolic sequestration of Nrf2 under physiological conditions. Keap1 promotes ubiquitination
and degradation of Nrf2 under normal physiological conditions. Under stressful conditions in which
the Nrf2-dependent cellular mechanism is active (electrophiles and oxidants are rich in this stage),
the Nrf2 is rapidly released from Keap1. Dissociated Nrf2 is translocated to the nucleus and binds to
antioxidant response element (ARE). Keap1 also receives redox information or environmental cues
via its highly reactive cysteine residues and referred to as the sensor of the Nrf2-Keap1 system [35].
The dissociation of the system is a relatively rapid event. The breakdown of the system leads to Keap1
stabilization. Nrf2 also increases its half-life [36]. This allows successful nuclear translocation and
cytoprotective gene transcription. A similar effect of antioxidant polysaccharides was reported by
Zhou et al. (2019) [37].

The membrane lipid bilayer is disrupted via ROS stimulated lipid peroxidation thus membrane
bound receptor activities are altered leading to increased tissue permeability [38]. Lipid peroxidation
results in unsaturated aldehydes which are potent inactivators of cellular proteins through the formation
of cross linkages [3]. The effect of ROS was evaluated in vivo scale using zebrafish. The ROS production
levels examined via DCFDA fluorescent staining initially indicated the decline of intensities revealing
the protective effect of PBP. Furthermore, DPPP staining exhibited the lipid peroxidation intensities to
be upregulated under H2O2 stimulation and significant decline under PBP pre-treatment. The results
confirmed the antioxidant potential of PBP against H2O2 induced oxidative stress. Thus, zebrafish
cell death was successfully downregulated dose-dependently as indicated. The results obtained in
the study well aligns with an earlier report on polysaccharide extracts from Hizikia fusiforme [39].
Furthermore, fucoidan purified from brown algae has incorporated zebrafish studies as an in vivo
model [12,40].

Zebrafish involvement in developmental biology and drug discovery has been recognized and the
implementation was advanced throughout the years. The size, husbandry, and early morphology is a
distinct advantage of the usage of zebrafish over other vertebrate species. This provides researchers to
minimize the costs in maintenance as well as in quantities of dosing samples, further in histological
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assessments [41]. High fertility including transparent embryos makes the species a valuable source [42].
Fluorescent staining methods implemented in the present study also support the above fact.

4. Material and Methods

4.1. Materials

African monkey kidney cell line (Vero) was purchased from the Korean cell line bank (KCLB, Seoul,
Korea). Media for the cell line maintenance (Roswell Park Memorial Institute-1640; RPMI-1640) and
serum (fetal bovine serum; FBS) including antibiotics (penicillin, streptomycin) were purchased from
Gibco-BRL (Grand Island, NY, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), 1-diphenyl-2-picrylhydrazyl (DPPH), 2,2-azobis(2-amidinopropane) hydrochloride (AAPH),
5,5-dimethyl-1-pyrolin N-oxide (DMPO), and α-(4-Pyridyl-1-oxide)-N-tert-butylnitrone (POBN) were
purchased from Sigma (St. Louis, MO, USA). H2O2 and FeSO4.7H2O used were purchased from
Fluka Co. (Buchs, Switzerland). Furthermore, dimethyl sulfoxide (DMSO), 2,7-dichlorofluorescein
diacetate (DCF-DA), and 2,2′-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid (ABTS) were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Collection of Seaweed and Extraction

P. boryana samples were collected from the shores of Fulhadhoo Island (4.8849 ◦N, 72.9350 ◦E),
the Maldives in January of 2018. Samples were immediately washed with running water to remove
epiphytes and sand. Samples were then lyophilized and ground into powder. A sample portion (50 g)
was added to 500 mL of distilled water. Optimal pH value was obtained via the addition of 1M of
HCL. Celluclast assisted extraction was carried out in a period of 24 h under shaking kinetics with
optimal conditions (pH 4.5, 50 ◦C). Following the extraction, the enzyme was inactivated via heating
the mixture in 100 ◦C for 10 min. The filtrate was obtained and pH was brought back to neutral value.
The sample was identified as enzymatic extract of P. boryana (PBE).

4.3. Crude Polysaccharide Preparation

The above enzymatic extract was mixed with 95% ethanol (1:3) and was maintained in 4 ◦C for
>8 h period. The precipitate was polysaccharide from P. boryana and was designated as PBP.

4.4. Chemical Analysis

The chemical composition of both the PBE and PBP was analyzed using several methods. Official
methods of analysis of the Association of Official Analytical Chemists (AOAC) was used to obtain
the total polysaccharide content [43]. The polyphenol content was measured accordingly with the
method described by Chandler and Dodds (1983) with minor modifications [44]. The sulfate content
was evaluated by BaCl2 gelation method [45].

Samples were hydrolyzed in 4M triflouroacetic acid (4 h, 100 ◦C). This was subjected to CarboPac
PA1 cartridge column (4.5 × 50 mm) for separation and detected with an ED50 Dionex electrochemical
detector (Dionex) concerning monosugar analysis [46].

The attenuated total reflectance Fourier transform infra-red (ATR-FTIR) spectrum was obtained
with a Bruker FTIR, Alpha II (Bruker, Karlsruhe, Germany) instrument in the 400–4000 cm−1

wavenumber range. Commercial grade fucoidan was analyzed at the same time.

4.5. Radical Scavenging Activity Evaluation via Electron Spin Resonance (ESR) Spectrometer

Both PBE and PBP were analyzed for its radical scavenging activities. DPPH, alkyl, and
hydroxyl radical scavenging activities were evaluated using electron spin resonance spectroscopy
(ESR, JES-FA200; JEOL, Tokyo, Japan). The DPPH radical scavenging was assessed via the method
defined by Nanjo et al. (1996) [47]. The method, in brief, equal volumes of sample and DPPH was
mixed vigorously, transferred to a capillary tube and inserted to the ESR spectrometer for measurement.
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Alkyl radical scavenging followed the method described by Hiramoto et al. (1993) [48]. The radical was
generated via a reaction mixture of AAPH and 4-POBN with tested sample which was incubated in
water bath (37 ◦C, 30 min) and subjected to analysis. The method explained by Finkelstein et al. (1980)
was used in the evaluation of the hydroxyl radical scavenging potential [49]. This used the Fenton
reaction as the basis and mixed sample in phosphate buffer solution (pH 7.4) with equal volumes of
0.3 M DMPO, 10 mM FeSO4, and 10 mM H2O2 (200 μL) for analysis.

4.6. Chemical Assay for Hydrogen Peroxide

A colorimetric assay described by Kim et al. (2014) was implemented in the evaluation of the
hydrogen peroxide scavenging [50]. The method in brief; each sample was mixed with 0.1 M phosphate
buffer (pH 5.0, 100 μL) in a micro well plate. Hydrogen peroxide (20 μL) was added and was incubated
(37 ◦C, 5 min). ABTS (1.25 mM, 30 μL) and peroxidase (1 unit/mL, 30 μL) was added to the above and
further incubated at 37 ◦C for 10 min. The absorbance measurements were collected using an ELISA
reader at 405 nm.

4.7. Protective Effects of PBP via In Vitro Methods

4.7.1. Cell Culture

RPMI-1640 medium supplemented with heat-inactivated FBS and antibiotics (penicillin and
streptomycin) was used to culture the Vero cells. The cells were maintained in controlled environment
(humidified, 5% CO2). Periodic subculture was continued and cells were subjected to experiments at
its exponential growth phase.

4.7.2. Cell Viability and Intracellular ROS Scavenging Activity in H2O2 Stimulated Vero Cells

Cells were seeded (1 × 105 cells/mL) and were incubated for 16 h, samples were treated and
incubated for 1 h. Following the cells were stimulated with H2O2 (1 mM). The cell viability was
measured given 24 h incubation time using the MTT assay [51]. The intracellular ROS scavenging
potential of the samples was measured using the dichloro- fluorescein diacetate (DCF-DA) assay [52].
Initially, the cells were seeded (1 × 105 cells/mL), incubated and treated with different sample
concentrations. Cells were stimulated with H2O2 given 1 h incubation time and DCF-DA (500 μg/mL,
stock) was treated to each well. The results were detected as a fluorescence measurement (Ex-485 nm,
Em-530 nm) with a microplate reader (BioTech, Winooski, VT, USA).

4.7.3. H2O2 Induced Cell Apoptosis through Nuclear Staining

The cells were seeded as explained above, treated with samples and was induced with H2O2.
Following a 24 h incubation period, the cells were stained with cell permeable DNA dye Hoechst 33342
(10 μg/mL). Given 10 min incubation period, the cells were observed by a fluorescence microscope
equipped with a CoolSNAP-Pro color digital camera (Olympus, Tokyo, Japan) [53,54].

4.7.4. Western Blot Analysis

Protein expression levels of catalase (CAT), superoxide dismutase (SOD), nuclear factor E2-related
factor 2 (Nrf2), and Kelch-like ECH-associated protein 1 (Keap1) were analyzed via western blotting.
Cells were seeded in 6 well culture plates and samples were treated given 24 h period, following 1 h
incubation cells were stimulated with H2O2. Cells were harvested after complete incubation and lysed.
Protein content was measured and standardized. Following electrophoresis, it was transferred on to
nitrocellulose membranes. Blocked membranes (5% skim milk) were incubated with primary and
secondary antibodies step wisely (Santa Cruz Biotechnology, Paso Robles, CA, USA). The bands were
developed and photographed via a FUSION SOLO Vilber Lourmat system. ImageJ program was
assisted in the quantification of the band intensities [55,56].
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4.8. In Vivo Antioxidant Effects of PBP Using Zebrafish Model

4.8.1. Zebrafish Maintenance

Zebrafish in their adult stage were purchased from Seoul Aquarium, Korea. The fish were
maintained in acrylic tanks under controlled conditions (28.5 ◦C, with a 14/10 h light/dark cycle).
Fish were fed with tetramin flake, including live brine shrimp, three times per day in equal intervals for
6 days of the week. Natural spawning was stimulated with lights on conditions to obtain the embryos
and completed collection within 30 min.

4.8.2. Polysaccharide Application to Zebrafish Embryos

The embryos were transferred to 12 well plates after 7–9 h post-fertilization (hpf). The embryos
were maintained in an embryo medium. Samples were treated and incubated for 1 h and stimulated
with H2O2 (5 mM) and continued incubation for 24 hpf. The live embryos were counted after 3 days of
post-fertilization (dpf) to obtain the survival rate.

4.8.3. Intracellular ROS, Lipid Peroxidation, and Viability Analysis

At 2 days of post fertilization (dpf), the heartbeat rate was evaluated. Both the atrium and ventricle
heartbeat rate was assessed under microscope for 1 min. The zebrafish were initially treated with
sample and was induced with H2O2 [57].

DCF-DA was used to detect the intracellular ROS levels in the zebrafish embryos while lipid
peroxidation was assessed via DPPP. Moreover, cell death was evaluated with acridine orange staining.
Following each staining method, the embryos, zebrafish larvae were rinsed with embryo media and
anaesthetized with 2-phenox ethanol. A microscope equipped with CoolSNAP-Pro color digital camera
(Olympus, Tokyo, Japan) was assisted in observation and photography. The intensity quantification
was completed with the ImageJ program [58].

4.9. Statistical Analysis

The experiments were triplicated and expressed data as the mean ± standard error (SE). One-way
ANOVA was implemented in the comparison of mean values. Significance among the treatments were
evaluated by Student’s t-test (p < 0.05, p < 0.01).

5. Conclusions

This study evaluated sulfated polysaccharide from marine brown alga P. boryana ethanol
precipitation (PBP) as a source of natural antioxidants. Preliminary chemical characterization revealed
its composition and the contribution of sulfate content, fucose, and galactose towards the bioactive
properties. Results suggest the ability of PBP to protect ROS mediated cell damage and to inhibit
oxidative stress in zebrafish. The increased antioxidant pathway protein expression of Nrf2 and its
resulting CAT, SOD protein levels accompanied the effect of PBP. Hence, PBP is a potential source of
antioxidants that could be successfully utilized in healthy functional and cosmeceutical sectors.
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Abstract: Fucoidan has a variety of pharmacological activities, but the understanding of the
mechanism of fucoidan-induced apoptosis of colorectal cancer cells remains limited. The results
of the present study demonstrated that the JNK signaling pathway is involved in the activation of
apoptosis in colorectal cancer-derived HT-29 cells, and fucoidan induces apoptosis by activation of
the DR4 at the transcriptional and protein levels. The survival rate of HT-29 cells was approximately
40% in the presence of 800 μg/mL of fucoidan, but was increased to 70% after DR4 was silenced by
siRNA. Additionally, fucoidan has been shown to reduce the mitochondrial membrane potential and
destroy the integrity of mitochondrial membrane. In the presence of an inhibitor of cytochrome C
inhibitor and DR4 siRNA or the presence of cytochrome C inhibitor only, the cell survival rate was
significantly higher than when cells were treated with DR4 siRNA only. These data indicate that
both the DR4 and the mitochondrial pathways contribute to fucoidan-induced apoptosis of HT-29
cells, and the extrinsic pathway is upstream of the intrinsic pathway. In conclusion, the current work
identified the mechanism of fucoidan-induced apoptosis and provided a novel theoretical basis for
the future development of clinical applications of fucoidan as a drug.

Keywords: fucoidan; apoptosis; DR4; mitochondrial pathway

1. Introduction

Fucoidan is a water-soluble heteropolysaccharide, derived mostly from brown algae, such as Fucus
vesiculosus (Figure 1) [1–5]. Recent studies have shown that the research on fucoidan mainly focuses
on two aspects—one is to explore ways to increase the yield of fucoidan [6–9], while the other is to
explore the various pharmacological activities of fucoidan [10–12], including anti-inflammatory [13,14],
anti-tumor, anti-virus, hypolipidemic, antithrombotic, and so on [15], but less research exists on its
mechanism. Owing to the characteristics of high incidence and high mortality of tumor, the prevention
and treatment of tumor has become a global research trend. Fucoidan can exert anti-tumor effects
mainly by inducing apoptosis [16,17], arresting cell cycle [18], inhibiting cell migration [18–20], and
so on.

Mar. Drugs 2020, 18, 220; doi:10.3390/md18040220 www.mdpi.com/journal/marinedrugs79
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Figure 1. Fucoidan structure from Fucus vesiculosus.

Studies have shown that fucoidan can induce apoptosis [16]. There are two main apoptotic
pathways currently studied. One is the extrinsic pathway, the death receptor pathway, which activates
apopain in cells through extrinsic signal transduction [21]; the TRAIL receptor directly recruits
procaspase-8, which is activated to form caspase-8, and then activates downstream effector molecules.
The other is the intrinsic pathway [21,22], the mitochondrial pathway, where external stimulation leads
to the enhancement of mitochondrial outer membrane permeability and apoptosis-related proteins in
the mitochondrial inner. Moreover, outer membrane spaces, such as cytochrome C, form apoptosome
with apaf-1; activate cascades; and further activate caspase -3, -6, and -7. Both ways can activate
the downstream effector molecule caspase, which may lead to the activation of nuclease and the
degradation of important proteins [23]. If the activated caspase-8 is sufficient, caspase-3 will be
activated directly to induce cell apoptosis through the receptor; if the activated caspase-8 is insufficient,
caspase-8 will activate the mitochondrial pathway [24,25]. In this study, the receptor of fucoidan in the
process of inducing HT-29 cell apoptosis was determined at the level of gene and protein, determining
that the extrinsic pathway was involved in the process of cell apoptosis; at the same time, it was found
that fucoidan could affect the mitochondrial membrane potential and induce cell apoptosis through
the mitochondrial pathway.

Apoptosis is usually mediated by a variety of signaling pathways, including NF-kB, PI3K, JNK,
and so on [26–29]. The activation of JNK is stress-induced and plays an important role in the process
including cell proliferation, differentiation, and tumor transformation.

In this study, we found that fucoidan can affect the migration, cycle, and apoptosis of HT-29
cells, and the effect of inducing apoptosis of HT-29 cells was the most significant. Thus, the purpose
of this study was to explore the receptor and mechanism of fucoidan-induced apoptosis in HT-29
cells preliminarily. On one hand, it can lay a theoretical foundation for the application of fucoidan in
dietary supplements and drugs; on the other hand, it can provide research support for the high-value
development of kelp resources.

2. Results

2.1. Cytotoxicity of Fucoidan

Fucoidan administered at concentrations up to 800 μg/mL was not cytotoxic to human normal
cell 293T cells (Figure 2A). However, fucoidan induced death of HeLa, MCF-7, and HT-29 cells in a
dose-dependent manner (Figure 2B–D). The cytotoxic effect of fucoidan was most pronounced in HT-29
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cells, with the cell survival rate of only approximately 40% at 800 μg/mL of the compound. Therefore,
HT-29 cells and fucoidan concentrations of up to 800 μg/mL were selected for further experiments.

Figure 2. Cytotoxicity of fucoidan. (A) Toxicity of fucoidan to 293T cell is expressed as the means ± SD
(n = 3). (B) Toxicity of fucoidan to HT-29 cells is expressed as the means ± SD (n = 3). (C) Toxicity of
fucoidan to MCF-7 cell is expressed as the means ± SD (n = 3). (D) Toxicity of fucoidan to HeLa cell is
expressed as the means ± SD (n = 3). *, p < 0.05; **, p < 0.01; ***, p < 0.001.

2.2. Pharmacological Activity of Fucoidan on HT-29 Cells

To explore the pharmacological effects of fucoidan on HT-29 cells, apoptosis, migration, and
cell cycle were analyzed. We can find that the treatment increased the rate of apoptosis of HT-29
cells in a dose-dependent fashion, with 80% of the cells in the late stage of apoptosis at 800 μg/mL
of fucoidan (Figure 3A,D). However, fucoidan blocked the cells in the G0/G1 phase of the cell cycle,
with 50% of the cells in the G0/G1 phase of the cell cycle at 800 μg/mL of fucoidan, and the fraction of
arrested cells increased with higher fucoidan concentrations (Figure 3B,E). Additionally, the migration
of HT-29 cells tended to decrease with increasing fucoidan concentration and incubation time, but the
reduction in migratory activity did not reach statistical significance, remaining at approximately 30% at
800 μg/mL (Figure 3C,F). These findings indicated that fucoidan affected apoptosis more significantly
than migration and cell cycle.
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Figure 3. Pharmacological activity of fucoidan on cells. (A) Detection of apoptosis by flow cytometry.
(B) Detection of cell cycle by flow cytometry. (C) Detection of cell migration. (D) Statistical results of
apoptosis are expressed as the means ± SD (n = 3). (E) Statistical results of cell cycle are expressed as
the means ± SD (n = 3). (F) Statistical results of cell migration are expressed as the means ± SD (n = 3).
*, p < 0.05; **, p < 0.01; ***, p < 0.001.
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2.3. Analysis of Fucoidan-Induced Apoptosis of HT-29 Cells

2.3.1. Fucoidan Can Induce Apoptosis Through the Extrinsic Pathway

To explore the involvement of receptors in the activation of apoptosis by fucoidan, the expression
of DR4 and related proteins at the transcriptional and translational level was determined. All
examined proteins, including DR4 and caspase-3, -6, and -9, were upregulated by fucoidan in a
concentration-dependent manner (Figure 4A). The expression level of DR4 increased with the increase
of fucoidan concentration at the gene level and the result demonstrated that DR4 was required for
the induction of apoptosis by fucoidan (Figure 4B). To determine whether DR4 was required for the
induction of apoptosis by fucoidan, siRNA was used to silence its expression, whose silence rate was
about 65% (Figure 4C). However, although the expression of all examined proteins was suppressed
in the presence of siRNA targeting DR4 (Figure 4D), these proteins did not decrease significantly
with the increasing concentration in comparison, which may be because of DR4’s low silence rate.
However, DR4 silencing decreased the cytotoxicity of fucoidan (800 μg/mL) on HT-29 cells, resulting in
an increase in the survival rate from 40% to 75% (Figure 4E). These results demonstrated that fucoidan
can induce apoptosis of HT-29 cells by upregulating DR4.

2.3.2. Fucoidan Can Induce Apoptosis Through the Intrinsic Pathway

To determine whether the mitochondrial pathway can contribute to fucoidan-induced apoptosis
of HT-29 cells, the changes in mitochondrial membrane potential were determined by the JC-1 probe,
and the expression of cytochrome C protein was assessed by Western blotting. It can be seen that, with
an increase in fucoidan concentration, the red-to-green ratio of JC-1 fluorescence decreased from 1.3
to 0.6, indicating a reduction in the inner mitochondrial membrane potential and an increase in its
permeability (Figure 5A,B). Concurrently, cytochrome C was released from the mitochondria into the
cytoplasm; this effect was also dependent on fucoidan concentration, and the ratio of cytochrome C
expression in the experimental group to the control group was 1.56 at 800 μg/mL (Figure 5C). The
release of cytochrome C initiated the caspase cascade, leading to apoptosis. These results showed
that fucoidan activated not only the extrinsic pathway through surface death receptors, but also the
intrinsic mitochondrial pathway-mediated apoptosis of HT-29 cells.

2.3.3. Relationship Between the Extrinsic and Intrinsic Pathways

Cells in this experiment were divided into three groups: the first group, cells treated with siRNA
for DR4; the second group, cells treated with cytochrome C inhibitor; and the third group, cells treated
simultaneously with cytochrome C inhibitor and DR4 siRNA. We can find that in cells treated only with
DR4 siRNA at 800 μg/mL, the ratio of cytochrome C expression in the experimental group to the control
group decreased from 1.56 to 1.32 (Figures 5C and 6A,B), and the cell survival rate was increased from
40% to about 75%( Figures 2B and 6C). When cells were treated only with the inhibitor of cytochrome
C or treated simultaneously with cytochrome C inhibitor and DR4 siRNA, there was no significant
difference in the ratio and cell survival rate between the second and third group. In the second and
third group, it can be seen that the ratio decreased from 1.56 to 1.15 and 1.13 at 800 μg/mL, respectively
(Figures 5C and 6D–H), both lower than the ratio after inhibiting the death receptor pathway; besides,
at 800 μg/mL, the cell survival rate was increased from 40% to about 80% ( Figures 2B and 6F,I), both
higher than 75%.Therefore, the difference of cell survival rate and cytochrome C expression indicated
that the mitochondrial pathway was downstream of the DR4 pathway.
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Figure 4. Fucoidan induced apoptosis through DR4. (A) Results of Western blotting of proteins.
(B) Results of Reverse Transcription-Polymerase Chain Reaction (RT-PCR) with DR4. (C) Results of
Western blotting of proteins with the silent DR4. (D) Expression of proteins after DR4 was silenced.
(E) The toxicity of fucoidan to HT-29 cells with silent DR4 is expressed as the means ± SD (n = 3).
*, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Figure 5. Changes of membrane potential induced by fucoidan in HT-29 cells. (A) Results of JC-1
staining. (B) Results of red-green fluorescence ratio. (C) Results of Western blotting of cytochrome C.
**, p < 0.01; ***, p < 0.001.
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Figure 6. Effects of cytochrome C inhibitor on HT-29 cells. (A) Results of Western blotting of cytochrome
C with the silent DR4. (B) Results of Western blotting of cytochrome C with cytochrome C inhibitor.
(C) Results of Western blotting of cytochrome C with cytochrome C inhibitor and silent DR4. (D) Results
of protein expression ratio at different concentrations with the silent DR4. (E) Results of protein expression
ratio at different concentrations with cytochrome C inhibitor. (F) Results of protein expression ratio at
different concentrations with cytochrome C inhibitor and silent DR4. (G) The toxicity of fucoidan to HT-29
cells with the silent DR4 is expressed as the means ± SD (n = 3). (H) The toxicity of fucoidan to HT-29
cells with cytochrome C inhibitor is expressed as the means ± SD (n = 3). (I) The toxicity of fucoidan to
HT-29 cells with cytochrome C inhibitor and silent DR4 is expressed as the means ± SD (n = 3). *, p < 0.05;
**, p < 0.01.

2.4. Effect of Fucoidan on the JNK Signaling Pathway in HT-29 Cells

The role of the JNK signal pathway in the induction of apoptosis in HT-29 cells was determined
by RT-PCR and Western blotting. At the mRNA level, the expression of ras, raf, MEK1, MEK2, and
JNK were upregulated with increasing concentrations of fucoidan (Figure 7A,B). Moreover, fucoidan
increased the level of JNK protein and its phosphorylated form, P-JNK, in a dose-dependent fashion,
as assessed by Western blot analysis (Figure 7C); the ratio of p-JNK/JNK increased from 2.9 to about 5.2
at 800 μg/mL (Figure 7D). Therefore, the JNK signaling pathway was essential for the activation of
apoptosis of HT-29 cells by fucoidan.
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Figure 7. Effects of fucoidan on JNK signaling pathway in HT-29 cells. (A) Results of RT-PCR. (B)
Ratio of related expression factors at mRNA level. (C) Results of Western blotting of related proteins.
(D) Ratio of JNK to p-JNK. *, p < 0.05; **, p < 0.01; ***, p < 0.001.

3. Discussion

Cancer is the leading cause of death worldwide, and colorectal cancer has become a common type
of cancer. Given the high incidence, morbidity, and mortality of colorectal cancer, significant research
effort is focused on its prevention and treatment. The current work documented that fucoidan affects
the migration, apoptosis, and cell cycle progression of colorectal cancer-derived HT-29 cells. Among
these effects, the induction of apoptosis was the most potent one. Further analysis of the mechanisms
implicated in triggering apoptosis indicated that fucoidan induced this process in HT-29 cells through
simultaneous activation of the intrinsic and extrinsic pathways by the JNK signaling pathway.

In the presence of 800 μg/mL of fucoidan, the cell survival rate was approximately 40%, and the
induction of apoptosis in HT-29 cells was accompanied by the increase in expression of DR4 at the
mRNA and protein levels. After silencing DR4 with siRNA, the difference in the expression of DR4
gradually decreased after inhibiting the extrinsic pathway. Although the expression of the protein was
not significantly different from that when DR4 is not silenced, the fraction of surviving cells increased
from 40% to 75% at 800 μg/mL of fucoidan, further documenting the critical role DR4 played in the
apoptosis of HT-29 cells. In addition, the red-to-green ratio of JC-1 fluorescence decreased from 1.3 to
0.6, suggesting that fucoidan can destroy mitochondrial membrane integrity. These changes triggered
the intrinsic apoptotic pathway by the release of cytochrome C into the cytoplasm.

To explore the relationship between the intrinsic and extrinsic pathways, inhibitor of cytochrome
C inhibitors and siRNA targeting DR4 siRNA were added. In this experiment, at 800 μg/mL, the cell
survival rate was increased from 40% to about 75% when cells were treated only with DR4 siRNA.
When the intrinsic pathway or both pathways were inhibited simultaneously, the cell survival rates
were improved without significant differences, both from 40% to about 80%, which were higher
than the cell survival rates after inhibiting the extrinsic pathway. In addition, the difference in the
expression of cytochrome C gradually decreased after inhibiting the extrinsic pathway; the ratio of the
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expression of cytochrome C in the experimental group to that of the control group decreased from
1.56 to 1.32 at the concentration of 800 μg/mL. When the intrinsic pathway or both pathways were
inhibited simultaneously, the difference in cytochrome C expression was significantly reduced without
significant differences, and the ratio decreased from 1.56 to 1.15 and 1.13, respectively, at 800 μg/mL,
both lower than the ratio after inhibiting the extrinsic pathway. Therefore, the ratios of cytochrome C
expression and cell survival after inhibiting the intrinsic pathway were similar to those after inhibiting
both pathways, which were different from those after inhibiting the extrinsic pathway, indicating that
the intrinsic pathway was in the downstream of the extrinsic pathway.

It was established that fucoidan inhibited the proliferation activity of HT-29 cells through
simultaneous activation of the intrinsic and extrinsic pathways by the JNK signaling pathway, and the
intrinsic pathway was downstream of the extrinsic pathway. However, there was still much controversy
about whether the intrinsic and extrinsic pathways played an important role in inducing apoptosis in
HT-29 cells owing to the lack of untransfected control within the same experiment, which must be
improved in order to get more convincing results. In addition, a study showed that the cell survival
rate was only approximately 80% with cells treated with cytochrome C inhibitor or with cytochrome C
inhibitor and DR4 siRNA simultaneously; not all cells survived. On one hand, the silencing of DR4 or
inhibition of the expression of cytochrome C could not be completed; on the other hand, fucoidan can
play other roles besides inducing apoptosis, such as fucoidan significantly blocking the cell cycle, while
inducing apoptosis with the increase in concentration. Therefore, future studies should address the
impact of fucoidan on both apoptosis and cycle of HT-29 cells. These studies may reveal the inevitable
connection between cell cycle and apoptosis and further clarify the mechanism of the induction of
HT-29 cell death by fucoidan.

4. Materials and Methods

4.1. Materials

HT-29, MCF-7, Hela, and 293T cells were purchased from Kunming Institute of Zoology, Chinese
Academy of Sciences Kunming Cell Bank; Dulbecco’s minimum essential medium (DMEM) was
purchased from GE Healthcare HyClone, USA; trypsin was purchased from Invitrogen, US; penicillin
and streptomycin were purchased from Invitrogn, USA; Methylthiazolyldiphenyl-tetrazolium bromide
(MTT) was purchased from Beyotime Biotechnology, China; Ddimethylsulphoxide (DMSO) was
purchased from Sigma-Aldrich, USA; fucoidan from F. vesiculosus was provided by Shandong University,
where the average molecular weight of fucoidan is about 1300 kDa, as analyzed by size exclusion
chromatography (fucose content is about 80%, galactose is about 9%, glucuronic acid is about 7%,
glucose is about 2%, xylose is about 1%, and rhamnose is about 1%, which were detected by high
performance liquid chromatography (HPLC) after acid hydrolysis) [30,31]; Cytochrome C inhibitor
was purchased from abcam, UK; cell cycle and apoptosis analysis kit was purchased from Beyotime,
China; mitochondrial membrane potential assay kit with JC-1 was purchased from Beyotime, China;
Transwell chamber (8.0 μm) was purchased from corning, USA; primary antibodies against Bcl-2
(product number: AB112), BAX (product number: AB026), P-JNK/SAPK (product number: AJ516),
JNK/SAPK (product number: AJ518), caspase-8 (product number: AC056), caspase-9 (product number:
AC062), GAPDH (product number: AG019), and cytochrome C (product number: AC909) were
purchased from Beyotime, China; primary antibodies against DR4 (product number: 24063-1-AP)
and caspase-3 (product number: 66470-2-Ig) were purchased from Proteintech, USA; horseradish
peroxidase-conjugated anti-rabbit (product number: A0208) and anti-mouse (product number: A0216)
secondary antibodies were purchased from Beyotime, China; diluent was purchased from Beyotime,
China; siRNA (DR4) was purchased from Sangon Biotech, China; Lipo8000 transfection reagent was
purchased from Beyotime, China; PCR primer was purchased from Sangon Biotech, China; revert aid
first strand cDNA synthesis kit was purchased from ThermoFisher, USA; and dream taq green PCR
master mix (2X) was purchased from ThermoFisher, USA.
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4.2. Cell Culture

Colon cancer cell line (HT-29), breast cancer cell line (MCF-7), cervical cancer cell line (HeLa), and
renal epithelial cell line (293T) were cultured in DMEM medium supplemented with 20% (v/v) fetal
bovine serum (FBS) and 1% (v/v) antibiotics. The cells were incubated in a 5% CO2 incubator at 37 ◦C.

4.3. MTT Assay for Cell Viability

The cytotoxicity of fucoidan toward HT-29, Hela, MCF-7, and 293T cells was determined using
the MTT assay. The cells were seeded in a 96-well plate (6 × 103 cells/well), and fucoidan (0, 100, 200,
400, and 800 μg/mL) was added after 24 h, Doxorubicin, 5 μg/mL, was used as a positive control. After
incubation for 48 h, a 10 μL aliquot of MTT solution (5 mg/mL) was added to each well, and the cells
were incubated for an additional 4 h. The medium was then aspirated, 100 μL of DMSO was added to
each well, and the plates were vortexed for 3 min until thoroughly mixed. The absorbance of each well
was measured at a wavelength of 490 nm using a microplate reader (Sunrise, Tecan, Austria).

4.4. Cell Cycle Analysis

After treatment with fucoidan, the cells were harvested with trypsin and washed twice with
cold phosphate buffer saline (PBS). Subsequently, the cell nuclei were stained using the cell cycle and
apoptosis analysis kit following the manufacturer’s instructions. The cells were analyzed by flow
cytometry and the relative DNA content was determined using the Modfit software (5.0.9., Verity,
Topsham, VT, USA).

4.5. Cell Migration Assay

For cell migration assay, HT-29 cells were grown to 80% confluence, harvested, and seeded in
24-well Transwell plates with 8 μm pores at the density of 5 × 104 cells/well. DMEM containing
10% FBS was added to the lower chamber. After 24 h, 0, 200, 400, and 800 μg/mL of fucoidan was
added to the upper chamber, and the cells were cultured for 24 h and 48 h, respectively. At the end
of incubation, cells were stained with crystal violet, photographed, and counted under an inverted
microscope (DM100FL, Leica, Germany).

4.6. Quantification of Apoptosis with the Annexin V/Propidium Iodide Assay

Cells in log-phase growth were seeded in six-well plates at a density of 1 × 105 cells/well. After
24 h, 0, 200, 400, and 800 μg/mL of fucoidan was added and the cultures were incubated for 48 h. The
cells were then harvested, washed, and resuspended in the binding buffer containing Annexin V and
propidium iodide (PI). After incubation for 15 min at room temperature, the stained cells were analyzed
by flow cytometry. Data were analyzed using FlowJo software (10.0.7., BD, Franklin, NJ, USA).

4.7. Total RNA Extraction and Reverse Transcription-Polymerase Chain Reaction

RNA was isolated and reverse-transcribed into cDNA using the revert aid first strand cDNA
synthesis kit, according to the manufacturer’s protocol. For PCR, the cDNA was mixed with forward
and reverse primers (for the list of primers, see Table 1) and dream taq green PCR master mix (2x).
The amplification included 30 cycles of denaturation for 30 s at 95 ◦C, annealing for 30 s at 57 ◦C, and
elongation for 30 s at 72 ◦C. The PCR products were subjected to electrophoresis on 1% agarose gel.
The gel was analyzed using the Image J software, and the amount of cDNA was determined and
normalized to the amount of β-actin cDNA.
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Table 1. Primer sequence table.

Primers Sequences Product Size

Ras
Forward 5′-CGACACAGCAGGTCAAGAGG-3′ 20
Reverse 5′-GGCATCATCAACACCCTGTCT-3′ 21

Raf
Forward 5′-CAGCGAATCAGCCTCACCTTCAG-3′ 23
Reverse 5′-CGCAGAACAGCCACCTCATTCC-3′ 22

β-actin Forward 5′-CGTGGACATCCGCAAAGAC-3′ 19
Reverse 5′-GCATTTGCGGTGGACGAT-3′ 18

DR4
Forward 5′-CTGATCACCCAACAAGACCTAG-3′ 22
Reverse 5′-GATGCAATCTCTACCGCTTCT-3′ 22

JNK Forward 5′-GGAATGGCCTGCCTTACGATGAC-3′ 23
Reverse 5′-GGCTCTGTTGCTGCCACTGC-3′ 20

MEK1
Forward 5′-CAGCTCTGCGGAGACCAACTTG-3′ 22
Reverse 5′-CTGATCTCGCCATCGCTGTAGAAC-3′ 24

MEK2
Forward 5′-ACTTGACGAGCAGCAGAAGAAGC-3′ 23
Reverse 5′-GAGCCGCCGTCCATGTGTTC-3′ 20

4.8. Silencing the Expression of DR4 by siRNA

The cells in the logarithmic phase of growth were seeded in a six-well plate at a density of
2 × 105 cells/well. After 24 h, a mixture of 6 μL Lipo 8000 and 150 μL siRNA (sense: 5′-GCU
GUUCUUUGACAAGUUUTT3′, antisense: 5′ AAACUUGUCAAAGAACAGCTT-3′) was added, and
the medium was replenished to 2 mL. The mixture was aspirated after 6 h, and the cells were incubated
with 0, 200, 400, and 800 μg/mL of fucoidan for an additional 48 h.

4.9. Detection of Mitochondrial Membrane Potential by JC-1 Staining

The cells in the logarithmic phase of growth were seeded in a six-well plate at a density of
6 × 103 cells/well. After 24 h, 0, 200, 400, and 800 μg/mL of fucoidan were added. The cells were stained
48 h later using the mitochondrial membrane potential detecting kit (JC-1); the manufacturer’s protocol
was employed. Stained cells were photographed and counted using a multi-function microplate reader.

4.10. Inhibition of Cytochrome C Expression

The cells in the logarithmic phase of growth were seeded in a six-well plate at a density of
6 × 103 cells/well. Then, 3 μM cytochrome C inhibitor was added after 24 h. One hour later, the
inhibitor was washed out, and the cells were incubated for an additional 48 h in the presence of 0, 200,
400, and 800 μg/mL of fucoidan.

4.11. Western Blot Analysis

Cells were lysed with RIPA lysis buffer containing a phosphatase inhibitor and PMSF. Extracted
proteins were subjected to electrophoresis on 10% SDS-polyacrylamide gel and transferred to a
PVDF membrane. The membrane was blocked with 5% (w/v) skim milk powder in TBST for 1 h,
and incubated with primary antibodies at 4 ◦C overnight, according to the manufacturer’s protocol
(dilution ratio of all proteins was 1:1000, except for cytochrome c, which was 1:200). After washing,
membranes were incubated with peroxidase-conjugated secondary antibodies (dilution ratio was
1:1000), and protein bands were visualized using the hypersensitive enhanced chemiluminescence
(ECL) chemiluminescence kit. Densitometric analysis was performed using the Image J software (1.8.0,
NIH, US), and the intensity of specific bands was normalized to the GAPDH band.

4.12. Statistical Analysis

All data in graphs were presented as the mean value ± standard deviation from three independent
measurements. The statistical analysis was used in statistical software (SPSS, Chicago, IL, USA) and
GraphPad Prism 7.00 (GraphPad Software, CA, USA). p < 0.05 was considered significant.
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Abstract: Fucoidans are sulphated polysaccharides that can be obtained from brown seaweed and
marine invertebrates. They have anti-cancer properties, through their targeting of several signaling
pathways and molecular mechanisms within malignant cells. This review describes the chemical
structure diversity of fucoidans and their similarity with other molecules such as glycosaminoglycan,
which enable them to participation in diverse biological processes. Furthermore, this review
summarizes their influence on the development of metastasis and drug resistance, which are the
main obstacles to cure cancer. Finally, this article discusses how fucoidans have been used in clinical
trials to evaluate their potential synergy with other anti-cancer therapies.

Keywords: fucoidan; cancer; metastasis; epithelial mesenchymal transition; nanoparticles

1. Introduction

Fucans are a family of polymeric molecules composed by a simple and long structure based on
fucose and sulphate. Fucoidans are a subgroup within the fucan family, consisting of polysaccharides
that are composed of sulphated l-fucose (6-deoxy-l-galactose) produced mainly by brown algae and,
to a lesser extent, by marine invertebrates [1].

Due to the structural similarity between fucoidans and certain sulphated polysaccharides from
animal cells, there has been increasing interest to study the biological properties of these algae
polysaccharides within animal cells. An example for this are proteoglycans, which are found on the
surface of animal cells and the extracellular matrix (ECM) and participate in structural and support
functions. They have been shown to regulate a series of intercellular signaling pathways and interactions
with cytokines and growth factors [2]. The structure of proteoglycans is similar to fucoidans, being
composed of a protein (central chain) with glycosaminoglycans (GAGs) ramifications (e.g., chondroitin,
dermatan, keratan, heparan sulphates, and heparin). This finding has sparked a renewed interest for
studying the numerous potential biological properties including the anticoagulant [3], antioxidant [4],
antiviral, immunomodulatory, anticomplement, and antitumor [5] characteristics of fucoidans isolated
from different brown algae species.

The chemical variety of fucans in algae and invertebrate, their abundant bioavailability in nature
as a renewable natural resource available from our coasts [5] and their potential use for biomedicine,
make these polysaccharides an interesting material to study. This review will reveal not only structural
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characteristics but also the cellular/molecular aspects of fucoidans and their potential applications for
cancer due to their properties to reduce metastasis and drug resistance in the different in vivo and
in vitro cancer models.

2. General Structure of Fucoidans

Fucoidans from algae have been extensively studied since 1913 when Prof. Kylin discovered
and described fucoidans [6]. Then, in 1957 these molecules were also shown to have anticoagulant
functions and subsequently their anticancer activities were demonstrated (1970) [7].

As described above, fucoidans are polysaccharide composed by sulphated l-fucose
(6-deoxy-l-galactose) [8]. Although many fucoidans consist of fucose and sulphate groups as is
typical for fucans in general, fucoidans—in contrast to other fucans—consist of up to 10% of other
monosaccharides (mannose, galactose, glucose, xylose, etc.), uronic acids, or branches of one or
more monosaccharides [5]. In addition, there are fucoidans with different monosaccharide residues
alternating with α (1→3) and α (1→4) bonds. Therefore, fucoidans constitute a highly variable and
versatile subgroup of fucans [9] (Figure 1).

Figure 1. Comparison between fucoidan and glycosaminoglycan structures. (A) Structure of fucoidan
from the brown alga Fucus vesiculosus and (B) structure of chondroitin sulphate. It is important to
remark the similarity in the sugar skeleton and the presence of sulphate groups (red) in both structures.
“R” represents a fucose subunit without sulphate.

For instance, fucoidans from Fucus vesiculosus are composed of l-fucopyranosil residues linked
through α (1→2) bonds with 4-position sulphate groups [10]. In addition, next generation techniques
have shown that the scaffold is also composed by fucose residues linked through α (1→3) bonds with
4-position sulphate groups from some of the fucose residues disposed every two or three units of
the main chain [11]. In contrast, other algae species contain the typical fucan complexes. Sargassum
stenophyllum contains two types of fucans: (1) fucans containing predominantly α-l-fucose with
high percentage of glucuronic acid and low amounts of sulphate located in different positions in the
sugar [12] (2) fucans containing high amounts of sulphate but lower content of uronic acids distributed
along the fucose chains or the only other sugar, galactose [12].

A wide range of l-fucose polymers has been found by fractionating the extracts from different
algae species within the brown seaweed genus [3,13–20]. These fucoidans range from fractions of
typical sulphated fucoidans to heteropolymer fractions of low-sulphate fucose and others containing
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glucosamine. The fucoidan structures vary from species to species, by season, location and maturity [21].
This structural variations are important for industrial applications to identify the optimum harvesting
times and to ensure a consistent product composition. For instance, Fletcher et al., 2017 found that the
highest quantity of fucoidans can be extracted from three algae F. serratus, F. vesiculosus, and Ascophyllum
nodosum in autumn, whereas in spring the amount that can be obtained is at a minimum [21].

In addition to brown seaweed species, also marine invertebrates contain this type of sulphated
polysaccharides. The viscous liquid containing sea urchin eggs, such as that of the Strongylocentrotus
franciscanus species, contains a compound composed by sulphate acids residues only in position 2
bonds through α (1→3) bonds [22]. Other fucoidans have been found in the skin of the sea cucumber
species Stichopus japonicas [23] and the recently commercially important Holothuria tubulosa [24].

The great diversity of fucoidans and their capability to be chemically modified make them
molecules with great potential to be used as adjuvant agents in the treatment of cancer.

3. Fucoidans and Metastasis

In cancer, many cells develop the ability to invade adjacent tissue components of its primary organ
and spread to other organs [25]. This process is called metastasis and involves several steps including
altered cellular adhesions, cell motility, resistance to extracellular death signals, and disruption of the
basement membrane and ECM [26]. Metastasis is responsible for more than 90% of cancer deaths [27]
due to its systemic nature and higher drug resistance. Therefore, new molecular or clinical strategies
are needed to counteract this aggressive feature [28]. In general, the metastasis process can be divided
into 4 steps: (1) Certain tumor cells obtain characteristics of epithelial–mesenchymal transition (EMT),
dissociating and detaching from the primary tumor to escapes from this area. (2) The dissociated tumor
cells infiltrate into the surrounding stroma and invade and migrate through the basement membrane
supporting the endothelium of local blood and/or lymphatic vessels. (3) The dissociated tumor cells
cross the ECM resulting in intravasation. This involves dissemination of tumor cells to distant organs
through blood or lymph vessels. These tumor cells can then forma new tumor in other organs or tissues
(secondary tumor) through mesenchymal to epithelial transition (MET), which is another mechanism
that enables metastatic colonization (neoplasm) and that is the contrary to EMT (e.g., re-expression of
E-cadherin). (4) The final dormancy step is characterized by invading tumor cells that can remain silent
for many years in the distant organ [29]. Both step 1 (EMT) and 2 (infiltration and invasion into stroma)
are characterized by morphological changes from the epithelial cell monolayer with an apical-basal
polarity, to dispersed, spindle-shaped mesenchymal cells with migratory protrusions [30]. In particular,
EMT involves changes in the expression of cell–cell junction proteins, cytokeratin intermediate
filaments, increase vimentin filaments and fibronectin [31]. In this case, sulphated fucoidans have been
shown to maintain the endothelium adhesion by binding to endothelial cell receptors, especially when
the polysaccharides that normally bind to these receptors decrease, confirming that fucoidans have
antimetastatic effects and can prevent EMT [32]. A recent study demonstrated this using fucoidan from
F. vesiculosus, which was able to inhibit the EMT and, therefore, an important step in the metastasis
development [33]. In addition, fucoidan has been shown to decrease the activity or expression of
transforming growth factor receptors (TGFRs) in vitro and in vivo. This blocks the EMT process and
its morphological changes by upregulating epithelial markers, downregulating mesenchymal markers
and decreasing the expression of transcriptional repressors such as SNAIL, SLUG, and TWIST, which
subsequently induce migration and invasion inhibition [34]. Moreover, fucoidans are also able to
reduce TGFR downstream signaling events, including SMAD2/3 and non-SMAD pathways: AKT,
ERK1/2, and Focal Adhesion Kinase (FAK) phosphorylation. Fucoidans decrease TGFR proteins by
ubiquitination proteasome pathway (UPP)-mediated degradation of TGFRs and by the promotion of
SMURF2 and SMAD7 that conjugate to TGFRs, resulting in TGFR degradation [35].

