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Antioxidant and anticancer
properties of fucoidan isolated
from Saccharina Japonica brown
algae
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Fucoidan is a fucose-rich sulfated polysaccharide that has gained attention owing to its various
biological activities. In this study, fucoidan was isolated from Saccharina japonica using an enzyme-
assisted method, and its antioxidant and anti-hepatocarcinoma effects were evaluated. The fucoidan
was a 112.8 kDa polysaccharide comprising seven monosaccharides: fucose, xylose, glucuronic acid,
rhamnose, glucose, mannose, and galactose. The main chain residues were (1 — 3)-a-L-Fucp and (1

— 4)-a-L-Fucp units with sulfate groups at the C-2/C-4 positions of the (1 — 3)-a-L-Fucp residues. S.
Jjaponica fucoidans showed excellent antioxidant potency with values of 1.02 mg TE/g and 5.39 mg
TE/g for the ABTS and FRAP assays, respectively. Additionally, they exerted antitumor efficacy and low
systemic toxicity in H22 tumor-bearing mice, with a tumor inhibition rate of 42.93%. Furthermore, it
significantly inhibited tumor angiogenesis and reduced pro-inflammatory cytokines levels (IL-1B, IL-6,
and TNF-a). Our results suggest that fucoidan isolated from S. japonica possesses potent antioxidant
and anticancer properties and may be used as a potential agent for hepatocellular carcinoma
treatment.
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Hepatocellular carcinoma (HCC) is among the most prevalent cancers globally, characterized by high mortality
and morbidity, resulting in approximately 830,000 deaths each year!. In 2020, nearly 1 million individuals
worldwide were diagnosed with liver cancer, with HCC being the most common type®. While chemotherapy
remains an effective treatment for HCC, its severe toxicity and the rapid development of drug resistance often led
to an adverse prognosis or reduced sensitivity to chemotherapy*. Therefore, developing a potent HCC suppressor
without toxic side effects is a promising therapeutic strategy for HCC treatment. Seaweed is an important marine
biological resource that has been identified as one of the 50 foods that could help transform the global food
system®. Particularly, brown algae contain various bioactive compounds, including sulfated polysaccharides,
proteins, polyphenols, vitamins, dietary fibers, and fatty acids, which contribute to their nutritional and
pharmaceutical properties®. Several studies have incorporated brown algae or their extracts into food matrices to
develop highly nutritious food products”®. Fucoidans are the most popular natural compounds found in brown
algae because of their low toxicity and diverse medicinal properties’. Recently, fucoidan has been developed
in various systems to improve and optimize the use of fucoidan in drug delivery, particularly in the field of
cancer!'®1L,

Fucoidans are sulfated heteropolysaccharides that primarily contain L-fucose and sulfate groups, uronic acid,
and other monosaccharides, such as glucose, xylose, galactose, and mannose!2. Generally, fucoidans comprise a
backbone of a-(1-3)-linked fucose units or alternating a-(1-3) and a-(1-4) units of fucose residues®®. The sulfate
group is mostly substituted at the O-2, O-3, and O-4 positions'*. The biological activity of fucoidan is dependent
on its chemical composition, including molecular weight, monosaccharide composition, degree of sulfation, and
position of the sulfate group'®. In addition, the composition of fucoidans depends on the source of the algae,
geographic location, and extraction and purification methods!'®-3. Traditional fucoidan extraction techniques,
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including acidic and hydrothermal methods, are time-consuming, highly toxic, and may affect the structure of
fucoidan, thereby affecting its bioactivity'®. Recently, enzyme-assisted fucoidan extraction techniques have been
developed to overcome these shortcomings and to obtain intact structures?*2!,

Fucoidans have diverse biological activities, including anticoagulant, antioxidant, and antitumor activities,
depending on their physicochemical properties?>-?%. The antioxidant capacity of fucoidan is influenced by its
molecular weight and degree of sulfation. Higher molecular weight fucoidans tend to exhibit stronger antioxidant
activities, as they possess more complex structures that can interact effectively with free radicals?>. Moreover, the
degree of sulfation is critical. Fucoidans with higher sulfate content have been shown to have enhanced radical
scavenging abilities, which is essential for their antioxidant function?®. In various studies, fucoidan has been
tested in different biological models to evaluate its protective effects against oxidative damage. For example,
fucoidan isolated from Sargassum fusiforme demonstrated significant protective effects against ethanol-induced
oxidative damage in liver cells, highlighting its potential as a functional food ingredient for liver health?’.
Additionally, the antioxidant activity of fucoidan has been associated with its anticancer properties, as oxidative
stress is a known factor in cancer progression®®?.

