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SUMMARY 

Traditional medical application becomes potential supplement which is widely used as therapies for 

avoiding diseases in oriental countries [1]. Ocean is regarded as a life blood of all living creature with 

more than 70% of water mass surrounded on earth [2]. There are predicts 2.2 million eukaryotic species 

living under the water [3], hence marine product is a promising resource for medical application [4]. 

Seaweed, also named algae, refers to three types, Rhodophyta (red seaweed), Phaeophyta (brown 

seaweed), and Chlorophyta (green seaweed) [5]. Hizikia fusiforme, Hijiki, is a well-known brown 

seaweed that has been consumed as a marine resource for hundred years in Korea, Japan, and China [6, 7]. 

Hijiki is used as functional food because of its widely range of bioactivities [8, 9]. It is rich in nutrients 

including polysaccharides and mineral elements, and shows beneficial effects such as anticancer, 

immunomodulating activities, and anti-mutagenic effects [10-12].  

Hijiki contains higher amounts of mineral elements than other foods [13]. At certain doses, most of 

mineral elements are regarded as nutrition, but some metals are human toxicants such as inorganic arsenic 

(iAs). iAs tend to be more toxic than organic arsenic, and the concentrations of iAs in Hijiki are as high as 

hundreds of ppm. It is indicated that the As concentration is greatly exceeds the limit stated under the 

provisional tolerable weekly intake, as advised by the World Health Organization (WHO) [14]. Chronic 

and acute exposure to arsenic leads to cancer, neurological disorders, liver disease, renal disease, and 

other health disorders [15, 16]. Acid-wash and hot water cooking are the most widely used methods to iAs 

removal [17-20], and the level of iAS intake allows the limits recommended by the WHO.  

In this work, one percentage of citric acid- and hot water processing was performed to remove AS in 

Hijiki. The As-lower Hijiki was used for separated and isolated different bioactive fractions depend on 

their polarity. There are three active fractions: polysaccharides, saringosterol acetate, and fucoxanthin, 

which were isolated from water, hexane, and chloroform extraction, respectively. In water extraction, 

polysaccharides are the high amounts and bioactivities fractions. In polysaccharides, alginic acid and 

fucoidan are the two major active compounds. Alginic acid is a protonized water-insoluble polysaccharide, 

and comprises a family of unbranched binary copolymers of (1→4) linked β-D-mannuronic acid and 

α-L-guluronic acid [21]. Fucoidan is a sulfate-rich polysaccharide [22], which have been investigated its 

biological properties such as antioxidant, antiviral, anticancer, anti-inflammatory, anti-coagulant, 
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anti-angiogenic, and anti-adhesive effects [23-27]. In seaweeds, the molecular weight, sulfate content, and 

monosaccharide composition are the three main factors linked to the biological activity of fucoidan [28]. 

Moreover, the structural characteristics of fucoidan differ depending on the extract method, seaweed 

species, harvest season, geographic area, and algal maturity [24, 29-31]. Therefore, in the presence work, 

the bioactivities of polysaccharides from AS-lower Hijiki were evaluated. In hexane extraction, 

saringosterol acetate was isolated by using centrifugal partition chromatography, and the anticancer and 

anti-obesity effects of saringosterol acetate were evaluated. In chloroform extraction, fucoxanthin-riched 

fraction was isolated and evaluated its anti-inflammatory effect against FD-induced inflammatory 

responses. Taken together, the aim of this study is to explore and discover the various properties of 

compounds of AS-lower Hijiki from different collected locations.  
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after 24 h to measure inflammatory mediators (COX-2 and PGE2) and pro-inflammatory cytokines (IL-1β, 

IL-6, and TNF-α). Apoptotic body formation was observed under a fluorescence microscope after (e) 

DCFH-DA treatment and (f) Hoechst 33342 and PI staining. Graphical representations are means ± SE 

based on three replications. *p < 0.05 and **p < 0.01 indicate that the values of sample treated groups 

were significantly different from those for the FD-treated group. 