Post-transcriptional mechanisms have also been implicated in the control of EMT and their
relationship to TGF-β signaling through microRNAs (miRs). In this context, fucoidan of S. hemiphyllum,
increases the miR-29 family expression that suppresses DNMT3B expression, which results in the
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upregulation of the tumor suppressor gene MTSS1. This fucoidan also downregulates TGF-β
signaling, increases E-cadherin expression, decreases N-cadherin, ADAM12, and PTEN expression, and
finally prevents ECM degradation by overexpressing TIMP-1 and reducing the expression of matrix
metalloproteinase enzymes MMP2 and MMP9, secreted by cancer cells to degrade ECM and induce
cell migration [36,37]. Furthermore, an oligo-fucoidan extracted from S. hemiphyllum has been shown
to inhibit the signaling of chemokine CCL2, which has a chemoattractant activity for monocytes, T cells,
mast cells and basophils, and promotes invasion and metastasis via JAK-STAT and MAPK signaling
pathways. Therefore, this CCL2 inhibition induces an inflammatory response, anti-tumor immunity
and tissue conservation to avoid metastasis and angiogenesis [18]. Another example is the fucoidan of
S. fusiforme which has an antimetastatic effect on liver cancer cells by inactivating the integrin αVβ3
and prevent the invadopodia formation [38].

Another characteristic of metastasis is the involvement of cell migration and invasion properties
through ECM [30]. As fucoidans have structural similarities with heparin, these polysaccharides
not only have anticoagulant features but also are able to decrease the expression and activity of
matrix metalloproteinases, resulting in an incapability of tumor cells to cross the capillary wall [39].
For example, fucoidan derived from Undaria pinnatifida sporophylls inhibits in vitro cell growth,
migration, invasion, and adhesion capabilities probably by downregulating the VEGFC/VEGFR3 axis,
inactivating the NF-kB pathway and increasing the protein levels of TIMPs [40]. Other fucoidans
decrease the expression levels of MMP2 in a dose dependent manner and downregulate the
PI3K/Akt/mTOR signaling pathway [41].

Fucoidan of Laminaria japonica reduce the migratory and invasive features of triple-negative
breast cancer (TNBC) cell models by suppressing the activation of MAPK and PI3K pathways and
subsequently inhibiting AP-1 and NF-κB signaling. Additionally, this fucoidan was shown to inhibit
micrometastasis in an in vivo transgenic zebrafish model [42].

Hypoxia in tumoral microenvironment is another phenomenon that can lead to metastasis.
Fucoidan derived from U. pinnatifida sporophylls inhibit hypoxia in cancer cells through nuclear
translocation, activity of HIF-1α and reduction in the levels of phosphorylated-PI3K (p-PI3K), p-Akt,
p-mTOR, p-ERK, NF-κB, MMP-2, and MMP-9, but increased TIMP-1 levels. In addition, this fucoidan
can decrease the levels of VEGF-C and HGF [43]. The most complete studies about inhibition of
metastasis and drug resistance by fucoidans are shown in Table 1 and the main signaling pathways
involved in these processes are shown in Figure 2.

Given the biological activities and implications of fucoidans in cancer, particularly in metastasis,
the sulphated polysaccharides are candidates to generate functional foods and drugs as well as for
their applications in prevention, synergism with chemotherapy, and nanotechnology. For instance,
one nanotechnology application is the utilization of polysaccharides by eco-friendly synthesis of
fucoidan-stabilized gold nanoparticles for charge interaction [44]. This demonstrates the potential of
fucoidan to be used as a therapeutic agent and as technological material.
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Table 1. Sources, characteristics and effects of fucoidans on the metastatic and drug-resistant phenotype
of cancer models.

Source Fucoidan Structure Cancer Type/Model Effects/Pathways Refs

Fucus vesiculosus

This fucoidan has a central core
formed by α-L-fucose (1,3)-linked,

sulphated at C4. In addition, several
branching points (every two or three

fucose residues) were present in
α-(1,2) or α-(1,4)-linked, on the

main chain.

Hepatocellular carcinoma (HCC)

[45]

In vitro
Huh-7 and SNU-761 cell

lines

Effects on metastasis by
avoiding invasion

↑p42/44MAPK-dependent
NDRG-1/CAP43

↑p42/44 MAPK-dependent
VMP-1

In vivo
Distant metastasis model

in C3H mice

Effects on metastasis by
avoiding invasion
↓MMPs (MMP-2)

↓NF-κB
↓VEGF

In vitro
MHCC-97H cell line

Nanoparticle drug resistance
fucoidan downregulate

chemokines and cytokines
involved in chemoresistance

[46]

Lung cancer

[35]
In vitro

NSCLC CL1-5 human
cells

A549 human cells
LLC1 mouse cells

Effects on metastasis by
avoiding migration and

proliferation
↓TGFRI and TGFRII
↓p-SMAD2/3
↓AKT
↓ERK1/2
↓p-FAK

In vivo
Xenograft

Drug resistance and
Combined therapy
↑ Cisplatin cytotoxicity
↑Caspase 3, PARP and

apoptosis

[47]

Lung cancer cell line
In vitro

Synergize with gefitinib and
↑apoptosis [48]

Breast cancer

[34]

In vitro
MDA-MB-231 and

MCF-7 human breast
cancer cells

In vivo
4T1 mouse breast
adenocarcinoma

Effects on metastasis by
avoiding EMT

↑E-Cadherin, ↑γ-Catenin
↓N-Cadherin

↓SNAIL, SLUG and TWIST
↓p-SMAD2/3
↓SMAD4

↓TGFRI and TGFRII
↓MMP-9

In vitro
MDA-MB-231 cells

Effects on metastasis by
avoiding EMT

↓N-Cadherin and ↓vimentin
↑ZO-1, ↑E-Cadherin

↓Nuclear translocation of
HIF-1α

↓TWIST-1, SNAIL, CAIX
and GLUT-1

[49]

In vitro
MCF-7 and ZR-75

In vivo
Orthotopic

Mouse model

Combined therapy
increase effect Tamoxifen [50]

In vitro
MDA-MB-231 human
breast cancer cells, 4T1
mouse breast cells and

J774.1A mouse
macrophage cells.

In vivo
BALB/c mice

Nanoparticle combined
therapy

↑ immunostimulatory
activity and increase

doxorubicin effect

[51]
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Table 1. Cont.

Source Fucoidan Structure Cancer Type/Model Effects/Pathways Refs

Proliferative vitreoretinopathy (PVR)

[52]

In vitro
Human primary RPE

cells
In vivo

PVR model in rabbits

Effects on metastasis by
avoiding EMT

↓TGF-β1-induced SMAD2/3
phosphorylation

↓α-SMA and fibronectin
↓E-cadherin

Colorectal cancer (CRC)

[41,53]In vitro
HT29 human cells

Effects on proliferation
↓Cyclin D1/E and ↓CDK2/4

Effects on apoptosis
↓BCL2

↑BAX, ↑Caspase-3, ↑PARP1

In vitro
HT29 human colon

cancer cells

Effects on metastasis by
avoiding migration

↓MMP-2
↓PI3K-AKT-mTOR

drug resistance by effect in
P38 and JNK pathways

[41]

Drug resistance related
decrease prion protein and
decrease cell survival and

could

[54]

HCT-8 human ileocecal
In vitro

Combined therapy
↑cytotoxicity than those

treated with cisplatin alone
[55]

Pancreatic cancer

[56]

In vitro
AsPC-3 and BxPC-3

human pancreatic cancer
cell lines

Effects on metastasis by
avoiding hypoxia and

angiogenesis
↓Hypoxia induced

radioresistance
↓HIF-1α

↓Tumor growth and
angiogenesis

In vivo
Xenograft Combined therapy

Prostate cancer

[57]

In vitro
DU-145 human cells

In vivo
Xenograft

Effects on metastasis by
avoiding angiogenesis
↓CD31 and CD105
↓p-JAK and p-STAT3
↓VEGF, Bcl-xL, Cyclin D1

Cladosiphon
navae-caledoniae

Low molecular weight fraction (72%,
MW < 500 Da) and non-digested

fractions (less than 28%, peak MW:
800 kDa).

Fucose (73%), xylose (12%) and
mannose (7%). The ratio of

sulphation was 14.5%.

Breast cancer

[58]

In vitro
ER-positive MCF-7 cells

ER-negative
MDA-MB-231 cells

Effects on metastasis and
apoptosis

↓p-ERK and ↓AKT in
MDA-MB-231 cells
↑p-ERK in MCF-7 cells

↑IC-ROS and ↓GSH in both
cell lines

Effects on drug resistance
↑cisplatin, tamoxifen and

paclitaxel efficacy
↓Cell growth, ↑apoptosis

↓Bcl-xL, ↓Mcl-1
↑ROS

Combined therapy
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Table 1. Cont.

Source Fucoidan Structure Cancer Type/Model Effects/Pathways Refs

Undaria
pinnatifida

This sulphated galactofucan is
composed of:

Galactose 44.6% and Fucose 50.9%.
Xylose (4.2%)

Mannose (0.3%), uronic acids were
not detected.

A significant number of O-acetyl
groups

Hepatocellular carcinoma (HCC)

[20,40,43]

In vitro
Hca-F cell line

Effects on metastasis
↓VEGF C/VEGFR 3

↓HGF/c-MET, cyclin D1.
↓PI3K, p-AKT, p-ERK 1/2,

and NF-κB
Effects on metastasis by

avoiding hypoxia
↓HIF-1α

↓p-PI3K, ↓p-AKT, ↓p-mTOR
↓p-ERK
↓NF-κB

↓MMP-2, ↓MMP-9
↑TIMP-1

In vivo
Hca-F cells were

inoculated
subcutaneously into the

footpads of the mice

Effects on metastasis by
deregulating

adhesion/invasion
↓ L-Selectin
↑TIMPs

Effects on metastasis by
avoiding lymph

angiogenesis and lymphatic
infiltration

↓VEGF-C, ↓HGF

Melanoma cancer

In vitro
WM266-4, WM115
(mutated BRAF),

SKMEL2 (RAS mutated),
MeWo and FEMX (wild

type)

Effects on drug resistance
and combined therapy

Fucoidan increase Lapatinib
(ERBB inhibitor) effect in

drug resistance cell

[59]

Breast cancer

In vitro
MCF-7 and ZR-75

In vivo
Orthotopic

Mouse model

Combined therapy
Increase effect in Tamoxifen

treatment
[50]

Sargassum
hemiphyllum

Colorectal cancer (CRC)

[60]Double-Blind
Randomized Controlled

Trial

Fucoidan as a supplemental
therapy to chemotarget
agents in patients with

metastatic CRC

Hepatocellular carcinoma (HCC)

[36]In vitro
Huh6, Huh7, SK-Hep1

and HepG2 human cells.

Effects on metastasis by
avoiding EMT

↑miR-29b, ↓DNMT3B,
↑MTSS1

↑E-Cadherin, ↓N-Cadherin
↑TIMP-1, ↓MMP-2/9

Breast Cancer

[37]

In vitro
MCF-10A, MCF-7

Effects on metastasis by
avoiding migration and

invasion
↑miR-29c, ↓ADAM12
↓miR-17-5p, ↑PTEN

MDA-MB-231 human
cells.

Effects on metastasis by
avoiding EMT

↑E-Cadherin, ↓N-Cadherin

Ascophyllum
nodosum

This fucoidan is composed of fucose
(52.1%), galactose (6.1%), glucose

(21.3%), and xylose (16.5%). Sulphate
content is 19%. Two main size

fractions (47 and 420 kDa).

NSCLC (Lung cancer)

[61,62]In vitro
NSCLC-N6 Effects on cell cycle arrest

In vivo
Xenograft
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Table 1. Cont.

Source Fucoidan Structure Cancer Type/Model Effects/Pathways Refs

Turbinaria ornate

The results showed that the fucoidan
has a sulphate content of 25.6% and is

mainly composed of fucose and
galactose residues (Fuc:Gal ≈ 3:1).

The fucoidan has a backbone of
3-linked α-L-Fucose residues

with branches,→4)-
Galp(1→ at C-4 of the fucan chain.

Sulphate groups are attached mostly
at C-2 and sometimes at C-4 of

both fucose and galactose residues.

NSCLC (Lung cancer)

[63,64]

In vitro
NSCLC-N6 Effects on cell cycle arrest

Cladosiphon
okamuranus

The fucoidan is composed of 70.13 ±
0.22 wt% fucose and 15.16 ± 1.17 wt%

sulphate. Other minor
monosaccharides are D-xylose,

D-galactose, D-mannose, D-glucose,
D-arabinose, D-rhamnose and

D-glucuronic acid. Linkage analysis
revealed that fucopyranoside units

along the backbone are linked,
through α-1,3-glycosidic bonds, with

fucose branching at C-2, and one
sulphate group at C-4 per every three

fucose units, i.e. the structure of
fucoidan from Japanese Cladosiphon

okamuranus is
[→3)-α-fuc(1→]0.52[→3)-α-

fuc-4-OSO3-(1→]0.33[→2)-α-fuc]0.14.

Breast cancer

[65,66]

In vitro
MCF-7 ADR

(drug resistant human
breast cancer cell line)

Combination therapy
(Synergistic effect
doxorubicin and

photothermal nanocarrier)
↑doxorubicin delivery
↑morphology-control in

Pt-nanoparticlesIn vivo
Xenograft

Sargassum
fusiforme

The fucoidan is composed of fucose,
xylose, galactose, mannose,

glucuronic acid, and 20.8% sulphate.
The 17 sulphate groups are attached
to diverse positions of fucose, xylose,
mannose, and galactose residues. The

backbone consists of alternate 1,
2-linked α-D-Mannose and 1, 4-linked

β-D-GlcpA

Hepatocellular carcinoma (HCC)

[38]

In vitro
SMMC-7721, Huh7 and

HCCLM3 cells

Effects on metastasis by
avoiding migration and

invasion

In vivo
Xenograft

↓Invadopodia-related
proteins (Src, Cortactin,
N-WASP, ARP3, CDC42,

MMP2, MT1-MMP)
↓Integrin αVβ3

α-SMA: α-smooth muscle actin. CDK: Cyclin dependent kinase. CRC: Colorectal cancer. CTGF: Connective tissue
growth factor. EMT. Epithelial-mesenchymal transition. ER: Estrogen receptor. FAK: Focal adhesion kinase. FE:
Fucoidan extract. GSH: Glutathione. HCC: Hepatocellular carcinoma. HGF: hepatocyte growth factor. CRC:
colorectal cancer. NSCLC: Non-small-cells human bronchopulmonary carcinoma. IC-ROS: Intra cellular reactive
oxygen species. LMWF: Low molecular weight fucoidan. MMP: Matrix metalloproteinase. NDRG: N-myc
downstream-regulated gene. PTEN: phosphatase and tensin homolog. PVR: Proliferative vitreoretinopathy. ROS:
Oxygen reactive species. RPE: Retinal pigment epithelial. TGFR: Transforming growth factor-b receptor. TIMP:
Tissue inhibitor of metalloproteinase. VEGF: Vascular endothelial growth factor. VMP: vacuole membrane protein.
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Figure 2. Summary of the main signaling pathways involved in the fucoidan function during the
processes of metastasis and drug resistance.

4. Fucoidans and Drug Resistance in Cancer

There are many types of cancer treatments, including surgery, radiation, chemotherapy, hormone
therapy and, more recently, target therapy (e.g., chemokine receptors), stem cells transplantation,
and immunotherapy [67]. One of the major complications in cancer treatment is the appearance
of chemotherapy resistance, which is defined as the development of innate and/or acquired ability
by cancer cells to evade the effects of chemotherapeutics [68]. Some cancer cells are intrinsically
resistant to chemotherapy and others are able to develop a resistance phenotype, either by their own
characteristics as tumor cells or by external conditions such as the tumor microenvironment [69].
For instance, repeated chemotherapeutic stimulation can induce pro-survival biological changes in
tumor cells, allowing them to evade cell death under drug pressure by using host or tumor-related
factors [70]. Most chemotherapeutic agents in cancer therapy (e.g., platinum drugs, taxanes) induce
cell stress on “sensitive cells” resulting in cell death mediated predominantly by the apoptosis
pathway [71]. Despite the effectiveness of programmed cell death induced by drugs, because tumors are
heterogeneous in nature, certain cancer cells can display a drug-resistant behavior. This constitutes the
main obstacle for anticancer therapeutic success [72]. There are four major mechanisms that contribute
to drug resistance in cancer cells: (1) Decreased uptake of water soluble drugs [73]; (2) changes in
intracellular pathways that affect the potential of cytotoxic drugs to kill cells, including alterations in
the cell cycle, DNA repair, apoptosis pathways, metabolism/elimination of drugs, or others [73–75];
(3) increased energy-dependent efflux of hydrophobic drugs mediated via overexpression of a family of
energy-dependent transporters (known as ATP-binding cassette transporters) such as P-glycoprotein 1
(P-gp, ABCB1) or breast cancer resistance protein (ABCG2) amongst others [73]; and (4) intracellular
detoxifiers such as antioxidants (e.g., glutathione) [76,77]. Multiple signaling pathways have been
implicated in resistance to chemotherapy, and innovative therapeutic strategies to overcome these are
urgently needed [78].

Some fucoidans have been implicated in the decrease of the cancer drug resistant phenotype
(Table 1). For example, fucoidans from A. nodosum showed an arrest in G1 phase of the cell cycle and a
reduction in the chemoresistance to cisplatin of non-small-cell human bronchopulmonary carcinoma
(NSCLC-N6) cells, a type of chemoresistant cell line [62]. The same study also showed an antitumor
effect at sub-toxic doses of fucoidan in vivo in NSCLC-bearing nude mice [62]. Similarly, a sulphated
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fucan-like polysaccharide with aminosugar obtained from Turbinaria ornate was shown to arrest cell
cycle in G1 phase in NSCLC-N6 cells [63]. A fucoidan obtained from F. veciculosus was able to decrease
the expression of cellular prion protein (PrPC) HT29 colon cancer cell lines. PrPC is a protein whose
overexpression is involved in increasing cell survival and proliferation, and inhibition of stress-response
proteins p38, JNK, and p53, which could induce drug resistance [54,79].

More recently, cytokines have been shown not only to directly influence cancer progression by
inducing cancer cell proliferation, migration, metastasis, reprogramming of tumor microenvironment
(TME), immune evasion and the formation of new blood vessel within tumors [80,81] but are also
often associated with chemoresistance and overall poor prognosis [80,82–86]. In this context, certain
oligo-fucoidan have been shown to produce pro-inflammatory cytokines and chemokines (e.g., IL-6 and
CCL2/MCP-1 respectively) and decrease the side effects of chemotherapy [18]. Also, other fucoidans
can downregulate some cytokines and chemokines (e.g., M2-type chemokine CCL22) to inhibit tumor
cell migration and lymphocytes recruitment via NF-κB-dependent transcription, which may be a novel
and promising mechanism for tumor immunotherapy [46].

Fucoidans can also function as adjuvant agents along with chemotherapy. For instance, it has
been demonstrated that sulphated polysaccharides can increase the bioavailability of certain oral
drugs, like doxorubicin [87]. Fucoidans from U. pinnatifida and F. vesiculosus have been studied in
combination with tamoxifen and paclitaxel in orthotopic mouse models of breast cancer and ovarian
cancer. The results showed that both fucoidans improved the effect of tamoxifen, but not paclitaxel, in
breast cancer. In the ovarian cancer model, only fucoidan from F. vesiculosus was able to improve the
activity of tamoxifen, but not paclitaxel [50]. Fucoidan from F. vesiculosus has been shown to increase
cytotoxicity of cisplatin on lung cancer cell lines via upregulation of cleaved caspase-3 and poly (ADP
ribose) polymerase (PARP) expression, which induces apoptosis in these cells [47]. In addition, this
fucoidan can also act synergistically with gefitinib to induce apoptosis in lung cancer cells [48].

Fucoidan from U. pinnatifida has also been investigated in melanoma, which is an intrinsically
aggressive and therapy-resistant cancer that can develop resistance to the ERBB inhibitor, lapatinib.
While, lapatinib alone inhibited 60% of tumor growth, in combination with fucoidan it decreased
85% of tumor growth. In addition, the use of fucoidan can counteract the morbidity associated with
prolonged lapatinib treatment. This ability to avoid side effects provides an additional advantage for
the potential use of fucoidan extracts [59]. Another fucoidan extracted from Cladosiphon navae-caledoniae
Kylin in combination with cisplatin, tamoxifen or paclitaxel can improve outcomes in breast cancer
treatment. These co-treatments significantly inhibited cell growth in MDA-MB-231 and MCF-7 breast
cancer cells. Furthermore, they enhanced apoptosis in these cells by downregulating anti-apoptotic
proteins Bcl-xL and Mcl-1 and promoting higher intracellular ROS levels [58].

Fucoidans have particular chemical characteristics (backbone with fucose sugar and sulphate
group) that confer them a negative surface and favor interaction with other chemical compounds or
cellular molecules. This makes them an interesting material for the development of nanoparticles.
Hwang et al. designed fucoidan-cisplatin nanoparticles with high cisplatin content and loading
efficiency. These were used to treat macrophage cells (RAW264.7) to assess immune protection from
the cytotoxicity of cisplatin [88]. Indeed, the cells treated with fucoidan-cisplatin conjugation were
more protected in comparison to cells treated with cisplatin alone. Moreover, the fucoidan-cisplatin
nanoparticles showed stronger cytotoxicity against colon cancer cell lines than those treated with
cisplatin alone, which suggests that fucoidan-based nanoparticles with high drug encapsulation
have a potential application in immunotherapy and chemotherapy [88]. Other nanoparticles with
fucoidan-coated manganese dioxide were applied in pancreatic cancer cell models associated to
hypoxia as a mechanism of resistance to radiation therapy [56]. The nanoparticles not only showed a
significant decrease of HIF-1 expression under a hypoxic condition, but they were also able to reverse
hypoxia-induced radioresistance. The latter was shown by a decrease of clonogenic survival and an
increase of DNA damage and apoptosis in response to radiation therapy. In vivo studies showed that
fucoidan-coated manganese dioxide nanoparticles along with radiotherapy also decrease tumor growth
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in comparison to radiation alone [56]. Therefore, fucoidan-coated manganese dioxide nanoparticles
have clinical potential in the treatment of hypoxic, radioresistant pancreatic cancer [56] (Figure 2).
Furthermore, a combinational synergistic effect between fucoidan (natural compound), doxorubicin
(chemotherapeutic drug) and photothermal nanocarrier (Pt nanoparticle) has been observed as it was
possible to reverse the drug resistance of breast cancer cells submitted to photothermal therapy [66]. In
this case, the fucoidan was applied as a biocompatible surfactant and surface-coating biopolymer in
the fucoidan-coated photothermal nanocarrier. As a result, the biological–chemo–thermo combination
treatment showed a promising therapeutic efficiency against multidrug resistant breast cancer cell
MCF-7 ADR both in in vitro and in vivo breast cancer models [66]. Fucoidan from F. vesiculosus
assembled within nanoparticles bearing doxorubicin improved significantly the chemotherapy response
in breast cancer cell lines by enhancing their immunostimulatory activity [51].

The molecular mechanisms of drug resistance have been classified into pre-target (alterations
that precede the binding to DNA), on-target (alterations that are directly related to drug-DNA
interaction), post-target (mechanisms downstream of DNA damage with effect in cell death signaling
pathways) and off-target (influencing on molecular processes that are not directly associated with
drug-elicited signals) [78]. In this context, the potential mechanisms in which fucoidans can reverse
the drug resistance are versatile. Fucoidans can inhibit chemokine/chemokine receptors interaction as
a pre-target mechanism [18]. The increase of cell cytotoxicity and arrest of the cell cycle demonstrates
their effect on on-target mechanisms [62].They can influence post-target mechanisms, for example
through the downregulation of anti-apoptotic proteins Bcl-xL and Mcl-1.and finally, the promotion of
higher intracellular ROS levels, is an example for their role in an off-target mechanisms [58].

5. Fucoidan Clinical Trials

In general, clinical trials are used to assess if a new treatment is more effective and/or has less
harmful side effects than the standard treatment. Currently, only few clinical trials have been performed
to assess fucoidan in cancer. These studies tested fucoidan either as a new therapeutic agent or as diet
supplement (Table 2).

Table 2. Fucoidans tested in clinical trials.

Source Cancer Type (No Patients) Fucoidan Dosage Effects Refs

Undaria pinnatifida Breast cancer
(20 patients)

Capsule of 500 mg twice
a day for 3 weeks

Letrozole (n = 10) or Tamoxifen
(n = 10) co-administration with
fucoidan no decrease drugs in
steady-state plasma and was

well tolerated.

[89]

Sargassum hemiphyllum Colorectal cancer
(54 patients)

4 g twice a day
for 6 months

Supplemental therapy, fucoidan
combined with FOLFIRI

chemotherapy plus Bevacizumab
improved disease control rate.

[60]

Cladosiphon okamuranus

Unresectable advanced or
recurrent cases of
colorectal cancer

(20 patients).

4.05 g for day Decreases toxicity of chemotherapy
FOLFOX or FOLFIRI. [90]

Survivors of diverse
cancer types
(11 patients).

1.5 g twice a day
for 6 months

Activation of NK cells in male
cancer survivors [91]

Advanced cases of several types
of cancer

(20 patients).

4 g for day
for 4 weeks

Anti-inflammatory effect, decreases
IL-1β, IL-6 and TNF-α [92]

Nemacystis decipiens

Cervical cancer
(1 case study)
Kidney cancer
(1 case study)
Breast cancer
(1 case study)

200 mL/day

60 mLx3L/day

200 mL/day

No concluded information [93]

FOLFIRI: Combination chemotherapy with Irinotecan plus 5-Fuorouracil/leucovorin; FOLFOX: Combination
chemotherapy with Oxaliplatin plus 5-Fuorouracil/leucovorin; NK: Natural Killer; IL-1β: Interleukin 1-β; IL-6:
Interleukin 6; TNF-α: Tumor Necrosis Factor-α.
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There are some examples of the use of fucoidan as a complementary therapy or food supplement
in complementary alternative medicine in the treatment of cancer. A review, combining five case
studies, showed clinical improvement in cancer patients, mainly using low molecular weight fucoidan
supplements [93]. Other clinical trials in colorectal cancer [60] and breast cancer [89] in which fucoidans
were used as a co-adjuvant treatment showed a better life quality cancer survivors [91] and in patients
with advanced cancers [92]. The main fucoidan effects reported in cancer patients have been the
improvement of negative effects of the chemotherapy and improved immune regulation. The fucoidan
from Cladosiphon okamuranus for instance, decreases the cytotoxic effect from long-term colon cancer
therapy (FOLFOX and FOLFIRI). The fucoidan in this case prevents the occurrence of fatigue during
chemotherapy and increases patient survival. By ameliorating side effects, it enables the constant
application of therapeutic drugs [90]. Fucoidan therefore has high potential for adjuvant therapy and
may improve current clinical outcomes for cancer patients [55]. However, more clinical trials and
further development of fucoidan applications are required.

6. Concluding Remarks

Fucoidans are a family of sulphated polysaccharides with great diversity in their structures due to
their different sulphation patterns and the types of monosaccharides that in addition to fucose make
up their backbone.

In some cancer types, fucoidans can inhibit metastasis processes including EMT, migration,
invasion and MET processes. Fucoidans function by altering signaling axes such as TGFR/TGF-β,
PI3K/AKT, VEGF, NF-κB, or ERK1/2 pathways and by inhibiting MMPs from cancer cells. Other
mechanisms in which fucoidans may prevent EMT are TGF-β inhibition regulation of microRNAs.
However, many questions regarding the functional mechanisms in which fucoidans affect EMT remain,
leaving the door open for future research.

The molecular characteristics of fucoidans (e.g., molecular weight and sulphation grade) enable
chemical or enzymatic modifications, which make them good candidates for therapeutic use, or to
use them as adjuvants to increase the therapeutic efficiency of known chemotherapeutics. Moreover,
the molecular versatility of fucoidans has made them excellent precursors for the development
nanoparticles. Studies have demonstrated their potential to improve the efficiency of drug delivery
into the tumor and/or to achieve a synergistic effect with other cancer drugs.

However, despite these auspicious/promising results, there is a lack of information about fucoidan
structure, molecular weight, sulphate amount, etc. This will be important to better understand the
possible influence of fucoidans on intracellular biological activity. In addition, the use of fucoidans in
different cancer models and the interpretation of the results remains challenging. Most of the time,
there are controversies related to the vague establishment of the studying variables or the scarce
explanation of them, which makes it difficult to compare different studies.

Although there are still multiple challenges to overcome before fucoidans can be clinically used, it
is predicted that in the near future, fucoidan-based approaches may provide important advances in
overcoming the most complicated cancer drawbacks including metastasis and drug resistance and
improving chemotherapy response and quality of life in cancer patients. Further studies are needed to
discover more fucoidans and fucoidan-related targets to acquire a better understanding of how these
molecules can arrest the mechanisms of metastasis and multidrug resistance in different cancer types.
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Abbreviations

DNMT3B DNA methyltransferase 3B
MTSS1 metastasis suppressor 1
ADAM12 a disintegrin and metalloproteinase 12
PTEN phosphatase and tensin homolog
TGF-β Transforming growth factor beta (β)
TGFRs Transforming growth factor b receptors
VEGFC vascular endothelial growth factor C
VEGFR3 VEGF receptor 3
TIMPs tissue inhibitor of metalloproteinases
MMP matrix metalloproteinase
NF-κB nuclear factor kappa-beta
ECM extracellular matrix
GAGs glycosaminoglycans
EMT epithelial-mesenchymal transition
FAK Focal adhesion kinase
UPP ubiquitination proteasome pathway
miRs microRNAs
P-gp P-glycoprotein 1
ABCB1 ATP Binding Cassette Subfamily B Member 1
ABCG2 breast cancer resistance protein
PrPC cellular prion protein
TME tumor microenvironment
IL-6 interleukin-6
CCL2/MCP-1 chemokine (C-C motif) ligand 2/monocyte chemoattractant protein 1
ROS reactive oxygen species
HIF-1 Hypoxia Inducible Factor
FOLFIRI Combination chemotherapy with Irinotecan plus 5-Fuorouracil/leucovorin
FOLFOX Combination chemotherapy with Oxaliplatin plus 5-Fuorouracil/leucovorin
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Abstract: We examined the associations of Helicobacter pylori and mozuku consumption with fucoidan
absorption. Overall, 259 Japanese volunteers consumed 3 g fucoidan, and their urine samples were
collected to measure fucoidan values and H. pylori titers before and 3, 6, and 9 h after fucoidan
ingestion. Compared to the basal levels (3.7 ± 3.4 ng/mL), the urinary fucoidan values significantly
increased 3, 6, and 9 h (15.3 ± 18.8, 24.4 ± 35.1, and 24.2 ± 35.2 ng/mL, respectively) after fucoidan
ingestion. The basal fucoidan levels were significantly lower in H. pylori-negative subjects who rarely
ate mozuku than in those who regularly consumed it. Regarding the ΔMax fucoidan value (highest
value − basal value) in H. pylori-positive subjects who ate mozuku at least once a month, those aged
≥40 years exhibited significantly lower values than <40 years old. Among subjects ≥40 years old who
regularly consumed mozuku, the ΔMax fucoidan value was significantly lower in H. pylori-positive
subjects than in H. pylori-negative ones. In H. pylori-positive subjects who ate mozuku at least once
monthly, basal fucoidan values displayed positive correlations with H. pylori titers and ΔMax fucoidan
values in subjects <40 years old. No correlations were found in H. pylori-positive subjects who
ate mozuku once every 2–3 months or less. Thus, fucoidan absorption is associated with H. pylori
infection and frequency of mozuku consumption.

Keywords: fucoidan; Helicobacter pylori; mozuku; Cladosiphon okamuranus Tokida; urinalysis

1. Introduction

Fucoidan is a complex sulfated polysaccharide that is mostly found in brown marine
algae. Fucoidan exhibits a broad spectrum of biological activities, including anti-inflammatory,
immunomodulatory, anti-oxidant, anti-tumor, and anti-infection effects [1–5]. Several investigators
have reported a potential role of fucoidan as an anti-Helicobacter pylori (H. pylori) agent based on
its ability to disrupt the adhesion of the microbe to the gastric epithelium in vivo and in vitro [6–9].
The inhibitory effect of fucoidan derived from Cladosiphon okamuranus (Okinawa mozuku) on H. pylori
was demonstrated in vitro by Shibata et al. [6]. Their study showed that the H. pylori binding to human
gastric cell lines was inhibited more by Cladosiphon fucoidan than by fucoidan procured from Fucus.
In addition, fucoidan blocked both Leb- and sulfatide-mediated attachment of H. pylori to gastric
cells. They concluded that the inhibitory effect of Cladosiphon fucoidan on the binding of H. pylori and
gastric cells might be caused by the coating with this component of the bacterial surface. However,
no bacteriostatic or bactericidal activity was observed against H. pylori for any fucoidan preparation [9].

Fucoidan is reported to be absorbed across the intestinal tract via energy-dependent processes and
pinocytosis [10–12]. In Japanese volunteers, fucoidan was detected in the majority of urine following
oral administration [13]. Because the rate of fucoidan absorption through the small intestine was
highly variable among the participants, various factors were suggested to influence its absorption.
For example, the consumption of Okinawa mozuku (Cladosiphon okamuranus Tokida), a brown seaweed
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containing fucoidan, is an important factor associated with fucoidan absorption. Based on a previous
report by Hehemann et al. [14], we speculated that the gastrointestinal microbiota can influence the
absorption of fucoidan.

H. pylori is a Gram-negative, spiral-shaped, microaerophilic bacterium. It colonizes the entire
gastric mucosa in approximately half of the world’s human population, and a poor socioeconomic
condition is an important risk factor for infection [15–18]. H. pylori causes peptic ulcer disease and
atrophic gastritis, and it is associated with primary gastric B-cell lymphoma and gastric adenocarcinoma.
The host immune system cannot clear the infection, and it persists without treatment.

Many studies have focused on the modification of the gastric environment induced by H. pylori
infection. For example, H. pylori infection can lead to the deficiency of vitamins, such as vitamin C,
vitamin A, α-tocopherol, vitamin B12, and folic acid, as well as essential minerals [19–21]. Moreover,
gastric H. pylori infection affects local and distant microbial populations and host responses.

Because fucoidan can bind to H. pylori and disrupt its attachment to the gastric epithelium [6–8],
H. pylori infection is assumed to affect fucoidan absorption. In this study, we examined the effects
of H. pylori infection on the absorption of fucoidan extracted from Okinawa mozuku in Japanese
volunteers. Although fucoidan absorption is extremely low in humans, the fucoidan concentration
after oral administration is approximately 10-fold higher in urine than in serum [22]. Therefore, urinary
fucoidan concentrations were measured before and after the oral administration of mozuku fucoidan.

2. Results

2.1. Prevalence of H. Pylori Infection AccordingtTo the Frequency of Mozuku Consumption and Age

The relevance of mozuku consumption and age to H. pylori infection is shown in Table 1. Regarding
age, H. pylori infection was detected in 60.0%, 58.7%, 61.9%, 77.8%, and 88.5% of participants aged
20–29, 30–39, 40–49, 50–59, and ≥60 years old, respectively.

According to logistic regression analysis, age was a significant risk factor for H. pylori infection,
as the risk of infection was significantly higher in patients ≥40 years old than in those <40 years old.
Mozuku consumption was not a significant risk factor for H. pylori infection (Table 2).

Table 1. Helicobacter pylori infection according to the frequency of mozuku consumption and age.

Age Group

1–3 Times
Weekly

Once Every
2 Weeks

Once
Monthly

Once Every
2–3 Months

Hardly Eat

H. Pylori H. Pylori H. Pylori H. Pylori H. Pylori

(-) (+) (-) (+) (-) (+) (-) (+) (-) (+)

20’s (n = 50) 2 5 6 7 5 5 4 5 3 8
30’s (n = 75) 2 3 3 10 6 11 10 11 9 10
40’s (n = 63) 3 4 2 10 6 11 10 7 3 7
50’s (n = 45) 2 6 2 7 2 11 3 4 1 7
≥60’s (n = 26) 0 6 0 2 2 7 1 5 0 3

20’s: 20–29 years old, 30’s: 30–39 years old, 40’s: 40–49 years old, 50’s: 50–59 years old, ≥60’s: over 60 years old.
n = number of subjects.

Table 2. Relevance of age and mozuku consumption to Helicobacter pylori infection: logistic
regression analysis.

Odds Ratio 95%CI

Habit of eating mozuku 1.12 0.89–1.42

Age 40y.o.< 1.00
1.01–2.85≥40y.o. 1.70

y.o.: years old.
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2.2. Urinary Fucoidan Values before and after Fucoidan Ingestion

In all subjects, the urinary fucoidan values significantly increased 3, 6, and 9 h after fucoidan
ingestion compared to the basal values (Table 3). The urinary fucoidan values were significantly higher
at 6 and 9 h than those at 3 h. A significant difference was not observed in the urinary fucoidan values
between the group that regularly ate mozuku and group that rarely ate mozuku.

Table 3. Time course of urinary fucoidan.

0 3 h 6 h 9 h

ng/mL

Subjects (n = 259) 3.7 ± 3.4 15.3 ± 18.8 a 24.4 ± 35.1 a,b 24.2 ± 35.2 a,b

All data are presented as mean ± SD. Different letters indicate a significant difference as follows: a compared to the
basal value (p < 0.01). b Compared to the fucoidan values at 3 h (p < 0.01). n = number of subjects.

2.3. Basal Levels (before Ingestion) of Fucoidan

Among subjects who rarely ate mozuku, the basal fucoidan levels were significantly lower in
the H. pylori-negative group than in the H. pylori-positive group. Among H. pylori-negative subjects,
the basal fucoidan levels were significantly lower in those who rarely ate mozuku than in those who
ate mozuku 1–3 times weekly, once monthly, or once every 2–3 months. Conversely, the basal fucoidan
levels were not affected by the frequency of mozuku consumption or age in H. pylori-positive subjects
(Table 4).

Table 4. Basal fucoidan levels according to the frequency of mozuku consumption in Helicobacter
pylori-negative and Helicobacter pylori-positive subjects.

Habit of Eating Mozuku H. pylori (-) H. pylori (+)
P-Value

H. pylori (-) vs H. pylori (+)

1–3 times weekly 4.1 ± 1.3 (n =9) a 3.2 ± 3.0 (n = 24) 0.29
Once every 2 weeks 2.7 ± 3.2 (n = 14) 3.2 ± 2.6 (n = 35) 0.58

Once monthly 3.1 ± 3.0 (n = 21) b 2.8 ± 2.8 (n = 44) 0.69
Once every 2–3 months 3.3 ± 3.3 (n = 28) c 4.3 ± 5.7 (n = 33) 0.40

hardly eat 1.4 ± 1.5 (n = 16) 3.3 ± 3.4 (n = 35) 0.01

All data are presented as mean ± SD. Different letters indicate a significant difference as follows: a compared to H.
pylori-negative subjects who hardly ate mozuku (p = 0.01); b compared to H. pylori-negative subjects who hardly
ate mozuku (p = 0.03); c compared to H. pylori-negative subjects who hardly ate mozuku (p = 0.03). n = number
of subjects.

2.4. Relationship between H. pylori Titers and Basal Fucoidan Levels

Among H. pylori-positive subjects, a significant positive correlation existed between H. pylori
titers and basal fucoidan levels in participants <40 years old who ate mozuku at least once monthly.
A significant correlation between H. pylori titers and basal fucoidan levels was not found in participants
aged ≥40 years irrespective of the frequency of mozuku consumption (Figure 1).
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Figure 1. Relationship between Helicobacter pylori titers and basal fucoidan levels according to the
frequency of mozuku consumption and age in among H. pylori-positive subjects. (A) Subjects aged <40
years who ate mozuku at least once a month. (B) Subjects aged ≥40 years who ate mozuku at least once
a month. (C) Subjects aged <40 years who ate mozuku once every 2–3 months or less. (D) Subjects
aged ≥40 years who ate mozuku once every 2–3 months or less. n = number of subjects, r = correlation
coefficient, n.s = not significant.

2.5. Maximum Absorption of Fucoidan (ΔMax Fucoidan Value)

Urinary fucoidan was detected in 252 of 259 subjects following a single oral dose of 3 g. The ΔMax
fucoidan values exhibited a wide distribution, ranging from 0 to 273.6 ng/mL. Among the participants
in whom urinary fucoidan was not detected, three rarely ate mozuku, one ate mozuku once every
2–3 months, and three ate mozuku once monthly.

Table 5 shows the relevance of H. pylori infection and age to the ΔMax fucoidan values. The ΔMax
fucoidan values in all subjects were similar between H. pylori-positive and H. pylori-negative subjects.
Compared with the values in H. pylori-negative subjects, the ΔMax fucoidan values of H. pylori-positive
subjects tended to be higher in subjects in their 20s and 30s and lower in those in their 40s and 50s
(data not shown). To determine relevance of age to fucoidan absorption, the subjects were divided into
two age groups (<40 and ≥40 years).

ΔMax fucoidan values were significantly lower in subjects aged ≥40 years than in younger subjects
among H. pylori-positive participants. No effect of age on ΔMax fucoidan values was observed among
H. pylori-negative subjects. No significant difference of ΔMax fucoidan values was found according to
the presence of H. pylori infection in either age group.
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Table 5. Comparison of ΔMax fucoidan values by age.

H.pylori (-) H.pylori (+) H.pylori (-) vs H.pylori (+)

Total 29.4 ± 40.1 (n = 88) 24.2 ± 37.1 (n = 171) P = 0.300
40 y.o.< 26.4 ± 38.8 (n = 52) 35.3 ± 47.6 (n = 76) P = 0.323
≥40 y.o. 33.8 ± 59. 8 (n = 36) 21.9 ± 35.3 (n = 95) a P = 0.135

All data were presented as mean ± SD. a There is a significant difference (p < 0.01) compared to H. pylori-positive
subjects aged <40 years. n = number of subjects, y.o.: years old; P = P value.

2.6. Relevance of H. Pylori Infection and Mozuku Consumption to Fucoidan Absorption

In a comparison between participants aged ≥40 years and those aged <40 years, the ΔMax
fucoidan values were decreased by regular mozuku consumption in H. pylori-positive subjects
but not in H. pylori-negative subjects (Table 6). Specifically, ΔMax fucoidan values were lower in
H. pylori-positive subjects aged ≥40 years who ate mozuku at least once a month than in those who ate
mozuku less frequently. Subsequently, the subjects were divided into groups based on the frequency
of mozuku consumption, and the relevance of mozuku consumption to ΔMax fucoidan values was
elucidated (Table 7).

Table 6. Relevance of Helicobacter pylori infection, frequency of mozuku consumption, and age to ΔMax
fucoidan values.

Habit of Eating
Mozuku

H.pylori (-) H.pylori (+)

40 y.o.< ≥40 y.o. 40 y.o.< ≥40 y.o.

P-Value
H. pylori(+) Aged <40 y.o.

vs.
H. pylori(+) Aged ≥40 y.o.

1–3 times weekly
25.0 ± 8.2

(n = 4)
37.8 ± 20.3

(n = 5)
20.4 ± 16.1

(n = 8)
17.4 ± 25.6

(n = 16) n.s

Once every 2 weeks 24.5 ± 25.2
(n = 10)

36.4 ± 14.8
(n = 4) a

34.8 ± 52.7
(n = 17)

12.9 ± 14.7
(n = 18) 0.08

Once monthly 29.1 ± 71.6
(n = 11)

27.7 ± 17.8
(n = 10)

41.9 ± 54.5
(n = 16)

18.9 ± 21.4
(n = 28) 0.06

Once every 2-3
months

31.1 ± 31.8
(n = 15)

39.3 ± 67.0
(n = 13)

36.2 ± 46.7
(n = 18)

42.5 ± 73.1
(n = 15) n.s

hardly eat 24.4 ± 22.0
(n = 12)

15.8 ± 22.9
(n = 4)

38.1 ± 53.3
(n = 18)

22.2 ± 17.9
(n = 17) n.s

All data are presented as mean ± SD. a Compared to H. pylori-negative subjects aged ≥40 years who hardly ate
mozuku (p < 0.01). n = number of subjects, n.s: not significant; y.o.: years old.

Table 7. Relevance of Helicobacter pylori infection and age to ΔMax fucoidan values according to the
frequency of mozuku consumption.

Habit of Eating
Mozuku

H.pylori (-) H.ylori (+)

40 y.o < ≥40 y.o 40 y.o < ≥40 y.o

Regularly consumed
mozuku 1)

26.6 ± 48.7
(n = 25)

32.1 ± 17.6
(n = 19)

34.5 ± 48.1
(n = 40)

16.8 ± 20.8 a,b,c

(n = 63)

Rarely ate mozuku 2) 28.1 ± 27.6
(n = 27)

33.8 ± 59.8
(n = 17)

33.9 ± 47.7
(n = 36)

30.5 ± 51.9
(n = 32)

All data are presented as mean ± SD. 1) Regularly consumed mozuku: 1–3 times weekly + once every 2 weeks +
once monthly; 2) rarely ate mozuku: once every 2–3 months + hardly ate. a Compared to H. pylori-positive subjects
aged <40 years who ate mozuku at least once monthly (p = 0.03). b Compared to H. pylori-positive subjects aged ≥40
years who ate mozuku once every 2–3 months or less (p = 0.01). c Compared to H. pylori-negative subjects aged ≥40
years who ate mozuku at least once monthly (p = 0.01). n = number of subjects, y.o = years old.

Among H. pylori-positive subjects who ate mozuku at least once a month, ΔMax fucoidan values
were significantly lower in those aged ≥40 years than in those aged <40 years. In addition, among
H. pylori-positive subjects aged ≥40 years, the ΔMax fucoidan values were significantly lower in
those who regularly consumed mozuku than in those who rarely ate mozuku. In addition, the ΔMax
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fucoidan values were significantly different between H. pylori-positive (16.8± 20.8) and H. pylori-negative
subjects (32.1 ± 17.6) among those who ate mozuku at least once a month. However, no difference in
ΔMax fucoidan values was noted according to age or frequency of mozuku consumption among H.
pylori-negative participants.

2.7. Relationship between the Basal and Δmax Fucoidan Values in H. Pylori-Positive Subjects

Among H. pylori-positive subjects who regularly consumed mozuku, a significant positive
correlation between the basal and ΔMax fucoidan values was found for those aged <40 years but not
those aged ≥40 years. No significant correlation was found between the basal and ΔMax fucoidan
levels among participants who rarely ate mozuku (Figure 2).

In addition, no significant correlations were found between the basal and ΔMax fucoidan levels in
H. pylori-negative subjects regardless of the frequency of mozuku consumption (data not shown).

Figure 2. Relationship between basal fucoidan values and the maximum absorption of fucoidan
(ΔMax fucoidan values) according to the frequency of mozuku consumption and age in Helicobacter
pylori-positive subjects. (A) Consumption of mozuku at least once monthly among subjects aged
<40 years (B) Consumption of mozuku at least once monthly among subjects aged ≥40 years
(C) Consumption of mozuku once every 2–3 months or less among subjects aged <40 years
(D) Consumption of mozuku once every 2–3 months or less among subjects aged≥40 years. n = number
of subjects, r = correlation coefficient, n.s = not significant.