Numerous studies have demonstrated that fucoidans have effective inhibitory effects on the proliferation and
migration of various tumor cell lines, including breast, colon, and lung cancers®. The relationship between the
structure of fucoidan and its anti-cancer properties is complex and multifaceted, influenced by several structural
characteristics such as molecular weight, degree of sulfation, and monosaccharide composition. Studies
indicate that a decrease in molecular weight enhances the bioavailability of fucoidan and its capacity to interact
with cancer cells, resulting in more pronounced anti-tumor activities**>!. Higher levels of sulfation are often
correlated with increased anticancer activity, as sulfate groups enhance the solubility and bioactivity of fucoidan
and facilitate its interaction with cellular receptors and signaling pathways involved in cancer progression’"¥2.
Additionally, variations in the ratios of monosaccharides can affect the binding affinity of fucoidan to cell surface
receptors, thereby modulating its anti-cancer effects. For example, the presence of L-fucose is particularly
important for the anti-cancer activity of fucoidan, as it is involved in the recognition and binding processes that
trigger cellular responses in cancer cells*»*. Despite the growing interest in fucoidans, specific studies on the
anti-hepatocarcinoma activity of promising compounds are limited because not all fucoidans possess the same
biological responses. Therefore, the preparation of fucoidans with native structures and good biological activity
is of great significance.

In this study, fucoidan from the brown alga S. japonica was isolated and characterized using an enzyme-
assisted extraction method. Moreover, its antioxidant and anti-hepatocarcinoma activities of hepatoma 22 (H22)
tumor-bearing mice were investigated. The purpose of this study was to better understand the structure-activity
relationship of fucoidans and facilitate the future development of effective natural therapies for HCC.

Materials and methods

Chemicals and materials

Saccharina japonica (formerly Laminaria japonica) (Phaeophyceae) was purchased from Tulip Crown Foods Co.,
Ltd. (Fuzhou, China). Saccharina japonica were collected from the coastal waters of Xiapu, Fujian Province, China
(latitude: 26.88°N, longitude: 120.00°E) during the mature growth stage in October 2022. The seaweed samples
were identified based on morphological characteristics, including blade morphology, sporophyte structure,
and reproductive features. Voucher specimens were deposited in the Herbarium of Algae at Qilu University of
Technology under the accession number QLUT-SJ-2022-001. L-Fucose, D-galactose, D-glucose, D-glucuronic
acid, D-mannose, L-rhamnose, D-xylose, and Trolox were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Trifluoroacetic acid (TFA), 1-phenyl-3-methyl-5-pyrazolone (PMP), and injectable cyclophosphamide (CTX)
were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Folin-Ciocalteu
phenol reagent, 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and tripyridyl triazine (TPTZ)
were purchased from Shanghai Macklin Biochemical Technology Co., Ltd. (Shanghai, China). ELISA detection
kits for IL-1B, IL-6, TNF-q, carcinoembryonic antigen (CEA), and vascular endothelial growth factor (VEGF)
were purchased from Jiangsu Meibiao Biotechnology Co., Ltd. All the other chemicals were of analytical grade.

Extraction and purification

S. japonica fucoidans were isolated using enzyme-assisted extraction. Enzymatic extracts of S. japonica was
prepared using a previously reported method*. S. japonica was washed, dried, and ground, and the brown
algal powder was passed through a 40-mesh screen and collected. The powder was dissolved in distilled water
in a ratio of 1:30 (w/v). Subsequently, the pH was adjusted to 4.8, and Celluclast and pectinase were added at
dry weights of 2.5% and 0.26%, respectively. The reaction solution was stirred at 50 °C for 2 h, and the pH was
adjusted to 8.0, followed by the addition of alkaline pectinase (0.3%). The sample was incubated at 60 °C for
another 1.5 h. Next, the reaction products were centrifuged, and the supernatants of the S. japonica extracts
were collected.

The extracts were mixed with 35% CaCl, as a percentage of algal dry weight to precipitate alginic acid.
Subsequently, the solution was centrifuged, and the collected supernatant was mixed with ethanol to a final
ethanol concentration of 70% and stored at 4 °C overnight. The precipitate was collected and re-dissolved with
the addition of ethanol at a ratio of 30% and stored at 4 °C. After incubation for 4 h, the solution was centrifuged,
and the level of ethanol was modified to 70% and stored at 4 °C overnight. Finally, the fucoidan precipitate was
obtained via centrifugal separation and lyophilization.
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Chemical composition analysis

The total sugar content was analyzed using the phenol-sulfuric acid method, with L-fucose as the standard®,
and the sulfate group content was measured using the barium chloride-gelatin turbidity method*. The total
polyphenol content was determined using the Folin-Ciocalteu method with gallic acid as the standard?®.

Analysis of monosaccharide composition

The monosaccharide composition of fucoidan was determined using pre-column high-performance liquid
chromatography (Shimadzu LC-20 A, Japan) according to the literature, with certain modifications®®. The
polysaccharide sample was hydrolyzed with 4 M TFA at 110 °C for 2 h. After cooling to room temperature, the
pH of the solution was adjusted to neutral, and the hydrolysate was mixed with 1 mL of 0.3 M NaOH and 1 mL of
0.5 M PMP-methanol solution, followed by incubation at 70 °C for 70 min. After cooling to room temperature,
the solution was neutralized using 1 mL of 0.3 M acetic acid. Then, 0.1 M phosphate buffered saline (PBS) was
added to the samples to reach a volume of 10 mL, and the solutions were extracted with 2.0 mL chloroform three
times. The aqueous layer was then filtered through a 0.45-pm pore membrane filter and analyzed with an Agilent
HC-C18(2) column (i.d. 5 pm, 4.6 mm x 250 mm). The column was set at 40 °C with a flow rate of 1.0 mL/min.
The mobile phase comprised two solvents: solvent A (15% of acetonitrile (v/v) with 85% of 50 mM PBS at pH 6.9)
and solvent B (40% of acetonitrile (v/v) with 60% of 50 mM PBS at pH 6.9). The solvent gradient in volumetric
ratios was set as follows: 0-9.0 min, 8% B; 9.0-25.0 min, 20% B; 25.0-45.0 min, 25% B; and 45.0-55.0 min, 0%
B. The UV absorbance of the effluent was monitored at a wavelength of 250 nm. The standard monosaccharides
used were L-fucose, D-galactose, D-glucose, D-glucuronic acid, D-mannose, L-thamnose, and D-xylose. The
quantitative composition of the monosaccharides was calculated via comparison with reference sugars.

Molecular weight determination

Molecular weight was determined using a high-performance liquid chromatography system (Agilent 1260
Infinity II, Santa Clara, CA, USA) with a PL aquagel-OH Mixed-H column (i.d. 8 pm, 7.5 mm x 300 mm). The
mobile phase was a 0.1 M NaNO, solution with 0.01% NaN,. The sample was filtered through a 0.22-um filter
membrane before the analysis. The detection was conducted at a flow rate of 1.0 mL/min with a refractive index
detector (Agilent 1260 Infinity II, Santa Clara, CA, USA). Six dextran’s with different molecular weights (200,
100, 20, 40, 10, and 4 kDa) were used as the standards.

Methylation and GC-MS analysis

Methylation analysis was performed as previously described, with certain modifications*’. Briefly, a
polysaccharide sample (2 mg) was dissolved in 0.5 mL of dimethyl sulfoxide (DMSO) and permethylated using
a fine NaOH/DMSO suspension (0.6 mL) and methyl iodide (0.6 mL). The reaction mixture was extracted with
chloroform, and methyl iodide and chloroform were removed via evaporation. The methylated polysaccharides
were hydrolyzed with 2 M TFA at 110 °C for 6 h, reduced with NaBH,, and acetylated with acetic anhydride.
Subsequently, partially methylated alditol acetates were analyzed using GC-MS (Agilent 7890B-5977B, Santa
Clara, CA, USA) with a J&W HP-5ms capillary column (0.25 mm x 30 m, 0.25 pum, Agilent Technologies, Santa
Clara, CA, USA). The compounds corresponding to each peak were identified by interpreting their characteristic
mass spectra and comparing them to references. Peak areas were used to calculate the molar ratio of each residue.

Spectroscopy analysis
The dried fucoidan sample was ground with potassium bromide (KBr), and the mixture was pressed into pellets
for FT-IR measurements. The spectrum was recorded with a Thermo Scientific Nicolet 380 FTIR spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) over a wavelength range of 400-4000 cm™! with KBr as the
baseline.

The one-dimensional NMR spectra (*H NMR, 3C NMR) and 2D-NMR ('H-'H COSY, HSQC, HMBC and
NOESY) were recorded using a Varian INOVA 600 NMR spectrometer (Varian Medical Systems, Palo Alto, CA,
USA).

In vitro antioxidant assays

ABTS radical cation scavenging assay

The ABTS assay was conducted according to the method described by Fiol et al.*!, with certain modifications.
ABTS reagent was generated by mixing 2.5 mL of 7.4 mM ABTS solution with 44 uL of 2.6 mM potassium
persulfate overnight at 25 °C in the dark. The ABTS radical cation solution was further diluted with methanol to
obtain an absorbance of 0.7 +0.05 at 734 nm. To determine the scavenging activity, 100 uL of ABTS reagent was
mixed with 100 uL of various concentration sample solutions. The absorbance was measured at 734 nm using an
ELISA reader (Molecular Devices, San Jose, CA 95134) after an exact reaction time of 6 min, and a calibration
curve for Trolox was obtained. Results were expressed as milligram of Trolox equivalents per gram of extract
(mg TE/g).

Ferric reducing antioxidant potential (FRAP) assay

The ferric reducing power of fucoidan was determined using a modified method of the FRAP assay by monitoring
the reduction of a colorless Fe**-TPTZ solution to a blue-colored Fe**-TPTZ solution*?. The working FRAP
reagent was prepared by mixing 10 volumes of 300 mM acetate buffer (pH 3.6) with 1 volume of 10 mM TPTZ
in 40 mM HCl and 1 volume of 20 mM ferric chloride. Subsequently, 100 uL of sample solutions and 300 pL of
deionized water were added to 3 mL of freshly prepared FRAP reagent. The reaction mixture was incubated for
10 min at 37 °C, and the absorbance of the samples was measured at 593 nm on a UV-Vis spectrophotometer
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(Hitachi U 2910, Kyoto, Japan). Results were expressed as milligram of Trolox equivalents per gram of extract
(mg TE/g).