3. Discussion

The present study revealed an association between H. pylori infection and the absorption of
fucoidan. Specifically, fucoidan absorption was significantly diminished among H. pylori-positive
subjects aged ≥40 years who ate mozuku at least once monthly, whereas no association was found
among H. pylori-negative subjects irrespective of the frequency of mozuku consumption and age.
In addition, fucoidan absorption was not diminished among H. pylori-positive subjects who ate mozuku
once every 2–3 months or less; therefore, mozuku consumption affects the absorption of fucoidan.

116



Mar. Drugs 2020, 18, 235

Although the precise mechanisms by which H. pylori infection and mozuku consumption reduce
fucoidan absorption have not been determined, a few possibilities have been postulated.

As ΔMax fucoidan values were similar between H. pylori-negative and H. pylori-positive subjects
among participants aged ≥40 years, H. pylori was less likely to directly diminish the absorption of
fucoidan in this age group. Excluding H. pylori-positive participants aged ≥40 years who ate mozuku
regularly, ΔMax fucoidan values were similar between H. pylori-positive and H. pylori-negative subjects.
In addition, the frequency of mozuku consumption among H. pylori-positive participants was similar
between subjects aged <40 years and those aged ≥40 years; therefore, the frequency of mozuku
consumption is not directly associated with the absorption of fucoidan. Given that H. pylori positivity
and regular mozuku consumption were associated with diminished fucoidan absorption among
subjects aged ≥40 years but not among younger subjects, the duration of H. pylori infection and the
frequency of mozuku appear important for fucoidan absorption.

How do frequent mozuku consumption and H. pylori infection disturb fucoidan absorption
in subjects aged ≥40 years? H. pylori can change the secretion and acidification functions of the
stomach because it penetrates into this organ. Although nutrient absorption does not occur in the
stomach, H. pylori infection can affect the digestion and absorption of nutrients such as vitamin B12,

vitamin C, vitamin A, vitamin E, and folate [19–21]. Shibata et al. [7] reported that mozuku fucoidan
can bind to H. pylori and inhibit its attachment to the gastric mucosa at pH 2.0 and 4.0, but not at
pH 7.4. It is well known that H. pylori rarely causes atrophic gastritis in young people (<40 years
old), whereas H. pylori-induced atrophic gastritis tends to be rather common in the elderly [15–18].
When hypochlorhydria occurs after H. pylori-induced atrophic gastritis, intragastric pH increases,
consequently inhibiting the ability of H. pylori to bind to fucoidan. However, fucoidan absorption
was not diminished in H. pylori-positive subjects aged ≥40 years who rarely ate mozuku, suggesting
the influence of a long duration of mozuku ingestion on fucoidan absorption. Amornlerdpison et
al. reported that fucoidan present in mozuku acts as an antagonist of the H2 receptor (similar to
cimetidine), decreasing the acidity of gastric acid and raising the pH in the stomach [23]. Taken together,
H. pylori-induced atrophic gastritis and a long duration of mozuku ingestion may markedly decrease
acid secretion, consequently leading to the failure of H. pylori to bind fucoidan and reductions of its
absorption in the small intestine in people aged ≥40 years. Thus, the possible mechanism by which H.
pylori infection leads to reduced gastric acid secretion and fucoidan absorption has not been sufficiently
investigated to draw definite conclusions, and other mechanisms other than hypochlorhydria following
H. pylori infection are possible.

Of note, significant positive correlations of the basal fucoidan levels with both H. pylori titers
and ΔMax fucoidan values were revealed in H. pylori-positive subjects aged <40 years who frequently
consumed fucoidan. Such correlations were not found in the corresponding group of participants
aged ≥40 years, nor were they observed in H. pylori-positive subjects who rarely ate mozuku or in H.
pylori-negative subjects. Because the significance of the positive correlation observed in H. pylori-positive
subjects aged <40 years who frequently consumed fucoidan is unclear, further research is necessary to
clarify the relevance of H. pylori infection and mozuku intake to fucoidan absorption using a large
number of subjects.

Interestingly, basal fucoidan levels were significantly increased by H. pylori infection and mozuku
consumption. As H. pylori is known to affect the absorption of various nutrients, this stomach bacterium
may participate in basal fucoidan absorption. In recent years, “the nutrition-gut microbiome-physiology
axis” has attracted substantial attention [24–28]. Because H. pylori can induce drastic alterations in the
variety of the gastrointestinal microbiota [29–31], the microbe is speculated to increase basal fucoidan
levels by modifying the gastrointestinal microbiota. Basal fucoidan levels were also significantly higher
in H. pylori-negative subjects who regularly consumed mozuku than in their counterparts who rarely
ate mozuku, which confirmed our previous findings [13]. We speculated that Japanese people may
have acquired digestive enzymes from mozuku because the seaweed is extensively consumed within
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this area. Because of the limited evidence, the overall significance of H. pylori infection and mozuku
consumption to basal fucoidan levels is unclear.

This study had several limitations. First, subjects who received eradication therapy for H. pylori and
underwent gastrectomy prior to the study were not excluded. The study also did not exclude subjects
who used complementary and alternative medicines, which can affect the absorption of fucoidan.

Second, a urine-based ELISA kit (URINELISA) was used to assay H. pylori infection, and the
high accuracy of this test was certified by several investigators [32,33]. A disadvantage of this test is
that proteinuria can cause false-positive results; therefore, urine protein levels should be measured in
future research. We plan to study the relationship of H. pylori infection with fucoidan absorption using
serum-based ELISA kits or the 13C urea breath test (13C-UBT) in future research.

In addition, the specificity of our fucoidan ELISA was limited. We assayed urinary fucoidan
levels using a polyclonal antibody for Okinawa mozuku fucoidan, which weakly cross-reacted with
Fucus vesiculosus fucoidan [22]. Because the brown seaweeds of kombu (Laminaria japonica) and
wakame (Undaria pinnatifida) are traditional foodstuffs in Japan, fucoidan contained in these seaweeds
may cross-react with our antibody. Further studies are necessary to elucidate the effects of mozuku
consumption on the intestinal absorption of fucoidan using ELISA with a monoclonal antibody.

4. Materials and Methods

4.1. Subjects

We published pamphlets describing the purpose, methods, and exclusion items of our research
titled “The reference of H. pylori infection to absorption of mozuku fucoidan” on the Internet and
recruited volunteer participants. Two hundred sixty-two Japanese people submitted applications
from April 2014 to June 2016. They completed a questionnaire assessing gender, age, and mozuku
consumption. We enrolled 259 volunteers who completed questionnaires and collected urine samples
as planned. Subjects were divided into five age groups: 20–29, 30–39, 40–49, 50–50, and ≥60 years old.

The frequency of mozuku consumption was divided into five groups as follows: approximately
1–3 times weekly, approximately once every 2 weeks, approximately once monthly, approximately
once every 2–3 months, and rarely (Table 1).

This study was conducted according to the Declaration of Helsinki. The protocol of the study
was approved by the Ethics Committee of South Product Co., Ltd. (UMIN000039117). Following an
explanation of the study and its aim, all subjects provided informed consent.

4.2. Oral Intake of Fucoidan and Collection of Urine Samples

Subjects refrained from marine algae and fucoidan supplementation on the day before the test
and on the day of the test to avoid the effects of diet. Subjects orally consumed two fucoidan drinks
(1500 mg/bottle) at 9:00 in the morning. Urine samples were extracted four times, namely, before (0)
and 3, 6, and 9 h after fucoidan ingestion. Urine samples were collected by a parcel delivery service.

In this study, the subjects orally consumed 3 g of mozuku fucoidan. The drink was prepared by
South Product Co., Ltd.

4.3. Assay for Fucoidan Levels in Urine Samples

Urine fucoidan levels were assayed using a sandwich ELISA method developed by our
laboratory [22]. The reproducibility of the fucoidan ELISA method was as follows. The intra-
and inter-assay CVs for serum, plasma, and urine, using high and low concentrations of fucoidan,
were in the range of 1.5–13.4%. The detection limit concentration of our ELISA was less than 1 ng/mL.

4.4. Assay for Anti-H. pylori Antibody Titers in Urine

Single-void urine samples were obtained and stored at 2–8 ◦C until use. Urinary IgG antibodies
to H. pylori were measured using a urine-based ELISA kit (URINELISA®, Otsuka Pharmaceutical Co.,
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Ltd.) that utilizes a VacA- and CagA-positive H. pylori strain isolated from a Japanese patient with
gastritis as the antigen source. This ELISA-based test result was considered positive when a cutoff
index of 1.0 (optical density = 0.218) or greater was obtained after measurement of the optical density
according to the manufacturer’s instructions [32–34].

The ΔMax fucoidan value was calculated by subtracting the basal value (before ingestion) from
the highest level of urinary fucoidan following fucoidan ingestion. If the basal fucoidan level was
higher than that after fucoidan ingestion, then the ΔMax fucoidan value was recorded as 0.

4.5. Statistical Analysis

The urinary fucoidan values after fucoidan ingestion were analyzed using two-way analysis
of variance (ANOVA) or one-way ANOVA followed by Tukey’s test for multiple comparisons.
SAS version 9.4 (Statistical Analysis Software 9.4, SAS Institute Inc., Cary, NC, USA) was used to
perform statistical analyses.

The Mann–Whitney U-test was used to analyze between-group differences. Statistical correlations
were analyzed using Spearman’s rank correlation coefficient. In addition, multiple regression analysis
was performed with H. pylori infection as the dependent variable and age and mozuku consumption as
the independent variables. The results were expressed as the hazard ratio and 95% confidence interval.
Data are expressed as the mean ± SD. P < 0.05 indicated a statistically significant difference.

5. Conclusions

The present data illustrated that fucoidan absorption is associated with H. pylori infection and
mozuku consumption. Fucoidan absorption in H. pylori-positive subjects who regularly consumed
mozuku differed by age, being significantly lower in subjects aged ≥40 years than in their younger
counterparts. A significant positive correlation between the basal fucoidan level and ΔMax fucoidan
value was found among subjects aged <40 who regularly consumed mozuku but not among their
older counterparts. Further studies are needed to elucidate the precise mechanisms influencing
fucoidan absorption.
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Abstract: Fucoidans from brown seaweeds are promising substances as potential drugs against
age-related macular degeneration (AMD). The heterogeneity of fucoidans requires intensive research
in order to find suitable species and extraction methods. Ten different fucoidan samples extracted
enzymatically from Laminaria digitata (LD), Saccharina latissima (SL) and Fucus distichus subsp.
evanescens (FE) were tested for toxicity, oxidative stress protection and VEGF (vascular endothelial
growth factor) inhibition. For this study crude fucoidans were extracted from seaweeds using different
enzymes and SL fucoidans were further separated into three fractions (SL_F1-F3) by ion-exchange
chromatography (IEX). Fucoidan composition was analyzed by high performance anion exchange
chromatography (HPAEC) after acid hydrolysis. The crude extracts contained alginate, while two of
the fractionated SL fucoidans SL_F2 and SL_F3 were highly pure. Cell viability was assessed with an
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
assay in OMM-1 and ARPE-19. Protective effects were investigated after 24 h of stress insult in OMM-1
and ARPE-19. Secreted VEGF was analyzed via ELISA (enzyme-linked immunosorbent assay) in
ARPE-19 cells. Fucoidans showed no toxic effects. In OMM-1 SL_F2 and several FE fucoidans
were protective. LD_SiAT2 (Cellic®CTec2 + Sigma-Aldrich alginate lyase), FE_SiAT3 (Cellic® CTec3
+ Sigma-Aldrich alginate lyase), SL_F2 and SL_F3 inhibited VEGF with the latter two as the most
effective. We could show that enzyme treated fucoidans in general and the fractionated SL fucoidans
SL_F2 and SL_F3 are very promising for beneficial AMD relevant biological activities.

Keywords: fucoidan; fucose; enzymatic purification; age-related macular degeneration; VEGF;
oxidative stress; Laminaria digitata; Fucus distichus subsp. evanescens; Saccharina latissima; retinal
pigment epithelium

1. Introduction

AMD (age-related macular degeneration) as main cause of central vision loss in the elderly is
an irreversible disease with the number of patients annually increasing [1]. In the late phase of the
disease, two forms exist which both lead to a degeneration of retinal components in the macula lutea.
In the early form of AMD oxidized lipid protein molecules are deposited, terminating in accumulated
drusen, which may interfere with retinal pigment epithelium (RPE) function. RPE cells are important
for the maintenance of the photoreceptors. In the late stages of the disease geographic atrophies can
occur, with large areas of RPE and photoreceptor degeneration [2,3]. In the exudative (“wet”) late form,
an excessive production of the vascular endothelial growth factor (VEGF) leads to the formation of
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new blood vessels growing under and into the retina, causing edema and bleeding which ruptures the
retina [2]. The pathology and causes of AMD development are not completely understood, but factors
like complement activation, oxidative stress, inflammatory milieu and the excess VEGF are correlated
with the development of AMD [2,4–6]. Up until now, the only treatment available are VEGF inhibiting
agents, which need to be regularly injected in the human eye and slow down the deterioration but
cannot cure the disease [7].

Brown seaweeds produce numerous very promising chemical compounds that are interesting for
medical research, because of their beneficial effects for human health. An example are fucoidans, also
designated as sulfated fucans, which are marine polysaccharides mainly composed of sulfated fucosyl
moieties and sulfate ester groups. Minor constituents in fucoidans include other sugar moieties like
galactose, mannose, xylose and glucuronic acids. Fucoidans are cell wall components and serve mainly
as protective agent against pathogens and other environmental influences in the ocean [8]. In addition,
they are also important as structural component and protect against dehydration [9]. Fucoidans exert
many additional biological effects. These biological activities depend on the structure and this in turn
depends on factors like algal species [10], harvest place and harvest time [11]. Among the different
biological effects are the capability to lower inflammatory cytokines, to reduce oxidative burden and to
inhibit VEGF as well as blood lipids [12]. These effects pave the way for a possible treatment option for
AMD and other diseases in the human eye [13]. However, the activities of the fucoidans are highly
dependent on the biological systems they are applied to. Therefore, appropriate testing systems are
vital for investigating its potential and furthermore, the extraction method, as this effects the structure
and the purity of the tested extracts are of high importance for reproducible beneficial effects.

In order to properly elucidate structure-function relationships of fucoidans for prevention of
AMD or other degenerative diseases, it is essential to focus on the extraction technology. In particular,
to obtain pure fucoidans, while maintaining the relevant structural features required for specific
biological activities. Early work on fucoidans relied on several steps of acidic extraction at elevated
temperatures (70–100 ◦C), but such extractions may affect the chemical composition and size of the
extracted fucoidans [14]. Instead, we have developed several targeted enzymatic assisted extraction
procedures that gently and precisely loosens up the cell wall matrix, releasing fucoidans in a gentle way,
obtaining crude fucoidan extracts, containing also low molecular weight alginates In previous work
one of these new enzymatic treatments were used and followed by ion-exchange chromatographic
(IEX) purification obtaining well-defined, pure fucoidans from Saccharina latissima (SL) [15].

We showed already promising effects of different fucoidans on ocular cells. In brief, fucoidans from
past studies were extracted with hot water, followed by precipitation with CaCl2 and ultrafiltration
or dialysis [16–19]. Fucus vesiculosus fucoidan from Sigma-Aldrich can reduce angiogenesis and
VEGF of RPE [13]. Fucoidans from Fucus serratus, Laminaria digitata (LD) and Fucus distichus subsp.
evanescens (FE) were protective against oxidative stress in the uveal melanoma cell line OMM-1 and
could inhibit ARPE-19 VEGF production [19] exactly like a other Saccharina latissima fucoidan, which
was protective in ARPE-19 and lowered VEGF of primary RPE [19]. Different sized fucoidans from
Laminaria hyperborea showed that the large, non-degraded fucoidan is most suitable for oxidative stress
protection and VEGF inhibition [17]. Moreover, the tested fucoidans are not antiproliferative for ocular
cells in general [16], which is necessary for use in medical treatments. However, the biological effects
of fucoidan differ strongly in relation to their chemical characteristics, which are influenced by the
extraction method, and activities may be confounded by contaminants in the extracts [20,21].

The objective of this work was to examine fucoidans from three different algal species (LD, SL,
FE), which were extracted with four different enzymatic treatments, followed by alginate precipitation
with either HCl or CaCl2. Additionally, crude fucoidan from SL was further purified and separated
by ion-exchange chromatographic (IEX). In our previous studies related to fucoidans and their effect
on ocular cells, we focused on the comparison of different algal species, fucoidans with different
molecular weights or the effects on cell viability in tumor and non-tumor cell lines. In this study
we tested fucoidans from different species, extracted from the seaweeds by different enzymatic
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methods. In addition, SL extracts were further purified and fractionated by IEX thereby removing
contaminating compounds like alginate and polyphenols and achieving a higher fucose content. This
study focuses on investigating whether the biological activity of fucoidans can be improved by different
enzyme assisted purification methods. We compare fucoidans from different brown algal species and
different enzymatically assisted treatments as well as IEX fractionation, to choose the most promising
combination for further AMD research. Performed tests include detection of toxic effects, the ability to
protect ocular cells against oxidative stress and to inhibit VEGF secretion. Furthermore, molecular
weights and monosaccharide composition was determined to make a connection to the biological
effects. Taken together, this study is well equipped to compare the bioactivity of fucoidans in relation
to enzymatic extraction methods (different FE enzymatic purified extracts), further isolating steps
(fractionated SL extracts), and also different species of origin (LD, SL, FE) in relation to the molecular
weight and monosaccharide composition.

2. Results

2.1. Chemical Characterization of the Fucoidans

All tested fucoidans and the used extraction and purification methods were designated according
to a code as seen in Table 1 In brief, the dried seaweed material was enzymatically extracted with
commercial cellulase preparations Cellic®CTec2 or Cellic®CTec3 mixes (“2” or “3” in extraction code)
and additional alginate lyase from Sigma-Aldrich SigmALy (SiAT) or alginate lyase SALy expressed
from Sphingomonas sp. (SAT) were added (making the extracts SiAT2, SiAT3 as well as SAT2 and SAT3).
The extracts with an additional “ad” in the code were precipitated with acid (HCl). Other extracts
were precipitated with CaCl2. F1–F3 stands for an additional three-step fractionation process with
chromatographic isolation (IEX).

Table 1. Overview of the used fucoidans, including algae species, extraction method and code used in
this manuscript. For the explanation of the extraction methods refer to Section 2.1.

Fucoidan Code Extraction Method Algal Species

LD_SiAT2 SigmALY_CTECH2_crude Laminaria digitata
SL_SiAT2 SigmAly_CTECH2_crude Saccharina latissima
FE_SiAT2 SigmAly_CTECH2_crude Fucus distichus subsp. evanescens

FE_SiAT2ad SigmAly_CTECH2_acid_dialysis Fucus distichus subsp. evanescens
FE_SiAT3ad SigmAly_CTECH3_acid_dialysis Fucus distichus subsp. evanescens
FE_SAT2ad Saly_CTECH2_acid_dialysis Fucus distichus subsp. evanescens
FE_SAT3ad Saly_CTECH3_acid_dialysis Fucus distichus subsp. evanescens

SL_F1 SALy_CTECH2_CaCl2_IEX_filtering_Fraction 1 * Saccharina latissima
SL_F2 SALy_CTECH2_CaCl2_IEX_filtering_Fraction 2 * Saccharina latissima
SL_F3 SALy_CTECH2_CaCl2_IEX_filtering_Fraction 3 * Saccharina latissima

* Nguyen et al., 2020 [15].

Three crude extracts were made with Cellic®CTec2 and SigmALy from the three different algae
(LD_SiAT2, SL_SiAT2 and FE_SiAT2). The residual alginate was not precipitated in these extracts
and the alginate content was high (mannuronic acid plus guluronic acid) 87.2%, 80.3% and 67.5%
and the fucose content was low 3.9, 12.3 and 15.5% respectively, as determined by high performance
anion exchange chromatography (HPAEC) with pulsed amperometric detection (PAD) (Table 2; [22])
(chemical composition with standard deviations in Table A1).

125



Mar. Drugs 2020, 18, 282

Table 2. Overview of monosaccharide and uronic acid composition in mol%. (Fuc-Fucose, Ara/Rham-
Arabinose/Rhamnose, Gal-Galactose, Glc-Glucose, Xyl-Xylose, Man-Mannose, GuluA-guluronic acid,
GluA-glucoronic acid, ManA-mannonic acid); GuluA + ManA was calculated together and equals
mol% alginates; the highest values are marked in bold.

Sample Fuc GuluA ManA
GuluA
+ManA

Mannitol Ara/Rham Gal Glc Xyl Man GluA Total
Sulfate

(SO4
2−), %

LD_SiAT2 3.9 12.4 74.8 87.2 1.2 0.1 1.4 2.3 1.5 1.2 1.2 100.0 9.3
SL_SiAT2 12.3 32.2 48.1 80.3 0.2 0.2 1.3 2.6 0.9 0.8 1.5 100.0 14.4
FE_SiAT2 15.5 18.7 48.8 67.5 0.0 0.3 2.5 2.1 3.6 1.8 6.5 100.0 20.2

FE_SiAT2ad 36.1 7.1 30.0 37.1 0.1 0.6 6.6 5.7 10.2 1.8 2.0 100.0 30.1
FE_SiAT3ad 35.9 10.0 40.4 50.4 0.1 0.4 2.8 2.2 4.1 2.0 2.2 100.0 29.4
FE_SAT2ad 52.2 8.8 12.5 21.3 0.0 1.2 4.8 2.7 9.3 4.7 3.9 100.0 31.7
FE_SAT3ad 48.3 11.6 16.4 28.0 0.1 0.7 5.0 2.0 8.3 4.0 3.7 100.0 29.9

SL_F1 * 5.4 8.5 82.4 90.9 0.0 0.1 0.5 0.4 0.8 0.8 1.1 100.0 6.6
SL_F2 * 64.7 0.0 6.9 6.9 0.1 0.3 12.2 0.6 4.8 3.5 6.9 100.0 35.6
SL_F3 * 63.3 0.0 0.8 0.8 0.0 0.3 26.9 0.4 3.4 2.1 2.8 100.0 46.4

* Nguyen et al., [15]. To extract fucoidans in a more gentle way in order to retain the molecule as intact as possible,
enzymes were employed in the extraction procedure. Crude fucoidan extracts were prepared using different enzyme
cocktails, with either the cell wall degrading enzyme mix Cellic®CTec2 or 3 from Novozymes A/S, enzyme cocktails
developed to degrade polysaccharides from terrestrial plant cell walls. In addition, alginate lyases were also added,
since alginate is a brown seaweed specific polysaccharide that is not degraded by the Cellic®CTec2 or 3 [23]. Two
different alginate lyases were used (refer Section 4.2.2), which have different specificities [24]. Fucoidans have
previously been purified using different enzymes, including the cellulase enzyme Celluclast [25] The Cellic®CTec2
used here contains extra β-glucosidases and lytic cellulose monooxygenases (1.14.99.54, 1.14.99.56, AA9) as well as
other proprietary proteins compared to Celluclast. In addition, it has specifically been shown that Cellic®CTec2 can
degrade laminarin [23]. Furthermore, this new method includes the novel use of two different alginate lyases for
purification of fucoidans.

In order to see the highest values of each substance instantly, we marked these values in bold.
Not all alginate was degraded by the alginate lyase SigmALy, therefore the following extracts were
prepared with different enzyme mixes and with further alginate precipitation with acid followed
by neutralization of pH and dialysis (FE_SiAT2ad, FE_SiAT3ad, FE_SAT2ad, FE_SAT3ad). Since it
contains the highest amount of fucoidan FE was used for these extractions. The resulting extracts
had a comparable lower content of alginates 37.1, 50.4, 21.3 and 28.0% and higher content of fucose
36.1, 35.9, 52.2, 48.3%, respectively, compared to the previous extract FE_SiAT2. Furthermore, it
was evident that the use of the alginate lyase SALy was more efficient in degrading the alginate
than SigmALy, in particular the mannuronic acids (Table 2). These optimizations of using SALy and
alginate precipitation was used to prepare highly pure and fractionated fucoidans from S. latissima by
ion-exchange chromatography (IEX), the purification method was described previously [15], while
the bioactivity is tested here. SL was chosen, since previous work has shown that SL fucoidan has
biological effects [19]. A further optimization was used, were the alginate was precipitated by CaCl2
instead of acid, this method is believed to be gentler and is therefore likely to preserve the fucoidan
structure better than the use of acid. Crude extracts from SL and FE using this method contained
comparable total fucose yields and sulfate content, compared to a mild chemical extraction using
acid [15]. In comparison to the LD extract three fractions of fucoidans were obtained by IEX, SL_F1,
SL_F2 and SL_F3. The first elution SL_F1 contained almost exclusively alginates (90.9%) of lower
molecular weight (4 kDa; [15]) while the fucose content was 5%. The SL_F2 and SL_F3 extracts
contained very low amounts of alginates (6.9% and 0.8%) and high fucose content (64.7 and 63.3%),
respectively. Furthermore, the SL_F2 and SL_F3 extracts contained a considerable amount of galactose,
which is a likely constituent of SL fucoidan (12.2 and 26.9%) [15].

The sulfate content was previously determined for the SL fractions and corresponds well to the
high amount of fucoidan present in the F2 and F3 fractions. The sulfate content for SL_F1, F2 and F3
was 6.6 ± 3.6, 35.6 ± 2.5 and 46.4 ± 3.5% respectively [15].

The size of the fucoidans was determined using high performance size-exclusion chromatography
(HP-SEC). The calculated size of the fucoidans was between ~250 to over 800 kDa, with a general
broad estimated size distribution (Table 3). Fucoidans from FE were generally around 350 kDa with an
estimated distribution from 200–500 kDa, while the crude extracts of SL and LD were smaller, with
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a size around 250 and 320 kDa, respectively. The SL_F1 fraction contained mostly low molecular
weight alginates with a size around 10 kDa, a peak which was also present in all crude extracts. The
comparably low amount of fucoidans made it hard to determine the size in the SL_F1 extract. The size
distribution was comparable and very large for SL_F2 and F3, and ranged from 100–1000 kDa, with a
calculated size of over 800 kDa.

Table 3. Size and size-distribution of fucoidans determined by HP-SEC.

Fucoidan Code Fucoidan Size Calculated (kDa) Fucoidan Size-Distribution Estimated (kDa)

LD_SiAT2 322 250–450
SL_SiAT2 251 100–400
FE_SiAT2 322 100–500

FE_SiAT2ad 366 200–500
FE_SiAT3ad 416 200–500
FE_SAT2ad 366 200–500
FE_SAT3ad 366 200–500

SL_F1 * Not determined Not determined
SL_F2 * >800 100–1000
SL_F3 * >800 100–1000

* Nguyen et al., 2020 [15].

2.2. Effects on Cell Viability

Cell viability of the uveal melanoma cell line OMM-1 was determined after treatment with
the different fucoidans for 24 h using the commercially available 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay (Figure 1). None of the tested
fucoidans significantly lowered cell viability, but some significantly increased the viability, for instance
100 μg/mL LD_SiAT2 increased viability up to 113% ± 6% (p < 0.001) and the SL fucoidan SL_SiAT2
increased viability to 115% ± 4% (p < 0.001). This might be related to the SiAT2 extraction method
(in case of SL and LD fucoidan), which perhaps leads to fucoidans with beneficial effects for the cell
viability of OMM-1 cells.

Figure 1. The cell viability of the uveal melanoma cell line OMM-1 was assessed after treatment
for 24 h with Laminaria digitata (LD) fucoidan (a), Saccharina latissima (SL) fucoidans (b) and
Fucus distichus subsp. evanescens (FE) fucoidans (c) extracted with SiAT2/3 or SAT2/3 (SiAT2/3 =
Cellic®CTec2 or 3 enzyme mix + Sigma-Aldrich alginate lyase (SigmALy), SAT2/3 = Cellic®CTec2
or 3 enzyme mix + alginate lyase expressed from Sphingomonas sp. (SALy), ad = acid treatment
and dialysis). Also, three SL ion-exchange chromatography (IEX) fractions (SL_F1, SL_F2 and
SL_F3) were invastigated. Cell viability was analyzed with a MTS (3-(4,5-Dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay and is shown as the mean and
standard deviation in relation to the 100% control. Significance was determined with ANOVA;
+ p < 0.05, ++ p < 0.01, +++ p < 0.001 compared to control (n ≥ 4; number of independent experiments).
No fucoidan exhibited antiproliferative effects.

The same procedure was performed for the human RPE cell line ARPE-19 (Figure 2). Cell
viability was determined after 24 h with the MTS assay. Again, none of the fucoidan displayed
significant antiproliferative effects. SiAT2 extracts from all three seaweed species, increased cell

127



Mar. Drugs 2020, 18, 282

viability slightly at 100 μg/mL, again, although under 10% difference compared to control and therefore
not biological relevant.

Figure 2. The cell viability of the human RPE cell line ARPE-19 was assessed after treatment for 24 h
with LD fucoidan (a), SL fucoidans (b) and FE fucoidans (c). Cell viability was analyzed with a MTS
assay and is shown as the mean and standard deviation in relation to the 100% control. Significance was
determined with ANOVA; + p < 0.05, ++ p < 0.01 compared to control (n ≥ 4, number of independent
experiments). No fucoidan showed antiproliferative effects.

2.3. Effects on Oxidative Stress Protection

The LD fucoidan showed no significant protective effects against any tested concentration of
H2O2, in the melanoma cell line OMM-1 (Figure 3). From SL, only the SL_F2 increased cell viability
significantly at all concentrations tested with 10 μg/mL and 50 μg/mL showing the best protection
(both 51% ± 1, p < 0.001 against 39% ± 1 stress control). FE fucoidans showed heterogeneous results
depending on the tested concentration and used extraction method. FE_SAT2ad showed significant
protective effects (49% ± 4%, p < 0.01; 49% ± 5%, p < 0.01; 47% ± 3%, p < 0.05 against 37% ± 2%
stress control) at different concentrations 10 μg/mL, 50 μg/mL and 100 μg/mL, respectively In addition,
10 μg/mL FE_SAT3ad and FE_SiAT2 increased cell viability up to 61% ± 2%, p < 0.01 and 60% ± 8%,
p < 0.01. It seems that the protective effects are more dependent on the tested FE fucoidan concentration
then on the extraction method.

Figure 3. OMM-1 cell survival after 30 min treatment with LD fucoidan (a), SL fucoidans (b) and FE
fucoidans (c) and 24 h stress insult with 1 mM H2O2, which reduced cell viability to at least 60% in
all cases. Viability was determined with MTS assay. Values are pictured as the mean and standard
deviation in relation to an untreated control (100%). Significance was evaluated via ANOVA; + p < 0.05,
++ p < 0.01, +++ p < 0.001 versus 0 μg/mL fucoidan + 1 mM H2O2 (n ≥ 4, number of independent
experiments).

One role of RPE cells is to limit the oxidative stress in the human retina [4]. ARPE-19 cells
as an RPE cell line are very resistant against hydrogen peroxide [26]. Therefore we used 0.5 mM
tert-butyl hydroperoxide (TBHP) to lower the cell viability of ARPE-19 significantly after 24 h, as
previously shown [19]. Again, the LD fucoidan showed no significant effect (Figure 4). Some of the FE
fucoidans also had a slight additional toxic effect at 50 and 100 μg/mL, while 10 μg/mL FE_SAT2ad,
FE_SiAT2ad and FE_SiAT3ad had a minimal protective effect. FE fucoidan at 10 μg/mL seems to be the
best concentration concerning oxidative stress protection, but the effects are small and not relevant,
corresponding to the fact that ARPE-19 are rather resistant against oxidative stress on their own and are
hardly affected by fucoidan extracts [17,19]. SL_F2 and SL_F3 at concentrations of 50 μg/mL slightly
decreased cell viability significantly down to 47% ± 3, p < 0.05 and 49% ± 2%, p < 0.05, respectively
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compared to 54% ± 3% stress control, but this not likely to be biological relevant. Otherwise, there
were no significant effects for the SL fucoidans.

Figure 4. ARPE-19 cell survival after 30 min treatment with LD fucoidan (a), SL fucoidans (b) and FE
fucoidans (c) and 24 h stress insult with 0.5 mM TBHP (tert-butyl hydroperoxide), which reduced cell
viability below 60% in all cases. Viability was determined with MTS assay. Values are pictured as the
mean and standard deviation in relation to an untreated control (100%). Significance was evaluated
via ANOVA; + / * p < 0.05, ** p < 0.01, *** p < 0.001 versus 0 μg/mL fucoidan + 0.5 mM TBHP (n ≥ 4,
number of independent experiments).

2.4. VEGF Secretion of ARPE-19

We tested the influence of the ten different fucoidans on the VEGF secretion of the human RPE
cell line ARPE-19. The optimal parameters for VEGF determination after fucoidan treatment were
determined in a previous study [11]. In brief, cells were incubated for three days with the fucoidans
and media exchange was done 24 h before taking of the supernatant for a subsequent ELISA analysis.
VEGF in % was set in relation to cell viability in % both compared to untreated control (in arbitrary
units [arb. unit]. The cell viability of both cell types was essentially unaffected by treatment with any
sulfated fucans and at any tested concentrations (data not shown).

LD_SiAT2 lowered secreted VEGF at 10, 50 and 100 μg/mL to 0.92 ± 0.08 [arb. unit (arbitrary
unit)] (p < 0.05), 0.88 ± 0.04 [arb. unit] (p < 0.01) and 0.81 ± 0.07 [arb. unit] (p < 0.001), respectively
(Figure 5). SL_F2 and SL_F3 reduced VEGF significantly at all tested concentration, in contrast to the
first fraction SL_F1 and the unfractionated SL_SiAT2 with the highest effect at 100 μg/mL (SL_F2 with
0.40 ± 0.07 [arb. unit], p < 0.001 and SL_F3 with 0.37 ± 0.04 [arb. unit], p < 0.001). The FE extracts did
not show any significant VEGF reducing effects, which could be also due to the high standard deviation
and heterogeneous results, with the only exception of FE_SiAT2, which lowered VEGF significant at
10 μg/mL to 0.80 ± 0.21 [arb. unit], p < 0.05 and at 100 μg/mL to 0.72 ± 0.10 [arb. unit], p < 0.001.

Figure 5. Secreted VEGF (vascular endothelial growth factor) of ARPE-19 after three days of incubation
with 1, 10, 50 and 100 μg/mL LD fucoidan (a), SL fucoidans (b) and FE fucoidans (c). VEGF amount was
determined with ELISA and normalized to cell survival, making a quotient of VEGF and cell viability.
10–100 μg/mL LD_SiAT2 and 1–100 μg/mL SL_F2 and SL_F3 decreased VEGF significantly. Significant
values were analyzed with ANOVA, * p < 0.05, ** p < 0.01, *** p < 0.001 compared to the control (n ≥ 4,
number of independent experiments).
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3. Discussion

3.1. Integration in Previous Studies

This study is the continuation of fucoidan research within the EU FucoSan project in regards
to finding a possible treatment for AMD [16–19]. One main goal of this international project is
to characterize different fucoidans to choose the best fucoidan for a potential medical application.
Factors like algae species, extraction method, purity, chemical composition, harvest place and time
are important to define fucoidans with the best beneficial effects for further treatment development
in AMD. In previous studies, factors like algae species and molecular weight were in focus. We
could show that fucoidans from SL and LH (extracted with hot water extraction followed by CaCl2
precipitation and ultrafiltration or dialysis) showed the most promising effects of the species tested so
far. In addition, high-molecular weight correlates with beneficial activities relevant for AMD [17,19].
Another study, testing fucoidan of FE, gave first indication that purity is an important factor for
the relevant biological activities [18]. It has been suspected that in addition to the algae species the
extraction method is a huge influencing factor concerning the biological activity, because it influences
the structure and overall composition of the extract, leading to differential effects dependent on the
method of extraction. Therefore, we investigated fucoidans purified by a novel technique using
different enzymes. Additionally, we compared the effects in the three species LD, SL and FE, with
different molecular weights and different monosaccharide compositions, to elucidate the best suited
extraction method and algal species.

3.2. Slightly Increased Cell Viability in OMM-1 and ARPE-19 Relation to Uronic Acids, Molecular Weight
and Concentration

Toxicity was not found after treatment with any extracts, which corresponds to previously
published studies [16–19]. Crude LD_SiAT2 and SL_SiAT2 improved the cell viability of the OMM-1
cell line slightly. Our data indicate that further fractionation could attenuate this effect, as can be
seen for the SL fractions in this work, suggesting that this effect may be due to contaminating agents.
Glucose, mannitol or guluronic acid were reduced by fractionation. In addition, other not investigated
agents like phenols, could have been diminished by purification. Mak et al., 2014 described that crude
fucoidans from Undaria pinnatifida have a higher toxicity on tumor cells because of the higher yield
of uronic acids [27]. However, while the crude fucoidans of this work also have higher amounts of
uronic acids compared to the fractions, there were protective for OMM-1. Our fractions have although
high molecular weights, which could influence the protective properties [27] and in addition different
species may exert different effects.

We also gathered some data indicating that fucoidans can increase the cell viability of ARPE-19 in
higher concentrations. It is unknown whether this is due to an actual protective effect of the fucoidan
(which is not the case for the oxidative stress protection in ARPE-19, here only 10 μg/mL FE fucoidans
had a small protective effect). It could be speculated that fucoidans in higher concentration starting
with 100 μg/mL increase the cell metabolism and leads to an increased proliferation rate. It was
also reported that 100 μg/mL of commercially available fucoidan from Sigma Aldrich can reduce the
apoptosis of ARPE-19 cells via different cellular pathways [28].

3.3. Effects on Oxidative Stress Protection-Heterogeneous Results, Dependency on Alginates and Galactose

We also tested the influence of oxidative stress protection of H2O2 treated OMM-1 and TBHP
treated ARPE-19. FE_SAT2ad, FE_SiAT2ad and FE_SiAT3ad at 10 μg/mL showed a small protective
effect in ARPE-19, which was also seen in OMM-1 cells. However, the effects of FE was highly
heterogeneous as for the FE_SiAT2 extract (no acid precipitation) and also FE_SAT3ad displaying no
effect at all. Furthermore, the measured protective effects were small and their biological relevance
questionable. This corresponds to early studies, which showed no protective effects of FE fucoidans on
oxidative stress toxicity in ARPE-19 [17,19]. As described above, FE_SiAT2 has the highest yield of
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guluronic and mannonic acid the main component of alginates and lowest mol% of fucose. FE_SAT3ad
has the second highest content of guluronic acid. Mannuronic acid yield of FE_SiAT2 is rather high in
these samples due to lack of alginate precipitation. It could be speculated that alginates are cumbersome
for the protective effects. FE-SAT3ad has the lowest glucose content, an important nutrient for the
growth of tumor cells, which could lower the metabolism of cancer cells and interferes with the
protective effects on OMM-1 cells. The SL_F2 extract showed the best protective effects in OMM-1 and
this is in contrast to the other three SL extracts. The SL_F2 extract had the highest amount of fucose,
the main component of fucoidans, with 64.7 mol%. However, SL_F3 had nearly the same content (63.3
mol%), so the loss of the protective effect and overall biological activity against H2O2 is not due to
the fucose content. Also the size and sulfation content between these two SL extracts is similar [15].
It could be suspected that the overall antioxidative effects are due to accompanying substances like
phenols [21,29]. The molecular weight and the monosaccharide composition are similar, with the
exception that SL_F3 had a higher amount of galactose. It could be speculated that the amount of
galactose plays an important role regarding the antioxidative effects, because it is much higher in
SL_F3. In relation to heart aging, galactose is described as antioxidants reducing as well as oxidative
stress and inflammation inducing [30], so it could interfere with the protective effects. SL_F1 has nearly
no fucose but consists of high amounts of alginates. This extract showed no biological activity in any
of the tests in this study, which leads us to the conclusion, that algae extracts with lower contents of
alginates are recommended for obtaining protective effects.

3.4. Effects on VEGF-Acid Precipitation Lowers and Higher Molecular Weight Improves VEGF Inhibition

Several extracts reduced the VEGF secretion after three days of stimulation. FE_SiAT2 was the
only FE extract, which inhibited VEGF significantly. This extract has the highest amount of fucose,
arabinose/rhamnose and the lowest amount of glucuronic acid, compared to LD_SiAT2 and SL_SiAT2.
All other FE extracts were treated with acid and did not lower VEGF significantly. This strongly
indicates that acid may alter the structure of FE fucoidan, interfering with VEGF interaction. Indeed, in
this study, no fucoidan treated with acid displayed any VEGF reduction effects. The LD extract showed
a VEGF inhibiting effect. It had the lowest fucose content out of all extracts, but the highest mannitol
content. VEGF inhibition could be caused by mannitol, although this has not yet been investigated no
literature regarding the effect of mannitol and VEGF secretion can currently be found. In contrast to
the crude SL_SiAT2 and the first fraction SL_F1, the extracts SL_F2 and SL_F3 lowered VEGF very
efficiently in comparison to all other extracts. They had both a much higher fucose content and were
the purest extracts. The fucose content alone seems not to be the only biological factor contributing
to VEGF inhibition, since the FE extracts also had higher fucose content and was not causing VEGF
reduction. In addition to fucose content, molecular weight could be of high importance. The two SL
fractions SL_F2 and SL_F3 had a significant higher molecular weight (>800 kDa (Table 3)) than all
other tested extracts, which supports our findings that bigger fucoidans from Laminaria hyperborea
were more effective regarding VEGF inhibition [17]. This could be due to a steric interference with
the VEGF molecules. This corresponds with previous findings, which suggested that fucoidans with
higher molecular weight are generally more anti-angiogenic, while fucoidans with low molecular
weight are considered more pro-angiogenic [31].

3.5. Comparison of Cellic®CTec2 and 3, Alginate Lyases as Well as Precipitation Technique

The Cellic®CTec2 vs. Cellic®CTec3 relates to different enzyme-mixes added in the first step of the
purification procedure. They are both enzyme mixes made for degradation of land plant cell walls.
They were applied to degrade the brown algal cell wall cellulose and hemicelluloses as well as the
storage compound laminarin. In addition, two different alginate lyases (SigmALy and SALy) were
used to degrade the cell wall alginate and together these enzymes release the fucoidans gently from
the cell wall matrix. FE extracts of this study can be utilized to compare the biological effects after
application of these four enzyme purification techniques. Regarding VEGF inhibition they showed
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no significant effects with the exception of FE_SiAT2 which was VEGF inhibiting. The use of an
additional acid precipitation step seems to be more important for this function than the enzyme mix
applied, because only the fraction not treated with acid, FE_SiAT2, exhibited VEGF inhibition. The
effects on oxidative stress protection were rather heterogeneous and seem to be more related to the
concentration applied. The influence on cell viability of ARPE-19 and OMM-1 were rather similar.
Overall, we cannot determine a significant biological difference between the extracts treated with the
four enzymatic techniques, suggesting that all methods can be used to purify fucoidans resulting
in a slightly different amount of monosaccharide and uronic acid compositions only. Overall, acid
precipitation is not recommended, because beneficial biological effects important to AMD could be lost
due to a possible removal of sidechains or sulfates from the fucoidans. or perhaps more importantly,
reduce the size of the fucoidans by partial hydrolysis of the fucoidan backbone. Since, high molecular
weight fucoidans are considered antiangiogenic and of great importance when using fucoidans against
AMD [17,31]. CaCl2 precipitation of alginate is preferred. Indeed, fucoidans with very high molecular
weight of over 800 kDa were obtained in the SL_F2 and F3 fractions treated with CaCl2, and these
extracts showed the most promising biological effects.

3.6. Different Fucoidan Structures between Algal Species Lead to the Described Biological Effects

It is well known that the biological properties of the fuciodans are highly dependent on the
fucoidan structure and composition. While no structural data of fucoidan from LD can currently be
found in literature, the structure of SL and FE fucoidans is different. FE fucoidan consists of alternating
α-(1-3)- and α-(1-4)-linked L-fucopyranose unit with sulfate group primarily at C2 [10,32,33] while
sulfate groups have been found at C2 and C4 of some fucose residues [34]. Fucoidans from SL
are very diverse. Their structure is depending on the overall harvest time, extraction method and
further fractionation, which could lead to mixture of different low-sulfated heteropolysaccharides with
proteins and uronic acids [29]. Four partial structures of fucoidans from SL have been reported: fucan
sulfate, fucogalactan, fucoglucuronomannan, and fucoglucuronan [29,35]. It can be speculated that the
different algal origins with very heterogeneous structural compositions, leads to the different biological
effects that we described.

3.7. Conclusive Words

This study was well equipped to compare the biological activities of ten fucoidans, with several
extract variables. We investigated three different species, from which SL seems most promising. We
could demonstrate that the use of acid for alginate precipitation is not recommended and CaCl2 should
be used. In the four different tested enzymatic treatments, no significant difference could be determined
in the biological activities, but the used SAT2 enzyme mix seems very promising considering the
activities of the SL_F2 and SL_F3 fractions, that were purified with these enzymes. Also a three-step
fractionation after the enzyme treatment with IEX was conducted and we could clearly show that
fractionation is recommended to achieve fucoidan extracts with high fucose and low alginate content.
The extract SL_F2 which resulted from IEX fractionation after an enzyme assisted extraction with
CaCl2 precipitation is the most promising extract regarding oxidative stress protection and VEGF
inhibition. Considering all tested brown seaweed extracts so far, fractionated SL extracts SL_F2 and
SL_F3 are the most efficient regarding VEGF inhibiting effect in ARPE-19. They lowered VEGF nearly
to 40%. In previous studies we could determine inhibitory effects of a pure LH fucoidan with nearly
50% at 50 and 100 μg/mL [17] and another SL extract which also lowered the VEGF secretion to
nearly 50% at 100 μg/mL [19]. The latter extract contained a very high fucose content of 83.8% and
only 6% uronic acids [21] (comparable to SL_F2/F3). Surprisingly, the SL extracts from this study
lowered VEGF in all concentrations, already very efficiently at 1 μg/mL. So we can conclude that SL is a
promising fucoidan source besides Laminaria hyperborea [17] regarding potential treatment of AMD. The
enzymatically-assisted extraction method, followed by IEX fractionation seem very promising to obtain
highly pure and large sized fucoidans with high content of fucose and low content of alginates. With
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this novel method fucoidans were produced that showed promising VEGF reducing and anti-oxidative
properties. Further research is warranted to confirm the beneficial effects in primary in vitro, ex vivo
and in vivo models.