In vivo antitumor activity analysis

Cell culture

Mouse H22 cells were obtained from Procell Life Science and Technology Co., Ltd. (Wuhan, China). The cells
were cultured in RPMI 1640 medium containing 10% FBS, 100 U/mL penicillin, and 0.1 mg/mL streptomycin
and were maintained at 37 °C in a humidified incubator with a 5% CO, concentration.

Animals and antitumor efficacy in vivo

Four-week-old male ICR mice were obtained from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China). The mice were maintained at standard humidity and room temperature with a 12 h
dark/light cycle and acclimatized for one week. All experimental procedures were performed under ARRIVE
guidelines for the Care and Use of Laboratory Animals and approved by the Animal Ethics Committee of
Qilu University of Technology (Shandong Academy of Sciences) (No. SWS20230303). All experiments were
performed in accordance with relevant guidelines and regulations. H22 cells in the logarithmic growth phase
were collected, and the cell density was adjusted to 2 x 10° cells/mL with the medium. The cell suspension (0.2
mL) was intraperitoneally injected into the right flank of the mice to establish a tumor model. When the tumors
reached approximately 100 mm?, the mice were randomly divided into four groups (n=6): normal control
(NC), model (M), cyclophosphamide (CTX), and fucoidan (FUC) groups. Mice in the CTX group were treated
intraperitoneally with CTX (25 mg/kg body weight/day), serving as the positive control. In contrast, mice in the
FUC group were orally administered fucoidan (100 mg/kg body weight/day). Sterile normal saline was orally
administered to mice in the NC and M groups. Different formulations were administered daily for 15 d, and
the body weights of the mice in each group were monitored. At the end of the experiment, blood was collected
from the orbital vein under anesthesia with tribromoethanol (0.2 mL/10 g), and then the mice were sacrificed
by cervical dislocation. Tumor tissues and organs, including the heart, liver, spleen, lungs, kidneys, and thymus,
were immediately removed, washed with precooled sterile normal saline, dried, and weighed. The tumor tissues
were stored at —80 °C for histological analysis, and the organ index was calculated according to the following
equation:

Organ index = organ weight (mg)/body weight (g)

Histopathological analysis

Tumor tissue samples were fixed in optimal cutting temperature embedding medium. Briefly, 8-um thick
sections were prepared and then stained with hematoxylin and eosin (H&E). Histopathological changes in liver
tissues were observed under a light microscope (Olympus BX53, Japan).

Real-time PCR

Total RNA was extracted from the tumor tissue samples using the TRIzol reagent (BioFlux, Hangzhou,
China). Reverse transcription was performed using a reverse transcription kit (ABclonal, Wuhan, China), and
quantitative RT-PCR was performed using SYBR Green Fast Q-PCR (ABclonal, Wuhan, China) according to the
manufacturer’s instructions. The primer sequences are listed in Table 1. The B-actin housekeeping gene was used
as a reference, and the relative quantification of mRNA level was determined using the 2-24¢t method.

ELISA assay
Serum CEA and VEGF levels were determined using ELISA Kkits according to the manufacturer’s instructions.
Inflammatory cytokine levels in serum, including IL-1P, IL-6, and TNF-a, were evaluated and calculated
using mouse ELISA kits (Meibiao Biotechnology Co., Ltd., Jiangsu, China) according to the manufacturer’s
instructions.

Statistical analysis

Data are expressed as mean+SD (n=6). Statistical comparisons between groups were performed using one-
way ANOVA and Duncan’s multiple comparison test with GraphPad Prism software (Version 5.0). Statistical
significance was set at p <0.05.

Gene | Forward primer (5'-3’) Reverse primer (5'-3")

VEGF | F: TAGACGTTCCCTGCCAGCAA | R: AGCATCCGAGGAAAACATAAAATCTT
PI3K | F: GCGTGACATGTAGGCTCTCG | R: GGGCAGTGCTGGTGGAT

AKT1 | F: CCGCCTGATCAAGTTCTCCT | R: TTCAGATGATCCATGCGGGG

mTOR | F: TACATTGGCTGGTGTCCCTTC | R: CTTAGCCATGTTGGCCCATCC

B-actin | F: CGCAGCCACTGTCGAGTC R: GTCATCCATGGCGAACTGGT

Table 1. Primer sequences designed for this study.
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Results

Chemical compositions and free radical-scavenging activities of fucoidan

The extraction yield based on dry seaweed weight was 2.44% % 0.06%. The chemical compositions and free
radical-scavenging activities of the purified polysaccharides were determined. As shown in Table 2, the contents
of polysaccharides, sulfates, and polyphenols in fucoidan were 77.56% + 1.45%, 17.85% + 1.03%, and 0.15% +
0.03%, respectively. The antioxidant activity of fucoidan was analyzed using ABTS radical cation scavenging and
FRAP assays. The antioxidant capacities of the compounds were calculated as millimoles of Trolox equivalents
per gram of extract. The results revealed that fucoidan showed excellent antioxidant activity with values of 1.02
and 5.39 mg TE/g for ABTS and FRAP assays, respectively.

Structural characterization of fucoidan

To further characterize the structure of fucoidan, a monosaccharide composition analysis was conducted. As
shown in Fig. 1A, S. japonica fucoidans comprised seven monosaccharides: fucose, xylose, glucuronic acid,
rhamnose, glucose, mannose, and galactose, with fucose (26.92%) and galactose (19.87%) as the primary
monosaccharide components. Figure 1B shows that the average molecular weight of fucoidan was 1.128 x10°
g/mol. The proportion of principal components in the fucoidan was 76.8% according to the HPGPC results.
Furthermore, methylation and GC-MS analyses have been conducted to determine the sugar links*>**. As shown
in Table 3; Fig. 1D, the primary partially methylated alditol acetates were ascribed to 2,4-di-O-methylfucitol
and 2,3-di-O-methylfucitol, which indicated the fucoidan was composed of (1 - 3)- and (1 > 4)-linked fucose
residues as the main chain®®=*. In addition, the galactose residues were present in the form of >4)- Galp-(1>
and -6)- Galp-(1->*4.

The FTIR analysis of fucoidan isolated from S. japonica is shown in Fig. 1C. The bands at 3389 and 2946 cm™!
were attributed to the stretching vibrations of O-H and C-H, respectively. The absorptions at 1626 and 1421 cm™!
were ascribed to the asymmetric and symmetric stretching vibrations of C=0, respectively*®. The absorptions at
1218 and 823 cm™! were assigned to the C-O-S bending vibration of the sulfate ester in the axial position and
the S=O stretching vibration of the sulfate group, respectively**. The infrared peak at approximately 1025 cm™
represented the stretching vibration of a glycosidic bridge (C-O-C)*!. The 'H NMR and *C NMR spectrum
analysis results for fucoidan are shown in Fig. 1E and E Owing to its structural complexity, fucoidan has a complex
"H NMR spectrum, which is difficult to completely interpret. The signals at 1.25 and 1.33 ppm were assigned
to the C6 methyl protons of L-fucopyranose. It included the characteristic resonances of the ring protons (H2-
H5) between 3.6 and 4.8 ppm. The signals between 4.38 and 5.31 ppm corresponded to the anomeric protons of
various sugar residues. However, there is significant overlap in the anomeric regions. Compared with the HSQC
spectrum (Fig. S2), six anomeric proton signals were observed at 5.31, 5.29, 5.22, 4.83, 4.63 and 4.47 ppm, named
A-F. The peak at 5.31 ppm in the spectrum of fucoidan was assigned to >3)- a-L-Fucp2,4 diSO,*"-(153)-%
The signals at 5.29 was from the non-sulfated fucose residues->4)-a-L-Fucp-(1>%. The anomeric proton signals
at 4.83, 4.63, and 4.47 ppm were assigned to rhamnose, mannose, and galactose residues, respectively48’53'54.
Accordingly, the chemical shifts of C1 of residue A-F can be obtained in the HSQC spectrum as 98.51, 99.45,
100.15, 99.45, 101.09 and 102.97 ppm. Moreover, the signal at 175.30 ppm was assigned as carbonyl carbon
(C=0), which was consistent with FT-IR results. The 'H and '*C signals in residues A-F were listed in Table 4
on the basis of COSY, HSQC, NOESY and HMBC analysis (Figs. S1-5S4 in Supplementary information), which

was confirmed by comparing with data reported previously*®>->%,

In vivo antitumor efficacy of fucoidan
The anti-tumor effects of the fucoidan were evaluated in H22 tumor-bearing mice. As shown in Fig. 2A,B,
reductions in tumor volumes were observed in the FUC group compared to that for the M group. The inhibition
rate in the FUC group was 42.93%, and significant antitumor effects were detected in the FUC and CTX groups
(Table 5). Figure 2C shows the body weight variation in each group during administration. Compared with the
NC group, the body weights of the M and CTX groups decreased owing to the influence of the tumor and toxicity
of CTX. In contrast, mice treated with fucoidan displayed negligible weight loss compared with the NC group.
To further determine the anti-tumor efficacy in vivo, H22 solid tumors were sliced and stained with H&E. As
shown in Fig. 2D, the tumor cells in the M group exhibited morphological characteristics with an oval or round
shape, high density, and few infiltrations, indicating that the tumor cells were in good growth status. In contrast,
the tumor cells became scattered and showed obvious chromatin condensation and few infiltrations in both the
CTX and FUC groups. These results further confirmed that fucoidan effectively suppressed tumor cell growth.
In addition, the organ index was analyzed to evaluate the potential toxicity of fucoidan. The histological photos
and organ indices of major organs, including the heart, liver, spleen, lung, kidney, and thymus, in each group are
presented in Fig. 2E,F. The thymus and spleen indices, which reflect the immune toxicity of antitumor agents,
were determined. The spleen index significantly increased in the M group owing to tumor growth, whereas a
normal spleen index value was observed in the FUC group. Fucoidan did not cause noticeable damage to normal
organs compared with the NC group, indicating good biocompatibility and low toxicity.