4. Material and Methods

4.1. Cell Culture

OMM-1, a uveal melanoma cell line [36] was kindly donated by Dr. Sarah Coupland. The
cultivation mediumRPMI 1640 (Merck, Darmstadt, Germany) was added with 10% fetal calf serum
(Linaris GmbH, Wertheim-Bettingen, Germany) and 1% penicillin/streptomycin (Merck). The human
RPE cell line ARPE-19 [37] was bought from ATCC and cultivated in HyClone DMEM (GE Healthcare,
München, Germany), supplemented with 1% penicillin/streptomycin, 2.5% HEPES (Merck), 1%
non-essential amino acids (Merck) and 10% fetal calf serum. ARPE-19 cells were treated at confluence
and OMM-1 cells were treated at subconfluence.

4.2. Used Fucoidans, Extraction and Purification Process

4.2.1. Fucoidan Origin

Dried flakes of the brown algae SL were obtained from Icelandic Blue Mussel & Seaweed (Bláskel,
Iceland) in June 2017. LD (June 2017) and FE (March 2016) were collected by Coastal Research &
Management (Kiel, Germany) in the Kiel Canal. LD and FE seaweeds were washed in demineralized
water, lyophilized and grround to a size of approximately 0.25–3 mm.

4.2.2. Alginate Lyase Expression and Purification

The alginate lyase SigmALy was purchased from Sigma-Aldrich (Steinheim, Germany). The
alginate lyase SALy A1-II’ from Sphingomonas sp. was expressed and purified in Escherichia coli, as
previously described in Manns et al. [24] with modifications described in Nguyen et al. [15].

4.2.3. Enzyme Assisted Extraction of Brown Seaweed Polysaccharides

The enzymatic extraction of fucoidan was performed in 55 mM phosphate, 15 mM citrate buffer
pH 6 with 5% substrate concentration. The enzymes were added with ratio 5% (v/w) for Cellic®CTec2/3
(Novozymes A/S, Bagsværd, Denmark), 0.35% (w/w) for alginate lyases. The treatment was performed
at 40 ◦C at 100 rpm. The reaction was stopped by boiling at 90 ◦C for 10 min and cooling on ice. The
supernatant was collected by centrifugation 10 min at 19000 rpm. The fucoidans were precipitated
and isolated by addition of 96% EtOH to a final concentration of 72% (except for the SL_F1-F3, where
this step was performed after the alginate precipitation). Residual high molecular weight alginates
were precipitated either by a two-step acid precipitation (pH 4 followed by pH 2 adjustment with
HCl and neutralization with NaOH to pH 7 followed by dialysis in demineralized water using a
3 kDa membrane) or by precipitation with 2% CaCl2 (except the LD_SiAT2, FE_SiAT2 and SL_SiAT2
crude extract alginate was not further precipitated). The fucoidans were isolated by centrifugation
and lyophilized.

4.2.4. SL Fucoidan Fractionation by Anion-Exchange Chromatography

The SL fucoidans were fractionated as previously described in Nguyen et al. [15]. The fucoidan
solution (5 g in 100 mL) was applied to a DEAE-Macroprep column (2.6 cm × 40 cm) in Cl- form. The
unbound materials were washed from the column with NaCl 0.1 M and the fucoidans were eluted in
concentration gradient of NaCl from 0.1–2 M. The eluates were combined into fractions based on the
results of total carbohydrate analysis by phenol-sulfuric acid method [38]. The fractions were passed
through a 10 kDa membrane to up-concentrate and remove salt, followed by lyophilization.
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Fucoidans were solved in Ampuwa bidest (Fresenius, Schweinfurt, Germany) at concentrations
of 1 mg/mL with exception of the three SL fraction SL_F1, SL_F2 and SL_F3 which were soluble at
5 mg/mL. Right before stimulation, used extracts were filtered with 0.2 μm Sarstedt filter (Nümbrecht,
Germany) and a dilution series with appropriate medium was performed to get the final concentrations
of 1, 10, 50 and 100 μg/mL.

4.3. Chemical Composition and Size Distribution Analysis

The monosaccharide composition of the fucoidans was determined as previously described [22].
The size distribution of the fucoidans was determined by HP-SEC as previously described in
Nguyen et al. [15] and the pullulan standard was fitted with a Weibull decay model by the following
equation: y = a * (1 − EXP(−(x/b) ˆ (c))). The sulfate content of the crude extracts were determined
as previously described [15] and sulfate content of the SL_F1, F2 and F3 extracts was performed as
previously described [15].

4.4. Oxidative Stress

4.4.1. OMM-1

Oxidative stress in the uveal melanoma cell line OMM-1 was induced by treatment with 1 mM
H2O2 as previously shown [39]. The appropriate H2O2 concentration to lower cell viability of OMM-1
cells to nearly 50% after 24 h was previously determined [19] and applied for the assessment of
protective effects of fucoidans (1, 10, 50 and 100 μg/mL). Fucoidans were applied 30 min before stress
insult. In parallel, cells were treated with the extracted fucoidans only (1, 10, 50 and 100 μg/mL) to
determine possible anti-proliferative effects. To measure cell viability, a MTS-assay was performed as
described below.

4.4.2. ARPE-19

The appropriate TBHP concentration to lower cell viability of ARPE-19 cells to nearly 50% after
24 h (0.5 mM TBHP) was previously determined [19] and applied for the assessment of protective
effects of fucoidans (1, 10, 50 and 100 μg/mL). Fucoidans were applied 30 min before stress insult. In
parallel, cells were treated with only the extracted fucoidans (1, 10, 50 and 100 μg/mL) to determine
anti-proliferative effects. To measure cell viability the MTS-Assay was performed as described below.

4.5. Methyl Thiazolyl Tetrazolium (MTT)-Assay

The established cell viability assay MTT [40] was performed as previously described [13,19] and
was applied after three days of stimulation with fucoidans, after collection of the supernatant for
VEGF-content assessment. The biological material was washed with PBS and cultivated with 0.5 mg/mL
MTT for 2 h. After removal of MTT, cells were treated with dimethyl sulfoxide. Color formation was
measured at 550 nm with an Elx800 instrument (BioTek Instruments Inc., Bad Friedrichshall, Germany).

4.6. MTS-Assay

For the cell viability and protection assays after 24 h a commercially proliferation assay named
“CellTiter 96® AQueous One Solution Cell Proliferation Assay” from Promega Corporation (Mannheim,
Germany) was applied as described in the instructions of the supplier. Twenty μL of the MTS solution
was added to each treated well of a 96 well plates for 1 h. For the prior treatment of cells, media
without phenol red was used.

4.7. VEGF ELISA

Secreted VEGF in ARPE-19 supernatant was determined with the Human VEGF DuoSet ELISA
Kit from R&D Systems (Wiesbaden, Germany) according to manufacturer’s protocol. Supernatants
were collected after three days of stimulation with different fucoidan extracts and an MTT assay was
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conducted to set the VEGF effect in relation to the cell viability as previously described [19]. The
medium was exchanged 24 h before collecting of supernatant.

4.8. Statistics

At least four independent experiments per assay have been performed. Statistics have been
made with Microsoft Excel (Excel 2010, Microsoft, Redmond, WA, USA) and GraphPad PRISM 7
(GraphPad Software, Inc., San Diego, CA, USA, 2017). One-Way ANOVA was conducted to determine
significances. P values lower than 0.05 are considered significant. The diagram bars stand for mean
and the attached lines for standard deviations.

5. Conclusions

Fucoidans or sulfated fucans are very promising marine polysaccharides for a possible new
treatment development for AMD. With this study we wanted to test the influence of a new enzymatic
purification method on the biological activity of fucoidans from different algal species. We tested
ten different fucoidans, from the brown seaweed species LD, SL and FE and compared them with
regards to toxicity, oxidative stress protection against H2O2 or TBHP and VEGF secretion. Furthermore,
we assessed which enzymatic purification method (testing five different FE extracts) and how IEX
fractionation (testing four different SL extracts) were most promising for these biological activities. No
fucoidan displayed a negative effect on viability after 24 h. Some FE fucoidans were slightly (but not
relevantly) protective in ARPE-19 cells. SL_F2 and some of the FE extracts showed protective effects
in the melanoma cell line OMM-1. Effective extracts reducing VEGF were LD_SiAT2, FE_SiAT2 and
SL_F2 and SL_F3 fucoidans. The enzymatic method SAT2 without acid dialysis seems most promising
for biological effects, which could be confirmed for with the SL fractions SL_F2 and F3. They were
the most effective fucoidans regarding VEGF inhibition, which correlated with a high fucose and low
alginate content. SL fucoidans, which were treated with SAT2 enzymes and further processed with
ion-exchange chromatography, are the most promising extracts for a potential application in AMD.
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Abstract: A fucose-rich fucoidan was purified from brown seaweed Saccharina japonica, of which
the UVB protective effect was investigated in vitro in keratinocytes of HaCaT cells and in vivo
in zebrafish. The intracellular reactive oxygen species levels and the viability of UVB-irradiated
HaCaT cells were determined. The results indicate that the purified fucoidan significantly reduced
the intracellular reactive oxygen species levels and improved the viability of UVB-irradiated
HaCaT cells. Furthermore, the purified fucoidan remarkably decreased the apoptosis by regulating
the expressions of Bax/Bcl-xL and cleaved caspase-3 in UVB-irradiated HaCaT cells in a dose-dependent
manner. In addition, the in vivo UV protective effect of the purified fucoidan was investigated using
a zebrafish model. It significantly reduced the intracellular reactive oxygen species level, the cell
death, the NO production, and the lipid peroxidation in UVB-irradiated zebrafish in a dose-dependent
manner. These results suggest that purified fucoidan has a great potential to be developed as a natural
anti-UVB agent applied in the cosmetic industry.

Keywords: ROS; Phaeophyta; carbohydrate; UVB irradiation; HaCaT cells; zebrafish

1. Introduction

Human skin is one of the most fundamental organs which is directly exposed to the external
environment. It acts as a barrier to prevent the body from external damage, including ultraviolet
(UV) irradiation exposure [1]. Although UV is beneficial to the human body to a certain extent,
the excessive exposure to UV will damage the ability of basal keratinocytes, which are responsible for
maintaining skin homeostasis to resist UV-induced damage, which can lead to different skin diseases
such as accelerated degradation of collagen, inflammatory reaction, epidermal hyperplasia and skin
cancers [2,3]. Solar UV irradiation contains wavelengths from approximately 100 to 400 nm, but
only UVB (280–315 nm) and UVA (315–400 nm) reach the terrestrial surface [4]. It is now commonly
known that the exposure to solar UVB is the major factor causing keratinocyte damage, causing DNA
mutations, which can induce photo-aging and skin cancer [5].
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The UVB damages skin through stimulating the production of reactive oxygen species (ROS) [6,7].
The expression of apoptosis-related cytokines induced by excessive ROS can lead to skin oxidative
damage, and cause apoptosis [8]. Therefore, inhibiting the excessive ROS generation and eliminating
potential cancer-causing cells are important strategies that constitute photoprotection and inhibit
apoptosis [9].

Currently, researchers are focusing on developing natural compounds to explore their protective
effects on UVB-induced photodamage. Seaweed is a plant abundantly growing in the sea and is broadly
distributed all over the world. It can endure strong sunlight without any structural damage, which
indicates that seaweed can protect itself from photodynamic damage, including UVB irradiation [10].
Thus, many studies have been conducted to find bioactive extracts or active ingredients derived from
seaweed, such as polyphenol, polysaccharide, fucoxanthin, by which the generation of UVB-induced
ROS can be modulated [11–13].

Saccharina japonica (S. japonica), a brown seaweed, used to be known as Laminaria japonica (L.
japonica), which is plentifully produced in Asian countries and used as a traditional Chinese medicine
and functional food [14,15]. In addition, it contains plenty of biological compounds, including
fucoidan. Previous studies have reported that fucoidan isolated from S. japonica has a variety of
bioactivities, such as neuroprotective, anti-inflammation, antioxidant, antiviral, immunomodulatory,
atherosclerosis mitigation and anticoagulant activities [16–21]. Some researchers have investigated
the anti-UVB ability of fucoidan from brown seaweed, such as Costaria costata, Fucus evanescens and
Undaria pinnatifida [22–24]; however, this is the first study on the anti-UVB activities of fucoidan
extracted from S. japonica.

In our latest work, the structure and anti-inflammatory activities of a fucoidan fraction of LJSF4
from S. japonica were studied [25]. In this study, we further investigated its photo-protective activity.
The possible mechanisms against UVB-induced photodamage were examined in vitro using human
keratinocyte (HaCaT) cells and in vivo in a zebrafish model in order to provide evidence for its
application as an anti-UVB agent in cosmetics.

2. Results and Discussion

2.1. Purification and Monosaccharide Determination of Fucoidan Fractions

Fucoidan fractions of LJSF1-LJSF4 were purified from S. japonica (Figure 1A), among which LJSF4
has the highest sulfate content of 30.72%. As shown in Figure 1B, its monosaccharide compositions
were determined to be 79.49% of fucose and 16.76% of galactose, thus it is a fucose-rich fucoidan. In
our recently published work, the structures of LJSF4 were analyzed by different spectroscopic methods
and its excellent anti-inflammatory activities were studied in vitro and in vivo [25]. In order to achieve
the application of this fucoidan, knowledge of its various bioactivities is required. Thus, its anti-UVB
activity and mechanism both in vitro and in vivo were investigated in this study.
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Figure 1. Purification and monosaccharide determination of fucoidan fractions: (A) elution profile
of S. japonica crude fucoidan on DEAE-Sepharose Fast Flow anion exchange chromatography; (B)
monosaccharide compositions of LJSF4 determined by gas chromatography.

2.2. Effect of LJSF4 on UVB-Irradiated HaCaT Cells

2.2.1. Effect of LJSF4 on Intracellular ROS Generation and Cell Death in UVB-Irradiated HaCaT Cells

Prior to evaluate the anti-UVB effect of LJSF4 on HaCaT cells, we detected its potential toxicity
on HaCaT cells through the MTT viability assay. As shown in Figure 2A, the viability of HaCaT
cells without LJSF4 treatment was 100%, and those treated with LJSF4 were above 90%. In addition,
compared with the control group, cells treated with 50 μg/mL of LJSF4 even had higher cell viability.
These results indicate that LJSF4 had no cytotoxicity on HaCaT cells and even exhibited positive effect
on the cells at the concentration of 50 μg/mL.

Exposure of cells to UVB irradiation results in ROS excessive production and cellular damage,
which is the cause of skin cancer and photoaging [26]. Therefore, suppressing the excessive production
of ROS can protect the skin from the damage of UVB [27]. In this study, the HaCaT cell damage induced
by UVB irradiation was examined by measuring the intracellular ROS generation and cell death. As
shown in Figure 2B, the ROS level of UVB-irradiated cells was significantly increased compared to
those of non-irradiated cells, while the ROS levels of those treated with different concentrations of
LJSF4 were significantly decreased in a dose-dependent manner. In addition, the viability of cells
irradiated by UVB was significantly decreased, and dose-dependently increased in LJSF4 treated
cells (Figure 2C). These results indicate that LJSF4 possessed a protective effect against UVB-induced
HaCaT cell damage. The anti-UVB activities of fucoidan extracted from other brown seaweed of
Costaria costata, Fucus evanescens and Undaria pinnatifida have been investigated [22–24]. However,
these seaweed resources are not as rich as S. japonica, which is the most abundant economic seaweed
around the world [28]. In addition, fucoidan extracted from C. costata increase the cell viability by
1.77% and 4.94% at concentrations of 0.01 and 0.1 μg/mL, respectively, while the fucoidan was mildly
cytotoxic at the concentration of 1 μg/mL [24]. However, LJSF4 was able to increase the cell viability
by 16.14% at the concentration of 100 μg/mL with no cytotoxic effect. Therefore, LJSF4 possessed an
excellent anti-UVB activity on HaCaT cells.
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Figure 2. Protective effect of LJSF4 on UVB-induced HaCaT cells: (A) cytotoxicity of LJSF4 on HaCaT
cells; (B) intracellular ROS level of UVB-irradiated HaCaT cells; (C) the viability of UVB-irradiated
HaCaT cells. All experiments were performed in triplicate. Data are expressed as means ± standard
error of the means (S.E.M). * p < 0.05, ** p < 0.01 as compared to the UVB-treated group and # p < 0.05,
## p < 0.01 as compared to the control group.

2.2.2. Effect of LJSF4 on Apoptosis in UVB-Irradiated HaCaT Cells

Apoptosis is a strong response of cells to UVB-induced damage. Cells eventually undergo
apoptosis to eliminate severely damaged cells. However, even if serious damage occurs, some cells can
still escape apoptosis, then turn into cancer cells. Studies have found that inhibiting apoptosis plays an
important part in the formation of cancer [29].

In order to measure the protective effect of LJSF4 from UVB irradiation, HaCaT cells were stained
with Hoechst 33342, which is a cell-permeable DNA dye. Later, the nuclear morphology of cells
was observed by fluorescence microscopy. The cell images are shown in Figure 3. We found that
the amount of apoptotic body of cells with UVB irradiation was almost 2.5 fold greater than that of cells
without UVB irradiation, while those of cells pre-treated with 25 to 100 μg/mL of LJSF4 were decreased
in a dose-dependent manner significantly. Masaki et al. reported that UVB-induced apoptosis was
related to the increase in intracellular ROS generation. Inhibiting the production of ROS contributed to
improving the intracellular defense against oxidative stress, thereby reducing cell apoptosis [27]. Our
study evaluated the levels of ROS and apoptosis with or without LJSF4 treatment, and intervened with
different concentrations of LJSF4. This result indicates that LJSF4 possessed excellent protective effect
against UVB-induced HaCaT cell apoptosis.
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Figure 3. The apoptotic body formation levels in UVB-irradiated HaCaT cells: (A) nuclear morphology
of non UVB-irradiated HaCaT cells; (B) nuclear morphology of UVB-irradiated HaCaT cells; (C) nuclear
morphology of cells treated with 25 of μg/mL LJSF4 and irradiated with UVB; (D) nuclear morphology
of cells treated with 50 of μg/mL LJSF4 and irradiated with UVB; (E) nuclear morphology of cells treated
with 100 of μg/mL LJSF4 and irradiated with UVB; (F) reactive apoptotic body formation. Apoptosis
levels were measured using Image J software. All experiments were performed in triplicate. Data are
expressed as means ± standard error of the means (S.E.M). ** p < 0.01 as compared to the UVB-treated
group and ## p < 0.01 as compared to the control group.

2.2.3. Effect of LJSF4 on Bax/Bcl-xL and Cleaved Caspase-3 Levels in UVB-Irradiated HaCaT Cells

Apoptosis is a regulated mechanism of cell suicide, usually manifested as nuclear condensation,
wrinkling, membrane foaming as well as chromosomal DNA fragmentation [29–31]. According to
the previous studies, the formation of apoptosome is an intrinsic apoptotic signaling pathway which
could activated by oxidative stress [32–34]. Excessive ROS production as a second messenger regulates
apoptotic signaling pathway following UV irradiation. In this case, the balance of anti-apoptotic
molecules of Bcl-xL and pro-apoptotic molecules of Bax indicated whether apoptosis is promoted or
suppressed [35]. Eventually, their imbalance triggered the caspase cascade [36]. In addition, cleaved
caspase-3 directly induces cell death as a critical executor of apoptosis [37].

The Bax/Bcl-xL and cleaved caspase-3 levels of UVB-irradiated HaCaT cells were measured
by Western blot analysis. As shown in Figure 4, the UVB irradiation increased the Bax level and
decreased the Bcl-xL level, while pre-treatment with LJSF4 significantly increased the Bcl-xL level
and decreased the Bax level in a dose-dependent manner. Moreover, LJSF4 reduced UVB-induced
cleaved caspase-3 activation in UVB-irradiated HaCaT cells. These results indicate that LJSF4 inhibited
UVB-induced apoptosis by the regulation of Bax, Bcl-xL and cleaved caspase-3 levels. The anti-UVB
activity of Sargachromenol extracted from the brown seaweed of Sargassum micracanthum has been
investigated, and the similar pathway by regulation of Bax, Bcl-xL and cleaved caspase-3 levels has
been reported [38]. In addition, fucoidans isolated from different brown algae have been reported to
inhibit UVB-induced photoaging through other signaling pathways, such as by inhibiting the MAPK
pathways related to NF-κB and AP-1, by inhibiting MMP-1 expression via blocking the signal pathways
of p38, JNK, and ERK [23,39]. Thus, the S. japonica fucoidan showed a different anti-UVB pathway to
those of other reported fucoidan via regulating the expression of Bax, Bcl-xL and cleaved caspase-3.
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Figure 4. Effect of LJSF4 on Bax/Bcl-xL, and cleaved caspase-3 levels in UVB-irradiated HaCaT cells:
(A) the effect of LJSF4 on UVB-induced apoptosis related protein expression; (B) the relative amounts
of Bax/Bcl-xL and cleaved caspase-3 levels compared with GAPDH. The Bax level of control group
and the cleaved caspase-3 level of experimental group treated with 100μg/mL of LJSF4 were not
detected. All experiments were performed in triplicate. Data are expressed as means ± standard error
of the means (S.E.M). ** p < 0.01 as compared to the UVB-treated group and ## p < 0.01 as compared to
the control group.

2.3. Effect of LJSF4 on UVB-Irradiated Zebrafish

Zebrafish has become a popular animal model in the field of biological activity, due to the fact
that its tissues and organs are very similar to mammals at the genetic, physiological, behavioral, and
anatomical levels [40]. In previous reports, researchers have successfully used the zebrafish model to
explore the protective effects of natural compounds on UVB-induced oxidative stress [41]. Therefore,
we chose the same model to evaluate the protective effect of LJSF4 on UVB-irradiated photoaging
in vivo. Zebrafish were pre-treated with LJSF4 of 25 to 100 μg/mL, respectively, and subsequently
exposed to 50 mJ/cm2 of UVB.

Excessive ROS produced by UVB stimulation plays a critical role in destroying keratinocytes
through cell damage. ROS can be detected by using 2′, 7′-dichlorodihydrofluorescein diacetate
(DCFH-DA) staining in living embryos. As shown in Figure 5A, the control group without exposure
to UVB had no fluorescent generation, whereas that with exposure to UVB generated fluorescence,
which indicated the generation of ROS on UVB-irradiated zebrafish. However, the zebrafish treated
with different concentrations of LJSF4 showed a dose-dependent reduction in the production of ROS
before being exposed to UVB irradiation. This result indicates that ROS levels decreased by 237.64% in
zebrafish treated with 100 μg/mL of LJSF4. Then, cell death was determined by staining the embryos
with acridine orange. The result indicates that the fluorescence intensity of the LJSF4 pretreatment
group at the concentration of 100 μg/mL was decreased to almost the same level to that of the control
group (Figure 5B). In addition, the protective effect of the fucoidan on zebrafish was determined against
ROS-activated NO generation. As shown in Figure 5C, compared to that of the control group with no
UVB irradiation, the production of NO was significantly increased 3.64 fold, while the pretreatment
with LJSF4 inhibited the production of NO in a dose-dependent manner significantly. A similar result
of dose-dependent inhibition for lipid peroxidation by LJSF4 treatment was also obtained (Figure 5D).
This is similar to the results of previous studies, which reported that zebrafish exposed to UVB
increased ROS generation, cell death levels, NO generation, and lipid peroxidation levels compared
to that without UVB irradiation [12,42]. Furthermore, Wang et al. (2017) demonstrated that DPHC,
isolated from I. okamurae, could decrease ROS levels by 85.21% with the concentration of 100 μM [41].
In short, the results show that LJSF4 extracted from S. japonica could excellently inhibit the generation
of inflammation and reduce the destruction of cellular components by decreasing ROS levels, thereby
further indicating the photoprotective effect of LJSF4 in zebrafish.
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Figure 5. The effect of LJSF4 on UVB-irradiated zebrafish: (A) effect of LJSF4 on UVB-irradiated ROS
generation in zebrafish; (B) effect of LJSF4 on UVB-irradiated cell death levels in zebrafish; (C) effect of
LJSF4 on UVB-irradiated NO level in zebrafish; (D) effect of LJSF4 on UVB-irradiated lipid peroxidation
levels in zebrafish. Zebrafish embryos at 2 days post-fertilization (dpf) were used for the anti-UVB
study. Data are expressed as means ± standard error of the means (S.E.M). ** p < 0.01 as compared to
the UVB-treated group and ## p < 0.01 as compared to the control group.

3. Materials and Methods

3.1. Reagents and Chemicals

S. japonica was harvested in Xiapu coastal area, Fujian province, China. Phosphate-buffered
saline (PBS) and fetal bovine serum (FBS) were purchased from Solarbio (Beijing, China).
The dimethyl sulfoxide (DMSO), DCFH-DA, 1,3-Bis (diphenylphosphino) propane (DPPP), dimethyl
sulfoxide (DMSO), diaminofluorophore 4-amino-5-methylamino-2′, 7′-difluorofluorescein diacetate
(DAF-FM-DA), bovine serum albumin (BSA), 3-(4, 5)-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT), acridine orange, and Hoechst 33342 were purchased from Sigma Co. (St. Louis, MO,
USA). Penicillin/streptomycin (P/S) and Dulbecco’s modified Eagle’s medium (DMEM) were purchased
from Gibco (Rockville, MD, USA). Antibodies against GAPDH (clone number of ARC0205, catalog
number of MA5-35235), Bax (clone number of ARC0164, catalog number of MA5-35342), Bcl-xL (clone
number of C.85.1, catalog number of MA5-15142), and cleaved caspase-3 (clone number of ARC0133,
catalog number of MA5-35333) were purchased from Thermo Scientific (Waltham, MA, USA). All other
reagents used in this study were of analytical grade and purchased from Solarbio (Beijing, China).

3.2. Purification and Monosaccharide Determination of Fucoidan Fractions

3.2.1. Extraction and Purification of Polysaccharides

LJSF4 was prepared according to the method described in our previous study [25]. In brief,
the defatted sample of S. japonica was extracted by triple volume of distilled water at 120 ◦C for 2 h, and
then the supernatant was collected. Then, via adding an equal volume of 2% CaCl2 solution in order
to remove the alginate in the supernatant, and the resulting supernatant was finally lyophilized to
gain crude fucoidan of LJS. The crude LJS was further purified by an anion exchange chromatography
(AKTA Purifier UPC100, GE healthcare, Pittsburgh, PA, USA) to obtain the four fractions of LJSF1,
LJSF2, LJSF3, LJSF4. The sulfate content and total sugar of each fraction were determined according to
our published work [25]. LJSF4 was collected for further assays in this work.
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3.2.2. Determination of Monosaccharide Composition

Monosaccharide composition of LJSF4 was analyzed by a 6890 N gas chromatographic system
(Agilent 6890 N, Agilent, Santa Clara, CA, USA) after hydrolysis and acetylation according to the method
described by Zha et al. [43].

3.3. Effect of LJSF4 on UVB-Irradiated HaCaT Cells

3.3.1. HaCaT Cells Culture and UVB Irradiation

HaCaT cell line was obtained from Korean Cell Line Bank (Seoul, Korea). Cells were cultured
in DMEM supplemented with 100 μg/mL of streptomycin, 100 unit/mL of penicillin, and 10% FBS at
37 ◦C in humidified atmosphere with 5% CO2.

Cells were exposed to UVB irradiation at wavelength of 280–320 nm by a UVB meter (UV Lamp,
VL-6LM, Vilber Lourmat, Paris, France). Cells were irradiated by UVB at a dose of 30 mJ/cm2 [40,42]
and incubated until analysis.

3.3.2. Cell Viability Assay

The cytotoxicity of LJSF4 on HaCaT cells were determined by MTT assay. In brief, HaCaT cells
were seeded in a 96-well plate at a density of 3 × 104 cells per well. After 24 h, the supernatant was
discarded and wells were treated with 25, 50, 100 μg/mL of LJSF4, respectively. Then, after being
further incubated for 24 h, the MTT solution was applied into the wells for 4 h. At last, the formazan
crystals were dissolved in DMSO, and the absorbance were measured at 540 nm by an ELISA plate
reader (BioTek PowerWave XS, Winooski, VT, USA) [10].

3.3.3. Measurement of Intracellular ROS Generation and Cell Viability in UVB-Irradiated HaCaT Cells

Intracellular ROS generation of LJSF4 on UVB-irradiated HaCaT cells was determined by
the DCFH-DA method [44]. Briefly, after incubation for 24 h, cells were treated with LJSF4 for 30 min.
Then, 500 μg/mL of DCFH-DA was added into each well and incubated for 30 min. Subsequently,
cells were exposed to 30 mJ/cm2 of UVB and measured according to the reported procedure of
Wang et al. [42].

In order to measure the cell viability of LJSF4 on UVB-induced HaCaT cells, cells were treated
with LJSF4 (25, 50, 100 μg/mL). After being cultured for 2 h, cells were exposed to 30 mJ/cm2 of
UVB and incubated for 24 h. Subsequently, cell viability was examined by the MTT assay described
previously [10,45].

3.3.4. Measurement of Apoptosis in UVB-Irradiated HaCaT Cells

As in the procedure described by Naito et al., the apoptosis body formation was assessed by
nuclear staining [46]. After being seeded in 24-well plates for 24 h, cells were treated with LJSF4
and incubated for another 2 h. Then, cells were exposed to 30 mJ/cm2 of UVB and incubated with
serum-free DMEM solution for 6 h. After incubation, cells were treated with Hoechst 33342 (stock,
10 mg/mL) for 10 min. At last, the stained cells were photographed by a fluorescence microscope
equipped with a Cool SNAP-Procolor digital camera (Olympus, Tokyo, Japan). Apoptosis levels were
measured using Image J software automatically.

3.3.5. Western Blot Analysis

To investigate the effect of LJSF4 on the expression of apoptosis-related proteins, Western blot
analysis was performed by the method described by Wijesinghe et al. [47]. Briefly, cells exposing
to 30 mJ/cm2 of UVB were pretreated with different concentrations of LJSF4. After incubation for
24 h, cells were harvested in lysis buffer. The total protein levels of the supernatant were measured
using a BCATM kit. A gradient 10% SDS-PAGE was used to separate the total protein extracts (50 μg),
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which were then electrophoretically transferred onto nitrocellulose membranes. The membranes were
then blocked with skim milk (5%), and the immunoblotting procedure, including incubation with
primary antibodies, washing, and incubation with secondary antibodies, was carried out as previously
reported [47]. Finally, the target bands were observed by enhanced chemiluminescence (ELC), and
detected by Tanon-5200 detection system (Tanon Science, Shanghai, China).

3.4. Effect of LJSF4 on UVB-Irradiated Zebrafish

3.4.1. Origin and Maintenance of Parental Zebrafish

This study work was approved by the ethical committee of experimental animal care of Ocean
University of China at College of Food Science and Engineering, (Approval No. 2019-05). Adult
zebrafish were obtained from the Molecular Medicine Laboratory (Ocean University of China, Qingdao,
China) and kept in an automatic circulation culture system (ESEN, Beijing, China) at 28.5 ± 1 ◦C with
a cycle of 14/10 h of light/dark. Live brine shrimps were fed twice a day to the parental zebrafish.
Embryos were obtained from natural spawning according to the method reported by Zou et al. [48].
Fertilized embryos were collected in petri dishes completely within 30 min.

3.4.2. Measurement of Effect of LJSF4 Against UVB-Irradiation in Zebrafish

At 2 dpf, the zebrafish were transferred to a 24-well plate and treated with LJSF4 with final
concentrations of 25, 50, and 100 μg/mL, respectively. The incubation, UVB-irradiation process and
determination of ROS level, cell death, and NO production were carried out according to the reported
procedure of Ko et al. [12]. The zebrafish larvae were photographed under the microscope Cool
SNAP-Procolor digital camera, and the individual zebrafish larvae fluorescence intensity was quantified
using an Image J program (National Institutes of Health, Bethesda, MD, US).

3.5. Statistical Analysis

Three independent experiments were carried out for each assay. Data were expressed as means ±
standard error of the means (S.E.M) and analyzed by one-way ANOVA followed by the least significant
differences test using SPSS 20.0 (SPSS Inc., Chicago, IL, USA). Turkey’s multiple-range test was used
to assess the significant differences of the means. In all cases, the p-value (p < 0.05) was indicated as
statistically significant differences.

4. Conclusions

In this study, we evaluated the protective effect of LJSF4 against UVB-induced photodamage
by in vitro and in vivo models. Treatment with LJSF4 prior to UVB exposure considerably protected
the HaCaT cells against ROS generation. In addition, the ROS, the cell death, the nitric oxide, and
the lipid peroxidation induced by UVB radiation in zebrafish were reduced by the addition of LJSF4.
This study suggested the potential use of LJSF4 from S. japonica for the treatment of UVB-caused skin
damage, which indicated that LJSF4 has a great potential to be used in cosmetic products as an effective
natural anti-UVB agent.
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Abstract: The main pathologic changes of the Parkinson’s disease (PD) is dopaminergic (DA) neurons
lost. Apoptosis was one of the important reasons involved in the DA lost. Our previous study found
a fucoidan fraction sulfated heterosaccharide (UF) had neuroprotective activity. The aim of this
study was to clarify the mechanism of UF on DA neurons using human dopaminergic neuroblastoma
(SH-SY5Y) cells a typical as a PD cellular model. Results showed that UF prevented MPP+-induced
SH-SY5Y cells apoptosis and cell death. Additionally, UF pretreated cells increased phosphorylation
of Akt, PI3K and NGF, which means UF-treated active PI3K–Akt pathway. Moreover, UF treated
cells decreased the expression of apoptosis-associated protein, such as the ratio of Bax/Bcl-2, GSK3β,
caspase-3 and p53 nuclear induced by MPP+. This effect was partially blocked by PI3K inhibitor
LY294002. Our data suggested that protective effect of UF against MPP+-induced SH-SY5Y cells
death by affecting the PI3K–Akt pathway. These findings contribute to a better understanding of the
critical roles of UF in treating PD and may elucidate the molecular mechanisms of UF effects in PD.

Keywords: fucoidan; sulfated heterosaccharide; dopamine neurons apoptosis; PI3K–Akt

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disease characterized by the selective loss of
dopaminergic (DA) neurons and the formation of Lewy bodies in the brain. The mainly symptoms was
movement disorders such as bradykinesia, myotonia, tremors and abnormal gait [1]. Many reasons
such as apoptosis, oxidative stress, genetic factors, environmental factors, mitochondrial dysfunction,
ubiquitin-proteasome system dysfunction, immune abnormalities, excitotoxicity and cytotoxicity of
calcium may be related to the occurrence of PD [2,3]. Many studies have shown that DA neuron
apoptosis has an important effect on the pathogenesis of PD, the number of apoptotic cells in PD
patients is nearly 10 times more than normal aged person [4]. However, the exact cause of DA neuron
apoptosis is unknown [5]. Oxidative stress, loss of antioxidant function and mitochondrial function
damage, can induce DA neuron apoptosis at different levels [6]. The inhibition of pro-apoptotic
protein Bax and anti-apoptotic protein Bcl-2 can regulate the apoptosis of DA neurons [7]. Therefore,
regulation the expression of apoptosis-associated genes and proteins has become another strategy for
the treatment of PD.

The PI3K–Akt pathway plays an important role in neuronal survival and death. Activation the
PI3K–Akt pathway can inhibit the activity of downstream caspase-3 and thus inhibit the apoptosis of DA
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neurons, which can be weakened by the PI3K-specific inhibitor LY294002 [8]. Studies found pretreatment
with simvastatin, sulforaphane, erythropoietin,β-interferon and catechins on 6-OHDA-damaged SH-SY5Y
cells can increase the PI3K phosphorylation and directly activates the PI3K signaling pathway. Activated
Akt can inhibit the activity of downstream caspase-3 and thus inhibit the apoptosis of DA neurons, which
can be weakened by the PI3K-specific inhibitor LY294002 [9]. The brain tissues of PD patients and normal
people were analyzed by immunofluorescence and western blotting after death. It was found that Akt
and activated phosphoSer473-Akt were significantly reduced in the brains of PD patients. Nerve growth
factor (NGF) plays an important role in the stages of neuron growth and development, axon growth,
transmitter synthesis and cell apoptosis. Studies have shown that the application of corresponding
treatments after spinal cord ischemia can induce NGF to activate the PI3K–Akt pathway to inhibit
neuronal apoptosis. It can be seen that increase NGF to activate the PI3K–Akt pathway to inhibit DA
neuronal apoptosis is a new strategy for the prevention and treatment of PD.

Marine seaweeds produce and accumulate a large number of substances with special chemical
structures, physiological activities and functions during their growth and metabolism. The development
and utilization of marine biologic resources is an important area and direction for drug candidates. The main
feature of the polysaccharides extracted from seaweeds is that it contained sulfated groups. The structures
were more complex and the activities were more excellent compared with the polysaccharides extracted
from the land plants [10]. Fucoidan is a kind of sulfated polysaccharide extracted from brown algae. It
has various biologic activities such as antivirus, antitumor, antimutation, antiradiation and immunity
enhancement [11]. The bioactivity such as antioxidant, anticoagulation, neuro-protective activity of
fucoidan depends on several structural parameters such as the degree of sulfation (DS), the molecular
weight, other substitution groups and position, type of sugar and glycosidic branching. Our preliminary
study had shown that the fucoidan with highest sulfated group exhibited stronger activity in scavenging
superoxide radical and also hydroxyl radical [12]. The sulfated and benzoylated derivatives of fucoidan
could enhance the neuroprotective activity by increasing mitochondrial activity and decreasing LDH
and ROS release induced by 6-OHDA (p < 0.01 or p < 0.001) [13]. Our previous studies found that
fucoidan (FPS) can reduce DA neurons damage in phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
PD mouse model [14,15]. FPS has a protective effects on oxidative damage and inflammatory lesion
on DA neurons caused by MPTP in PD mouse, [16]. FPS is a crude polysaccharide prepared from
Saccharina japonica. After degradation and purification, we got three fractions with different sulfated
groups and monosaccharides compositions. Among the samples, UF with highest uronic acid and
lowest sulfated groups has the strongest neuroprotective effect both in vitro and in vivo [17]. UF can
increase the level of antioxidant enzymes and reduce the level of lipid peroxidation in PD mice [18].
We further found that UF can upregulate the expression of the anti-apoptotic protein Bcl-2, reduce the
expression of the pro-apoptotic protein Bax, and significantly inhibit the apoptosis of DA neurons in
H2O2–induced SH-SY5Y cell model [13]. Therefore, we speculate that UF has effect on the DA neurons
apoptosis. However, it is not yet established whether UF exhibited apoptosis activity through PI3K–Akt
pathway in a MPP+ induced neuronal cell line. Can UF activate PI3K by acting on the NGF to cause
progressive activation of the PI3K–Akt pathway? How does UF regulate downstream signaling molecules
and proteins in the PI3K–Akt pathway?

The aim of this study is to clarify whether UF can activate the PI3K–Akt pathway by acting on
NGF protein and illuminate the anti-apoptosis mechanism of UF through the PI3K–Akt pathway.
This study will provide experimental foundation and theoretical basis for the application of UF in PD
therapy and provide a scientific basis for the development of new and effective anti-PD marine drugs.

2. Result

2.1. Chemical Analysis

The chemical composition of FPS, DF (low molecular weight fucoidan) and UF are shown in
Table 1. All these three samples were sulfated heteropolysaccharides; they were mainly made of
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fucose, uronic acid and sulfated groups. However, the exactly chemical composition were different.
The chemical composition of FPS and DF were nearly the same, however. The molecular weight of
FPS was 10 times higher than DF. Among the three samples, UF had the highest uronic acid and
lowest sulfated groups. The monosaccharides of three samples all contained fucose, galactose, glucose,
rhamnose, mannose and xylose. Fucose was the mainly monosaccharide in all three samples, followed
with galactose The structure of FPS, DF and UF were published by our group. The backbone of FPS
and DF was similar: they were primarily made by (1→3)-linked α-l-fucopyranose residues and a
few (1→4)-α-L-fucopyranose linkages. β-d-galactose and fucose were linked at the branch points at
C-4 or C-2 of α-L-fucopyranose residues. Sulfate groups occupied at C-4 or C-2, sometimes C-2, 4 to
fucose residues and C-3 and/or C-4 to galactose residues. The structure of UF was more complex.
The backbone was made by 4-linked uronic acid and 2-linked mannose. The branch chain was
composed of 1–3-linked fucose, 1–6-linked galactose and 1–4-linked glucuronic acid. The sulfate group
was connected to the C-6 position of mannose. and C-4 or C-2 position of fucose [19].

Table 1. The yield (% compared with the dry S. japonica), chemical composition (% dry weight) and
molecular weight of fucoidan (FPS), DF and its fraction (UF) isolated from S. japonica.

Sample Yield% Fucose Uronic Acid Sulfate Molecular
Weight (Da)

Neutral Sugar (Mole Ratio) a

Fuc Gal Man Glc Rha Xyl

FPS 2.2 26.12 4.93 28.01 174,000 1.00 0.39 0.098 0.031 0.091 0.022

DF 1.3 28.7 3.65 30.1 9500 1.00 0.58 0.038 0.16 0.054 0.033

UF 0.3 19.12 14.25 21.21 6544 1.00 0.71 0.11 0.26 0.11 0.087
a Fuc: fucose; Gal: galactose; Man: mannose; Glc: glucose; Rha: rhamnose; Xyl: xylose.

2.2. Protective Effect of UF on MPP+-Induced Neurotoxicity in SH-SY5Y Cells

The results of protective effect of UF on MPP+-induced neurotoxicity in SH-SY5Y cells are shown in
Figure 1. The exposure of the SH-SY5Y cells to 100-μM MPP+ significantly reduced cell viability to 60%
compared with that of the normal cells. In contrast, pretreatment with different concentrations of UF
reversed the decreased cell viability induced by MPP+. Co-incubation of UF at the dose of 500 μg/mL
and 800 μg/mL increased the cell viability more than 30% compared with the MPP group. When exposed
with PI3K inhibitor LY294002, the cell viability decreased in all groups compared with the NC group.
The cell viability of NCLY and MPPLY group was nearly 80% and 32% compared with the NC group.
Pretreatment with UF increased the cell viability to 55%—especially at the dose of 800 μg/mL.

Figure 1. Effect of the samples on the neuronal cell viability induced by MPP+. # Vs NC p < 0.05;
## Vs NC p < 0.01; ### Vs NC p < 0.001; * Vs MPP p < 0.05; ** Vs MPP p < 0.01; *** Vs MPP p < 0.001; ˆ Vs
MPPLY p < 0.05; ˆˆ Vs MPPLY p < 0.01; ˆˆˆ Vs MPPLY p < 0.001.
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To determine whether the survival rate of SH-SY5Y neurons increased by UF treatment was
related to cell apoptosis, cells were stained with the DNA dye Hoechst 33342/PI to visualize nuclear
morphology (Figure 2). The results showed that incubation with MPP+ could cause SH-SY5Y
cells apoptosis—including the degeneration of neuritis and shrinkage of cell bodies—as well as
fragmentation and condensation of nuclei. Without exposure to MPP+, SH-SY5Y cells exhibited normal
cellular morphology. Different doses of UF administration groups could reduce the apoptosis and
death rate of SH-SY5Y cells (500 μg/mL and 800 μg/mL, respectively, p < 0.01), which indicated that
the protective effect of UF on SH-SY5Y cells was related to reducing the apoptosis of SH-SY5Y cells.
To determine whether the apoptosis of SH-SY5Y cells caused by MPP+ was related to the PI3K/AKT
pathway, we added PI3K/AKT pathway inhibitor LY294002 during cell culture [7,8]. The degree of
apoptosis and death rate of SH-SY5Y cells in MPPLY group increased significantly compared with
NC group. Different concentrations of UF administration groups could reduce the apoptosis and
death rate. The MPP+-induced apoptosis rate was 37.6%; the addition of LY294002 increased the
frequency of apoptosis rate to 51.5%. UF at 800 μg/mL greatly reduced MPP+-induced apoptosis to
11.1%. With the addition of LY294002, the effect of UF at 800 μg/mL on MPP+-induced apoptosis
was 28.7%. The apoptosis rate was different when cells were pretreatment with UF alone or together
with LY294002 (11.1% versus 28.7%, p < 0.001). These data suggest that the protective effect of UF on
SH-SY5Y cells was partly related to the PI3K/AKT pathway.

 

Figure 2. Cont.
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Figure 2. Nuclear morphology of MPP+ and UF treated SH-SY5Y cells for 48 h. (a) Protective effects of
UF on MPP+-induced cell apoptosis rate %; (b) protective effects of UF on MPP+-induced cell Death
rate % (c) Data are expressed as percentages and represent the mean ± SD of three separate experiments
in which at least 200 cells were counted per one treatment group. # Vs NC p < 0.05; ## Vs NC p < 0.01;
### Vs NC p < 0.001; * Vs MPP p < 0.05; ** Vs MPP p < 0.01; *** Vs MPP p < 0.001; ˆ Vs MPPLY p < 0.05;
ˆˆ Vs MPPLY p < 0.01; ˆˆˆ Vs MPPLY p < 0.001; Scale bar in the picture is 50 in length.

2.3. UF Effect on the Expression of PI3K, Akt and Its Phosphorylation

Figure 3 summarizes the effect of the samples on the phosphorylation of PI3K and Akt proteins ().
The immunochemistry results showed that MPP+ treatment decreased the phosphorylation of PI3K and
Akt and inhibited the activation of PI3K/AKT pathway. Different concentrations of UF administration
groups promoted the phosphorylation of PI3K and Akt, thereby activating the PI3K/AKT pathway
(Figure 3b,c). The ratio of pAkt/tAkt and pPI3K/tPI3K were analyzed; the two ratios were lower in
MPP group than in NC group. Different doses of UF treated increased the two ratios, respectively.
We also examined whether the PI3K inhibitor LY294002 could inhibit the cytoprotective effect of UF.
After incubation with LY294002, the degree of phosphorylated PI3K and Akt decreased significantly
compared with NC group. Different concentrations of UF administration groups increased the
phosphorylated PI3K and Akt level. Comparing the groups UF1 and UF1LY, UF2 and UF2LY, UF3
and UF3LY, the phosphorylated PI3K and Akt increased rates in UF1LY, UF2LY and UF3LY groups
were lower than in the UF1, UF2 and UF3 groups, respectively. The results suggest that UF activated
the PI3K/AKT pathway to inhibit the apoptosis of neuron cells and additional LY294002 alleviated
UF neuron protective, but not completely. We tested the pAkt and pPI3K protein expression using
western blotting to confirm. As we expected, results showed that the expression of pAkt and pPI3K
was decreased in MPP group compared with the NC group. UF treatment groups reversed the MPP+

induced pAkt and pPI3K decrease markedly. After incubation with LY294002, the expression of pAkt
and pPI3K were lower than the groups without treated with LY294002, respectively. Treatment with
UF and positive drug MA increased the expression of pAkt and pPI3K at some extent. Therefore, it is
plausible that the degradation pAkt and pPI3K may be regulated by UF and the UF treatment could
activate PI3K–Akt pathway.
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Figure 3. UF effect on the expression of PI3K, Akt and its phosphorylation. (a) PI3K, Akt and its
phosphorylation results by western blot; (b) Akt and its phosphorylation results by immunochemistry
method; (c) PI3K and its phosphorylation results by immunochemistry method; # Vs NC p < 0.05; ## Vs
NC p < 0.01; * Vs MPP p < 0.05; ** Vs MPP p < 0.01; ˆ Vs MPPLY p < 0.05; ˆˆ Vs MPPLY p < 0.01.