Chemical composition (%) TEAC FRAP
Polysaccharide (%) | Sulfate (%) Polyphenol (%) | (mg TE/g) | (mg TE/g)
77.56% + 1.45 17.85% + 1.03 | 0.15% + 0.03 1.02+0.02 | 5.39+0.14

Table 2. Chemical composition and antioxidant activities of fucoidan. Data are expressed as the mean + SD.
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Effect of fucoidan on the serum levels of CEA and VEGF
CEA is a key marker of tumor burden and prognosis. As shown in Fig. 3A, the serum CEA level was significantly
elevated in the M group compared to that in the NC group. The treatment of H22 tumor-bearing mice with
fucoidan induced a significant reduction in CEA levels. The VEGF plays a crucial role in angiogenesis. Fucoidan
treatment reduced the levels of VEGF in the serum, suggesting a tumor angiogenesis-inhibitory effect of the

compound (Fig. 3B).
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Peak | PMAA Deduced linkage | Composition (mol%)
1 2-Me-Fuc >3,4)-Fucp-(1> 1.52

2 2,4-Me,-Fuc -3)-Fucp-(1-> 28.81
3 2,3-Me,-Fuc ->4)-Fucp-(1> 14.29
4 2,4-Me,-Rha ->3)- Rhap-(1> 2.07
5 2,4-Me-Man 3,6)-Manp-(1> 1.12
6 2,4,6-Me,-Man -3)-Manp-(1> 0.83
7 2,3,4-M63-Gal >6)-Galp-(1> 0.95
8 2,3-Me,- Gal >4)- Galp-(1> 10.62
9 3-Me-Xyl >24)-Xylp-(1> | 238

Table 3. Results of the methylation analysis of fucoidan.

Residue H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 Hé6/Coé

A 53)- a-L-Fucp284S-(1> | 5.31/98.51 | 4.56/77.65 | 5.08/71.19 | 4.48/73.19 | 4.08/71.25 | 1.18/15.52
B >4)-a-L-Fucp-(1> 5.29/99.55 | 3.97/72.26 | 4.73/77.18 | 4.01/69.91 | 4.24/66.86 | 1.14/19.16
C >2)-a-D-Manp-(1> 5.22/100.15 | 3.75/71.08 | 4.64/77.05 | 3.65/72.29 | 4.30/73.66 | 3.58/62.41
D -3)-p-L-Rhap-(1> 4.83/99.45 | 4.52/80.93 | 3.92/72.26 | 4.48/75.07 | 3.82/76.01 | 4.32/71.55
E >6)-p-D-Manp-(1-> 4.63/101.09 | 3.74/82.57 | 4.37/73.19 | 3.89/76.01 | 4.12/75.77 | 3.67/71.32
F »6)-p-D-Galp-(1-> 4.47/102.97 | 3.61/74.6 | 4.10/70.62 | 3.67/76.01 | 3.96/69.91 | 3.55/62.18

Table 4. Chemical shift assignments of fucoidan.

Effects of fucoidan on the gene expression of the PI3K/AKT/mTOR pathway

Next, we evaluated the effect of fucoidan on key pro-angiogenic pathways and detected the expression of VEGF
and its downstream signaling molecules. As shown in Fig. 4, the results of our expression profiling analysis
revealed concomitant significant downregulation of VEGF (0.66-fold), PI3K (0.71-fold), AKT1 (0.57-fold), and
mTOR (0.58-fold) in the FUC group compared to that in the model tumor tissues. These results indicated that
fucoidan exerts anti-tumor effects by deregulating PI3K/AKT/mTOR signaling during transcription.

Effect of fucoidan on the expression of inflammatory cytokines

Cytokines are critical components of tumor generation and development. As shown in Fig. 5, the expressions
of IL-1B, IL-6, and TNF-a were increased in the M group compared to the NC group. However, treating H22
tumor-bearing mice with fucoidan significantly reduced the serum levels of these three cytokines. These results
indicate that fucoidan inhibits tumor growth by regulating the expression of inflammatory cytokines in the
serum.

Discussion

Recently, several studies have shown that fucoidans exhibit various biological activities with minimal toxicity,
rendering them optimal candidates for cancer treatment™*®%°. The structure of fucoidan highly depends on the
algal species and the extraction and purification methods. Two types of fucoidan backbones can be distinguished,
including the (1 > 3)-linked-L-fucopyranose residues and alternating (1 > 3)-linked L-fucopyranose and (1
> 4)-linked L-fucopyranose residues®. Monosaccharide composition, sulfate content, and molecular weight
are key factors associated with anticancer effects®®7. In recent decades, fucoidans have been extracted using
water and acids. However, water extraction requires a long time, and acid treatment can affect the structure of
fucoidans. Recently, several studies have reported enzyme-assisted mild extraction methods that can significantly
reduce extraction time with a higher extraction yield>®>.

In this study, we obtained S. japonica fucoidans using enzyme-assisted extraction, followed by calcium
chloride and gradient alcohol precipitation. The yield of fucoidan obtained through water extraction was
1.24+0.05 (data not shown). It is evident that enzyme-assisted extraction outperforms hot-water extraction in
terms of yield. The results demonstrate that the incorporation of Celluclast and pectinase significantly enhanced
the degradation of highly crystalline cellulose and facilitated the breakdown of the crosslinked networks within
the cell wall, thereby effectively promoting the dissociation and release of fucoidan. Free radical scavenging
activity was evaluated using ABTS and FRAP assays. Table 2 showed that the ABTS and FRAP radical scavenging
activity of the fucoidan were 1.02 and 5.39 mg TE/g, respectively. It is reported that several fucoidans in brown
algae (Sargassum filipendula, Cladosiphon okamuranus, Sargassum horneri, Kjellmaniella crassifolia, Nemacystus
decipiens, and Fucus vesiculosus) have high antioxidant capacity, and their antioxidant capacity varies depending
on the species (ranging from 1.15 to 4.50 mg Trolox/g fucoidan)®. The free radical scavenging activity of fucoidan
is inconsistent, partly due to differences in the sulfate content of extracted fucoidan®!. S. japonica fucoidans in
the present study had high concentrations of total sugar and sulfate, but low concentrations of polyphenols. The
results indicated that the extracted fucoidan with higher sulfate content had a significant antioxidant activity.
Zeinab et al. reported that fucoidan demonstrated a high ABTS radical cation-scavenging capacity®?. In contrast,
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Fig. 2. Antitumor efficacy of fucoidan in tumor-bearing mice. (A) Photograph of tumors excised from
different experimental groups. (B) Changes in tumor volume during intervention. (C) Body weight changes
of mice in different experimental groups. (D) H&E-stained sections of tumor tissues (black arrows show the
necrotic area). (E) Representative morphologic images of major organ tissues. (F) Organ index of mice in
different experimental groups. *p <0.05, **p <0.01 represent a significant difference compared to the model

group.
Model - 1.99+0.11 -

CTX 25 0.84+0.07% 57.58
Fucoidan | 100 1.04+0.07™ 42.93

Table 5. Effect of fucoidan on the growth of H22 tumor tissues. Data are expressed as the mean + SD.
4 <0.001 represents a significant difference compared to the model group. *#p <0.01 represents a significant
difference compared to the CTX group.
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Fig. 4. Effects of fucoidan on the gene expressions in tumor tissues: (A) VEGE, (B) PI3K, (C) AKT1, and (D)
mTOR.
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Fig. 5. Effects of fucoidan on the expression of inflammatory cytokines: (A) IL-1f, (B) IL-6, and (C) TNF-a.

our results revealed that S. japonica fucoidans exhibited better antioxidant activity in the FRAP assay than in the
ABTS assay. Differences in reported data may be related to other structural factors such as the position of the
sulfate group, monosaccharide composition, and backbone of the polysaccharide®®. Therefore, the relationship
between the microstructure and biological activity of the polysaccharides extracted by different methods needs
further study.

The structures identified in this study were similar to those of other brown algal species, such as Ishige
okamurae'® and Sargassum hemiphyllum polysaccharides®’. These polysaccharides contain (1-3)-Fucp and
(1>4)-Fucp residues, with a sulfate group attached to the C-2 or C-4 position of fucose. However, there were
significant differences in the monosaccharide content or proportions. S. japonica fucoidans comprised seven
monosaccharides: fucose, xylose, glucuronic acid, rhamnose, glucose, mannose, and galactose, with fucose
(26.92%) and galactose (19.87%) being the primary components. S. japonica fucoidans have been reported to
contain the highest concentrations of fucose and galactose®®®. This finding aligns with the results of the present
study. Sargassum fucoidans obtained using different extraction methods have different monosaccharide content,
sulfate, and total sugar contents and antioxidant activities®®. Enzyme-assisted extraction is a new strategy for
mild fucoidan extraction that provides new opportunities to obtain natural fucoidan structures from brown
algae in high yields?. The addition of Celluclast appears to significantly enhance the degradation of cellulose and
hemicellulose that are highly cross-linked with fucoidan, which may explain the observed increase in galactose
(19.87%) and mannose (8.51%). Fucoidans that are isolated using new enzymatic extraction techniques can be
used to provide insights into different fucoidan structures and biological activities.