2.4. UF Effect on the Expression of NGF

To determine whether UF treatment could promote the survival of CNS neurons and activation
PI3K/AKT pathway, we tested the effectiveness of UF on NGF. The protein expression level of the
NGF decreased significantly in the MPP group, however, NGF expression elevated in different doses
of the UF treatment groups, especially in the dose of 100-μg/mL UF group (Figure 4a). Moreover,
the treatment of cells with 100-μM MPP+ and 20-μM LY294002 significantly decreased the mRNA level
of NGF to 0.28 ± 0.03 of the NC group and the UF (800 μg/mL) combined with LY294002 treatment
group increased that to 0.75 ± 0.06 of the NC group, respectively (Figure 4b).
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Figure 4. Protective effects of UF on MPP+-induced SH-SY5Y cell of NGF. (a) NGF results by
immunochemistry method; (b) NGF results by RT-PCR method; # Vs NC p < 0.05; ## Vs NC p < 0.01;
### Vs NC p < 0.001; * Vs MPP p < 0.05; ** Vs MPP p < 0.01; ˆ Vs MPPLY p < 0.05; ˆˆ Vs MPPLY p < 0.01.

2.5. UF Effect on the Expression of Apoptosis Related Proteins

Figure 5 summarizes apoptosis-related proteins in the PI3K/AKT pathway. From our data we
concluded that UF has a certain inhibitory effect on the expression of pro-apoptotic proteins Bax, P53
and GSK3β, and also has a certain promotion effect on the anti-apoptotic protein Bcl-2 (Figure 5a,b).
The ratio of Bax/Bcl-2 was increased to 4.2 and 4.7-fold in MPP and MPPLY groups compared with NC
group, respectively. UF treatment group decreased the ratio of Bax/Bcl-2 at a dose dependent manner.
The ratio of Bax/Bcl-2 in UF3 group was lower than in the NC group. The ratio of Bax/Bcl-2 in UF3LY
group was nearly the same as in the NC group. The level of mRNA expression following MPP+ and
UF treatment were examined by RT-PCR in order to confirm the protein changes in process of the
cell apoptosis (Figure 5c,d). The PD model induced by MPP+ increased the mRNA expression level
of pro-apoptosis protein such as Bax, p53 and GSK3β, and decreased the mRNA expression level of
anti-apoptosis protein Bcl-2. However, there was a marked decrease in the mRNA expression level
of pro-apoptosis protein levels and increase in the mRNA expression level of anti-apoptosis protein
levels in the UF-treated groups. We also found that the mRNA expression of the key apoptosis-related
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proteins Bax, P53 and GSK3β was consistently upregulated to 5.97 ± 0.15, 6.24 ± 0.44 and 7.63 ± 0.52,
respectively, in cells treated with 100-μM MPP+ and LY294002, whereas that of Bcl-2 was downregulated
to 0.44 ± 0.07 of the control values. However, UF together with LY294002 treatment inhibited the
up- or downregulation of Bax, P53, GSK3β and Bcl-2. Compared to the UF treated group, the up- or
downregulation ability was weaker.

 

Figure 5. Cont.
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Figure 5. Protective effects of UF on MPP+-induced SH-SY5Y cell of apoptosis relative protein.
(a) protein expression of Bcl-2 and Bax by immunochemistry method; (b) protein expression of p53
and GSK3β by immunochemistry method; (c) mRNA expression of Bcl-2 and Bax by RT-PCR method;
(d) mRNA expression of Bcl-2 and Bax by RT-PCR method # Vs NC p < 0.05; ## Vs NC p <0.01; ### Vs
NC p < 0.001; * Vs MPP p < 0.05; ** Vs MPP p < 0.01; ˆ Vs MPPLY p < 0.05; ˆˆ Vs MPPLY p < 0.01; ˆˆˆ Vs
MPPLY p < 0.001.

2.6. Caspase-3, -8 and -9 Activity

The treatment of cells with 100-μM MPP+ significantly increased the relative activity of caspase-3
(cas3), caspase-8 (cas8) and caspase-9(cas9) to 0.73 ± 0.2, 2.90 ± 0.43 and 2.06 ± 0.18 of the NC group,
respectively (Figure 6); however, this significantly decreased to 0.58 ± 0.13, 1.45 ± 0.32 and 1.16 ± 0.36
of the NC group, respectively, under UF treatment at 100 μg/mL. Moreover, the treatment of cells with
100-μM MPP+ and 20-μM LY294002 significantly increased the relative activity of cas3, cas8 and cas9
to 3.21 ± 0.11 and 4.53 ± 0.56, 3.02 ± 0.27 of the NC group, respectively, which were much higher than
MPP group; however, this significantly decreased to 0.94 ± 0.24, 0.84 ± 0.35 and 0.73 ± 0.18 of the
control group, respectively, when treated with UF at 800-μg/mL and 20-μM LY294002. These results
showed that UF treatment could promote the activity of caspase-3, caspase-8 and caspase-9 did not
inhibited by LY294002.
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Figure 6. Protective effects of UF on MPP+-induced SH-SY5Y cell of relative activity of caspase-3,
caspase-8 and caspase-9. # Vs NC p < 0.1; ## Vs NC p < 0.01; * Vs MPP p < 0.1; ** Vs MPP p < 0.01; ˆ Vs
MPPLY p < 0.1; ˆˆ Vs MPPLY p < 0.01.

3. Discussion

PD is a neurodegenerative disease caused by both genetic and environmental factors.
Neuroprotection therapeutic method caused interest in recently. Previous study found fucoidan
extracted from brown seaweeds had neuron protective activity which related to its antioxidant
activity [15]. Further studies found different fractions of fucoidan exhibited variety neuron protective
activities. One fraction UF with higher uronic acid, lower sulfated group content and more complex
monosaccharides exhibited the strongest activity. The neuron protective effect of UF may be mediated,
in part, through antioxidant activity and the prevention of cell apoptosis [18]. The simplified depiction
effect of UF on MPP+-induced cytotoxicity was summarized in Figure 7. UF treatment groups could
decrease the cell apoptosis rate and increase the cell vitality. LY294002 could inactivate the PI3K–Akt
pathway, thereby inhibiting cell proliferation and inducing apoptosis. The results found that the
neuron protective effect of UF was alleviated when treated with LY294002. It is illustrated that the
neuron protective effect of UF may relate with the PI3K–Akt pathway.

Figure 7. Effect of UF on MPP+-induced SH-SY5Y cells apoptosis.
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The PI3K–Akt pathway plays an important role in the survival and maintenance of many neuronal
function such as long-term potentiation and memory formation. Inhibition of PI3K activity can
offset the ability of nerve growth factors to promote cell survival [8]. Chondroitin sulfate (CS) in
the cell matrix can protect SH-SY5Y cells by activating the PI3K–Akt signaling pathway [6]. Nerve
growth factor (NGF) is a peptide molecule that plays a nutritional role in nerve cells. In the nervous
system, NGF can increase the tolerance of cells under oxidative stress, which is the main mechanism
involves NGF-induced activation of the PI3K–Akt pathway. Studies have shown that the application
of corresponding treatments after spinal cord ischemia can induce NGF to activate the PI3K–Akt
pathway to inhibit neuronal apoptosis [20]. Seow et al. found crude polysaccharides extracted from
Lignosus rhinocerotis could stimulate neurogenesis without stimulating the production of NGF in
PC-12 cells [21]. We found UF had a backbone of alternating 4-linked GlcA and 2-linked Man with
the first Man residue from the nonreducing end accidentally sulfated at C6. UF and CS both have
GluA and sulfate group, so we suppose UF could combine with NGF and increase the expression
of the NGF, then activation the PI3K–Akt pathway. Our study confirmed that UF treatment could
increase the expression of NGF, the effect was alleviated when added LY294002, but not disappeared
completely. From our data, we suppose UF exhibited protective effect against MPP+-induced SH-SY5Y
cell apoptosis by activating PI3K–Akt pathway through reacting with NGF. The chemical composition
and structure of the polysaccharide had relationship with the effect on the NGF, chondroitin sulfate
and fucoidan could increase the expression of the NGF protein, however, polysaccharide extracted
from Lignosus rhinocerotis mimics the neurogenic activity of NGF.

PI3K is one of the signal molecules involved in intracellular signal transduction. When cells are
stimulated by stimulating factors such as NGF, the phosphorylation of PI3K is activated. The present
results demonstrated that UF treatment could enhance the phosphorylation of PI3K first, and then
promoted the phosphorylation of Akt. This effect was alleviated when combined with LY294002.

When phosphorylating the PI3K and Akt, it activates or inhibits its downstream target proteins Bad,
Bcl-2, Bax, caspase-9, GSK-3, mTOR, nuclear transcription factors, etc., in turn regulate cell proliferation,
differentiation, apoptosis and invasion [22]. The influence of UF on these anti-apoptotic and
pro-apoptotic protein were analyzed. Our study showed that UF could partially inhibit MPP+-induced
dysfunction of the Bax/Bcl-2 system and decrease the expression of P53 and GSK3β protein, then
inhibited cell apoptosis. This impact was alleviated when adding LY294002 in UF treated groups.
As an anti-apoptotic member of the Bcl-2 family, Bcl-2 can bind Bax to form Bax/Bcl-2 heterodimers,
thereby, attenuating the pro-apoptotic effect of Bax. Habaike et al. found polysaccharides extracted
from Laricifomes officinalis Ames could attenuating cell apoptosis, increasing the ratio of Bcl-2/Bax and
inhibiting cytochrome C release from mitochondria to cytosol in PC12 cells [23]. An acid-soluble
polysaccharide (GFAP) prepared from Grifola frondosa could upregulate the expressions of Bax in HCC
cells and induced the cell apoptosis [24]. The UF is a heteropolysaccharide with uronic acid and
sulfate group, we suppose it can react with Bax and effect the formation of Bax/Bcl-2 heterodimers.
P53 and GSK3β are thought to be a key factor in the subsequent apoptotic processes among the
pro-apoptotic proteins. UF can react with these two proteins directly and reduce the cell apoptosis in
the H2O2-reduced cell model [25].

Caspase family such as caspase-3 (cas3), caspase-8 (cas8) and caspase-9 (cas9) are crucial checkpoint
in cell commitment to apoptosis. Cas3 is a critical executor of apoptosis being responsible for the
proteolytic cleavage of many key proteins, which damage initiates the cell death program. Yu et al.
found an acid-soluble polysaccharide could trigger apoptosis of HCC cells through mitochondria
apoptotic pathway in a caspases-dependent pattern [24]. It means the acid polysaccharide could
react with caspases-dependent pattern, it could decrease or increase the expression of caspase protein,
which confirmed by our results. The addition of UF significantly attenuated the expression of cas3
in MPP+-induced SH-SY5Y cells, confirming UF had effect in terms of apoptosis process. LY294002
used did not lead to a complete inhibition of initiation-programmed cell death by UF treated groups,
suggesting that other pathways are also involved. Cas8 and cas9 have shown increase in MPP+
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and MPP++LY294002 groups simultaneously, UF treated groups could decrease this rising tendency.
The observed changes may suggest that UF could significantly decrease cas3, cas8 and casp9 activation,
the consequence of which is apoptosis.

Our study showed that UF treatment could reversed the toxic effect of MPP+ on SH-SY5Y cells by
activation the PI3K–Akt pathway. Addition of LY294002 significantly inhibited the PI3K–Akt pathway
active and enhanced DNA fragmentation in SH-SY5Y cells, UF treated groups could still alleviate the
cell apoptosis. In the present study, we demonstrated for the first time that UF attenuated the MPP+

induced apoptosis via reacting with NGF, Bax and cas3. Our data indicated that UF inhibited cell
apoptosis by participating in PI3K–Akt pathway partially.

4. Materials and Methods

4.1. Preparation of Sulfated Polysaccharides

Saccharina japonica (Laminariaceae), cultured along the coast of Dandong, China, was collected
in August 2015, authenticated by Prof. Lanping Ding and stored as a voucher specimen (No. 83)
in the Institute of Oceanology, CAS. The fresh algae were promptly washed, sun dried and kept in
plastic bags at room temperature until use. FPS and UF were prepared according to our previous
methods with minor modifications (Figure 8) [12,26]. Briefly, FPS was extracted in water solution at
120 ◦CC using autoclave from Saccharina japonica. DF was prepared using ascorbate and hydrogen
peroxide (30 mmol/L, 1:1) degradation method. UF were obtained using DEAE-Sepharose FF exchange
chromatography previously described.

 
Figure 8. Flowchart of the extraction for UF.

4.2. Analytical Methods

The total sugar content of samples were determined according to the method of Dubois et al.
using L-fucose as the standard [27]. The sulfate content was analyzed by ion chromatography using
K2SO4 as the standard. Uronic acid was estimated via a modified carbazole method using d-glucuronic
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acid as the standard [28]. The neutral sugar composition was determined by PMP-HPLC precolumn
derivatization chromatography using ribose as interior label [29]. The molecular weight was assayed by
an HP-GPC chromatography using a series of dextrans with different molecular weights as standards.
A series of dextrans were purchased from the National Institute for the Control of Pharmaceutical and
Biologic Products (China). Other standard reagents were purchased from Sigma-Aldrich (Milwaukee,
WI, USA).

4.3. Cell Culture and Treatments

A dopaminergic cell line SH-SY5Y was used to establish an in vitro PD model. SH-SY5Ycells
were kindly provided by Professor Ning Song (QingDao University) and maintained in Dulbecco’s
modified Eagle medium/F12 supplemented with 10% newborn calf serum (Gibco) in an incubator
with an atmosphere of 5% CO2 at 37 ◦C. For all experiments, the cells were seeded on 96-well plates,
24-well plates or 6-well plates at a density of 1 × 104 cells–1 × 105 cells/mL for 24 h. Then the cells
were incubated with MPP+ for 30 min, then treated with different reagents for 24 h. The cells were
divided into 12 groups. 1. NC group: treated with DMEM; 2: MPP group: treated with 100-μM MPP+;
3. UF1 group: treated with 100-μM MPP+ and 100-μg/mL UF; 4. UF2 group: treated with 100-μM
MPP+ and 500-μg/mL UF; 5. UF3 group: treated with 100-μM MPP+ and 800-μg/mL UF; 6. MA group:
treated with 100-μM MPP+ and 100-mM positive drugs Modopar; 7. NCLY group: treated with DMEM
and 20-μM LY294002; 8: MPPLY group: treated with 100-μM MPP+ and 20-μM LY294002; 9. UF1LY
group: treated with 100-μM MPP+, 100-μg/mL UF and 20-μM LY294002; 10. UF2LY group: treated
with 100-μM MPP+, 500-μg/mL UF and 20-μM LY294002; 11. UF3LY group: treated with 100-μM
MPP+, 800-μg/mL UF and 20-μM LY294002; 12. MALY group: treated with 100-μM MPP+, 100-mM
positive drugs Modopar and 20-μM LY294002. All the group had six wells and all the experiments
were repeated three times in different batches of cells.

4.4. Measurement of Cell Viability by MTT

SH-SY5Y cells were plated at a density of 1 × 104 cells/100 μL in 96-well plates. Cell viability
was quantitatively assessed using the MTT ([3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium
bromide]) assay [9]. After 24 h treatment, 20 μL MTT (0.5 mg/mL) regent was added to each well
and incubated at 37 ◦C for 4 h. The medium was removed and washed twice with phosphate buffer
solution (pH 7.4), then 200 μL DMSO was added to solubilize the formazan crystals. Cell viability
was measured at 494 nm by spectrophotometer (Bio-Tec Gen 5, Winooski, VT, USA). Unless stated
otherwise, all other chemicals were purchased from Sigma-Aldrich.

4.5. Observation of Morphologic Changes

Cells were seeded in 24-well plates at a density of 1 × 105 for 24 h. After treatment for 24 h, cells
were washed with phosphate-buffered saline and stained with 400 μL Hoechst 33,342 (2.5 μg/mL) for
5 min in the dark. After removing the medium and washed twice with phosphate buffer solution
(pH 7.4), 400 μL PI (12.5 μg/mL) was added for 5 min in the dark. Cells with typical apoptotic
nuclear morphology such as nuclear shrinkage and fragmentation and micronuclei formation were
identified under fluorescent microscope and counted using randomly selected fields on numbered
slides. The percentage of apoptotic cells was scored by counting at least 200 cells per treatment group
and the average percentage of apoptotic cells was determined for each UF treatment and expressed as
the mean ± SD.

4.6. Immunocytochemistry

Immunocytochemistry was performed and modified according to Iida’s study. Briefly, SH-SY5Y
cells were seeded in 12-wells plates and incubation with MPP+ and different reagent for 24 h. After
washing with PBS for three times and fixing with PBS containing 4% (wt/vol) paraformaldehyde for
15 min and then permeabilized with 0.5% (wt/vol) Triton X-100 and blocked with 5% goat serum for
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1 h at room temperature. Subsequently, the cells were incubated with rabbit monoclonal anti-Akt
(1:200), anti-PI3K (1:200), anti-Bax (1:100), anti-Bcl-2 (1:100), anti-GSK3β (1:200), anti-pPI3K (1:200),
anti-p53 (1:100), anti-NGF (1:200), anti-pAkt (1:200) antibodies at 4 ◦C overnight. After washing with
PBST and incubated with the second antibody (1:200) in PBST for 1 h. After the samples were washed
with PBS three times, they were embedded in DAPI for 5 min and then washed with PBST 4 times.
The images were obtained using an Olyba microscope. The mean fluorescence intensity was calculated
by Image-Pro (Rockville, MD, USA).

4.7. Western Blot Analysis

Cells were lysed in lysis solution (Ambion, Grand Island, NY, USA) and incubated at 95 ◦C for 10
min. Protein concentration was determined by the Bradford assay kit (Takara Biotechnology, Dalian,
China). Twenty micrograms of total proteins was separated by 10%–12% sodium dodecyl sulfate
polyacrylamide gels and then transferred to polyvinylidene difluoride membranes. Blots were probed
with rabbit monoclonal anti-Akt (1:1000), anti-pAkt (1:1000), anti-PI3K (1:1000), anti-pPI3K (1:1000).
Blots were also probed with rabbit monoclonal anti-GAPDH antibody (Milwaukee, WI, USA, Sigma,
1:10,000) as a loading control. Anti-rabbit secondary antibodies conjugated to horseradish peroxidase
were used at 1:10,000 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). UVP BioSpectrum®CCD
imaging system (Davis, CA, USA) was used for imaging and analysis. Camera settings were
manipulated in preview mode to optimize the exposure and determine the appropriate final exposure
settings. Exposures of 30 s up to 5 min were used for data collection. Results were analyzed through
scanning densitometry by UVP Vision Works LS Software (UVP, Cambridge, UK).

4.8. Total RNA Extraction and Real Time PCR

SH-SY5Y Cells were seeded in 6-wells plates and incubation with MPP+ and different reagent for
24 h. Total RNA was isolated by Trizol Reagent (Takara Biotechnology, Dalian, China) ccording to the
manufacturer’s instructions. From each sample, 1 μg of total RNA was retrotranscripted into cDNA
(Takara RR047A, Dalian, China). Then, 2 μL of each sample was used as a template for amplification
reactions conducted with the SYBR Premix Ex TaqTMII (Takara Biotechnology, Dalian, China) following
the manufacturer’s instructions. The PCR amplifications were conducted using a life Technology 7500
fast Real-time PCR system. The expression of house-keeping gene, GAPDH mRNA, was served as the
standardized control. Primer (showed in Table 2) selection was performed using the Primer Premier
Design Software, version 1.0 (Idaho Technology, Inc., Alameda, CA, USA). The mRNA level for the
control group was set as 100%.

Table 2. Primers used for real-time RT-PCR.

Target Gene Primer Sequences Amplicon (bp)

Bax FP GGCGAATTGGACATGAAC 182

RP CCGAAGTAGGAGAGGAGG

Bcl-2 FP CCCCAGAAGAAACTGAACC 195

RP GCATCTCCTTGTCTACGC

GSK3β FP ATTCCCTCAAATTAAGGCACCTCC 142

RP ATACTCCAGCAGACGGCTACACAG

p53 FP GGCGAATTGGAGATGAAC 156

RP CCGAAGTAGGAGAGGAGG

GAPDH FP TTCACCACCATGGAGAAGGC 247

RP GGCATGGACTGTGGTCATGA

NGF FP TCCAGGTGCATAGCGTAATG 195

RP CTCCGGTGAGTCCTGTTGAA
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4.9. Caspase-3, -8 and -9 Activity

After treatment of cells with UF for 24 h, the cells were harvested using cell scrapers and washed
in ice-cold PBS. Then, the cells were lysed for 30 min on the ice in 100 μL of Cell Lysis Reagent
supplemented with complete protease inhibitor cocktail. The protein concentration of cell lysates was
determined by Bicinchoninic acid (BCA) assay (Takara Biotechnology, Dalian, China).

4.10. Statistical Analysis of Data

The data are presented as the mean values ± 1 SD (n = 8−10). The data were analyzed by a
one-way ANOVA, a Duncan’s multiple-range test and an LSD test at a significance level of p < 0.05.
SPSS 22.0 software (New York, NY, USA) was used for the analysis.

5. Conclusions

Fucoidan is a kind of sulfated polysaccharide extracted from brown algae. UF is a
heteropolysaccharide purified from fucoidan. In our previous study, we found UF had excellent neuron
protective activity. However, the mechanism is still unknown. In our present study, we demonstrated
that UF could act on the extracellular growth factor NGF and cause progressive activation of the
PI3K–Akt pathway. Furthermore, this study provides further insight into the mechanisms of UF,
including regulating downstream signaling molecules and proteins of the PI3K–Akt pathway and the
a alleviate effect by adding LY294002, which means the neuron protective activity of UF was partly
through PI3K–Akt pathway. These findings contribute to a better understanding of the critical roles of
UF in treating PD and may elucidate the molecular mechanisms of UF effects in PD.
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Abstract: Fucoidans possess multiple biological functions including anti-cancer activity. Moreover,
low-molecular-weight fucoidans are reported to possess more bioactivities than native fucoidans.
In the present study, a native fucoidan (SC) was extracted from Sargassum crassifolium pretreated by
single-screw extrusion, and three degraded fucoidans, namely, SCA (degradation of SC by ascorbic
acid), SCH (degradation of SC by hydrogen peroxide), and SCAH (degradation of SC by ascorbic acid
+ hydrogen peroxide), were produced. The extrusion pretreatment can increase the extraction yield of
fucoidan by approximately 4.2-fold as compared to the non-extruded sample. Among SC, SCA, SCH,
and SCAH, the chemical compositions varied but structural features were similar. SC, SCA, SCH,
and SCAH showed apoptotic effects on human lung carcinoma A-549 cells, as illustrated by loss of
mitochondrial membrane potential (MMP), decreased B-cell leukemia-2 (Bcl-2) expression, increased
cytochrome c release, increased active caspase-9 and -3, and increased late apoptosis of A-549 cells.
In general, SCA was found to exhibit high cytotoxicity to A-549 cells and a strong ability to suppress
Bcl-2 expression. SCA also showed high efficacy to induce cytochrome c release, activate caspase-9
and -3, and promote late apoptosis of A-549 cells. Therefore, our data suggest that SCA could have
an adjuvant therapeutic potential in the treatment of lung cancer. Additionally, we explored that
the Akt/mammalian target of rapamycin (mTOR) signaling pathway is involved in SC-, SCA-, SCH-,
and SCAH-induced apoptosis of A-549 cells.

Keywords: ascorbic acid; anti-lung cancer; apoptosis; brown algae; fucoidan; human lung carcinoma
A-549 cells; hydrogen peroxide; Sargassum crassifolium

1. Introduction

Lung cancer is one of the most commonly diagnosed cancers and is also one of the most deadly
forms of cancer worldwide [1]. It is reported that 80% of lung cancers belong to the non-small-cell lung
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cancer (NSCLC) subtype that can be further divided into two classes: (1) lung adenocarcinoma (LUAD;
50%) and (2) lung squamous cell carcinoma (LUSC; 30%) [2,3]. In Taiwan, lung cancer is currently
the most prevalent and most frequent cause of cancer-related mortality [4]. As such, it is crucial to
develop novel agents and identify novel targets for the therapeutic treatment of lung cancer in order to
improve patient outcomes.

Previous investigations reported that many anti-cancer drugs have drawbacks, such as side
effects and toxicity [5]. Thus, there is a need for safer anti-cancer agents, particularly ones that can be
manufactured using readily available naturally derived ingredients that cause no or minimal side effects.
In recent years, researchers increasingly turned their efforts toward natural bioactive compounds due
to their possible therapeutic activity in cancer at non-toxic levels [6]. Fucoidan is a water-soluble
fucose-containing sulfated polysaccharide that is most commonly isolated from brown algae [7], and its
α-l-fucose-enriched backbone also contains other monosaccharides, including glucose, xylose, galactose,
and mannose [8]. Fucoidan possesses remarkable biological functions, including antioxidant, antitumor,
anti-inflammatory, immunoregulatory, and antithrombotic activities [9]. These biological activities vary
according to differences in the degree of sulfation, sulfation pattern, glycosidic branches, and molecular
weight (MW) of fucoidan [9]. Low-molecular-weight (LMW) fucoidan is a highly sulfated fragment
derived from fucoidan, and it received considerable attention due to its strong bioactivities with respect
to anti-inflammatory, anticoagulant, antiangiogenic, antithrombosis, antioxidant, and anti-obesity
effects [10,11]. In addition, LMW fucoidan is reported to be capable of modulating cell adhesion
factor [12] and growth factor [13].

The process of extrusion comprises a short-duration, high-temperature bioreaction that involves
mixing, heating, shearing, pressurizing, and shaping. During extrusion, the raw materials undergo
mechanical shearing at high temperature with a very low moisture content and, thus, the properties of
the extruded products, such as texture, microstructure, color, and flavor, are extensively modified [14].
Extrusion cooking provides numerous advantages, such as easy operation, continuous production,
low manpower, high production yield, minimal waste, and a diversity of products [15]. Extruders are
traditionally used to produce a wide variety of commonly consumed snacks, including corn curls,
breadsticks, flatbreads, extruded corn ball, extruded puffed rice cereals, croutons, and breakfast cereals.
Extrusion technology is also widely employed in the production of non-snack food products and other
applications, such as biomass processing, and in the chemical, polymer, and energy industries [16].
Previous investigations indicated that extrusion can be successfully employed for the pretreatment of
rice straw, which involves accelerating the saccharification of rice straw by enzymatic hydrolysis [17].
Fish scale is a good source for extraction of gelatin (a denatured form of collagen). However, it is
known that fish scale is composed of collagen and hydroxyapatite, which are tightly linked together
and difficult to separate. Extrusion was also adopted to pretreat fish scale to facilitate the separation of
collagen and hydroxyapatite [15,18]. Soybean dregs can be pretreated by extrusion to decrease the
quantity of insoluble dietary fiber (IDF) and increase soluble dietary fiber (SDF) in soybean residues [19].
Similarly, extrusion can be applied in the pretreatment of orange pomace to redistribute the IDF to SDF
and to obtain a greater amount of soluble dietary fiber [20]. Moreover, the saccharification effect of
lignocellulose can be improved by subjecting lignocellulosic biomass to bioextrusion pretreatment [21].
Therefore, we were interested in determining whether extrusion could be used to pretreat brown
seaweeds in order to disrupt the natural anti-degradation barriers of seaweeds and enhance the
release of polysaccharide from seaweed by water extraction alone. In the present study, we extracted
fucoidan from Sargassum crassifolium pretreated by single-screw extrusion. The extracted fucoidan
(native fucoidan, namely, SC) was then treated with different combinations of ascorbic acid (AA),
hydrogen peroxide (H2O2), and AA +H2O2 to obtain degraded fucoidans. The composition, structure,
and in vitro anti-lung cancer activity of native and degraded fucoidans were evaluated. This paper
presents, for the first time to the authors’ knowledge, the in vitro anti-lung cancer activity of native and
degraded fucoidans prepared from S. crassifolium pretreated by single-screw extrusion. In addition,
we attempted to elucidate the underlying mechanisms involved in the fucoidan-induced lung cancer
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cell death. The result of this study may help to inform future research into the possible applications of
degraded fucoidans as natural chemopreventive agents for the adjuvant treatment of cancer, especially
lung cancer.

2. Results and Discussion

2.1. Preparation of Native and Degraded Fucoidans from S. crassifolium Pretreated by Single-Screw Extrusion

S. crassifolium consists of 0.98% lipid, 2.36% protein, 34.0% ash, and 62.7% carbohydrate (dry basis),
according to previous research [22]. The predominant component in S. crassifolium is carbohydrate
(more than 50%), which indicates that S. crassifolium is a good source for extraction of fucoidan.
A single-screw extrusion process was used for pretreatment of brown algae before isolation of fucoidan.
The extrusion parameters employed were raw material moisture content 35%, feed rate 10.4 kg/h,
barrel temperature 115 ◦C, screw speed 360 rpm, and rounded die head with a diameter of 5 mm,
and these parameters were developed previously by our laboratory [15] with minor modification.
After extrusion, the algal extrudate was extracted using hot water (85 ◦C) for 1 h with shaking.
Following the removal of alginic acid, the fucoidan extracts were precipitated by 50% ethanol and
recovered by centrifugation using the method developed previously by our laboratory [23], and then
the native fucoidan (namely, SC) was obtained. The extraction yields of fucoidans from non-extruded
and single-screw-extruded S. crassifolium were 2.69 ± 0.97 and 11.3 ± 1.3 g/100 g, dry basis, respectively.
These data indicate that the extrusion process augments the extraction yield of fucoidan by 4.2-fold
(11.3/2.69 = 4.2), as compared to non-extruded sample. The extrusion process would, therefore,
certainly provide a higher production rate and lower production cost in the commercial manufacture
of fucoidan. The results of a similar experiment conducted by the authors suggested that the extrusion
process also increases the extraction yield of gelatin from fish scale by a maximal value of 3.3-fold with
50 ◦C water extraction [15]. SC was, thus, utilized for further degradation experiments using different
degradation reagent combinations including AA, H2O2, and AA + H2O2. Then, three degraded
fucoidans, namely, SCA (degraded by AA), SCH (degraded by H2O2), and SCAH (degraded by
AA + H2O2), were obtained. The native and degraded fucoidans were subsequently subjected to
physicochemical, compositional, structural, and in vitro anti-lung cancer analyses.

2.2. Compositional and Physicochemical Analyses of Native and Degraded Fucoidans

Zhang and his coworkers utilized AA, H2O2, or a combination of AA + H2O2 to degrade raw
polysaccharide from Enteromorpha linza, and they successfully obtained its lower-molecular-weight
fractions [24]. In the present study, we followed the methods of Zhang et al. [24] to degrade SC with
minor modification. The SC was degraded by 10 mM AA, 10 mM H2O2, or a mixed solution of
10 mM H2O2 and 10 mM AA for 16 h, respectively, and three degradation derivatives, namely, SCA,
SCH, and SCAH, were obtained. To examine whether the degradation reagents could successfully
degrade fucoidan, the intrinsic viscosities and molecular weights of native and degraded fucoidans
were analyzed. Previous investigations suggested that the degradation of fucoidan solution resulted
in a decline of its intrinsic viscosity [10,24]. As shown in Table 1, the viscosities of SC, SCA, SCH,
and SCAH were 113.9%± 2.4%, 78.6%± 4.2%, 102.5%± 0.9%, and 36.9%± 2.6%, respectively, indicating
that all degrading reagents could successfully degrade SC. Moreover, among SCA, SCH, and SCAH,
SCAH had the lowest viscosity value, which suggests that the combination of AA and H2O2 may
degrade SC more efficiently. High-performance liquid chromatography (HPLC) gel filtration is a
powerful research tool that is used to accurately characterize the molecular weight distribution of
polysaccharides [23]. Here, we applied an HPLC gel filtration method to analyze the molecular weight
distributions of SC, SCA, SCH, and SCAH, as shown in Table 1. The results showed that the peak
molecular weight (molecular weight of the highest peak) for SC was 427.8 kDa (the peak was in the
molecular weight range of 188.7–1064 kDa) (peak area = 100.0%), while that for SCA was 455.1 kDa
(the peak was in the molecular weight range of 216.2–898.9 kDa) (peak area = 50.3%) and 3.06 kDa
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(the peak was in the molecular weight range of 1.65–9.95 kDa) (peak area = 49.7%), that for SCH
was 427.8 kDa (the peak was in the molecular weight range of 194.3–998.1 kDa) (peak area = 61.0%)
and 3.14 kDa (the peak was in the molecular weight range of 1.90–15.54 kDa) (peak area = 39.0%),
and that for SCAH was 487.1 kDa (the peak was in the molecular weight range of 264.5–956.4 kDa)
(peak area = 49.2%) and 3.11 kDa (the peak was in the molecular weight range of 1.66–12.55 kDa)
(peak area = 50.8%). When examining the molecular weight intervals of peak 2 (Table 1) of the three
degraded fucoidans, it was found that SCA (1.65–9.95 kDa) possessed the lowest molecular weight,
followed by SCAH (1.66–12.55 kDa), and then SCH (1.90–15.54 kDa). Moreover, it was also found that
SCAH had the highest amount of low-molecular-weight fraction (50.8%), followed by SCA (49.7%),
and then SCH (39.0%). However, the difference between SCAH and SCA is not obvious. These data
show that SCA, SCH, and SCAH were partially degraded, with a high-molecular-weight fraction
(peak molecular weight approximately 427.8–487.1 kDa) and a low-molecular-weight fraction (peak
molecular weight approximately 3.06–3.14 kDa) coexisting in SCA, SCH, and SCAH. In this case,
it was also found that 10 mM AA, 10 mM H2O2, or a mixed solution of 10 mM H2O2 and 10 mM AA
could only partially degrade SC. For SCA, SCH, and SCAH, the separation of high-molecular-weight
and low-molecular-weight fractions is feasible. However, the separation process is complicated,
time-consuming, and costly, which might be detrimental for future commercialized applications.
In addition, previous studies suggested that high-molecular-weight fucoidans (molecular weight
approximately 735–750 kDa) exhibited good pharmacokinetic and tissue distribution after in vivo
oral and topical applications [25,26]. Therefore, these degraded fucoidans (SCA, SCH, and SCAH)
were directly utilized for further experiments. Since the molecular weight compositions of SC,
SCA, SCH, and SCAH are varied, the biological functions, such as the anti-cancer activity of these
fucoidans, warrant further investigation. Previous studies suggested that polyphenols are usually
coextracted with fucoidans [23]. We also found that the coextracted polyphenols in SCA, SAH,
and SCAH were diminished as compared to that of SC (Table 1), indicating that the polyphenols were
also partially degraded by these degradation reagents. Previous studies revealed that continuous
addition of H2O2 during the degradation reaction facilitates the generation of lower-molecular-weight
products [27]. Thus, further elucidation of degradation reagents and degradation methods which can
thoroughly degrade SC is needed. Previous studies revealed that the bioactive properties of fucoidan
may vary depending on the molecular weight, sulfate content, sugar type, and monosaccharide
composition [28–30]. Here, we analyzed the chemical and monosaccharide compositions of SC, SCA,
SCH, and SCAH. The data depicted in Table 1 suggest that the total sugar contents of SCA, SCH,
and SCAH ranged from 30.83% ± 0.21% to 41.70% ± 0.91% (w/w, dry basis), which were lower than
that of SC (45.58% ± 0.80%). This observation was consistent with data reported by Hou et al. [31],
which suggested that the total sugar content of fucoidan decreased with the reduction in molecular
weight of fucoidan after degradation by hydrogen peroxide. A possible reason for this phenomenon
may be the destruction of the sugar unit under the degradation process [31]. l-Fucose was found to
be the predominant sugar unit in fucoidan, and the content of fucose may have a role in biological
functions [32,33]. In addition, previous studies suggested that monosaccharides, such as l-fucose,
have anticancer potential. It is documented that deficient fucosylation may play an important role
in the pathogenesis of cancer. The supplementation of l-fucose could restore fucosylation in both
in vitro and in vivo conditions and could alleviate cancer symptoms [34]. The fucose contents of SC,
SCA, SCH, and SCAH were 27.31% ± 1.59%, 35.22% ± 2.79%, 20.08% ± 1.68%, and 30.08% ± 3.11%,
respectively. Previous studies suggested that the fucose content of fucoidan increased with the
reduction in molecular weight of fucoidan after degradation by hydrogen peroxide and ascorbic
acid [35]. However, another report revealed that the fucose content of fucoidan decreased with the
reduction in molecular weight of fucoidan after degradation by hydrogen peroxide [31]. Therefore,
the precise effects of degradation conditions on the fucose content of fucoidan remain to be elucidated.
In general, our data suggest that SCA had the highest fucose content. Thus, their anticancer potential,
especially that of SCA, warrants further study. The presence of sulfate in fucoidan may be related to
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its biological functions [36,37]. We, thus, measured the sulfate contents of SC, SCA, SCH, and SCAH,
and the percentages were 18.64% ± 1.43%, 13.67% ± 2.19%, 19.23% ± 0.83%, and 20.39% ± 3.28%,
respectively. Our data suggest that the sulfate contents seem to be unrelated to the degradation
treatments. These data are in line with previous reports suggesting that there is no relationship between
the sulfate content of fucoidan and the reduction in molecular weight of fucoidan after degradation by
hydrogen peroxide + ascorbic acid or hydrogen peroxide [24,31]. The monosaccharide compositions
of the fucoidans were analyzed, and the data are presented in Table 1. For SC, fucose, galactose,
glucuronic acid, and galacturonic acid were the major neutral sugar constituents, and the minor sugar
units were mannose and xylose. After degradation, the amounts of glucuronic acid and galacturonic
acid in degraded fucoidans seemed to have decreased. In summary, intrinsic viscosity and molecular
weight analyses showed that all of the tested degradation reagents could degrade SC. The native and
degraded fucoidans contained different amounts of total sugar, fucose, and sulfate, and they had
dissimilar monosaccharide compositions. Since differences in physicochemical characteristics among
SC, SCA, SCH, and SCAH were found, the biological functions of these fucoidan extracts warrant
further investigation.

Table 1. Viscosity, molecular weight, and composition analyses of Sargassum crassifolium fucoidan (SC)
and that degraded by ascorbic acid (SCA), hydrogen peroxide (SCH), and their combination (SCAH).

Viscosity SC 3 SCA 3 SCH 3 SCAH 3

Intrinsic viscosity (mL/g) 113.9 ± 2.4 d 78.6 ± 4.2 b 102.5 ± 0.9 c 36.9 ± 2.6 a

Molecular Weight (MW) SC SCA SCH SCAH

Peak 1 (Peak MW 1 (kDa)) 427.8 455.1 427.8 487.1
Peak 1 (MW interval (kDa)) 188.7–1064 216.2–898.9 194.3–998.1 264.5–956.4

Peak 1 (Peak area (%)) 100.0 50.3 61.0 49.2
Peak 2 (Peak MW (kDa)) ND 4 3.06 3.14 3.11

Peak 2 (MW interval (kDa)) ND 1.65–9.95 1.90–15.54 1.66–12.55
Peak 2 (Peak area (%)) ND 49.7 39.0 50.8

Chemical Composition SC SCA SCH SCAH

Total sugar (%) 2 45.58 ± 0.80 d 41.70 ± 0.91 c 30.83 ± 0.21 a 33.83 ± 0.71 b

Fucose (%) 2 27.31 ± 1.59 b 35.22 ± 2.79 c 20.08 ± 1.68 a 30.08 ± 3.11 b

Sulfate (%) 2 18.64 ± 1.43 b 13.67 ± 2.19 a 19.23 ± 0.83 b 20.39 ± 3.28 b

Polyphenols (%) 2 1.85 ± 0.07 c 1.29 ± 0.02 b 1.17 ± 0.02 a 1.12 ± 0.01 a

Monosaccharide Composition
(Molar Ratio)

SC SCA SCH SCAH

Fucose 1 1 1 1
Galactose 0.24 0.30 0.27 0.28

Glucuronic acid 0.19 0.01 0.07 0.03
Galacturonic acid 0.15 0.11 0.06 0.05

Mannose 0.08 0.05 0.07 0.06
Xylose 0.04 0.05 0.10 0.02

1 Peak MW: molecular weight of the highest peak. 2 Total sugars (%), fucose (%), sulfate (%), and polyphenols (%) =
(g/g, dry basis) × 100. 3 Experiments were performed in triplicate; values in the same row with varying letters (in a,
b, c, and d) differ (p < 0.05). 4 ND: not detected.

2.3. Structural Analyses of Native and Degraded Fucoidans

Fourier-transform infrared (FTIR) and nuclear magnetic resonance (NMR) spectroscopy techniques
were utilized to characterize the structures of native and degraded fucoidans. The FTIR spectra of SC,
SCA, SCH, and SCAH within the range of 4000–400 cm−1 are depicted in Figure 1. IR bands at 3401,
2940, 1230, and 1055 cm−1 are due to the presence of OH and H2O stretching vibration, mainly by C–H
stretching of the pyranoid ring or the C-6 group of fucose and galactose units, the S=O stretching
of sulfates, and the C–O–C stretching vibrations in rings or C–O–H in the glucosidal bond [38,39].
Strong absorption bands were observed at 1621 and 1421 cm−1, which can be attributed to scissoring
vibration of H2O and in-plane ring CCH, COH, and OCH vibrations, characterized by the absorption of
polysaccharide [38–40]. The absorption bands at 900 and 837 cm−1 can be attributed to the presence of
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C1–H bending in the β-anomeric link (probably galactose) and equatorial C–O–S bending vibration of
sulfate substituents at the axial C-4 position [41]. The bands near 620 and 580 cm−1 could be assigned
to the symmetric and anti-symmetric O=S=O deformations [42]. Due to the resemblance of the FTIR
spectra in SC, SCA, SCH, and SCAH, the structural aspects of these sulfated polysaccharides were
not obviously altered by the degrading treatments. NMR spectroscopy is usually adopted to analyze
polysaccharides with complex structures [43]. In this study, we utilized 1H-NMR and 13C-NMR spectra
to examine the structural features of SC, SCA, SCH, and SCAH. The 1H-NMR spectra (Figure S1A,
Supplementary Materials) for SC, SCA, SCH, and SCAH revealed that the signals between 5.5 and
5.0 ppm corresponded to l-fucopyranosyl units [44], the signal at 4.46 ppm, which was obvious in
SCA and SCAH, indicates H-2 of a 2-sulfated fucopyranose residue [44], and the signal arising from
4.13 ppm at 4[H] represents 3-linked α-l-fucose [40]. The signals with ppm of 4.07/3.95 (6[H]/6′[H])
correspond to a (1-6)-β-d-linked galacton [45]. The signals between 3.9 and 3.6 ppm may be due to
the presence of mannitol [46,47], which is often coextracted with fucoidan. The signal at 3.78 ppm
(3[H]) (most notably in SC) can be attributed to 4-linked β-d-galactose, whereas the signal at 3.72 ppm
can be assigned to (4[H]) 2,3-linked α-β-mannose [40]. The signals between 2.21 and 2.14 ppm
may be tentatively assigned to methyl protons in O-acetyls [40,48], which are often present in algal
polysaccharides [48]. The signal obtained at 1.92 ppm (1[H]) signifies alkyl at a sulfonyl-attached
proton, and 1.23 ppm (6[H]) indicates an alkane proton in two methyl groups [49]. Due to the similar
structural features observed among SC, SCA, SCH, and SCAH (Figure S1, Supplementary Materials)
by 1H-NMR analysis, it appears that the structural characteristics of fucoidan were not evidently
altered by the treatments with degrading reagents. The 13C-NMR spectra (Figure S1B, Supplementary
Materials) for SC, SCA, SCH, and SCAH revealed that the prominent signal at 101.6 ppm and peaks
between 65 and 80 ppm correspond to (1-6)-β-d-linked galacton [45].The signal at 100.3 ppm can
be assigned to (1,3)-linked α-l-fucopyranose residues [47]. The signals at 62.0 ppm 66.7 ppm were
attributed to β-d-galactopyranose residues [50]. The signals at 19–20 ppm revealed the presence
of O-acetyl groups [51]. Due to the similar structural features observed among SC, SCA, SCH,
and SCAH (Figure S1B, Supplementary Materials) by 13C-NMR analysis, it appears that the structural
characteristics of fucoidan were not obviously altered by the treatments with degrading reagents.
In summary, the FTIR, 1H-NMR, and 13C-NMR data provide evidence that SC, SCA, SCH, and SCAH
possess characteristic structural features of fucoidan. As SCA, SCH, and SCAH are partially degraded
derivatives of SC, these four compounds exhibited similar structural features. Therefore, in our case,
the differences in bioactivities among SC, SCA, SCH, and SCAH may not be predominantly attributed
to their structure since they share similar structural features.
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Figure 1. Fourier-transform infrared (FTIR) spectra for SC, SCA, SCH, and SCAH. The characteristic
peaks are labeled.

2.4. SC, SCA, SCH, and SCAH Exhibited Cytotoxic Effects on A-549 Cells

The inhibition of cancer cell proliferation can be utilized to evaluate the potential anti-cancer ability
of novel substances [33]. Here, we utilized an in vitro model (A-549 cells) to monitor the anti-lung
cancer effects of the native and degraded fucoidans. In the preliminary experiments, A-549 cells were
treated with 500 μg/mL of native and degraded fucoidans for 24, 48, or 72 h. It was found that a
treatment time of 48 h was optimal for the induction of cytotoxicity in A-549 cells. For the purpose
of ensuring consistency, the treatment time of cells was, thus, set to 48 h in all cellular experiments.
As shown in Figure 2A, all fucoidans (SC, SCA, SCH, and SCAH) decreased the ratios of live A-549
cells, and SCA, SCH, and SCAH exhibited greater cytotoxic effects on A-549 cells than SC. Moreover,
as shown in Figure 2B, among SCA, SCH, and SCAH, SCA showed cytotoxicity to A-549 cells with the
lowest half maximal inhibitory concentration (IC50) value, indicating that SCA exhibited the greatest
cytotoxicity to A-549 cells. These results indicate that degraded fucoidans may have stronger inhibitory
effects on A-549 cells as compared to native fucoidan. BEAS-2B is a non-cancerous bronchial epithelial
cell line, which can be used to represent normal human lung cells [52]. Additionally, we conducted a
similar experiment utilizing BEAS-2B cells in an effort to determine whether or not these fucoidans
exerted toxic effects on normal cells. The results suggest that SC and SCH exhibited the greatest
cytotoxicities to BEAS-2B cells, followed by SCAH, and the least cytotoxic was SCA (Figure 2C).
In addition, it was found that, at the concentration of 200 μg/mL, A-549 cells showed survival rates
of approximately 50.4–58.0% and BEAS-2B cells showed survival rates of approximately 73.8–94.1%
following exposure to each of the fucoidan extracts. Therefore, a concentration of 200 μg/mL was
chosen for all of the tested fucoidans, and a treatment duration of 48 h was used for further in vitro
anti-lung cancer experiments. Interestingly, SCA was highly cytotoxic to A-549 cells (survival rate
53.8% ± 3.1%), but only had a weak cytotoxic effect on BEAS-2B cells (survival rate 94.1% ± 2.5%) at
a dose of 200 μg/mL and a treatment duration of 48 h (Figure 2A,C), indicating that SCA may be a
better anti-lung tumor candidate. Taken together, all of the tested fucoidan extracts exhibited growth
suppression of A-549 cells. SCA was shown to be a better choice as an anti-lung cancer agent due to its
strong cytotoxic effect on A-549 cells and its low cytotoxic impact on normal lung cells.
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Figure 2. Effects of SC, SCA, SCH, and SCAH on cell viabilities of A-549 and BEAS-2B cells: (A) A-549
cells were co-incubated with various concentrations of SC, SCA, SCH, and SCAH for 48 h, and cell
viability was assessed. Bars in the same treating concentration bearing different letters (in a, b, and c)
significantly differ at the level of 0.05; (B) bar graphs show the half maximal inhibitory concentration
(IC50) values (the inhibitory concentrations at 50% growth of A-549 cells) of SC, SCA, SCH, and SCAH
as determined for (A). Bars bearing different letters (in a, b, and c) significantly differ at the level of 0.05;
(C) BEAS-2B cells were co-incubated with various concentrations of SC, SCA, SCH, and SCAH for 48 h,
and the cell survival was evaluated. Bars in the same treating concentration bearing different letters (in
a, b, c, and d) significantly differ at the level of 0.05. Experiments were repeated three times.

2.5. SC, SCA, SCH, and SCAH Decreased Mitochondrial Membrane Potential (MMP) in A-549 Cells

Two fundamental pathways, namely, the intrinsic pathway (the mitochondria pathway) and the
extrinsic pathway (death receptor pathway), are involved in cellular apoptosis [53]. The intrinsic
pathway operates several processes involving the loss of mitochondrial membrane potential
(MMP), release of cytochrome c, and formation of an apoptotic complex in which caspase-9 and
caspase-3 are activated [54]. Mitochondrial dysfunction is suggested to play a central role in the
mitochondria-dependent apoptotic pathway. Generally, loss of MMP can be regarded as an early
event in the apoptotic process [55]. Thus, we evaluated the effects of SC, SCA, SCH, and SCAH on
the MMP of A-549 cells. A potentiometric fluorescent tetramethylrhodamine ethyl ester (TMRE) dye,
which is a cell-permeable, positively charged dye, can stably accumulate in active mitochondria due to
their relatively negative charge. The loss of MMP may result in a decline of TMRE accumulation in
mitochondria [22]. A statistically significant reduction in MMP was observed in A-549 cells following
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exposure to SCA, SCH, and SCAH at a dose of 200 μg/mL for 48 h, as compared to that of the untreated
control (Figure 3). The greatest loss of MMP was induced by SCAH, followed by SCA and SCH, and SC
had a similar effect on MMP as compared to the untreated control. These data indicate that degraded
fucoidans (SCA, SCH, and SCAH) have a strong capability to induce loss of MMP in A-549 cells.

 

Figure 3. Effects of SC, SCA, SCH, and SCAH treatments on mitochondrial membrane potential (MMP)
of A-549 cells. A-549 cells were treated without and with 200 μg/mL SC, SCA, SCH, and SCAH for 48 h,
and MMP was determined by tetramethylrhodamine ethyl ester (TMRE) staining and flow cytometry:
(A) histograms; (B) bar chart. Experiments were repeated three times. Bars bearing different letters (in
a, b, and c) significantly differ at the level of 0.05.

2.6. SC, SCA, SCH, and SCAH Decreased B-cell leukemia-2 (Bcl-2) Expression of A-549 Cells

Bcl-2 belongs to the anti-apoptotic class of B-cell leukemia-2 (Bcl-2) gene product family proteins,
and it is proposed to block MMP depolarization, which then retards the activation of various death
effectors, such as release of cytochrome c, apoptosis-inducing factor (AIF), and Smac/Diablo [56].
In contrast, the suppression of Bcl-2 expression brings about cellular apoptosis. The effects of SC, SCA,
SCH, and SCAH on Bcl-2 expression in A-549 cells were examined, and the data are shown in Figure 4.
A statistically significant decrease in the level of Bcl-2 was observed in A-549 cells following exposure
to SC, SCA, SCH, and SCAH at a dose of 200 μg/mL for 48 h as compared to the untreated control.
Among the fucoidans tested, SCA and SCAH exhibited the greatest suppression of Bcl-2. In addition,
the degraded fucoidans (SCA, SCH, and SCAH) appeared to have stronger activity in suppressing
Bcl-2 expression in A-549 cells compared with SC.

2.7. SC, SCA, SCH, and SCAH Increase Cytochrome C Release of A-549 Cells

Previous investigations suggested that a decline in MMP results in matrix condensation and
exposure of cytochrome c to the intermembrane space, which then facilitates cytochrome c release,
resulting in apoptotic death [57]. Here, the effects of SC, SCA, SCH, and SCAH exposure on
cytochrome c release in A-549 cells were examined, and the data are shown in Figure 5. A statistically
significant decrease in the high fluorescence level of cytochrome c was observed in A-549 cells after
exposure to SC, SCA, SCH, and SCAH at a dose of 200 μg/mL for 48 h as compared to the untreated
control. Among the fucoidans tested, SCA and SCAH diminished cytochrome c to the greatest extent.
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In addition, the degraded fucoidans (SCA, SCH, and SCAH) appeared to exhibit stronger activity in
the augmentation of cytochrome c release in A-549 cells compared with SC.

 

Figure 4. Effects of SC, SCA, SCH, and SCAH treatments on B-cell leukemia-2 (Bcl-2) expression
in A-549 cells. A-549 cells were treated without and with 200 μg/mL SC, SCA, SCH, and SCAH
for 48 h, and fluorescence histograms of immunolabeled Bcl-2 were determined by flow cytometry:
(A) histograms; (B) bar chart. Experiments were repeated three times. Bars bearing different letters (in
a, b, c, and d) significantly differ at the level of 0.05.

Figure 5. Effects of SC, SCA, SCH, and SCAH treatments on the amount of cytochrome c release
in A-549 cells. A-549 cells were treated without and with 200 μg/mL SC, SCA, SCH, and SCAH for
48 h, and flow-cytometric profiles of immunolabeled cytochrome c were determined: (A) histograms;
(B) bar chart. Experiments were repeated three times. Bars bearing different letters (in a, b, c, and d)
significantly differ at the level of 0.05.

2.8. SC, SCA, SCH, and SCAH Increase Active Caspase-9 and -3 of A-549 Cells

In the mitochondrion-dependent pathway, the release of cytochrome c from the mitochondrial
intermembrane space triggers the formation of an apoptosome, which induces the activation of
caspase-9 and caspase-3 [58]. In the present study, the effects of SC, SCA, SCH, and SCAH on the
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activation of caspase-9 and -3 in A-549 cells were evaluated. The results shown in Figure 6 suggest that
a statistically significant increase in the levels of active caspase-9 and -3 occurred in A-549 cells after
exposure to SC, SCA, SCH, and SCAH at a dose of 200 μg/mL for 48 h as compared to the untreated
control. Among the fucoidans tested, SCA exhibited the greatest effect on the upregulation of caspase-9,
whereas SCAH induced the largest upregulation of caspase-3. In addition, the degraded fucoidans
(SCA, SCH, and SCAH) showed stronger activity in terms of activation of caspase-9 and -3 in A-549
cells compared with SC.

Figure 6. Effects of SC, SCA, SCH, and SCAH treatments on the activation of caspase-9 and -3 in
A-549 cells. A-549 cells were treated without and with 200 μg/mL SC, SCA, SCH, and SCAH for 48 h,
and the flow-cytometric profiles of immunolabeled caspase-9 and -3 were determined: (A) histograms;
(B) bar chart. Bars in the same caspase-9 or caspase-3 group bearing different letters (in a, b, c, d, and e)
significantly differ at the level of 0.05. Experiments were repeated three times.

2.9. SC, SCA, SCH, and SCAH Induce Apoptosis of A-549 Cells

Once caspase-3 is activated, the cells undergo late-stage apoptosis, and apoptotic cell death is
inevitable [55]. To discriminate between early and late apoptosis of cells, a flow-cytometric based
Annexin V/propidium iodide (PI) Cell Apoptosis kit was used to detect the apoptotic rate of cells after
SC, SCA, SCH, and SCAH treatments. According to the data shown in Figure 7, late apoptosis of cells
predominated in SC-, SCA-, SCH-, and SCAH-induced cell death. There were statistically significant
increases from 14.0% ± 0.3% (control) to 40.0% ± 0.1% (SC), 45.9% ± 1.1% (SCA), 39.7% ± 1.2% (SCH),
and 27.7% ± 0.8% (SCAH), in the percentages of late apoptotic cells, and significant reductions from
71.4% ± 0.6% (control) to 44.3% ± 0.9% (SC), 37.9% ± 0.5% (SCA), 39.1% ± 0.4% (SCH), and 55.2% ±
2.7% (SCAH), in the percentages of live cells. Among the degraded fucoidans, SCA induced the largest
number of late apoptotic cells. In addition, the percentage of live cells in the non-treated control was
71.4% ± 0.6%, suggesting that A-549 cells alone also showed ongoing apoptotic and necrotic effects
after 48 h of starvation. Further investigations regarding the optimal treatment conditions satisfying
both the control and the experimental group are needed. The in vitro anti-lung cancer potential of
fucoidan was examined previously by other investigators. A-549 cells were exposed to fucoidan
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extracted from Padina distromatica at 1000 μg/mL for 48 h and showed a survival rate of approximately
65.44% ± 1.35% [59]. Compared with P. distromatica fucoidan, the cytotoxic effect of SCA to A-549 cells
was higher (treatment of A-549 cells at 300 μg/mL for 48 h resulted in a survival rate of 36.5% ± 3.9%,
Figure 2A). In addition, the fucoidan extracted from Turbinaria conoides exhibited a survival rate of
approximately 35% when used to treat A-549 cells at 250 μg/mL for 72 h [60]; therefore, in general, it also
showed that the cytotoxic effect of SCA to A-549 cells was higher than T. conoides fucoidan, since the
treating concentration was similar but the treatment duration of SCA was shorter (48 h) (Figure 2A).
These data suggest that SCA may serve as a good anti-lung cancer candidate as compared to other
reported data. Moreover, Boo et al. utilized commercialized Undaria pinnatifida fucoidan (obtained
from Sigma) and determined that fucoidan induces apoptosis in A-549 cells via caspase-9 activation,
cleavage of poly-ADP-ribose polymerase (PARP), and activation of extracellular signal-regulated
kinases (ERK) 1/2, as well as downregulation of phospho-p38 and phospho- phosphatidylinositol
3-kinase (PI3K)/Akt expression [61]. In the present study, we utilized fucoidan from S. crassifolium
and its degraded products, and we revealed that these fucoidan extracts showed apoptotic effects on
A-549 cells via loss of MMP, decreased Bcl-2 expression, increased cytochrome c release, increased
active caspase-9 and -3, and augmented late apoptosis of A-549 cells. These data provide evidence that
fucoidan and its degraded products induced apoptosis of A-549 cells. Taken together, SC-, SCA-, SCH-,
and SCAH-induced cell death was found to involve mitochondrial-dependent apoptosis as elucidated
by the loss of MMP, decreased Bcl-2 expression, increased release of cytochrome c, increased activation
of caspase-9 and -3, and increased late apoptosis of cells. Generally, degraded fucoidans had a more
potent effect in terms of inducing apoptosis of A-549 cells compared with SC. Since SCA has a high
amount of low-molecular-weight fraction, the highest fucose content, is highly cytotoxic to A-549 cells,
has a low cytotoxic effect on BEAS-2B cells, and exhibits the highest ability to suppress Bcl-2 expression,
induce cytochrome c release, activate caspase-9, and promote late apoptosis of A-549 cells; thus, it can
be recommended as a potential therapeutic agent for preventive or auxiliary treatment of lung cancer.

Figure 7. SC, SCA, SCH, and SCAH induce apoptosis in A-549 cells. Flow-cytometric analysis of
Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI)-stained A-549 cells treated without
and with 200 μg/mL SC, SCA, SCH, and SCAH for 48 h: (A) histograms; (B) bar chart. Bars in the
same cell population bearing different letters (in a, b, c, and d) significantly differ at the level of 0.05.
Experiments were repeated three times.
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2.10. The Akt/mTOR Pathway Is Involved in SC-, SCA-, SCH-, and SCAH-Induced Apoptosis of A-549 Cells

Previous studies indicated that the Akt/mammalian target of rapamycin (mTOR) pathway is
closely related to a variety of cellular functions including adhesion, invasion, proliferation, angiogenesis,
migration, and survival [62]. In addition, the Akt/mTOR signaling cascade is frequently activated in
diverse cancers [63–65]. As the Akt/mTOR pathway is frequently activated in cancer, numerous research
efforts sought to target this pathway with a view to developing pharmacologic interventions for various
cancers, such as colon cancer [66], endometrial cancer [67], breast cancer [68], prostate cancer [69],
human small-cell lung cancer cells [70], non-small-cell lung cancer [71], and ovarian cancer [72]. In the
present study, a flow-cytometric approach was conducted to evaluate the expression levels of p-Akt,
Akt serine/threonine kinase 1 (Akt1), and p-mTOR in A-549 cells treated with SC, SCA, SCH, or SCAH
at a dose of 200 μg/mL for 48 h. The results presented in Figure 8 suggest that all of the tested fucoidans
suppressed levels of p-Akt and p-mTOR as compared to the untreated control. In addition, it was
noted that the expression of total Akt (Akt1) did not vary among the different treatments. Our results
are similar to previous findings indicating that the commercialized fucoidan extract from Fucus
vesiculosus suppressed levels of p-Akt and p-mTOR of A-549 cells dose- and time-dependently [73],
and commercialized U. pinnatifida fucoidan induced apoptosis in A-549 cells via downregulation of
phospho-p38 and phospho-PI3K/Akt expression [61]. In summary, the data presented here suggest that
Akt/mTOR signaling may play a role in the death of A-549 cells induced by SC, SCA, SCH, and SCAH.
Further investigations are needed to elucidate the precise mechanisms and to explore targeting of
signaling pathways in lung cancer, especially using in vivo models.

Figure 8. Effects of SC, SCA, SCH, and SCAH treatments on the levels of Akt serine/threonine kinase 1
(Akt1), p-Akt, and p-mammalian target of rapamycin (mTOR) in A-549 cells. Flow-cytometric analysis
of A-549 cells treated without and with 200 μg/mL SC, SCA, SCH, and SCAH for 48 h: (A) histograms;
(B) bar chart. Bars in the same Akt1, p-Akt, or p-mTOR group bearing different letters (in a, b, c, d,
and e) significantly differ at the level of 0.05. Experiments were repeated three times.
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3. Materials and Methods

3.1. Materials

Samples of S. crassifolium, a type of brown seaweed, were collected from Kenting
(Pingtung, Taiwan), and, after washing and drying, they were sealed in aluminum foil bags
and kept at 4 ◦C until use. Dextrans (5, 50, 150, and 670 kDa), l-fucose, d-glucuronic
acid, dimethyl sulfoxide (DMSO), potassium bromide (KBr), 2,2,2-trifluoroacetic acid (TFA),
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Ham’s F12K medium, Dulbecco’s Modified Eagle Medium
(DMEM) medium, trypsin/ ethylenediaminetetraacetic acid (EDTA), fetal bovine serum (FBS), penicillin,
and streptomycin were obtained from Gibco Laboratories (Grand Island, NY, USA). TMRE and
fluorescein isothiocyanate (FITC)-labeled anti-Bcl-2 antibodies were obtained from Molecular Probes,
Invitrogen Corp. (Carlsbad, CA, USA).

3.2. Extrusion Process

The extrusion process was done according to the method reported by Huang et al. [15] with minor
modification. In brief, a single-screw laboratory extruder (Tsung Hsing Co. Ltd., Kaohsiung, Taiwan)
equipped with screw diameter 74 mm, L/D ratio 3.07:1, and rounded die head with a diameter of
5 mm was used. The algal sample was used as the raw material and was preconditioned to a moisture
content of 35%. The feed rate was constant at 10.4 kg/h. Other extrusion parameters were set with
barrel temperature at 115 ◦C and screw speed at 360 rpm. The algal extrudate was dried at 55 ◦C for
30 min, cooled to room temperature (RT), ground into particles that could pass through a 20-mesh
screen, and stored at 4 ◦C for further extraction experiments.

3.3. Water Extraction Procedure

The extraction of native fucoidan from S. crassifolium was done according to the method reported
by Huang et al. [23]. In brief, the algal sample was mixed with 95% ethanol (w/v= 1:10), shaken for 1 h at
room temperature to remove pigments and lipid, and then centrifuged at 970× g for 10 min. The residue
was then collected, mixed with double distilled water (w/v = 1:10), and placed in a water bath kept at
85 ◦C for 1 h with shaking to extract the polysaccharides. The mixture was centrifuged at 3870× g for
10 min, and the supernatant was collected. Ethanol (95%) was added into the supernatant to give a
final ethanol concentration of 20% in order to precipitate alginic acid. The mixture was centrifuged at
9170× g for 30 min, the supernatant was collected, and 95% ethanol was added until a final ethanol
concentration of 50% was reached in order to obtain fucoidan precipitate. The ethanol-precipitated
fucoidan was then recovered by centrifugation at 9170× g for 30 min, dried at 40 ◦C, milled, and stored
at 4 ◦C for further use. Extraction yield was calculated using the following equation:

Extraction yield (%) = (weight of the extracted solid, dry basis/weight of the
sample, dry basis) × 100

(1)

3.4. Preparation of Degraded Fucoidans

A sample of native fucoidan weighing 0.2 g was dissolved into 20 mL of distilled water and mixed
with 10 mmol/L AA, 10 mmol/L H2O2, or a mixed solution of 10 mmol/L H2O2 and 10 mmol/L AA.
The native fucoidan was degraded at RT for 16 h. Then, the degraded fucoidan was precipitated using
75% ethanol, collected, and dried for further use [24].
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3.5. Intrinsic Viscosity Analysis

The viscosity measurements were performed using an Ubbelohde viscometer at 25± 1 ◦C. The pure
solvent was ddH2O, and the intrinsic viscosity (ηr) was determined using the following equation:

ηr = (lnt/t0)/c (2)

where t = efflux time for solution (s), t0 = efflux time for the pure solvent (s), and c = concentration of
solution (g/mL).

3.6. Molecular Weight Analysis

The average molecular weights of the fucoidans were determined using a size-exclusion HPLC
column Superdex 200 (300 mm × 10 mm inner diameter (ID), GE Healthcare, Piscataway, NJ,
USA) using a Shimadzu HPLC system (Shimadzu, Kyoto, Japan) equipped with a refractive index
detector. The chromatography conditions were as follows: eluent 0.2 M NaCl; flow rate 0.4 mL/min,
sample concentration 10 mg/mL; injection volume 0.15 mL; temperature 25 ◦C. The column was
calibrated with dextrans of different molecular weight (5, 50, 150, and 670 kDa).

3.7. Analytical Methods

The fucose was estimated using the protocol described by Gibbons [74], and l-fucose was
utilized as the standard. Total sugar content was assayed using a phenol–sulfuric acid method using
l-fucose as the standard. The sulfate content was determined according to the protocol described by
Yang et al. [22]. Polyphenols were analyzed by the Folin–Ciocalteu method, and gallic acid was used
as the standard [75].

3.8. Monosaccharide Composition Analysis

The monosaccharide composition of fucoidan was determined according to a previously reported
method [23] using six monosaccharides (l-fucose, d-galactose, d-glucuronic acid, d-galacturonic acid,
d-xylose, and d-mannose) as standards.

3.9. FTIR Spectroscopy

The FTIR spectra were analyzed according to a protocol described elsewhere [41] using an FT-730
instrument (Horiba, Kyoto, Japan). A KBr pellet was prepared by mixing 1 mg of fucoidan with 50 mg
of potassium bromide. The spectrum was read between 400 and 4000 cm−1.

3.10. NMR Spectroscopy

The polysaccharide sample was dissolved with 99.9% D2O in an NMR tube, and the NMR spectra
were read on a Varian VNMRS-700 NMR spectrometer (Varian, Lexington, MA, USA).

3.11. Cell Culture

BEAS-2B (human bronchial epithelial cells, ATCC CRL-9609, Manassas, VA, USA) and A-549
(human lung carcinoma, BCRC 60074, Hsinchu, Taiwan) were obtained from the ATCC (American
Type Culture Collection) (Manassas, VA, USA) and the BCRC (Bioresource Collection and Research
Center) (Hsinchu, Taiwan), respectively. A-549 cells were cultured in complete Ham’s F12K medium
and BEAS-2B was maintained in complete DMEM medium. The complete medium was prepared by
supplementing plain medium with 10% FBS, 100 μg/mL streptomycin, and 100 units/mL penicillin.
All cells were cultured in a 37 ◦C humidified 5% CO2 atmosphere. The cells were passaged every
2–3 days.
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3.12. Evaluation of Cytotoxic Activity

The cytotoxic activity of the fucoidan extracts was measured using the MTT assay. Briefly,
cells were cultured in growth medium with 37 ◦C humidified 5% CO2 atmosphere for 24 h. All fucoidan
extracts were prepared as a 20 mg/mL stock solution by thoroughly dissolving fucoidan powder
in phosphate-buffered saline (PBS). The medium was then removed, and the cells were treated
with various concentrations of fucoidan extracts. Final concentrations of 0, 50, 100, 200, 300, 400,
and 500 μg/mL were obtained by diluting the stock solution with serum-free medium to prevent the
fucoidan extract from potentially losing its potency in the presence of serum. After 48 h of treatment,
cells were washed with PBS once, and MTT stock solution was added to each culture so that the final
concentration of MTT in the medium was 0.1 mg/mL. After 2–4 h of incubation, the formazan was
solubilized by adding isopropanol and measured by absorption at 560 nm. The cell viability was
expressed as a percentage of MTT reduction.

3.13. Flow Cytometry-Based Analyses

In all flow cytometry-based analyses, cells (4 × 104 cells/mL) were incubated without (as a
non-treated control, cells were in serum-free medium) and with 200 μg/mL SC, SCA, SCH, or SCAH
(these fucoidan extracts were prepared as a 20 mg/mL stock solution by thoroughly dissolving fucoidan
powder in PBS; a final concentration of 200 μg/mL was obtained by diluting the stock solution with
serum-free medium) for 48 h, and then cells were de-attached by trypsin and rinsed two times in cold
PBS to obtain cell samples. Then, each flow cytometry-based analysis was performed according to the
protocols below.

For the MMP analysis, the assay was conducted according to the method of Yang et al. [22].
Briefly, single-cell suspensions were washed twice with PBS and incubated, in the dark, for 20 min at
37 ◦C with TMRE (100 nM). After labeling, cells were washed and re-suspended for flow-cytometric
measurement in staining solution.

For Bcl-2 expression analysis, single-cell suspensions were fixed using fixation buffer at 37 ◦C for
20 min. Then, the cells were permeabilized using permeabilization buffer and incubated, in the dark,
for 1 h at RT with FITC-labeled anti-Bcl-2 antibody (1:25, v/v). After labeling, cells were washed and
re-suspended for flow-cytometric measurement in staining solution.

The analysis of cytochrome c release was conducted by following the method of Huang et al. [41].
Briefly, single-cell suspensions were fixed using fixation buffer at 37 ◦C for 20 min. Then, the cells
were permeabilized using permeabilization buffer and incubated, in the dark, for 1 h at RT with
FITC-labeled anti-cytochrome c antibody (1:10, v/v). After labeling, cells were washed and re-suspended
for flow-cytometric measurement in staining solution.

For activated caspase -9 and -3 analyses, the method of Huang et al. was used [41]. Briefly,
single-cell suspensions were incubated, in the dark, for 1 h at 37 ◦C with FITC/LEHD/FMK solution (for
caspase-9 detection) or FITC/DEVD/FMK solution (for caspase-3 detection). After labeling, cells were
washed and re-suspended for flow-cytometric measurement in staining solution.

The annexin V-FITC/PI staining analysis was conducted using an annexin V-FITC apoptosis
detection kit according to the method of Yang et al. [22]. Briefly, single-cell suspensions were incubated,
in the dark, for 15 min at RT with annexin V-FITC (1:20, v/v) and PI (1:20, v/v). After labeling, cells were
washed and re-suspended for flow-cytometric measurement in staining solution.

For phosphorylated Akt and mTOR analyses, the assays of phosphorylated Akt and mTOR
were conducted using the method of Huang et al. [76]. In brief, single0cell suspensions were fixed
using fixation buffer at 37 ◦C for 1 h. Then, the cells were incubated, in the dark, for 1 h at RT with
allophycocyanin (APC)-conjugated anti-Akt1 antibody (1:50, v/v), FITC-conjugated anti-phospho-Akt
(Ser473) antibody (1:20, v/v), or phycoerythrin (PE)-conjugated anti-phospho-mTOR (Ser2448) antibody
(1:20, v/v). After labeling, cells were washed and re-suspended for flow-cytometric measurement in
staining solution. All of the flow-cytometric analyses described above were conducted using a BD
Accuri C6 flow cytometer (San Jose, CA, USA).
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3.14. Statistical Analysis

All data are expressed as means ± SD (n = 3). Comparisons between different groups were
performed by ANOVA followed by the Duncan multiple range test or the Student’s t-test. A p-value
<0.05 was considered statistically significant.

4. Conclusions

In this paper, a native fucoidan (SC) was extracted from S. crassifolium pretreated by single-screw
extrusion. The extrusion pretreatment process augmented the extraction yield of fucoidan as compared
to the non-extruded sample. Three degraded fucoidans (SCA, SCH, and SCAH) were obtained
by degrading SC with different combinations of degradation reagents. Among SC, SCA, SCH,
and SCAH, the chemical compositions varied but their structural features were similar, as illustrated
by the results of FTIR and NMR analyses. In vitro anti-lung cancer studies revealed that SC, SCA,
SCH, and SCAH decreased MMP, decreased Bcl-2 expression, increased the release of cytochrome
c, increased activation of caspase-9 and -3, and increased late apoptosis of A-549 cells. In general,
SCA has a high amount of low-molecular-weight fraction and the highest fucose content, is highly
cytotoxic to A-549 cells, and shows a high ability to suppress Bcl-2 expression, to induce cytochrome
c release, to promote activation of caspase-9, and to induce late apoptosis of A-549 cells. Therefore,
SCA demonstrated excellent potential for development as an adjuvant treatment of lung cancer.
Additional in vitro experiments showed that the Akt/mTOR signaling pathway is involved in SC-,
SCA-, SCH-, and SCAH-induced apoptosis of A-549 cells. Further experiments are warranted to
elucidate the precise signaling mechanisms involved, especially using in vivo studies.

Supplementary Materials: 1H-NMR spectra and 13C-NMR spectra for SC, SCA, SCH, and SCAH are available
online at http://www.mdpi.com/1660-3397/18/6/334/s1.
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Abstract: We previously demonstrated that fucoidan with a type II structure inhibited postprandial
hyperglycemia by suppressing glucose uptake, but the mechanism remains elusive. Here, we aimed
to assess whether the effect of glucose absorption inhibition was related to the basic structure of
fucoidans and preliminarily clarified the underlying mechanism. Fucoidans with type II structure
and type I structure were prepared from Ascophyllum nodosum (AnF) or Laminaria japonica (LjF) and
Kjellmaniella crassifolia (KcF), respectively. The effects of various fucoidans on suppressing postprandial
hyperglycemia were investigated using in vitro (Caco-2 monolayer model), semi-in vivo (everted gut
sac model), and in vivo (oral glucose tolerance test, OGTT) assays. The results showed that only AnF
with a type II structure, but not LjF or KcF with type I structure, could inhibit the glucose transport
in the Caco-2 monolayer and everted gut sac models. A similar result was seen in the OGTT of
Kunming mice and leptin receptor-deficient (db/db) mice, where only AnF could effectively inhibit
glucose transport into the bloodstream. Furthermore, AnF (400 mg/kg/d) treatment decreased the
fasting blood glucose, HbA1c, and fasting insulin levels, while increasing the serum glucagon-like
peptide-1 (GLP-1) level in obese leptin receptor-deficient (db/db) mice. Furthermore, surface plasmon
resonance (SPR) analysis revealed the specific binding of AnF to Na+/glucose cotransporter 1 (SGLT1),
which indicated the effect of AnF on postprandial hyperglycemia could be due to its suppression
on SGLT1 activity. Taken together, this study suggests that AnF with a type II structure can be a
promising candidate for hyperglycemia treatment.

Keywords: fucoidan from Ascophyllum nodosum; postprandial hyperglycemia; in vitro and in vivo
evaluation; SGLT1

1. Introduction

Diabetes mellitus (DM) is a group of metabolic disorders that are characterized by hyperglycemia [1].
Hyperglycemia is caused by the combined action of insulin deficiency and/or insulin resistance in diabetic
patients [2]. Long-term hyperglycemia is associated with microvascular complications and leads to
cardiovascular disease, diabetic nephropathy, and other severe complications, which are the major causes
of death in diabetic patients [3]. In the early stages of DM, the effective control and strict management
of postprandial blood glucose levels are crucial for alleviating DM. The current effective ways to reduce
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postprandial blood glucose level are as follows: (I) inhibit the activities of digestive enzymes, such as
glucosidases and α-amylase, which can produce glucose from starch and other carbohydrates [4]; (II)
promote the secretion of insulin, such as by inhibiting dipeptidyl peptidase 4 (DPP-4) and elevating
glucagon-like peptide 1 (GLP-1) activities [5,6]; (III) reduce glucose reabsorption in the kidney by inhibiting
Na+/glucose cotransporter 2 (SGLT2) activity [7]; (IV) suppress the glucose absorption into the bloodstream
via the small intestinal by inhibiting the function of Na+/glucose cotransporter 1 (SGLT1) [8].

Although there are several oral hypoglycemic agents that can reduce the blood glucose level in
DM, these agents are mainly chemically synthetic, costly, and can cause severe adverse side-effects
(e.g., serious hypoglycemia and kidney damage) [9,10]. Thus, the discovery of effective, safer,
and affordable drugs for DM patients has attracted significant research attention. Research suggests
that certain natural herbal products can exert hypoglycemic effects and are safer and easier to obtain than
other synthetic chemicals [11]. Convincing evidence suggests that bioactive compounds (e.g., proteins,
polyphenols, tannins, and phenolic acids) can directly affect intestinal glucose uptake by competitive
inhibition of the glucose transporter SGLT1 [12–14]. In the small intestine, SGLT1 is expressed in the
apical cell membrane constituting the brush border [15], which is of primary importance for glucose
absorption from the lumen to the epithelial cells of the intestine [16,17]. Ina et al. demonstrate that
rice albumin could alleviate postprandial hyperglycemia by inhibiting SGLT1 function via in vivo and
in vitro assays [18]. Müller et al. confirmed that the extracts of guava leaves and fruits, which contain
polysaccharides, polyphenols, and other bioactive substances, can effectively reduce intestinal glucose
transport by inhibiting the function of SGLT1 in vivo [19].

An increasing number of studies have demonstrated that non-toxic biological macromolecules,
especially polysaccharides, possess prominent efficacies for treating DM and other metabolic
diseases [20–24]. In addition, Tang et al. reported that water-soluble polysaccharides from
Lycium barbarum have a conspicuously inhibitory effect on glucose uptake in vitro [25], which may
have been due to the inhibitory effect on the intestinal glucose transporter SGLT1. Fucoidan is a
family of sulfated fucan predominantly existing in the cell walls of brown algae and several marine
invertebrates (e.g., sea cucumbers and sea urchins) [26]. These water-soluble heteropolysaccharides
are composed of various percentages of L-fucose and sulfate ester groups. Fucoidans from natural
sources are usually composed of two types of chain structures, type I, with α (1→3)-linked fucose,
and type II, made up of alternating α (1→3)- and α (1→4)-linked fucose molecules [27]. In recent
years, fucoidans isolated from different sources have been extensively studied due to their diverse
biological activities, including anticoagulant, anti-inflammatory, antivirus, antitumor, lipid-lowering,
antidiabetic nephropathy, antimetabolic syndrome, and prebiotic effects [26,28]. Due to their promising
therapeutic effects and availability from various kinds of cheap brown algae, an increasing number of
studies have been devoted to the development and utilization of fucoidans in the fields of drugs and
functional foods. Although the application prospects of fucoidans are promising, it is worth noting
that the bioactivities of fucoidans are probably highly dependent on their structural properties (such as
type of glycosidic linkages, molecular weight (MW), and branches) [26,29] and little attention has been
devoted to determining the effects of fucoidans with various structure on attenuating postprandial
hyperglycemia and its underlying mechanism.

We reported that fucoidan from Fucus vesiculosus (FvF) with a type II structure can significantly
inhibit α-glucosidase and the glucose transport activities in the small intestine, and regulate glucose
consumption and lipid metabolism via reactive oxygen species (ROS)-mediated c-Jun N-terminal kinase
(JNK) and protein kinase B (Akt) signaling pathways, thus improving postprandial hyperglycemia in
diabetic mice [30,31]. To explore the relationship between the inhibitory effect of glucose absorption
and fucoidan, it is necessary to rule out the other factors related to antihyperglycemia. Therefore,
we prepared three fucoidans as follows: fucoidan from Ascophyllum nodosum (AnF) with a type II
structure [32] and mild inhibition of α-glucosidase [31], and fucoidans from Laminaria japonica (LjF)
and Kjellmaniella crassifolia (KcF) with type I structures [33,34]. Additionally, we investigated the
pharmacological effects of the above fucoidans on alleviating postprandial hyperglycemia using
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in vitro (Caco-2 monolayer model), semi-in vivo (everted gut sac model), and in vivo (oral glucose
tolerance test (OGTT) in Kunming and leptin receptor-deficient (db/db) mice) assays. Based on previous
studies [25,30], we also focused on evaluating the binding affinity of various fucoidans to SGLT1 via
surface plasmon resonance (SPR). Taken together, as we have previously reported, FvF with a type II
structure could alleviate the postprandial hyperglycemia. Thus, this study aimed to evaluate the effects
of fucoidans with different types of fucosidic linkages on alleviating postprandial hyperglycemia and
preliminarily elucidated the underlying mechanism.

2. Results

2.1. Physicochemical Properties of Fucoidans from Various Sources

The basic physicochemical properties of AnF, LjF, and KcF were determined and are summarized
in Table 1. The sulfate content ranged from 22% to 28%, and the sulfate content of AnF was lower
compared with that of LjF or KcF. The MWs of AnF and LjF were similar, which were both much
lower than that of KcF (p < 0.05). According to our monosaccharide composition analysis, these three
fucoidans were mainly composed of fucose, and the contents of fucose were similar in AnF and LjF,
while KcF had a much higher fucose content (p < 0.05). The above results were consistent with that
reported in previous literatures [32–34]. In general, the main differences between these three fucoidans
were the type of glycosidic linkages, MWs, and fucose content. The bioactivities of fucoidans with
various physicochemical properties can be different. Therefore, we further investigated the effects of
these three fucoidans on alleviating postprandial hyperglycemia in vitro and in vivo.

Table 1. Compositions of fucoidans from various sources.

Sample Source
Linkage

Mode
SO4

2−
(%)

MW
(kDa)

Monosaccharide Composition (%)

Man GlcN Rha GlcA Glc Gal Xyl Fuc

AnF Ascophyllum
nodosum 1→3/1→4 22.7 210 7.5 0.6 0.3 3.3 8.0 3.8 17.9 58.5

LjF Laminaria
japonica 1→3 26.0 200 9.3 2.0 3.9 4.1 5.1 19.6 4.1 52.0

KcF Kjellmaniella
crassifolia 1→3 27.6 940 11.0 1.4 0.8 6.3 1.7 3.9 2.9 72.1

FvF
[31]

Fucus
vesiculosus 1→3/1→4 26.3 1039 ND ND ND ND 1.0 1.9 2.3 94.8

AnF: fucoidan from Ascophyllum nodosum; LjF: fucoidan from Laminaria japonica; KcF: fucoidan from Kjellmaniella
crassifolia; FvF: fucoidan from Fucus vesiculosus; MW, molecular weight; Man, mannose; GlcN, glucosamine; Rha,
rhamnose; GlcA, glucuronic acid; Glc, glucose; Gal, galactose; Xyl, xylose; Fuc, fucose.

2.2. Effect of Fucoidans on Inhibiting Glucose Transport in a Caco-2 Monolayer Cell Model

Here, we used a Caco-2 monolayer cell model to evaluate the influences of various fucoidans on
intestinal glucose transport. The Caco-2 monolayer cell model is a well-established in vitro model for
studying the transport of substrates (e.g., glucose, nutrients, and drugs) through the intestine [35].
The prerequisite for the simulation of in vivo intestinal processes is the differentiation of the Caco-2
monolayer cell, which expresses a tissue-typical cell membrane and transport proteins. In addition, it
has been verified that there is a high expression of endogenous SGLT1 in polarized Caco-2 cells [36].
As shown in Figure 1A, the transepithelial electrical resistance (TEER) value rose rapidly from 49 Ω*cm2

on the fourth day to about 476 Ω*cm2 after a 16-day incubation. Then, this cell monolayer model
tended to be completed, and the resistance value changed little on the 21st day compared to that on
the 16th day, which indicated that the cells started to differentiate. Moreover, the activities of alkaline
phosphatase (ALP) on both sides of the transwell chamber were measured to judge the degree of cell
differentiation and the success of the cell model [37]. As shown in Figure 1B, the ratio of ALP activities
significantly increased to about 8 during the 21 days incubation, which indicated that the degree of
differentiation in Caco-2 cells was high, and the cells displayed obvious polarization. The above results
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indicated that a Caco-2 monolayer cell model was successfully constructed, which was then used to
study the effects of fucoidans on the transmembrane transport of glucose. The inhibitory activity of
specific fucoidan on the transport of 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-glucose
(2-NBDG) using the Caco-2 monolayer model is shown in Figure 1C. These results showed that only
400 μg/mL of an AnF solution could significantly inhibit the transport of 2-NBDG in this Caco-2
monolayer cell model compared with the Control group (p < 0.05), while the same concentration of LjF
and KcF could not. Compared to the effects of AnF and LjF on 2-NBDG transport, our results indicate
that the type of glycosidic linkages may play a crucial role in inhibiting glucose transport. In addition,
both LjF and KcF had no marked effects on glucose transport in the Caco-2 monolayer cell model,
which indicated that MW and fucose content may not play a pivotal role in that. We have previously
reported that FvF could significantly reduce glucose transport in a Caco-2 monolayer cell mode [30].
In general, only AnF and FvF, with type II structures, could inhibit the glucose transport in a Caco-2
monolayer cell model, which indicated the importance of the type of glycosidic linkages in inhibiting
glucose transport.

Figure 1. Inhibitory effects of fucoidans on 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)
amino]-D-glucose (2-NBDG) transport in a Caco-2 monolayer cell model. The transepithelial electrical
resistance (TEER) of Caco-2 monolayer cell model (A); alkaline phosphatase (ALP) activity ratio of
Caco-2 monolayer cell model (B), calculated by the ratio of ALP activities on the apical side to the
basolateral side; inhibitory effects of fucoidans on 2-NBDG transport (C). Control, Caco-2 monolayer
cell model treated with HBSS buffer; Ascophyllum nodosum (AnF), Caco-2 monolayer cell model treated
with 400 μg/mL of AnF; or Laminaria japonica (LjF): Caco-2 monolayer cell model treated with 400 μg/mL
of LjF; Kjellmaniella crassifolia (KcF): Caco-2 monolayer cell model treated with 400 μg/mL of KcF.
Data are expressed as the mean ± SEM. * p < 0.05, compared with the Control group.

2.3. Effect of Fucoidans on Intestinal Glucose Uptake Using an Everted Gut Sac Model

Glucose can be transported from the intestinal lumen into small intestinal enterocytes by SGLT1,
which is located at the apical brush border [38]. SGLT1 was originally expressed on the serous side of
the intestine and was moved to the outside in an everted gut sac model. Thus, the everted gut sac model
can be used as an efficient semi-in vivo tool for studying substrates and drug absorption mechanisms,
as well as the role of compounds on regulating SGLT1 activity in the intestine [39,40]. Therefore,
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the inhibition of glucose absorption was evaluated using the everted gut sac model to explore the
inhibitory effect on SGLT1 activity. As shown in Figure 2, 100 μg/mL of AnF could effectively decrease
the glucose absorption compared with the Control group (p < 0.05), and this inhibitory effect was
elevated with an increased AnF concentration, while LjF and KcF showed no significant inhibitory
effect in the range from 100 μg/mL to 600 μg/mL. All in all, the above results demonstrated that only
AnF with a type II structure had a marked inhibition on glucose intake in a dose-dependent manner
via inhibiting SGLT1 activity, which was consistent with the results in Section 2.2. Once again, the type
of glycosidic linkages was shown to play an important role in suppressing glucose absorption from the
intestinal lumen.

Figure 2. Inhibition rate of different concentrations of fucoidans on glucose uptake in an everted
gut sac model. Control, the everted gut sac model treated with Krebs–Ringer bicarbonate buffer;
AnF, the everted gut sac model treated with various concentrations of AnF; LjF, the everted gut sac
model treated with various concentrations of LjF; KcF, the everted gut sac model treated with various
concentrations of KcF. Red represents the results of treatment with 100 μg/mL of specific fucoidan;
green represents the results of treatment with 400 μg/mL of specific fucoidan; black represents the
result of treatment with 600 μg/mL of fucoidan. Data are expressed as the mean ± SEM. * p < 0.05,
specific concentration of AnF treated group compared with the Control group.

2.4. Effects of Fucoidans on OGTT in Kunming Mice

Intestinal glucose absorption is mediated by SGLT1 [41]. First, the carbohydrates in food
are degraded to monosaccharides (such as glucose, galactose, etc.) through the action of various
glycosidases. Next, glucose is then transported into the cells on the mucosal side by SGLT1. In addition,
it has been confirmed that fucoidans have a certain inhibitory effect on α-glucosidase [42] and cannot
be digested by gastric and pancreatic enzymes [43]. Therefore, the OGTT was used to explore the
inhibitory effects of fucoidans on glucose absorption via inhibiting SGLT1 activity, which can avoid the
influence of glucosidase. As shown in Figure 3, the administration of 200 mg/kg of AnF effectively
suppressed the elevation in the postprandial blood glucose level and the areas under curve after
glucose loading in Kunming mice compared with the Control group (p < 0.05), while LjF and KcF
treatments could not. The above results verified the efficient decrease in postprandial blood glucose
conferred by AnF treatment, as compared to LjF and KcF in Kunming mice, which was consistent with
our results from in vitro and semi-in vivo assays (shown in Sections 2.2 and 2.3). Thus, we further
investigated and evaluated the hypoglycemic effect of AnF in db/db mice.
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Figure 3. Effects of fucoidans on the oral glucose tolerance test (OGTT) in Kunming mice. Curve of
OGTT (A) and area under curve (B). Control, Kunming mice gavaged with PBS; AnF, Kunming mice
gavaged with 200 mg/kg of AnF; LjF: Kunming mice gavaged with 200 mg/kg of LjF; KcF: Kunming
mice gavaged with 200 mg/kg of KcF. Data are expressed as the mean ± SEM. * p < 0.05, compared with
the Control group. Six mice of each group were analyzed.

2.5. Effects of AnF on the OGTT in db/db Mice

OGTT is the gold standard for DM diagnosis [44] and is used to evaluate the function of β cells
and the individual ability to regulate postprandial blood glucose levels. Thus, a glucose solution
was gavaged after 15 h of fasting at the end of a 4-week feeding trial in db/db mice. The AnF group
showed remarkable suppression of OGTT and the area under curve in db/db mice (p < 0.05), which was
comparable to the effects of metformin (Metf) (Figure 4). This result indicated that AnF can improve
blood glucose homeostasis in mice with diabetes.

Figure 4. Effects of AnF on OGTT in leptin receptor-deficient (db/db) mice. Curve of OGTT (A) and
area under curve (B). Control, C57BL/6J mice; Model, db/db mice; metformin (Metf), db/db mice with
200 mg/kg/d of metformin; AnF: db/db mice with 200 mg/kg/d of AnF. Data are expressed as the
mean ± SEM. * p < 0.05, compared with the Control group; # p < 0.05, compared with the Model group.
Six mice of each group were analyzed.

2.6. Effects of AnF on Body Weight in db/db Mice

During the 4-weeks feeding trial, db/db mice gained much more weight compared to normal
C57BL/6J mice (p < 0.05) (Figure 5), while both AnF and metformin induced a trend of weight loss in
db/db mice. In addition, another study in our lab showed that AnF significantly reduced the body
weight gain of mice, which were fed with a high-fat diet [28]. The above results indicated that AnF
could effectively lower the body weight in mice with DM.
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. 

Figure 5. Effect of AnF on body weight change in db/db mice. Body weight change (A) and body
weight gain (B). Control, C57BL/6J mice; Model, db/db mice; Metf, db/db mice with 200 mg/kg/d of
metformin; AnF, db/db with 200 mg/kg/d AnF. Data are expressed as the mean ± SEM. * p < 0.05,
compared with the Control group. Six mice of each group were analyzed.