As a natural product, fucoidans are potential non-toxic agents for cancer treatment. Numerous studies
have reported various antitumor activities of fucoidan in lung®”, colorectal®®, and breast cancers®. However,
there has been limited research in anti-HCC therapy; therefore, further research is required. In this study, we
evaluated the antitumor activity of fucoidan in an H22 tumor-bearing mouse model. These results confirmed
that fucoidans significantly inhibit tumor tissue growth in H22 tumor-bearing mice without noticeable toxicity.
Fucoidans from Sargassum plagiophyllum (Phaeophyceae) exhibit anticancer activity by inhibiting the activation
of carcinogen metabolism in DEN-induced liver cancer’’. A recent study also showed that the combination of
algal fucoidans and anti-angiogenic drugs can significantly improve the therapeutic effect in liver cancer’!. These
studies indicate that fucoidan has great potential for clinical development as a drug or dietary supplement for
liver cancer, owing to its relative safety and bioavailability.

CEA is a typical tumor marker in hepatocellular carcinoma, and serum CEA levels are reportedly elevated
owing to cancer-induced damage’. In the present study, the serum level of CEA was significantly lower in
fucoidan-treated mice than in the M group, demonstrating the antitumor effects of fucoidan. Tumor-induced
angiogenesis also plays a critical role in solid tumor growth’’. Therefore, the anti-angiogenic potential of
antitumor agents has gained considerable attention in cancer treatment.

VEGF is a key angiogenic protein involved in tumor angiogenesis’®. The published literature has revealed
controversial results regarding the interaction between fucoidan and angiogenic pathways, particularly VEGE
Fucoidan inhibits HCC tumorigenesis without interfering with angiogenesis and VEGF expression both in vitro
and in vivo”. In contrast, another study reported that fucoidan decreased the levels of VEGE, although the results
were not significant compared to the untreated control’!. In the current study, fucoidan treatment reduced the
level of VEGF in the serum, suggesting its potential for tumor angiogenesis inhibition. These discrepancies in the
bioactivities of the different fucoidans may be attributed to differences in their molecular weights and chemical
structures.

The PI3K/AKT/mTOR signaling pathway plays an important role in cancer development’®””. Early studies
confirmed that fucoidans regulate the proliferation of cancer cells through the PI3K/AKT pathway in lung’® and
colon cancers!. Similar regulation of the PI3K/AKT/mTOR signaling pathway was also observed in a DEN-
induced HCC rat model following fucoidan treatment”!. Our data provide additional support for the view that
fucoidans may be involved in the regulation of the PI3K/AKT/mTOR signaling pathway to exert anti-cancer
effects.

Immune-related cytokines play a vital role in regulating tumor generation and development”®. Cytokines are
crucial factors in tumor immunotherapy. TNF-a is a pro-inflammatory cytokine that can inhibit tumor cells,
activate lymphocytes, and participate in the regulation of oncogenesis®®®!. IL-1B and IL-6 are also important
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cytokines that play a central role in liver carcinogenesis®?. To investigate the immunomodulatory effect of
fucoidans, the levels of IL-1p, IL-6, and TNF-a were measured using ELISA. Fucoidans significantly reduced
pro-inflammatory cytokines IL-1pB, IL-6, and TNF-a levels in H22 tumor-bearing mice. These results indicated
that fucoidans inhibit tumor growth by regulating the expression of inflammatory cytokines.

In summary, we have established an efficient enzyme-assisted extraction method for fucoidans from S.
japonica brown seaweeds, yielding high-purity, high-sulfate fucoidan. Our findings demonstrate that S. japonica
fucoidans exhibit potent antioxidant and anticancer activities, with low immunotoxicity in the H22 tumor
mouse model. Consequently, the enzyme-assisted extraction method is anticipated to effectively isolate authentic
fucoidan with high bioactivity from brown algae, thereby enhancing our understanding of the bioactive roles of
fucoidan structure. However, given the relatively complex structure of fucoidan, detailed studies are necessary to
systematically investigate the relationship between its structure and efficacy. Additionally, studies that explore the
combination of fucoidan with anticancer drugs may further elucidate its potential role in enhancing anticancer
efficacy and reducing drug toxicity, thereby contributing to the knowledge regarding the clinical applicability of
fucoidan.

Conclusion

Fucoidan was isolated from S. japonica and its structure was analyzed. The average molecular weight of the
fucoidan was 1.128 x 10° g/mol. The polysaccharide comprised a main chain of (1 - 3)-a-L-Fucp and (1 > 4)-a-L-
Fucp units, with sulfate groups at the C-2/C-4 positions of the (1 > 3)-a-L-Fucp residues. S. japonica fucoidans
exhibited potent antioxidant activity in vitro and antitumor activity in an H22 tumor-bearing mouse model
with low immunotoxicity. This antitumor effect may be attributed to the inhibition of tumor angiogenesis and
enhancement of the immune response. However, further studies are required to fully understand the anti-tumor
mechanisms in vivo. Our results suggest the potential value of S. japonica fucoidans in the treatment of HCC.
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All data analysed during this study are included in this article and supplementary materials.
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