2.7. Effects of AnF on Glucose-Insulin Homeostasis in db/db Mice

DM is characterized by hyperglycemia and systemic insulin resistance [45]. Thus, we investigated
the effect of AnF on glucose-insulin homeostasis in db/db mice. As shown in Figure 6A, AnF significantly
alleviated fasting hyperglycemia compared with the Model group (p < 0.05). The administration of
AnF as well as metformin, resulted in an effective decrease in hemoglobin A1c (HbA1c) level (p < 0.05)
compared with the Model group (Figure 6B), which indicated that AnF had a long-term effect on
alleviating hyperglycemia. As shown in Figure 6C,D, the results showed the significant effect of AnF
on suppressing hyperinsulinemia and lowering the homeostasis model assessment-insulin resistance
(HOMA-IR) index in db/db mice (p < 0.05). All of these analyses confirmed the glucose–insulin
homeostasis effects of AnF in db/db mice.

Figure 6. Effects of AnF on glucose-insulin homeostasis in db/db mice. Fasting blood glucose (A);
hemoglobin A1c (HbA1c) (B); Fasting insulin (C); homeostasis model assessment-insulin resistance
(HOMAI-IR) (D). Control, C57BL/6J mice; Model, db/db mice; Metf, db/db mice with 200 mg/kg/d
of metformin; AnF, db/db with 200 mg/kg/d AnF. Data are expressed as the mean ± SEM. * p < 0.05,
compared with the Control group; # p < 0.05, compared with the Model group. Six mice of each group
were analyzed.
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2.8. Effects of AnF on GLP-1 Level in db/db Mice

Increasingly, studies have demonstrated that SGLT1 in the intestine serves as a sensor for the acute
glucose-induced GLP-1 secretion [46,47]. The short-term inhibition of SGLT1 in the intestine can delay
the absorption of glucose, and this unabsorbed glucose can stimulate L cells to secrete GLP-1 [48,49].
GLP-1 can act on pancreatic β cells to increase insulin release in a glucose-dependent manner and
decrease pancreatic glucagon secretion, which both contribute to the antihyperglycemic effect [50].
Studies have indicated that the inhibition of SGLT1 in the intestine can not only increase the content
of serum active GLP-1 (aGLP-1) level but also significantly increase the serum total GLP-1 (tGLP-1)
level [51,52]. The effects of AnF on inhibiting postprandial blood glucose level by in vitro (Caco-2
monolayer model), semi-in vivo (everted gut sac model), and in vivo assays indicate that AnF can
inhibit SGLT1 activity. Thus, we investigated the effect of AnF on the level of GLP-1 in db/db mice
further. As shown in Figure 7, AnF effectively increased the serum content of tGLP-1 and aGLP-1
compared with the Model group, but this was still lower compared to the normal levels (p < 0.05),
which indicated the moderate inhibition of SGLT1 by AnF can cause GLP-1 release without side effects
on the digestive system.

Figure 7. Effects of AnF on serum total glucagon-like peptide-1 (tGLP-1) and active GLP-1 (aGLP-1)
levels in db/db mice. tGLP-1 (A) and aGLP-1 (B) levels. Control, C57BL/6J mice; Model, db/db mice;
Metf, db/db mice with 200 mg/kg/d of metformin; AnF, db/db with 200 mg/kg/d AnF. Data are expressed
as the mean ± SEM. * p < 0.05, compared with the Control group; # p < 0.05, compared with the Model
group; and & p < 0.05, compared with the Metf group. Six mice of each group were analyzed.

2.9. Interaction Study between Fucoidans and SGLT1

Our in vitro and in vivo assays demonstrated that AnF could effectively decrease the glucose
transport and postprandial blood glucose levels, while LjF and KcF could not, which may have been
due to the various inhibitions of SGLT1 activity by fucoidans. Thus, we validated the binding affinities
between these three fucoidans (AnF, LjF, and KcF) and SGLT1 protein further using SPR. The response
units were recorded in real-time as sensor grams using the BIAcore system (Figure 8), and the kinetic
parameters (such as the binding constant (Ka, M−1s−1), dissociation constant (Kd, 1/s), and average
dissociation constant (KD, M)) were also summarized. These results showed that AnF and FvF with
type II structures bound directly to SGLT1, and the KD was 3.4× 10−6 M and 9.696× 10−6 M, respectively.
In contrast, no significant affinity was detected between KcF/LjF and SGLT1. Therefore, we concluded
that the inhibitory effect of AnF on SGLT1 was due to the strong binding between them, which could
effectively block the glucose transport capacity of SGLT1. As expected, AnF and FvF, with type II
structures, bound directly to SGLT1, while KcF and LjF, with type I structures, could not, which was
consistent with the effects of these respective molecules on glucose transport and postprandial blood
glucose levels in vitro and in vivo assays and our previous study [30]. As SGLT1 is a crucial factor for
regulating glucose transport and postprandial blood glucose levels, these data indicated that SGLT1
was probably a potential target for fucoidans with type II structure to exert the hypoglycemic effects.
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Figure 8. Surface plasmon resonance (SPR) kinetic binding analysis of the interactions of Na+/glucose
cotransporter 1 (SGLT1) with AnF (A), FvF (B), KcF (C), and LjF (D). ND, not detected.

3. Discussion

Postprandial hyperglycemia is a key factor in the formation and development of DM,
and abnormally elevated intestinal SGLT1 activity is the main cause in DM patients with postprandial
hyperglycemia. As SGLT1 is crucial for intestinal glucose absorption, important strategies in the
prevention and treatment of hyperglycemia include exploring compounds with significantly inhibitory
effects on SGLT1 activity [53]. In our previous studies, we found that fucoidan with a type II structure
exhibited significant inhibition of α-glucosidase activity in vitro, rather than fucoidan with a type I
structure [31]. In addition, AnF reduced α-glucosidase activity to about 30%, whereas the application
of FvF resulted in a 90% decrease in α-glucosidase activity relative to that of the control. And we also
elucidated that FvF increased glucose consumption and relieved insulin resistance via ROS-mediated
JNK and Akt signaling pathways by using HepG2 cell line. In vivo, FvF could regulate lipid metabolism
to attenuate metabolic syndrome [30]. For clarifying the mechanism of inhibiting glucose absorption
of type II structure fucoidan, another type II fucoidan, AnF with lower α-glucosidase inhibition was
used to rule out other factors. Furthermore, it is encouraging to develop potential antihyperglycemic
polysaccharide compounds from natural resources. Thus, we assessed the effects of AnF (type II
structure), LjF (type I structure), and KcF (type I structure) on postprandial blood glucose levels,
and found that only AnF could effectively alleviate postprandial hyperglycemia. The underlying
mechanism might be that only AnF and FvF, with type II structures, exhibited effective binding
affinity to SGLT1 via SPR, which further indicated that fucoidans with type II structures could reduce
postprandial hyperglycemia by suppression of SGLT1 activity.

SGLT1 is pivotal for the absorption of glucose in the intestinal tract [54]. The inhibitory activities
of fucoidans on SGLT1 activity were evaluated by in vitro (Caco-2 monolayer model), semi-in vivo
(everted gut sac model), and in vivo (OGTT in Kunming mice) assays, which demonstrated that
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only AnF could significantly decrease the transport of glucose by inhibiting the activity of SGLT1,
while LjF and KcF could not. It has been verified that the bioactivity of fucoidans depends highly on
their structural properties [21]. Both LjF and KcF had no marked effects on glucose transport, which
indicated that MW and fucose content may not play a pivotal role in this ability. In addition, the various
effects of AnF and LjF on glucose transport indicated that the type of fucosidic linkages may play a
more crucial role. Combined with the result that FvF with a type II structure could conspicuously
reduce the transport of glucose, these results indicate the importance of the type of glycosidic linkages
in inhibiting glucose transport.

It was also reported that type II fucoidans could be a promising α-glucosidase inhibitor to
reduce blood glucose levels [31]. Thus, OGTT was used to evaluate the effects of fucoidans on SGLT1
activity in vivo, avoiding the influence of α-glucosidase, and the absorption of glucose in the intestinal
tract can only be realized through the transport of the SGLT1 protein. OGTT results in Kunming
mice and db/db mice further confirmed the effect of AnF on decreasing postprandial blood glucose,
improving glucose tolerance and insulin sensitivity. In addition, AnF with a type II structure effectively
increased the GLP-1 levels, which further confirmed the inhibition of AnF on SGLT1 [51,52]. Moreover,
fucoidans cannot be digested by gastric enzymes in the gastrointestinal tract and exhibit extremely low
bioavailability after oral administration [43], which indicated that fucoidans, with type II structures,
can play an effective and lasting role in inhibiting SGLT1 activity in vivo. Additionally, it has been
reported that the in vivo effect of fucoidan on blood coagulation was not obvious, probably due to its
low intestinal absorption [55]. However, it is necessary to assess the cytotoxicity and blood-thinning
properties (e.g., activated partial thromboplastin time (APTT)) of various fucoidans for developing as
potential nutraceuticals or dietary supplements for treating the hyperglycemia. All in all, we will pay
more attention to the toxicity of various fucoidans in future studies.

4. Materials and Methods

4.1. Preparation of Fucoidans

Three different brown seaweeds, Ascophyllum nodosum (collected from the Irish Sea), Laminaria
Japonica (collected from the South China Sea), and Kjellmaniella crassifolia (collected from the South
China Sea), were purchased from Kunshan Yihong Seaweed Co. Ltd. (Kunshan, Jiangsu, China).
The extraction and purification processes of AnF, LjF, and KcF were carried out according to the
method, as previously described [30,56]. Briefly, brown algae were dried, powdered, and then pass
through a 12-mesh net, followed by delipidating (60 ◦C, 4 h, 95% ethanol, 1:20) and two cycles of
extraction with double-distilled water (ddH2O) (80 ◦C, 3 h, 1:20). After centrifugation at 5000 rpm
for 10 min, the supernatants were combined and concentrated, and then anhydrous ethanol was
added to achieve a final concentration of 80%, and the supernatants were left overnight at 4 ◦C.
After centrifugation at 5000 rpm for 10 min, the crude fucoidans were obtained. Then, the precipitate
was redissolved in ddH2O, and 3 M of CaCl2 solution was added to remove alginate completely until
no precipitation occurred. The solution was centrifuged at 8000 rpm for 10 min to remove precipitates,
and the supernatant containing fucoidan was dialyzed in a dialysis bag with a 7000 Da MW cutoff,
then lyophilized to obtain the refined fucoidans. Chemicals reagents were obtained from the Sigma
Chemical Co. (Sigma–Aldrich, St. Louis, MO, USA) unless otherwise stated.

4.2. Physicochemical Properties Analysis of Fucoidans

The sulfate content was determined by the BaCl2-gelatin method as follows [57]. Fucoidan (3 mg/mL)
was degraded in 1 M of HCl at 110 ◦C for 6 h, then the absorbance of the degraded solution was determined
at 400 nm after mixing with an equal volume of BaCl2-gelatin. The sulfate content was calculated based
on a standard curve, which was established with a Na2SO4 standard. The monosaccharide composition
was analyzed with the acid hydrolysis method described previously [58]. In brief, the monosaccharide
composition was determined using a1-phenyl-3-methyl-5-pyrazolone precolumn derivatization HPLC on an
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Agilent Eclipse XDB-C18 Column (Agilent, Santa Clara, CA, USA). Sample (10 μL) was eluted with 0.1 mol/L
phosphate buffer (pH 6.7) and acetonitrile (83:17 volume fraction) at a flow rate of 1 mL/min at 30 ◦C. Then,
a UV detector was used to detect the signal at 245 nm. MW was determined using high-performance gel
permeation chromatography coupled with a multi-angle laser light scattering instrument. The MWs of
fucoidans were determined using an Agilent 1260 HPLC system (Agilent Technologies, CA, USA) on the
Shodex Ohpak SB-HQ 804 column in series with an SB-HQ 803 column (TosoHaas Corp., Tosoh, Japan)
detected with a Wyatt Dawn Heleos II multi-angle laser scattering system (Wyatt Technology, Santa Barbara,
CA, USA) and refractive index detector. One hundred microliters of sample was eluted with 0.1 M of
Na2SO4 solution at a flow rate of 0.6 mL/min at 35 ◦C. MWs were calculated using Astra 5.3.4.20 software
(Wyatt Technology, Santa Barbara, CA, USA). The type of glycosidic linkages of fucoidans was determined
by the published papers, i.e., FvF (31), AnF (32), KcF (33), and LjF (34).

4.3. Effects of Fucoidans on Glucose Absorption Using Caco-2 Monolayer Model

The inhibitory effects of fucoidans on glucose uptake in vitro were measured using a human
colon cancer cell line monolayer model (Caco-2 cells, from the Cell Bank of the Chinese Academy
of Sciences, Shanghai, China) incubated with 2-NBDG (MedChem Express, Monmouth, NJ, USA) in
various conditions. Caco-2 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with
10% FBS, 1% penicillin/streptomycin, 25 mM HEPES, and 0.35 g/L sodium bicarbonate (Gibco, Carlsbad,
CA, USA) at 37 ◦C with 5% CO2. A Caco-2 monolayer model was established as follows [59]. Briefly,
Caco-2 cells were adjusted to 2 × 105 cells/mL, and 100 μL of this cell suspension was inoculated in the
upper layer of a transwell compartment (0.4 μm, 1.12 cm2, PET) (Corning Inc., Corning, NY, USA)
and incubated at 37 ◦C for 2 min. Then, 500 μL of DMEM was added to the upper layer, while 1.5
mL DMEM was added to the lower layer for Caco-2 cells to differentiate into enterocyte-like cells at
37 ◦C. Then, the TEER was measured, which could evaluate the integrity of the Caco-2 monolayer cells.
In addition, another index to evaluate the successful construction of the Caco-2 monolayer model was
to determine the ALP activity ratio of the apical side to the basolateral side. In the Caco-2 monolayer
cell model, the apical side located to the upper side of the transwell had higher ALP activity, while the
basolateral side located to the lower side had lower ALP activity. The enzyme activities of both sides
of the transwell were measured using the ALP ELISA kit (Shanghai Enzyme-linked Biotechnology
Co. Ltd., Shanghai, China) according to the manufacturer’s recommended protocol on the 4th, 8th,
12th, 16th, and 21st-day post-induction, respectively. Then, the ALP activity ratio was calculated.
The 2-NBDG uptake in the Caco-2 monolayer model was conducted as previously described [60].
Briefly, the culture medium was removed from each well and replaced with 100 μL of HBSS buffer in the
presence of 2-NBDG (100 μM) or 2-NBDG (100 μM) together with 400 μg/mL of specific fucoidan. Then
the cells were incubated at 37 ◦C for 30 min. Finally, the fluorescence intensity (Ex/Em = 485/535 nm)
in the lower layer was measured using a Spark 10M (Tecan Trading AG, Männedorf, Switzerland).

4.4. Effects of Fucoidans on OGTT in Kunming Mice and Glucose Transport Using Everted Gut Sac Model

An everted gut sac model was established as previously described [40]. Briefly, six-week-old male
Kunming mice were purchased from the Vital River Laboratory Animal Technology Co. Ltd. (Beijing,
China). The mice were raised in ventilated cages, maintained in a light-dark cycle of 12 h at 23 ◦C–25 ◦C,
with free access to water and food. After a two-week adaptive period, the mice were randomly divided
into four groups of six each. OGTT was performed as follows [61,62]. The mice of each group were
fasted for 15 h, then the experimental groups were given the specific fucoidan by gavage at a dose of
200 mg/kg, while the Control group was given the same volume of saline. Then, mice were given a
20% glucose solution at a dose of 2 g/kg by oral gavage in 15 min. Next, blood glucose levels were
detected using a standard glucometer (Johnson & Johnson, New Brunswick, NJ, USA) at 0, 30, 60, 90,
and 120 min by cutting the tail tip. In addition, the increment of plasma glucose following glucose
loading was expressed in terms of the area under curve, using the trapezoidal rule. The jejunum was
separated from the Kunming mice one week after the OGTT experiment. Mice were euthanized by
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pentobarbital sodium injection (80 mg/kg) accompanied by isoflurane inhalation to maintain anesthesia.
The jejunum was cut into 5-cm segments and quickly transferred into cold Krebs–Ringer buffer in the
state of oxygen maintenance. Due to the overturning of the intestinal sac, SGLT1 protein originally
on the serosal side moved to the outside, so the intestinal epithelial cells could absorb glucose from
the outside to the inside in. Thus, Krebs–Ringer buffer was injected into the intestinal capsule of
the everted gut sac model, then placed in Krebs–Ringer buffer (containing 30 mM D-glucose) with
various concentrations of specific fucoidan in the experimental groups, while the group treated with
Krebs–Ringer buffer (containing 30 mM D-glucose) was used as the Control. After incubation for 30 min
at 37 ◦C, the glucose concentrations of the inside and outside of the intestinal capsule were determined
using the glucose oxidase-peroxidase method with a glucose oxidase kit (Applygen Technologies Inc.,
Beijing, China) [63]. Additionally, the glucose intake ratio was calculated by the glucose concentration
of the inside, divided by the glucose concentration of the outside. All animal procedures were approved
by the Committee of Experimental Animals of School of Medicine and Pharmacy, Ocean University of
China (OUCSMP-18081201), and conformed to the Guide for the Care and Use of Laboratory Animals
published by the United States National Institutes of Health (NIH Publication No 85-23, revised 1996).

4.5. Effects of AnF on Alleviating Hyperglycemia in db/db Mice

Briefly, eight-week-old male db/db mice were provided by the Model Animal Research Center of
Nanjing University (Nanjing, China). In addition, eight-week-old male C57BL/6J mice were purchased
from the Vital River Laboratory Animal Technology Co. Ltd. (Beijing, China) as a Control group.
The mice were raised as described in the methods in Section 4.4. After a two-week acclimation period,
the db/db mice were randomly divided into three groups as follows, with six mice in each group: the
Metf and AnF groups received either metformin (200 mg/kg/d dissolved in saline) or AnF (200 mg/kg/d
dissolved in saline) by gavage for four weeks, while the Model group was given an equal amount
of saline. Body weights were measured every week. OGTT was conducted at the end of the trial as
follows: mice were fasted for 15 h, and the fasting blood glucose levels were detected. Then, the mice
were given a 20% glucose solution by gavage at a dose of 2 g/kg body weight. The changes in blood
glucose levels were detected, as described in Section 4.4. All animal procedures were approved by
the Committee of Experimental Animals of School of Medicine and Pharmacy, Ocean University of
China (OUCSMP-18081201), and conformed to the Guide for the Care and Use of Laboratory Animals
published by the United States National Institutes of Health (NIH Publication No 85-23, revised 1996).

4.6. Effects of AnF on Biochemical Indexes in db/db Mice

Db/db mice with various treatments were finally euthanized by pentobarbital sodium injection
(80 mg/kg) accompanied by isoflurane inhalation to maintain anesthesia after being fasted for 15 h.
Blood samples were collected via retro-orbital bleeding, then centrifuged at 2000× g for 15 min to
obtain serum for serological assays. The levels of fasting insulin and HbA1c in serum were determined
using a mouse insulin ELISA kit and a mouse HbA1c ELISA kit from Omnimabs (Alhambra, CA, USA)
according to the manufacturer’s instructions, respectively. HOMA-IR was calculated as fasting insulin
(mU/L) × fasting glucose (mM)/22.5. For tGLP-1 and aGLP-1 contents detection, a DPP-4 inhibitor
was quickly added into the blood samples and mixed evenly. Then, the blood was centrifuged for
10 min at 2000× g to obtain the supernatant for assays. The contents of tGLP-1 and aGLP-1 were
determined using mouse ELISA kits (Linco, St. Charles, MO, USA) according to the manufacturer’s
instructions, respectively.

4.7. Binding Kinetics Analysis of Interaction between SGLT1 and Fucoidans

The binding kinetics between various fucoidans and SGLT1 protein was determined by an SPR
biomacromolecule interaction analyzer BIAcore T200 (General Electric Company, Boston, MA, USA),
as previously described [64,65]. After washing the surface of the CM5 chip (General Electric Company,
Boston, MA, USA) with PBS-P running buffer (General Electric Company, Boston, MA, USA), the surface
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of the chip was activated with 0.4 M EDC/0.1 M NHS for 420 s at a flow rate of 10 μL/min. Immediately
after activation, an SGLT1 solution (20 μg/mL) (ab152683, Abcam, Cambridge, UK) in sodium acetate
buffer (pH 4.5) was added onto the chip surface for 30 s at a flow rate of 10 μL/min. After that, the chip
surface was sealed by incubating with 1 M of ethanolamine (pH = 8.5) for 30 min. PBS-P buffer was
running for at least 2 h to stabilize the baseline. To assess the real-time binding of fucoidans to SGLT1,
varying concentrations of specific fucoidan were injected over the sensor chip surface at a flow-rate of
30 μL/min for 120 s, followed by another 900 s dissociation period. The sensor surface was regenerated
by 0.1 mM NaOH for 10 s. The response was monitored as a function of time (sensor gram) at 25 ◦C and
subtracted from the response of the reference surface. The binding constant (Ka), dissociation constant
(Kd), and average dissociation constant (KD = Kd/Ka) of the interaction between various fucoidans and
SGLT1 protein could be calculated from curve fitting. Kinetic parameters were evaluated using the
BIAcore T200 evaluation software 3.1 (General Electric Company, Boston, MA, USA).

4.8. Statistical Analysis

Data are presented as the mean ± standard error of the mean (SEM). The difference between
groups was analyzed using SPSS software (v.20.0; IBM, Armonk, NY, USA) via one-way ANOVA with
Student’s t-test. And, Tukey’s honest significant difference test was used for the analysis of multiple
comparisons. Difference was considered to be statistically significant between various groups when
p < 0.05. The results were interpreted using GraphPad Prism software (v.7.0; GraphPad Software Inc.,
San Diego, CA, USA).

5. Conclusions

For the first time, in vitro (Caco-2 monolayer and SPR assay), semi-in vivo (everted gut sac),
and in vivo (Kunming mice and db/db mice) models were used to evaluate the effects of various
fucoidans on suppressing hypoglycemia, especially postprandial hyperglycemia. Our data indicated
the potential effects of AnF on the regulation of blood glucose levels by direct inhibition of glucose
transport via SGLT1, therefore, remarkably reducing glucose transport and relieving postprandial
hyperglycemia. In conclusion, fucoidans with type II structures (such as FvF and AnF) have the
potential to be a promising candidate compound in the treatment of postprandial hyperglycemia via
its direct binding to SGLT1 and inhibition of its glucose transport activity, while KcF and LjF with
type I structures cannot. Our study demonstrates that the type of glycosidic linkages of fucoidans
may play a more crucial role in their hypoglycemic effects via inhibiting SGLT1 activity. However,
further research is still necessary to clarify the exact structure–activity relationship of fucoidans as
SGLT1 inhibitors and the precise molecular binding mode between fucoidans and SGLT1 protein.
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Abbreviations

DM: diabetes mellitus; SGLT1: Na+/glucose cotransporter 1; OGTT: oral glucose tolerance test; AnF: fucoidan
from Ascophyllum nodosum; KcF: fucoidan from Kjellmaniella crassifolia; LjF: fucoidan from Laminaria japonica;
2-NBDG: 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-glucose; SPR: surface plasmon resonance; ALP:
alkaline phosphatase; GLP-1: glucagon-like peptide 1; DPP-4: dipeptidyl peptidase 4; aGLP-1: active GLP-1;
tGLP-1: total GLP-1; HOMA-IR: homeostasis model assessment-insulin resistance; HbA1c: hemoglobin A1c;
ddH2O: double-distilled water; DMEM: Dulbecco’s Modified Eagle Medium; TEER: transepithelial electrical
resistance; MEM: minimum Eagle’s medium; BSA: bovine serum albumin; FvF: fucoidan from Fucus vesiculosus,
MW: molecular weight; UAs: uronic acids; DMEM: Dulbecco’s Modified Eagle Medium; Metf: metformin; db/db:
leptin receptor-deficient; APTT: activated partial thromboplastin time; ROS: reactive oxygen species; JNK: c-Jun
N-terminal kinase; Akt: protein kinase B.
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Abstract: Biopolymer polyelectrolyte multilayers are a commonly studied soft matter system for
wound healing applications due to the biocompatibility and beneficial properties of naturally
occurring polyelectrolytes. In this work, a popular biopolymer, chitosan, was combined with the
lesser known polysaccharide, fucoidan, to create a multilayer film capable of sequestering growth
factor for later release. Fucoidan has been shown to act as a heparin-mimic due to similarities in
the structure of the two molecules, however, the binding of fibroblast growth factor-2 to fucoidan
has not been demonstrated in a multilayer system. This study assesses the ability of fucoidan to
bind fibroblast growth factor-2 within a fucoidan/chitosan polyelectrolyte multilayer structure using
attenuated total internal reflectance infrared spectroscopy and quartz crystal microbalance with
dissipation monitoring. The fibroblast growth factor-2 was sequestered into the polyelectrolyte
multilayer as a cationic layer in the uppermost layers of the film structure. In addition, the diffusion
of fibroblast growth factor-2 into the multilayer has been assessed.

Keywords: fucoidan; chitosan; fibroblast growth factor-2; polyelectrolyte multilayer; infrared
spectroscopy; quartz crystal microbalance

1. Introduction

The use of growth factors in tissue engineering has been widely studied due to their ability to
encourage healing and tissue growth [1]. A key example of an application where growth factors
could provide significant benefit is for enhancing healing of chronic wounds. Chronic wounds are
a significant issue in healthcare, severely affecting quality of life of affected people and contributing
2% to the total health care expenditure in countries such as Australia, the U.K. and the U.S.A. [2,3].
Applying growth factors to a wound site could promote healing by mimicking a healthy body’s
natural response to injury, i.e., by delivering the growth factors to a wound bed, the migration and
proliferation of cells will be promoted. Of particular interest is fibroblast growth factor-2 (FGF-2) which
is one of several biomolecules that are responsible for signalling cell migration and proliferation in the
body [4]. FGF-2 is part of the 22-member FGF-family and has been shown to promote angiogenesis,
cell proliferation, migration, and differentiation [5]. FGF-2 is commonly studied as a model growth
factor in materials science studies for wound healing applications [6–10] and has been shown to
reduce healing time [11,12]. However, there are limitations in regards to the delivery of growth factors,
i.e., the growth factor must be protected from degradation and delivered at the optimal stage of healing
at the right dose and for the correct duration [13].

Polyelectrolyte multilayers (PEMs) are surface coatings that offer potential advantages for
delivering growth factors in many biomedical applications, such as vascular repair [14] and also
in wound healing. When deployed for wound treatment, the architecture of the PEM film can
be designed to give a burst release [15–17] or slow diffusion of the peptides from the film [18].
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Delivery of target molecules can be partially controlled through changing the conditions of multilayer
assembly including ionic strength [19], pH [16,20,21], temperature [22] and polyelectrolyte species [8].
In addition, PEMs can be applied to many surfaces including flat planes [23], nanoparticles [24] and
nanocapsules [25,26], and three-dimensional (3D) porous scaffolds [27]. Furthermore, growth factors
often show no conformational change or reorganisation upon binding to polyelectrolytes in PEMs
when absorbed from solution at room temperature [5,28,29].

The goal of our study into growth factor-loaded PEM films was two-fold. First, to create a
multilayer that will act as a natural matrix for the growth factor. Second, to create a multilayer host film
that could have potential for synergistic therapeutic effect. Both of these goals were addressed through
the choice of the polymers used to create the multilayers. Our work has made use of two naturally
occurring biopolymers as the two major multilayer components; fucoidan and chitosan. The latter of
these two polymers finds widespread application and study in the area of would healing, due to its
properties: non-toxic, biocompatible, biodegradable, and anti-fungal. Past studies have also shown
that chitosan promotes fibroblast proliferation [30,31]

Fibroblast growth factor-2 (FGF-2) needs to be embedded within the PEM to ensure it is protected
from degradation but can remain biologically active [32]. The heparin binding site of FGF-2 is a
highly positive environment due to the basic amino acid groups present [28] and can interact with
negatively charged sulfate groups in heparin and heparin-mimics, including fucoidan [33–38] to create
a ternary complex with the growth factor cell receptors. This complex is required for FGF-2 to be
bioactive [33] and has been shown to improve skin healing [39]. Combining fucoidan and growth
factors has been attempted by other groups, and has been shown to improve angiogenesis [40,41] and
cell proliferation [42]. A single previous example exists of fucoidan combined with a growth factor
(vascular endothelial growth factor) in a multilayer film [43]. This study found improved anti-thrombic
properties and re-endothelialisation of a decellurised heart valve in response to interaction with this
multilayer system.

Furthermore, fucoidan can be pro-angiogenic [38], anti-inflammatory, anti-viral, and promotes
anti-bacterial activity of other molecules [44,45]. In addition, it can be pro- or anti-coagulant
depending on molecular weight [46], promotes cell proliferation and migration [35,39,47] and can be
immuno-modulating depending on the molecular weight and structure [48–50]. Fucoidan also inhibits
MMP-2 (matrix metalloproteinase-2), an enzyme that degrades type IV collagen, a major component
of basement membranes upon which the epithelium is constructed [51]. Meanwhile, chitosan has
been shown to offer protection of FGF-2 against denaturation from heat, proteolysis and acid [52].
Chitosan has been shown to accelerate healing in diabetic mice (chronic wound models), acting as a
delivery method for FGF-2 to further promote healing [52,53].

We have used attenuated total internal reflectance Fourier transform infrared spectroscopy
and quartz crystal microbalance with dissipation monitoring to investigate the fucoidan/chitosan
polyelectrolyte multilayers as a potential reservoir for FGF-2. Additionally, the permeation of FGF-2
into the multilayer was compared to the permeation of lysozyme. Lysozyme is a small protein of
similar size and charge to FGF-2 and has been shown to permeate into these multilayers in our
previous work [54]. Our overall aim has been to determine how FGF-2 can be incorporated into
multilayer films, either pre-prepared for deployment in biomaterials applications, or as a sink within a
biofluid environment to harvest and protect released FGF-2, to allow it to survive for longer in the
environment in which it needs to act.

2. Results

2.1. QCM-D

Gorouhi et al. found that epidermal growth factor was still effective at promoting cell proliferation
when covered by two bilayers in a PEM [32], thus, FGF-2 was placed at bilayer 6 of 8 in our study.
Quartz crystal microbalance with dissipation (QCM-D) monitoring experiments were performed to
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monitor the build-up of the multilayers, either with, or without, the inclusion of the growth factor.
In the case of a growth factor-embedded film, the PEM was constructed with sequential exposure of
the substrate to the two polysaccharides until bilayer 5.5 (fucoidan terminating). The PEM was then
exposed to PBS (phosphate buffer solution) for 5 min followed by 15 min FGF-2 25 μg·mL−1 solution,
then a 5 min rinse with PBS to remove any unbound FGF-2. This PBS/FGF-2/PBS cycle substituted
as the 6th CS (chitosan) layer. The PEM construction was continued as normal from the fucoidan
terminating seventh bilayer, until 8 bilayers were deposited. For the non-embedded/blank system
(i.e., without growth factor incorporation), the multilayer was exposed to PBS at the 5.5. bilayer
formation point, and then chitosan was added in place of the growth factor, prior to continuing the
formation until 8 bilayers were formed. Two independent experiments were performed with a total of
two sensors for each condition. A representative measurement is shown in Figure 1, whilst the average
Sauerbrey thickness, average hydrated mass and average dissipation can be found in Figure 2.

 
Figure 1. A representative QCM-D (Quartz crystal microbalance with dissipation) plot of frequency
(A) and dissipation (B) for build-up of 8 bilayers for FUC/CS (fucoidan/chitosan) multilayers on gold
sensors (5th overtone) where the PEM (polyelectrolyte multilayer) exposed to FGF-2 (fibroblast growth
factor-2) are indicated by an orange line, whilst the control PEM exposed to only PBS (phosphate buffer
solution) is marked with a blue line. The vertical dashed lines indicate the start of the adsorption step
of each polymer. * Indicates were FGF-2 adsorption began for the data set presented in orange.
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Figure 2. QCM-D calculations for (A) the average hydrated Sauerbrey mass, (B) the average Sauerbrey
thickness; and (C) the average dissipation of the 8 bilayer FUC/CS PEM with embedded FGF-2 (orange
with square markers–and highlighted with an asterisk on the x-axis) and PBS without FGF-2 (blue with
circle markers).
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The QCM-D data presented in Figure 1 indicate that the fucoidan layers show an increase in both
frequency magnitude and dissipation, which becomes larger with increasing layer number, reflecting
the supra-linear growth of the multilayer. The chitosan layers show a sharp decrease in both frequency
magnitude and dissipation. In both panels of Figure 1 a sharp spike can be seen when the multilayer
is initially exposed to PBS. The frequency magnitude and dissipation then decrease to values less
than the 6 bilayer fucoidan-terminating PEM within 5 min for both multilayers exposed to FGF-2 in
PBS and PBS only. There is a small but continual decrease in the frequency when the film is exposed
to PBS (both with FGF-2 and without) indicating a mass loss during this time. However, QCM-D
cannot distinguish between polymer mass and water mass loss. Our previous work has shown that
10 bilayer fucoidan/chitosan multilayers experience both a degree of mass loss and swelling when
exposed to PBS [54]. However, any swelling occurring here (Figure 1) cannot be seen in the frequency
measurements after the initial spike, in fact, a decrease in thickness is observed (see Figure 2).

The pattern seen in the early layers, of lower frequency and dissipation for chitosan layers, and a
sharp increase in both frequency magnitude and dissipation for fucoidan layers, continues after PBS
exposure with some differences, the first fucoidan layer after PBS exposure shows the same frequency as
the previous fucoidan layer. The dissipation increases sharply with the fucoidan adsorption after PBS.
The seventh and eighth chitosan layers show a decrease from the previous reported fucoidan layers in
the frequency magnitude and dissipation values. The hydrated mass calculated using the Sauerbrey
relation and the Sauerbrey thickness (panel A and B of Figure 2), show that the incorporation of FGF-2
does not have a significant impact on these two attributes of the multilayer compared to a PEM only
exposed to PBS. The hydrated mass can be seen to follow a linear profile up to bilayer 3 where a
saw-tooth profile emerges, with the chitosan layers having a lower hydrated mass than the previous
fucoidan layers. Upon exposure to PBS the hydrated mass can be seen to decrease, following this
exposure the continued build-up of the multilayer again shows a saw-tooth profile similar to before
the PBS/FGF-2/PBS cycle. The PEM that was only exposed to PBS appears to show a marginally higher
adsorbed mass, however, this was present prior to PBS exposure so is likely caused by a variation in
the samples themselves.

Similarly, the thickness data in panel B of Figure 2, show a similar profile to the mass calculations
prior to PBS exposure, where the linear profile ends at bilayer 3 and the saw-tooth begins. Again,
when chitosan is adsorbed to the fucoidan-terminating multilayer the film becomes thinner, when the
next layer of fucoidan is adsorbed the entire multilayer become thicker. When exposed to PBS,
the thickness of the multilayer increases, upon the adsorption of the first subsequent bilayer pair,
consisting of fucoidan then chitosan, the thickness decreases. These changes in thickness and mass
show a swelling and deswelling profile. No polymer is added during the PBS only rinse and very little
mass is added during the PBS/FGF-2/PBS cycle, yet the mass and thickness both increase.

The average dissipation data is presented in panel C of Figure 2, the PEMs with and without
growth factor have very similar dissipations after being exposed to FGF-2 in PBS or only PBS. Though,
this small difference may be due to variation in the samples that exists prior to the PBS exposure.
For the seventh layer of fucoidan, there was a significant difference in the dissipation with the PBS
only system having a much greater dissipation than the multilayer with embedded FGF-2, the eighth
fucoidan layer shows a similar difference. However, the dissipation of the seventh and eighth chitosan
layers are the same for both the multilayer with embedded FGF-2 and the multilayer that was only
exposed to PBS.

2.2. ATR FTIR

The ATR FTIR (attenuated total reflectance Fourier transform infrared) spectroscopy build-up
and growth factor embedding experiments were performed with two independent repeats on a ZnSe
IRE (internal reflection element). The spectra in Figure 3 show the PEM build-up proceeded as
expected up to 5.5 bilayers (some of the later layer spectra have been offset vertically for clarity).
The spectra show the characteristic peaks of fucoidan and chitosan (assigned previously [55–57]).
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The characteristic peaks assigned to chitosan are the amide I/C=O at 1633 cm−1 and amide II at
1535 cm−1. While the characteristic peaks attributed to the sulfate stretching vibration are at 1249 cm−1

and 1220 cm−1. Other peaks of interest include the overlapping peaks at 1167 cm−1 assigned to
C–O–C stretching vibration fucoidan and 1152 cm−1 assigned to C–O–C/C–N stretching vibrations of
chitosan. The glycosidic linkages and skeletal C–O stretching vibrations is encompassed by the peaks
at 1090 cm−1, 1051 cm−1 and 1025 cm−1 for both polysaccharides. A complete list of peak positions
and assignments can be found in Table 1.

 
Figure 3. ATR FTIR (attenuated total reflectance Fourier transform infrared) spectra of build-up of a
8 bilayer FUC/CS PEM on a ZnSe IRE, where FGF-2 was embedded at bilayer 6. The grey line represents
the spectrum of PEI, green lines represent FUC layers, red lines represent CS, and the orange line shows
the spectrum of FGF-2 after a 5 min PBS rinse.

During the individual layer adsorption steps, when fucoidan was adsorbed an increase in the
sulfonate stretching band at 1238 cm−1 is clearly seen along with increases in the lower wavenumbers
of the glycosidic linkage region (1100–950 cm−1). As chitosan adsorbs the greatest differences are
increases in the entire glycosidic linkage region and in the amide I and II bands. These amide bands
decrease slightly upon subsequent fucoidan adsorption. This decrease is the result of stripping of
chitosan from the multilayer upon adsorption of fucoidan. Stripping of polyelectrolytes has been
observed in fucoidan/chitosan multilayers in past work from this group (and is commonly observed
more broadly with polyions of dissimilar molecular weights), when fucoidan of much lower molecular
weight has been used (see [56] and references contained therein).

The spectrum of the PBS rinse after FGF-2 adsorption displays some significant changes.
At 5.5 bilayers the PEM has been calculated to be 192 ± 10 nm thick using the Sauerbrey equation
from the QCM-D measurements presented in Figure 2, panel B. When the film was exposed to
PBS/FGF-2/PBS the Sauerbrey thickness decreased to 168 ± 5 nm, despite an initial spike caused
by PBS. The significant decrease in absorbance after the PBS/FGF-2/PBS cycle indicates mass loss of
polysaccharides from the film. The peak heights of the sulfonate bands and the glycosidic region match
that of the 5th bilayer, chitosan terminating film suggesting much of the previously adsorbed fucoidan
layer has been removed. In addition, increases in the amide I/II bands indicating that FGF-2 adsorbed
to the multilayer.
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Table 1. Assignment of bands observed for ATR FTIR (attenuated total reflectance Fourier transform
infrared) spectra of (i) a 9.5 bilayer fucoidan/chitosan polyelectrolyte multilayer on a Ge IRE (internal
reflection element) and (ii) an 8 bilayer fucoidan/chitosan polyelectrolyte multilayer with FGF-2
embedded at bilayer 6 built on a ZnSe IRE [27,30–40]. Annotations: ν is stretching vibration, νas is
asymmetric stretching vibration, νs is symmetric stretching vibration, γ is out-of-plane bending
vibration, δ is in-plane bending vibration.

Peak Assignment
9.5 BL Chitosan/Fucoidan

(Ge IRE)
8 BL Chitosan/Fucoidan with FGF-2

Embedded at BL 6 (ZnSe IRE)

νs(C-O-S) 838 838
νs(C-H) 898 898

ν(C-O), νs(C-O-S) 961 961
ν(C-O-C), ν(C-O), ν(C-C) 1025 1024

ν(C-O-C), ν(C-O), ν(S=O) 1052 1052
1089 1091

ν(C-N), γ(C-O-C) 1155 1155
γ(C-O-C) 1167 1167

νas(S=O) 1222 1220
1248 1248

γ(CH3) 1386 1386
δ(CH2) 1416 1416
δ(CH2) 1454 1454

Amide II, δ(N-H),
νas(COO-) 1538 1536

Amide I, δ(O-H) 1632 1635

Following the PBS/FGF-2/PBS cycle the multilayer build-up was continued. The first fucoidan
layer after this cycle has the same peak heights as the preceding fucoidan layer that was diminished by
the adsorption of the FGF-2 layer (and associated PBS rinse cycles). The characteristic peaks in the next
chitosan layer spectra increase very little, whilst the next bilayer appears to return to a more typical
build-up as seen with the early layers prior to PBS/FGF-2 exposure. There is one additional difference
in the final chitosan layer; the sulfate band attributed to fucoidan increases, likely due to underlying
chitosan peaks in the spectrum and the large amount of chitosan that appears to be adsorbing to
this layer. It is unlikely to be a result of the penetration depth of the evanescent wave as the dp of the
ZnSe IRE is approximately 850 nm (ñ = 1650 cm−1) and the Sauerbrey thickness of the multilayer at the
time of formation of the eighth chitosan layer is 193 ± 5 nm for the film with embedded FGF-2 (see the
supporting information of our previous work [54] for calculations of dp).

The spectra presented in Figure 4, show more clearly the spectral change associated with the
adsorption step of the growth factor. The amide I/II bands characteristic of proteins, in this case FGF-2,
are sharp and clear, and are found at peak maxima of 1642 cm−1 and 1541 cm−1, respectively. The amide
I/II bands increase over the 15 min adsorption. It is clear that FGF-2 has adsorbed to the surface of
the multilayer. The subsequent PBS rinse showed no further change in the polysaccharide peaks or the
amide bands suggesting the FGF-2 remained bound onto the multilayer surface and no further mass
loss of the polysaccharides occurred. The FGF-2 exposure spectra will also include some contribution
from the bulk solution above the PEM as well as any FGF-2 adsorbed to the PEM.

Finally, it was important to confirm that the FGF-2 remains bound within the PEM after build-up
is continued, i.e., it is not removed by polyelectrolyte stripping. The spectra of the layers added
after FGF-2 were processed by subtracting the spectra of the PBS rinse after FUC6 in a 1 to 1 ratio
from each. These spectra are then processed to remove the O-H bending mode of water lost during
this adsorption step, by summing the spectrum with a spectrum of PBS. Representative spectra are
presented in Figure 5. Negative changes in the amide bands of the spectra in this figure may show if
FGF-2 was desorbing or being removed from the multilayer.
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Figure 4. ATR FTIR individual layer spectra of the FGF-2 adsorption every 5 min in orange and the
subsequent PBS rinse in blue. FGF-2 spectra are produced by 1 to 1 subtraction of the prior PBS rinse
spectrum from each spectrum collected over the adsorption time, followed by subtraction of a PBS
spectra to remove the O-H bending mode contribution of water.

 
Figure 5. Representative ATR FTIR spectra of the layers added after FGF-2 adsorption. These spectra
were produced by subtracting the spectra of the PBS rinse after FUC6 in a 1 to 1 ratio from each,
followed by adding a PBS spectra to flatten the region between 1650–1700 cm−1 to remove the O–H
bending mode of water lost during this adsorption step. Green lines show the fucoidan layers whilst
red shows the chitosan layers. The vertical lines indicate the peak maxima of the amide I/II of FGF-2.

The first FUC (seventh bilayer) adsorption after the embedded growth factor contains a clear
sulfate band characteristic of fucoidan as would be expected, however, there is significant distortion in
the region from 1100–900 cm−1 due to the overlapping nature of PBS peaks in this region. In addition,
the amide I band peak maxima can be found at 1643 cm−1, whilst the amide II maxima is at 1539 cm−1,
these peaks are indicative of FGF-2 remaining bound to the multilayer after fucoidan adsorption.
Upon subsequent chitosan adsorption the amide I and II peaks became more rounded and the peak
maxima of the amide I shifted to 1638 cm−1 but the amide II remained in the same position. Additionally,
two peaks increase significantly at 1384 cm−1 and 1093 cm−1, assigned to the CH3 deformation and
the C-O-C stretching mode of the glycosidic linkage overlapping with the symmetric stretching of
phosphate in PBS (see electronic Supplementary Materials Figure S1). These peaks only increase with
each chitosan addition. In the next fucoidan layer spectra the amide I band shifts back to 1640 cm−1,
and both amide bands greatly reduce in size. This indicates that chitosan is removed from the film as
was seen previously, while the shift towards the FGF-2-like amide I band suggests that the growth
factor is still trapped within the film. The final adsorption of chitosan sees the amide I shift more
dramatically to 1634 cm−1 due to significantly larger adsorbed amount.
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These spectra also clearly show that the sharp peak at 1093 cm−1 is associated with chitosan
adsorption. This sharp peak appears at the same wavenumber as the first of the glycosidic linkage
peaks of the polyelectrolytes, i.e., the C-O-C and C-O stretching bands. However, this peak also
overlaps with the symmetric stretching of phosphate in PBS [58], which is composed of two peaks at
1062 cm−1 and 1125 cm−1 (see electronic Supplementary Materials Figure S1).

In addition to determining that the FGF-2 does not release upon simple exposure to PBS,
it is valuable to determine the likely structure and distribution of the FGF-2 within the multilayer.
The presence of FGF-2 as a distinct layer within the multilayer will likely result in a different interaction
within a wound environment compared to FGF-2 that is evenly distributed throughout the PEM film.
In recently submitted work from our group, we determined that lysozyme was able to adsorb onto
and permeate into a multilayer of FUC/CS (fucoidan/chitosan) [54]. Lysozyme and FGF-2 are both
small proteins, with similar molecular weights and hydrodynamic radii; for lysozyme the molecular
weight is 14.7 kDa and has a hydrodynamic radius of 19.5 Å, whilst FGF-2 has values of 17.2 kDa
and 28 Å, respectively [9,28]. In addition, both have an overall positive charge at physiological pH,
with isoelectric points at 11.3 for lysozyme and 9.6 for FGF-2. It was therefore our initial hypothesis
that FGF-2 would behave similarly when a solution of the growth factor was placed in contact with
a multilayer.

To test this hypothesis, ATR FTIR spectroscopy on a Ge IRE was employed to monitor the build-up
of a 9.5 bilayer FUC/CS PEM, similar to our previous experiments with lysozyme. The build-up was
found to match the data from our earlier work, and is presented in Figure 6. The multilayer was then
exposed to PBS solution for 5 min, and then a 25 μg·mL−1 FGF-2 solution (in PBS, which was used to
maintain the secondary structure of the proteins) was injected into the flowcell and remained stagnant
over the film for 15 min and a spectra collected of the bulk solution over the multilayer. The spectra of
the protein exposure are presented in Figure 7 panel A, where a ratio of 1 to 1 was used to subtract the
spectrum of PBS over FUC10 from the spectrum of 15 min protein exposure. The film was exposed to
FGF-2 was exposed to PBS for 2 h and this spectrum is presented in Figure 7 panel B.

 

Figure 6. ATR FTIR spectra of the build-up of a 9.5 bilayer PEM on a Ge IRE. The spectra are produced
by subtracting a spectrum of the background electrolyte from each spectrum collected after each
polymer adsorption/rinse step. The spectrum of PEI is shown in grey, the spectra of the fucoidan layers
are shown in green and the chitosan layers are shown in red.
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Figure 7. (A) ATR FTIR difference spectra of a 9.5 bilayer PEM exposed to PBS for 5 min followed
by either lysozyme (dark blue) or FGF-2 (orange) for 15 min. (B) ATR FTIR difference spectrum of a
9.5 bilayer PEM exposed to PBS for 5 min followed by FGF-2 (orange) for 120 min. (Difference spectra
acquired by subtracting the spectrum of the PBS exposed multilayer from the multilayer exposed to the
two biomolecules).

Upon fucoidan adsorption the sulfate peaks increase up to bilayer 4. From bilayer 5 onwards,
the sulfate peak increases upon both fucoidan and chitosan adsorption. The amide I/II bands
characteristic of chitosan increase upon adsorption of chitosan, but decrease upon subsequent adsorption
of fucoidan throughout build-up, however, this becomes more noticeable in the latter layers. This is
attributed to mass loss of chitosan via stripping by fucoidan as it adsorbs and swelling of the film.
Swelling can be seen in ATR FTIR spectra where the penetration depth of the IRE is not much greater
than the thickness of the film. This can also account for the increase in the sulfate peak after chitosan
adsorption mentioned above.

The spectra in Figure 7 show that lysozyme can be detected within the multilayer, with amide I and
amide II bands clearly visible at 1651 cm−1 and 1547 cm−1. In addition, the glycosidic linkage region of
the polysaccharides can also be seen with a maxima at 1084 cm−1, as well as the sulfonate stretching
band characteristic of FUC at 1215–1252 cm−1. In contrast, the FGF-2 spectrum shows negative bands
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at 1647 cm−1 and 1547 cm−1 assigned to the amide I/II of CS, as well as the negative sulfonate stretching
band and the glycosidic linkage region with minima at 1215–1252 cm−1, and 1084 cm−1, respectively.

The refractive index of the Ge prism upon which these experiments were performed was nGe = 4.0,
within the ñ= 700–3450 cm−1 range [59]. A high refractive index means that the penetration depth (dp) of
the evanescent wave from the surface of the IRE in an aqueous environment is small, where dp = 414 nm
at ñ = 1540 cm−1 and dp = 505 nm at ñ = 1250 cm−1 (see our previous work for all calculated dp values
and graphs of refractive indices for ZnSe and Ge IREs in the mid-IR range). In our earlier work,
AFM measurements were used to determine the thickness of the 9.5 bilayer PEM in KCl electrolyte
(377 ± 10 nm) and when exposed to PBS (432 ± 14 nm) [54]. These thickness measurements show
that the multilayer is thicker than the penetration depth of the evanescent wave from a Ge IRE in the
region of the amide I/II bands. Therefore, the spectra in Figure 7 shows that the film allows lysozyme
to penetrate, as indicated by the amide I/II bands, and the PEM deswells as expected (and visualized
by the increase in the polysaccharide peaks). However, the FGF-2 does not interact with the PEM in
the same manner, the spectra indicates that the PEM is continuing to swell (likely due to the PBS) and
is not counteracted by protein sorption (no positive amide I/II bands can be seen).

The FGF-2 bulk solution was allowed to remain on the film for 2 h (Figure 7 panel B), after this
time the characteristic peaks of chitosan could be seen at 1636 cm−1 and 1558 cm−1, plus the glycosidic
linkage region centred around 1080 cm−1. However, there appeared to be no amide I/II bands
that matched the shape/ratios of the protein or any sulfate stretching bands indicative of fucoidan.
This indicates that FGF-2 did not permeate into the film over this time frame and the film de-swelled
into the evanescent wave. Specifically, a region/layer with high chitosan content, or that chitosan
is diffusing through the PEM into the lower layers closer to the IRE surface. This diffusion may be
facilitated by the long exposure to PBS meaning that the film remains in the swollen state during
this time. Therefore, the chitosan may be freer to diffuse due to the higher degree of extrinsic versus
intrinsic charge compensation and the ‘looser’ structure of the swollen PEM.

Since the our previous work determined that the PEM was able to exclude proteins based on
size [54], the spectra presented in Figure 7 indicate that FGF-2 must interact via a different mechanism
than lysozyme (LYZ) with the multilayer components since the difference in molecular weight and
hydrodynamic radii between LYZ and FGF-2 is small. It must be also noted that heparin-like
glycosaminoglycans (GAGs) (i.e., fucoidan) support dimerisation of FGF-2 which contributes to the
potency of the growth factor in vivo [60]. However, our experiments could not distinguish between
dimerised FGF-2 in contact with the fucoidan surface of the PEM, or whether monomers of FGF-2
were binding to the fucoidan on the films without dimerisation occurring.

3. Discussion

The data in this study clearly shows that FGF-2 does not permeate into the multilayer but can
be embedded irreversibly at a desired location within the film. Both observations are likely due to
the specific interactions between FGF-2 and heparin/or heparin-like mimics, i.e., fucoidan [33,61].
The FGF-2 protein has heparin-specific binding regions on the protein surface that contain lysine
residues [62]. Under physiological conditions lysine residues are positively charged and can act as
hydrogen bond donors [63]. The FGF family of growth factors all have different heparan sulfate
glycosaminoglycan (HSGAG) binding domains [61]. The binding of FGF to HSGAGs is vital for
binding to the tyrosine kinase receptors (FGFR) on cell surfaces as a ternary complex and regulating
signalling [61]. FGF binding to an HSGAG oligosaccharide has been shown to involve both ionic and
van der Waals forces, and was optimal due to the conformational changes of the HSGAG backbone
that occur from protein binding, where the HSGAG kinks across 3 specific monosaccharide units,
glucosamine-iduronate-glucosamine [61]. More recent work has shown that that binding of FGF to
HSGAGs requires 3-O-sulfated glucosamine saccharide units, not specifically iduronate which has an
additional carboxylate group in the 6-O-position [64]. Fucus vesiculosus fucoidan is predominantly
comprised of long chains of 2-O-sulfated glucosamine units with some 3-O-sulfated glucosamines [50].
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Thus, it is likely able to form the kinked structure around FGF proteins in a similar manner to the
HSGAGs studied by Raman et al. [61]. The specificity of heparin binding domains in proteins such as
FGF-2 result in quite different behaviour when compared to other proteins of similar size and charge
that lack the specific heparin binding domains, i.e., lysozyme [65]. Another factor to consider is the
oligermisation states of FGF-2, Kwan et al. reported that HSGAGs induced dimerisation of FGF-2 via
surface-exposed cystine residues [60]. The HSGAGs stabilise the FGF-2 dimers and the dimers have a
more potent effect than the monomeric form. If the FGF-2 is dimerising when in contact with fucoidan
at the surface of the multilayer, this may contribute to the lack of diffusion into the lower layers of
the film.

The work by Masuoka et al. showed that chitosan was able to protect FGF-2 from heat and
enzymatic degradation at pH 7.3 (in PBS) but had no protective effect against acid degradation
(pH < 5) [52]. This suggests that chitosan at or above its isoelectric point may be able to bind to FGF-2
as well. The amine groups of chitosan have an isoelectric point of 6.5 [66,67]. So, in PBS solution
(pH 7.3) almost 50% of the amine groups will lose their positive charge. In our multilayers, if FGF-2
were binding to chitosan then when the pH is reduced to pH 5 upon return to the background electrolyte
some loss of FGF-2 may be expected. However, this does not appear to be the case.

Other authors have seen similar results with other multilayer systems [68] where LYZ is able
to permeate but FGF-2 does not, but, this is not always the case, and it is dependent on a multilayer
structure [8,69–71]. Hsu et al. have published two works of interest, where either LYZ or FGF-2
were incorporated into the PEM structure as a component in a tetralayer [69]. In the first study,
CS/poly(β-L-malic acid) (PMLA)/CS or LYZ/PMLA tetralayers were investigated with varying degrees
of click crosslinking introduced via modified PMLA components to minimise interlayer diffusion
and thus, control release of therapeutics [69]. Here, LYZ was used as a model protein, and was trapped
in the lower part of the PEM by a cross-linked layer of PMLA. This barrier layer was able to suppress
the burst release of protein and made the release duration longer, going from 2 to 3 days. Hsu’s
second work, utilised the same PEM system with LYZ and FGF-2 [69]. In this study, they replaced LYZ
with FGF-2 in the tetralayer PEM and found that more than six times less FGF-2 was incorporated
than in similar LYZ films [69]. In addition, the loading of FGF-2 was linear with respect to film
thickness. The release of FGF-2 had a similar profile to that of LYZ from the same films however, was of
longer duration. The FGF-2 released from the films was found to have a greater proliferative activity
than ‘as-received’ FGF-2, likely due to the co-release of chitosan, which may offer protective effects
against heat denaturization [69].

Another group of authors who have created a body of work on the topic is Macdonald et al.
who investigated PEMs comprised of a variety of synthetic and natural polyelectrolytes and their
interactions with LYZ [70], FGF-2 [8] and BMP-2 [71]. In their 2008 paper, lysozyme was utilised as the
polyanion in a tetralayer structure (polyX/polyanion/LYZ/polyanion)n where, n = 10–80 and polyX was
one of two synthesised cationic poly(β-aminoesters), whilst the polyanion was, either heparin (HEP)
or chondroitin [70]. The amount of LYZ incorporated was linear with film thickness. The same films
were investigated with FGF-2 as the embedded protein in the tetralayer structure. It was found that
poly2/HEP films contained the most FGF-2, partly due to the hydrophobicity of poly2 vs. poly1 which
would result in less intrinsic charge compensation (poly2 films are thicker than poly1 due to this).
In addition, films containing HEP can sequester more FGF-2 than the equivalent films containing
chondroitin. It was proposed that the specific interactions between HEP and FGF-2 may be the
dominant factor, however, in their previous work the HEP films were also able to load more LYZ than
the chondroitin films [70]. So, the specific interactions between FGF-2 and HEP may not be the only
reason why HEP multilayers were able to load more FGF-2 than the chondroitin films.

These studies correlate with our data confirming that heparin-specific binding sites play an
important role in the uptake of FGF-2 to fucoidan/chitosan multilayer films and that fucoidan is likely
acting as a heparin-mimic even when it is within a multilayer structure.
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This is further confirmed by the FUC7 + PBS spectra in Figure 5, which shows that FGF-2 remains
bound within the multilayer upon fucoidan adsorption, however, it is less clear in the subsequent
spectra due to the overlapping amide bands of chitosan and FGF-2. Yet, it is still possible to assume
the FGF-2 remains bound since upon addition of the seventh chitosan layer the amide I band does
not shift as low as previously seen in earlier studies from our group [54] (to 1630 cm−1) and when the
eighth fucoidan layer is adsorbed (and some chitosan is stripped) there is a shift in the amide I to
higher wavenumbers i.e., closer to the peak maximum of FGF-2.

The sharp peak (Figure 5) assigned to the symmetric stretching of phosphate in PBS [58]
(see electronic Supplementary Materials Figure S1) could suggest that some phosphate remains bound
via ionic interactions to chitosan after the electrolyte is changed back to KCl. Laucirica et al. have
shown that amine-phosphate interactions are specific and that this binding becomes apparent under
physiologically relevant conditions [72]. In addition, the same work showed that the divalent HPO4

2−
has an affinity for amino-groups that is five times greater than the monovalent H2PO4

1− ion due to the
hydrogen bonding between the protons on the amine and the charged oxygen species of phosphate
ions [72]. Peng et al. found similar results with molecular dynamics that showed that phosphate ions
adsorb on to amino-terminated self-assembled monolayers but chloride ions do not [73].

4. Materials and Methods

4.1. Materials

Protosan UP CL 213, a chitosan salt that dissolves in water (CS, 75–90% deacetylated, 150–400 kDa)
was sourced from NovaMatrix (Sandvika, Norway). Pharmaceutical grade Fucus vesiculosus fucoidan
(FUC, Batch no. DPFVF2015505 from the Maritech ®® range, 98% purity, 1.4% uronic acid, 56.9 kDa,
26.6% sulfate 50.7% fucose) was supplied by Marinova Pty Ltd. (Cambridge, TAS, Australia).
The purification of fucoidan to remove pyrogens produces a highly pure material that is acceptable for
medical use. Human fibroblast growth factor-basic (FGF-2, 154 a.a.) was supplied by Peprotech-Lonza,
Mt Waverley, VIC, Australia. Lysozyme from chicken egg white (LYZ, dialyzed, lyophilized,
powder, 100000 U·mg−1) and polyethylenimine (PEI, branched, 25 kDa) and were obtained from
Sigma-Aldrich, Australia.

Potassium chloride (KCl, 99%, AR) was purchased from Chem-Supply (Gillman, SA, Australia).
The KCl was further purified to remove surface active impurities, by calcination at 550 ◦C for 8 h,
followed by recrystalisation and finally, another calcination. Phosphate buffered saline (Dulbecco A)
was obtained from Thermo Fisher Scientific, Adelaide, SA, Australia and used as supplied. HCl and
KOH (both volumetric grade) were sourced from Merck KGaA, Darmstadt, Germany. Reagents used
for cleaning surfaces include; ethanol 100% undenatured (AR, Chem-Supply, Gillman, SA, Australia),
Hellmanex (Hellma Analytics, Müllheim, Germany), pH 7 Tickopur R 30 and OP-U colloidal silica
suspension (Struers, Ballerup, Denmark).

4.2. Solution Preparation

Milli-Q water (resistivity: 18.2 MΩ·cm; interfacial tension: 72.4 mN·m−1 at 22 ◦C; total organic
carbon content: < 4 mg·L−1) was used to prepare all solutions and for cleaning of surfaces and
glassware. The background electrolyte for the polyelectrolyte solutions was pH 5 0.1 M KCl solution
(pH adjusted prior to making other solutions). PEI (500 ppm) was prepared in background electrolyte,
stirred overnight and used within one week. Solutions of CS and FUC (both 500 ppm) were prepared
in background electrolyte and stirred overnight. The polysaccharide solutions were used within
24 h of preparation. The background electrolyte, FUC and CS solutions were pH adjusted with
volumetric grade KOH and HCl solutions to pH 5 before experiments. All pH adjustments were
performed to give a value of ± 0.05 from the desired pH. PEI was used at its native pH in 0.1 M KCl
pH 5 solution. Both LYZ and FGF-2 (both 25 ppm) were prepared the day of the experiment in PBS
(pH 7.3) and stirred briefly to dissolve the protein.The concentration of 25 μg·mL−1 FGF-2 solution
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was chosen for two main reasons; (i) physiological concentrations are approximately 50 pg·mL−1 in
plasma [74], (ii) spectroscopic detection levels were found to be in the range of hundreds of μg·mL−1

for solution spectra. Typically, adsorption to a multilayer increases the concentration within the
evanescent wave, and thus detection of less than this concentration is possible, it was decided to work
in a range that would ensure detection. In addition other authors have found concentrations between
1.65–100 μg·mL−1 growth factor solutions sufficient for multilayer studies [8,18,75–77].

4.3. Polyelectrolyte Multilayer Preparation and Growth Factor Adsorption/Incorporation

Multilayers were prepared, in situ, under flow for all experiments. Initially, the system is flushed
with KCl background electrolyte, then an anchoring layer of PEI is deposited by flowing the solution
over the substrate for 15 min followed by a 5 min rinse with KCl. Following the PEI layer, FUC is
adsorbed then CS. Each polymer is adsorbed for 15 min followed by a 5 min KCl rinse. The fucoidan
and chitosan layers make one bilayer pair. This bilayer is repeated until the desired bilayer number
is reached. Where FGF-2 was embedded in the film, a total of 8 bilayers were used with a FGF-2 layer
at bilayer 6 i.e., PEI-(FUC/CS)5-(FUC/FGF-2)-(FUC/CS)2. For the permeation experiments multilayers
composed of 9.5 bilayers were used so the film can be described by; PEI-(FUC/CS)9-FUC.

4.4. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR FTIR)

Fourier transform infrared experiments were performed on a Varian 670-IR FTIR spectrometer
(Agilent Technologies, Mulgrave, VIC, Australia). A Ge internal reflection element (IRE) was used
for FGF-2 permeation experiments. A ZnSe IRE was used for the data shown throughout the
main manuscript. The IRE was mounted in a Fast IR single reflection ATR accessory (Harrick Scientific,
Pleasantville, NY, USA) and fitted with a liquid flow cell attached to a peristaltic pump (Masterflex L/S,
John Morris Scientific, Deepdene, VIC, Australia) with Tygon tubing (Masterflex L/S 13, Cole Parmer,
Vernon Hills, IL, USA).

The ZnSe/Ge IRE (Harrick Scientific, Pleasantville, NY, USA) was buffed in a figure-of-eight
pattern for approximately 5 min with OP-U colloidal silica suspension on a wet, MD-Nap™ 250 mm
polishing pad (both Struers, Ballerup, Denmark), followed by buffing for a further 2 min with Milli-Q
water. Each component was sonicated in a surfactant for 30 min; the IRE in 2% pH 7 Tickopur,
the flow cell and the tubing were sonicated in 2% Hellmanex - each solution was injected through
the tubing 3 times with syringes (Luer slip, 5 cc·mL−1, Terumo, Tokyo, Japan). Each component
was rinsed with Milli-Q water and then sonicated in 100% undenatured ethanol for 15 min (tubing
was not exposed to ethanol), followed by a further rinse, then sonicated in Milli-Q water for 15 min.
Finally, the components were rinsed a last time, dried under a stream of high purity dried nitrogen gas
(99.999%, BOC, North Ryde, NSW, Australia) and allowed to dry fully overnight in a covered plastic
container before being mounted.

Multilayers were created on the IRE surface under flow by following the protocol outlined above.
The FGF-2 adsorption and PBS rinses were performed by flowing PBS over the multilayer for 5 min
at 1.000 mL·min−1. Then the tubing was removed and FGF-2 solution was injected directly into the
flowcell chamber via a syringe (Luer slip, 1 cc·mL−1, Terumo, Japan). The injection of the solution was
staged over the 15 min adsorption, with 0.3 mL injected at 0, 5 and 10 min. For the diffusion study the
FGF-2 remained on the multilayer for 2 h. The tubing was reconnected to the flowcell and then flushed
with PBS again for 5 min at 1.000 mL·min−1.

Single channel spectra from 256 scans were obtained in the region of 650 cm−1 (on the ZnSe IRE)
or 780 cm−1 (on the Ge IRE) to 4000 cm−1, with 4 cm−1 resolution (commonly employed for studies of
condensed matter systems, as higher resolution does not provide finer detail of peaks due to the natural
linewidth of peaks in such systems) using Agilent Resolutions Pro software v5.2.0.36. Spectra were
recorded for each experiment, as follows; (i) a background spectrum in air; (ii) a water vapour (WV)
spectrum in air 10 min after the background spectrum; (iii) a spectrum of the background electrolyte
after 5 min flow; (iv) then polymer spectra after each successive adsorption/rinse cycle.
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Spectra were collected at specific time points, during the PBS/FGF-2/PBS cycle; (i) after the 5 min
PBS rinse of the 5.5 bilayer, fucoidan terminating PEM, (ii) every 5 min during FGF-2 adsorption
and (iii) after the 5 min PBS rinse after growth factor adsorption. These spectra were processed by
subtracting the initial PBS rinse from the FGF-2 and subsequent PBS rinse with a 1 to 1 ratio, then a
spectrum of PBS was added to flatten the O-H bending mode of water.

Whilst for the diffusion study on the 9.5 bilayer multilayer, spectra were collected at 15 min FGF-2
adsorption and then after a final 5 min PBS rinse following the 2 h FGF-2 adsorption. These spectra were
processed by subtracting the PBS rinse of the multilayer in a 1 to 1 ratio from all subsequent spectra.
Each experiment was performed as two independent repeats. Spectral processing was performed with
OMNIC software v8.2.0.387 (Thermo Fisher Scientific, Scoresby, VIC, Australia).

The multilayer build-up spectra presented below (Figure 3) and in the electronic supplementary
material were produced by subtracting the spectrum of the background electrolyte (KCl) from each
spectrum to remove the contribution of water in the O-H bending mode region (~1630 cm−1). In Figures 4
and 5 the spectra were produced by subtracting the spectra of the PBS rinse of the 6th fucoidan layer
(PBS rinse after FUC6) in a 1 to 1 ratio from each, followed by adding a PBS spectra to flatten the region
between 1650–1700 cm−1 to remove the O-H bending mode of water. Finally, manual water vapour
correction was performed, followed by automatic baseline correction, for all spectra.

4.5. Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)

The experiments were performed on a Q-sense E4 instrument (Biolin Scientific, Västra Frölunda,
Sweden) under continuous flow conditions. The multilayers are formed on Si-coated 5 MHz AT-cut
quartz crystal sensors (SiO2 50 nm, QSX 303, Q-sense, Biolin Scientific, Sweden). The sensors were
cleaned by sonicating in 1 M HCl for 30 min, followed by 2% Hellmanex for 30 min then Milli-Q water
for 10 min. The sensors were individually dried under a stream of high purity dried nitrogen and air
plasma cleaned for 60 s (Harrick Plasma, Ithaca, NY, USA).

Once cleaned, the sensors were placed into the QCM chambers, where they were allowed to
stabilise in background electrolyte prior to measurement for 1 h under flow at 0.050 mL·min−1 using
a multi-channel peristaltic pump (Ismatec, Cole-Palmer, Wertheim, Germany). Then solutions were
pumped through the system following the adsorption protocol described above at rates of 0.100 mL·min-1

for polyelectrolyte/protein adsorption and 0.300 mL·min−1 for the background electrolyte rinse.
The PBS/FGF-2/PBS cycle was performed using a flow rate of 0.300 mL·min−1 for 5 min for the

PBS rinse prior to the adsorption of growth factor. The FGF-2 adsorption was performed by flowing
the growth factor solution over the multilayer for 1 min at a rate of 0.30 mL·min−1, then for 14 min at a
rate of 0.05 mL·min−1. The subsequent PBS flush was performed at 0.05 mL·min−1 and 0.30 mL·min−1

for 5 min each (the extra slow flush was used to account for the additional exposure time of FGF-2 due
to spectra collection in ATR FTIR spectroscopy measurements).

5. Conclusions

The ATR infrared spectra and quartz crystal microbalance measurements presented show that
fibroblast growth factor-2 can be embedded into the film structure by adsorbing layers of polyelectrolytes
over the FGF-2. In addition, it was found that the overall multilayer structure is altered by PBS exposure
during the embedding process, and that the incorporation of growth factor had little disruptive effect
on the film build-up. This ability of fucoidan to bind fibroblast growth factor 2 in a multilayer structure
could offer new methods for protecting and deploying growth factor in a wound bed. Such deployment
as a coating on wound dressing material would allow the growth factor to be active in a wound bed as
the polyelectrolyte degrades and exposes/releases the growth factor.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/11/531/s1,
Figure S1: ATR FTIR spectrum.
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Abstract: Fucoidans from Moroccan brown seaweed Bifurcaria bifurcata and Fucus spiralis were tested
for their elicitor activity after their purification and complete characterization. The fucoidans of
B. bifurcata (BBF) and of F. spiralis (FSF) were extracted and purified then characterized by infrared
spectroscopy, proton nuclear magnetic resonance spectroscopy and size exclusion chromatography.
The results show that BBF and FSF are mainly sulfated with 45.49 and 49.53% (w/w) sulfate, respectively.
Analysis of neutral sugars determined by gas chromatography–mass spectrometry showed that FSF
and BBF were mainly composed of 64% and 91% fucose and 20% and 6% galactose, respectively,
with a few other sugars such as glucose (8% in FSF), rhamnose (1% in BBF) and mannose (8% in FSF
and, 2% in BBF). The eliciting activity of these sulfated polysaccharides in stimulating the natural
defenses of the date palm was evaluated through the activity of phenylalanine ammonia-lyase (PAL),
and the increase in phenols and lignin content in the roots. The results obtained clearly show that
the two fucoidans early and intensely stimulate the natural defenses of the date palm after 24 h of
treatments. This remarkable elicitor effect seems to be linked to the sulfated groups compared to
non-sulfate alginates extracted from the same algae. These results open promising perspectives for a
biological control approach against date palm diseases.

Keywords: sulfated polysaccharides; natural defenses; phenolic metabolism; phenylalanine
ammonia-lyase

1. Introduction

Sulfated polysaccharides are increasingly recognized for their broad spectrum of biological
activities. They usually found in large quantities in brown seaweeds. In addition, the polysaccharides
structures depend on the algae species. Thus, various biological activities could be discovered with
each new sulfated polysaccharide extraction [1].

Amongst these polysaccharides, the most studied was carrageenan [2], ulvan [3] and fucoidans.
Fucoidans at the molecular level constitute a polymer of L-fucose linked by (1,3) and (1,4) with residues
mainly sulfated on C-4 [4,5]. The characteristic structure of fucoidans rich in L-fucose and sulfated ester
groups has generated widespread interest due to their therapeutic effects. Several works reported the
biological proprieties of fucoidans [6], namely antioxidant [7,8], antitumor [9–12] and anticoagulant [13].
In addition to these biological applications, fucoidans and their oligosaccharides have also been the
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subject of other studies on biostimulants of defence mechanisms in plants [14,15]. They were also
suggested as biological approaches to control plants disease [16], by benefiting from their stimulating
effect of early and late defensive responses. It is reported that biological and biostimulant properties of
fucoidans depend in particular on the degree of sulfation [8] and on their various physico–chemical
properties [5].

The aim of this work is to study the potential activity of fucoidans to elicit the natural defence
mechanisms in date palm (Phoenix dactylifera L.) roots as a monocotyledon plant. Through an innovative
elicitation model allowing the treatment of the roots which are the site of infection of the date palm by
Fusarium oxysporum f. sp. albedinis (Foa), a telluric pathogen causing the fatal disease (Bayoud) of date
palm [17]. In response to Bayoud disease, date palm develops numerous defence mechanisms in roots
such as the induction of phytoalexins [18], the accumulation of caffeoyl shikimic acids [19,20] and the
reinforcement of the cell walls by lignin and phenolic compounds [21]. These defence mechanisms all
depend on, phenylalanine ammonia-lyase (PAL) activity, triggering the phenlypropanoid pathway [17].
The activity of this enzyme governs the defence mechanisms induced in sensitive and resistant varieties
during a date palm and Foa interactions [22]. In this context crude fucoidans, extracted from two
brown algae Bifurcaria bifurcata and Fucus spiralis from the Atlantic coast of Morocco were structurally
characterized and tested for their possible eliciting effect on the defence mechanisms of the date
palm roots.

2. Results and Discussion

2.1. Chemical Composition of Crude Fucoidans

The abundance of the two brown algae B. bifurcata and F. spiralis on the Moroccan Atlantic coast
was the reason for the choice of these two species. The yield as well as the chemical composition of the
fucoidans extracted from these species are shown in Table 1. FSF and BBF yields were around 8 and
2%, respectively, based on algae dry weight.

Table 1. Chemical composition and yield of F. spiralis (FSF) and B. bifurcata (BBF) crude fucoidans.

Analytical Data (%, w/w) FSF BBF

Yield a 7.9 1.9
Neutral sugar b 51.16 45.23
Uronic acids b 14.68 21.79

Sulfates b 49.53 45.49
Protein b Traces Traces

Mw (g/mol) c 20 × 103 14 × 103

aExpressed on the weight of dry depigmented algae. b Expressed on the weight of dry fucoidans. c Molecular
weight by High Performance Size Exclusion Chromatography (HPSEC) analysis.

Colorimetric assays show that FSF and BBF contained principally neutral sugar from 45.23 to
51.16 for B. bifurcata (BBF) and of F. spiralis (FSF), respectively, those extracted fucoidans were also
highly sulfated (FSF, 49.53% and BBF, 45.49%).

The main neutral sugars which constitute FSF and BBF was determined by gas chromatography–
mass spectrometry (GC-MS) analysis and the result reported in Table 2 shows that was the L-fucose
with 63.98 and 90.68%, respectively, based on dry weight of sulfated polysaccharides (FSF and BBF).

The results obtained (Table 1) are different from those demonstrated for fucoidans of B. bifurcata
from Britain with a higher extraction yield (17% w/w), 40–42% of carbohydrate with 22.2% of sulfates [23].
Compared to fucoidans extracted from other green algae, the BBF extraction yield remained much
lower than that registered of fucoidans of Cystoseira compressa (5.2% w/w) [24] and Cystoseira barbata
(5.45% w/w) [8], whereas, it is close to 2.8% of fucoidans purified from C. crinite and to 2.2% extracted
from Dictyota dichotoma [25,26], while the FSF yield was more important than that reported for the algae
mentioned above. On the other hand, the sulfates concentration of extracted polysaccharides (FSF and
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BBF) was much higher than those reported for fucoidans extracted from Cystoseira and Sargassum
species [8,24,27]. Elsewhere, fucoidans from Alaria sp. and Saccharina japonica at spore production
was highly sulfated than fucoidans obtained at vegetative status of these brown algae species [28].
Thus, fucoidans’ yield and their overall chemical composition could be influenced by the procreating
status of seaweed [29]. L-fucose was the principal constitutive monosaccharide of FSF and BBF, with a
Fucp/Galp ratio of 3.2 and 14.7, respectively (Table 2), indicating a predominate amount of L-fucose
than galactose. This composition was similar to that found in fucoidans of Saccharina cichorioides
(Fucp/Galp ratio of 13.84) related to 88.6% mol of L-fucose and 6.4% mol of galactose [27]. The ratio
found in this work for BBF (14.7) appeared higher than that recorded for fucoidans of S. japonica with
Fucp/Galp of 1.13 [27], and the ratio obtained from Undaria pinnatifida fucoidans which was equal to
1.39 [29]. More studies carried out on fucoidans reported the lower Fucp/Galp ratio for fucoidans of
C. compressa (2.57) [24], C. barbata (1.3) [8], Agarum cribrosum (2.63) [30], Lachemilla angustata (3.93) [31]
and Fucus evanescens (8.2) [27]. The monosaccharide composition obtained for FSF and BBF reported
the presence of more than 50% of L-fucose; this can explain the higher sulfate concentration in FSF
and BBF. It was reported that concentration of sulfated residues depend on the nature of fucoidans
monosaccharide composition [27,31].

Table 2. Monosaccharide composition of F. spiralis (FSF) and B. bifurcata (BBF) crude fucoidans.

Monosaccharides a (% mol) FSF BBF

Fucose 63.98 90.68
Galactose 20.00 6.19
Glucose 8.00 nd

Mannose 7.99 1.65
Rhamnose nd 1.46

Fucp/Galp ratio 3.2 14.7
a Monosaccharides composition by GC-MS analysis, expressed as molar % of the total identified peaks based on the
weight of dry fucoidans.

2.2. Proton Nuclear Magnetic Resonan ce (1H-NMR) and Infrared (ATR-FTIR) Spectroscopies

To better characterize the fucoidans, an 1H NMR analysis was carried out. FSF and BBF spectra
are presented in Figure 1. The two spectra exhibit five regions characteristic of fucoidans. The intense
peaks at 1.34 and at 1.22 ppm are from the H6 methyl protons of L-fucopyranose [32]. Signal at
2.14 ppm refer to the methyl protons of the O-acetyl groups [32]. The spectrum between 4.1 and
3.7 ppm corresponds to the protons of the ring (H2-H5) [8]. The signal around 4.3 ppm, is related to
the protons of the 4-O-sulfated monosaccharides [33,34]. It is more intense in the case of FSF than BBF,
which corroborates the slight difference in sulfates proportions between the two samples (Table 1).
Finally the signals region between 5.3 and 5.03 ppm, are attributed to the C-H proton of substituted
O=C and to proton H1 of monosaccharides-α-L-fucopyranose [32]. The spectra obtained for FSF and
BBF are very similar to those obtained for fucoidans of Fucus vesiculosus and Ascophyllum nodosum [33],
C. barbata [8] and C. compressa [24].

In parallel, an infrared analysis was carried out. The Attenuated Total Reflectance ATR-FTIR
spectra of BBF and FSF were represented in Figure 2. The two spectra showed characteristics bands
at 3406–3403, 2941, 1635–1605, 1423–1420, 1222–1223,1027–1013, 836–833, 577–574 and 479–748 cm−1

(Figure 2). The absorption peaks around 3406–3403 and 2941 cm−1 are attributed to the elongation
of (O-H) and asymmetric vibrations of (C-H), respectively [35]. The signals around 1635 cm−1 were
attributed to the elongation vibrations of (C=O) in uronic monosaccharides [36]. Asymmetric vibrations
of elongation within O-S-O were revealed at 1222 and 1223 cm−1 indicating the presence of sulfate
esters [37], whilst the elongation of sulfur dioxide (O=S=O) could be indicated by the signals at 1027
and at 1013 cm−1 for BBF (Figure 2A) and FSF (Figure 2B), respectively [37]. In addition, sulfate groups
linked to C4 of fucosyl units seem to be revealed at 836 and 833 cm−1 characteristics bands of (C4-O-S)
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elongation [38]. However, the binding of sulfate groups with galactose residues was indicated by the
absorption bands at 577 and 479 cm−1 [37].

Figure 1. 1H NMR spectra of sulfated polysaccharides from (A) B. bifurcata (BBF) and (B) F. spiralis
(FSF) at 60 ◦C in D2O solution.

2.3. Effect of Fucoidans (FSF and BBF) on the Natural Defence of Date Palm Roots

2.3.1. Phenylalanine Amonia-Lyase (PAL) Activity

Given the involvement of the phenolic metabolism in the natural defenses in date palm roots
against Foa [17], the mobilization of the phenlypropanoids pathway was demonstrated by studying
PAL activity, as the main enzyme of this metabolic pathway. As shown in Figure 3, PAL activity was
induced by both F. spiralis (FSF) and B. bifurcata (BBF) fucoidans. A total of 12 h of FSF treatment
were sufficient to significantly increase PAL activity compared to the control treatment (p < 0.05).
This increase stayed significantly different from control plants over 24 h. A second narrower peak was
obtained at 96 h, this could be explained by the elicitor solutions (fucoidans) remained in permanent
contact with the roots for the duration of the experiment (4 days), leading to a second wave of induction
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of PAL activity. The BBF treatment intensely and significantly increased PAL activity after 24 h of
treatment, 4.8 times higher than the response noted in control plants (p < 0.05).

Figure 2. ATR-FTIR spectra of sulfated polysaccharides from (A) B. bifurcata (BBF) and (B) F. spiralis (FSF).

Figure 3. Induction of phenylalanine ammonia-lyase (PAL) activity in date palm roots treated with
sulfated polysaccharides of F. spiralis (FSF) and B. bifurcata (BBF). Based on Tukey’s test at 12 h, 24 h,
72 h and 96 h * Control vs. FSF: p < 0.05, at 24 h, 48 h, 72 h and 96 h * Control vs. BBF: p < 0.05.
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2.3.2. Total Phenolic Compounds Content

The elicitor effect of the sulfated polysaccharides studied (FSF and BBF) on phenolic metabolism
was also approached by the accumulation of total phenols in treated roots. The accumulation of
phenolic compounds following FSF and BBF treatments was presented in Figure 4. Roots elicitation
by FSF caused a significant (p < 0.05) and intense accumulation of phenolic compounds after 24 h
compared to the control treatment (Figure 4). Second narrower accumulation of phenols was approved
after 72 h of FSF treatment, this could be explained by the induction of PAL activity at the same time.
However, a precocious and significant (p < 0.05) accumulation of these compounds was manifested
just 12 h after following BBF treatment, this level of phenolic compounds remained higher than control
plants during 24 h before decreasing at 48 h.

Figure 4. Effect of F. spiralis (FSF) and B. bifurcata (BBF) fucoidans on the accumulation of phenolic
compounds in date palm roots. Means values ± SE. Based on Tukey’s test at 12 h and 24 h * Control vs.
BBF: p < 0.05, at 24 h, 48 h and 72 h * Control vs. FSF: p < 0.05.

2.3.3. Accumulation of Lignin Content

Different trend of the lignin deposition in treated roots was exhibited following elicitation by FSF
and BBF (Figure 5). The level of this metabolite increased slightly after 12 h then greatly increased
(p < 0.05) after 48 h of FSF treatment. This response was expected since lignin is a phenols polymer
whose maximum accumulation was obtained after 24 h with FSF (Figure 4). On the other hand,
with BBF treatment (Figure 5), the lignin contents undergo a weak increase after 24 h and 48 h of
elicitation while after 96 h a higher increase was noted, this could be explained by the possibility of the
polymerization of phenolic compounds increased after 72 h of BBF treatment. The highest content of
lignin was obtained at 48 h in response to FSF and after 96 h of BBF treatment, it is three times higher
than that obtained in control roots.

The crude fucoidans from F. spiralis (FSF) and B. bifurcata (BBF) were extracted and structurally
characterized; the results obtained show a significant proportion of L-fucose in FSF and BBF with a
higher degree of sulfation (45 and 49% w/w respectively). A biological test showed that the crude
fucoidans (FSF and BBF) exhibit an eliciting effect of the defence mechanisms in date palm roots.
These mechanisms were initiated by the induction of PAL activity. FSF and BBF expressed a slightly
differential effect on PAL activity, which could be due to the difference in structure between the two
fucoidans. Indeed, the structural characterization revealed differences in sulfate proportions within
FSF and BBF, suggesting a difference in FSF and BBF affinity to membrane receptors. The perception
and recognition of elicitors from pathogens, plants and algae called damage- or pathogen-associated
molecular pattern molecules (DAMPs, PAMPs) by Pattern Recognition Receptors (PRRs) in plants
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induces a signalling cascade in the host cell through their cytosolic domains leading to the induction
of defence mechanisms in the host plant [39]. This could be the cause of the early induction of PAL
activity after treatment with FSF compared to BBF. In addition, following the induction of PAL activity,
the phenolic metabolites were accumulated in the treated roots, as well as lignin deposition. Phenols
and lignin are among the most involved defence elements during date palm–Foa interactions [15–20].
The results obtained are similar to the reaction observed in tobacco plants pretreated with fucoidans
and sulfated oligofucoidans, in which PAL activity was also induced [14]. In addition, such tobaccos
demonstrate an increase in the activity of lipoxygenase (LOX) and Pathogenesis-related protein (PR), as
well as transient defence reactions such as acidification of the cytoplasm and accumulation of H2O2 [14].
Based on this, it is possible to assume similar effects in the case of date palm root response to FSF and
BBF, including also the induction of glutathione-S-transferase (GST) activity, as shown for tobacco [15].
In addition, a fucoidans pre-treatment of carrot leaves protects them against Alternaria radicina and
Botrytis cinerea attacks by stimulating the accumulation of phenolic compounds and by inducing
peroxidase (POD) and polyphenol oxidase (PPO) activities [40]. Thus, fucoidans-treated date palm
roots, besides phenolic compounds accumulation, may also activate the POD and PPO enzymes.
Otherwise, we have shown in recent work, that alginates extracted from the same brown algae F. spiralis
and B. bifurcata stimulate the natural defenses of date palm in the same way as fucoidans, but the latter
seem to be more active at low concentrations (0.5 g/L) compared to 1 g/L of alginates [41]. This could
be explained by the structural difference between alginates and fucoidans, in particular the presence
of sulfated groups and the degree of sulfation. The structure–function relationship governing the
induction of plant defence mechanisms in response to fucoidans stile less elucidated. However it was
reported that sulfation of polysaccharides alters their affinity for receptors located in cell walls [42].
In addition, the desulfation of sulfated polysaccharides reduces or eliminates their eliciting effect on
natural defenses in tomatoes [43], whereas oligo-carrageenans (λ) with a higher degree of sulfation
reduce the impact of various viral, bacterial and fungal diseases [44]. Furthermore a sulfated ulvan and
oligo-ulvans improve the induction of PAL activity and therefore the accumulation of the phenols in
tomato leaves [43], apple fruit [3] and olive tree [45]. Numerous works on the other biological activities
of fucoidans relate their effectiveness to their structural characteristics, notably sulfation and molecular
weight. It has been widely documented that fucoidans owe their broad spectrum of biological activities
to their sulfated nature and molecular weights [6,27,28,46,47]. Based on previous work, fucoidans
with a molecular weight (Mw) between 10 and 300 × 103 g/mole showed significant anticoagulant
activity than those with higher Mw > 850 × 103 g/mole [48–50]. Likewise, immune-regulation activities
increased with low molecular weight fucoidans of Laminaria japonica [51]. It has been shown also
that the immune-regulatory potential of fucoidan was influenced by the sulfate group as well as the
acetyl one [52]. In short, the biological efficiency of fucoidans was modulated by several parameters,
in particular the proportion of SO4

2− groups and their position, the molecular weight, the acetylation
degree and monosaccharides composition [6,53].
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Figure 5. Effect of sulfated polysaccharides from F. spiralis (FSF) and B. bifurcata (BBF) on the
accumulation of lignin in date palm roots. Means values ± SE. Based on Tukey’s test at 12 h, 24 h, 48 h
and 72 h * Control vs. FSF: p < 0.05, at 12 h, 48 h and 96 h * Control vs. BBF: p < 0.05.

3. Conclusions

The crude fucoidans from the brown algae, F. spiralis and B. bifurcata tested on the date palm roots,
display potential elicitor activity on the phenolic metabolism due to the induction of PAL activity.
Thus, leading to mobilisation of the phenlypropanoids pathway and to the accumulation of phenolic
compounds and lignin. The elicitor effect of studied fucoidans was related to their highly sulfated
structures with a small molecular weight (MW). In addition, the simple and innovative elicitation
model adopted in this paper highlighted the elicitor effect of fucoidans without stressing the roots,
which could be applied in the field. These results open prospects for the formulation of a biological
product, leading to a preventive control of date palm Bayoud disease.

4. Materials and Methods

4.1. Extraction, Purification and Chemical Analysis of Fucoidans (FSF and BBF)

Brown algae B. bifurcata and F. spiralis were harvested on the at El Jadida city (Morocco) in
December 2017. The extraction and separation of sulfated polysaccharides were performed according
to Ermakova et al. [54]. Samples of 25 g of each algae species were depigmented with formaldehyde
2% and then dried for 12 h at ambient temperature. Dried powders were then treated twice with HCl
0.1 M solution during 2 h (at 60 ◦C, 450 rpm). After centrifugation for 20 min at 5000 rpm, the recovered
supernatants were neutralized to pH 7.5. Crude fucoidans were obtained with thrice ethanol 96%
(3 v/v) precipitation and then freeze-dried to B. bifurcata and F. spiralis crude fucoidans powders (BBF
and FSF, respectively). All chemical analysis of FSF and BBF was performed using colorimetric assays
as described in previous paper [41].

4.2. GC-MS Analysis of FSF and BBF

Prior to GC-MS analysis, samples of 15 mg of BBF and FSF were hydrolyzed using Trifluoroacetic
acid (TFA) under 120 ◦C for 90 min. Monosaccharides generated by this acid hydrolysis were
then treated with N,O-Bis (trimethylsilyl) trifluoroacetamide (BSTFA) with 1% Trimethylchlorosilane
(TMCS) according to Pierre et al.’s method [55,56]. After evaporation, monosaccharides constituting the
fucoidans (FSF and BBF) as well as the standards were injected in GC-MS at 10 g/L of dichloromethne.
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4.3. ATR-FTIR Spectroscopy

Infrared analysis of FSF and BBF was carried out using the Attenuated Total Reflectance (ATR)
technique by a VERTEX 70 FTIR system. Spectra were obtained after 50 scans in a 500–400 cm−1

wave range.

4.4. 1H NMR Spectroscopy Analysis

Twenty mg of crude fucoidans was prepared thrice in 0.5 mL of D2O. With a 400 MHz Bruker
AVANCE spectrometer, the 1H NMR spectroscopy analysis was carried out at 60 ◦C.

4.5. Elicitation Test

Roots of three-month-old date palm plants (greenhouse model) were soaked in fucoidan solutions
(FSF and BBF) at a concentration of 0.5 g/L and pH 6.5 over 4 days. Fucoidans-treated roots were
compared to distilled water-treated roots as a control treatment. After 12 h and then every 24 h,
biochemical assays of phenylalanine ammonialyase (PAL) activity, phenolic compounds and lignin
content in treated roots were performed. Data were reported as the means values of 3 replicates,
each replicate containing 3 plants.

4.6. Phenylalanine Ammonialyase (PAL) Activity

PAL activity was determined according to the method described by Liu et al. [57] with slight
modifications. Enzyme extract was prepared at 4 ◦C, with 250 mg of crushed date palm roots in
3 mL of borate buffer (100 mM, pH 8.8, 4 ◦C) with EDTA (1 mM) and 5% (w/v) of insoluble polyvinyl
polypyrrolidone (PVPP). The enzyme extract was recovered after centrifugation for 30 min and
at 10,000× g. The reaction mixture of PAL activity assay composed of enzymatic extract (600 μL),
l-phenylalanine at 20 mM (250 μL) and borate buffer (1 mL). An amount of 100 μL HCl was added
after incubation (1 h, 30 ◦C). The results were obtained at 920 nm. The Bradford method [58] was then
used to quantify the total protein in the enzyme extract.

4.7. Phenolic Compounds

The hydromethanolic phenolic extracts obtained according to Hagen et al.’s [59] method were
then purified using the protocol described in previous paper [41]. Total phenolic determination was
performed following the Folin–Ciocalteu method [60].

4.8. Extraction and Spectrophotometric Assay of Lignin Content

The lignin was extracted using the Bruce and West [61] protocol, with some modifications, in 0.5 mL
of ethanol 90% (v/v), were grounded 500 mg of treated roots. Pellet obtained after centrifugation at
10,000× g for 20 min and at 4 ◦C was dried for 12 h at 35 ◦C. Samples of 25 mg of the dried residue
were treated with 0.5 mL of thioglycolic acid and 1.25 mL of HCl solution at 2 M. The mixture was
heated during 8 h at 100 ◦C. After cooling and centrifugation, 2.5 mL of NaOH was added to the pellet.
The supernatant recovered after stirring for 18 h at 25 ◦C, was centrifuged (10,000× g, 20 min, 4 ◦C)
treated with 0.5 mL of pure HCl, to precipitate lignin thioglycolic acid after incubation over 4 h at 4 ◦C.
The absorbance at 280 nm was measured in 500 μL of NaOH. The lignin content was expressed in μg
of lignin thioglycolic acid/g Dry Matter (DM).

4.9. Statistical Analysis

PAL activity, polyphenols and lignin contents results were tested by ANOVA analysis in SPSS
software Version 20.0 using Tukey’s test. The difference between treatments is significant at p < 0.05.
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