Figure 3-3 Efficacy of FxRF against inflammation induced by FD in RAW 264.7 macrophages. (a) 

Analyses of RAW cell viability and intracellular ROS levels; (b) Western blot analyses of iNOS and 

COX-2 expressions; and (c) ELISA of PGE2 and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α). 

Pre-seeded cells (1 × 105 cells/mL) were treated with different FxRF concentrations after 24 h and 

stimulated with FD after 30 min. Cells were harvested after 24 h to measure inflammatory mediators 

(COX-2 and PGE2) and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α). Graphical representations 

are means ± SE based on three replications. *p < 0.05 and **p < 0.01 indicate that the values of sample 

treated groups were significantly different from those for the FD-treated group. 

Figure 3-4 Inflammatory stimulation of the RAW 264.7 macrophages by the culture medium of 

FD-induced HaCaT cells and the anti-inflammatory effects of FxRF. (a) NO production and 

cytotoxicity, and (b) Analysis of iNOS and COX-2 levels and (c) Inflammatory mediators, including 

tumor necrosis factor α (TNF-α), interleukin (IL)-1β, IL-6, and PGE2. The HaCaT cells were pre-seeded 

in culture plates (1 × 105 cells/mL), incubated for 24 h, and treated with different concentrations of FxRF. 

After 1 h, the cells were treated with FD (125 µg/mL) and 24 h later, the culture medium were treated to 

each pre-seeded RAW 264.7 macrophages culture well plates in real time. The evaluations were made 
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after a 24 h. Experiments were carried out in triplicate, and the results are represented as means ± SE. *p 

< 0.05 and **p < 0.01 indicate that the values of sample treated groups were significantly different from 

those for the FD-treated group. H-FD: The cultured medium of FD-stimulated in keratinocytes. 

Figure 3-5 Inflammatory stimulation of zebrafish larvae by FD and anti-inflammatory effects of 

FxRF. The anti-inflammatory properties were evaluated by measuring NO and ROS production, and cell 

death in the zebrafish embryo model. Experiments were carried out in triplicate, and the results are 

represented as means ± SE. Values are significantly different from the positive control (FD treated group) 

at *p < 0.05 and **p < 0.001.  

 

Figure 4-1 Preparation of SA of H. fusiformis. (a) TLC of SA collected from hexane extract of H. 

fusiformis by CPC. SA is indicated by black line, and (b) ESI-MS spectrum of SA. CPC condition: 

Stationary phase: upper organic phase; mobile phase: lower aqueous phase; flow rate: 2 mL/min; rotation 

speed: 1000 rpm; sample: 500 mg dissolved in 6 mL mixture of lower phase and upper phase (1:1, v/v) of 

the solvent system. 

Figure 4-2 Cytotoxicity of SA on MCF-7 cancer cells and Vero kidney normal cells. Cells were 

treated to indicate concentrations of SA and measured by MTT assay. Experiments were performed in 

triplicate and the data are expressed as the mean ± SE. * p < 0.05, ** p < 0.001. 

Figure 4-3 Apoptosis effects of SA. (a) Effect of SA on the induction of apoptotic bodies, and (b) flow 

cytometry analysis of SA on the nuclear morphology in three cancer cells. Cells were stained with PI and 

Annexin V-FITC. Experiments were performed in triplicate and the data are expressed as the mean ± SE. 

* p < 0.05, ** p < 0.001. 

Figure 4-4 Apoptosis effects of SA on apoptosis-related proteins on MCF-7 cancer cells. Cells were 

treated with SA at the indicated concentration for 24 h. Experiments were performed in triplicate and the 

data are expressed as the mean ± SE. * p < 0.05, ** p < 0.001. 

Figure 4-5 Anti-obesity effect of SA in 3T3-L1 adipocytes. (a) Cytotoxicity of SA on cell viability of 

3T3-L1 adipocytes for 2 days, 4 days, 6 days, and 8 days differentiation, and (b) SA inhibits intracellular 

lipid accumulation in 3T3-L1 adipocytes. (c) Lipid accumulation was determined by Oil Red O staining 

and (d) triglyceride levels. Experiments were performed in triplicate and the data are expressed as the 
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mean ± SE. * p < 0.05, ** p < 0.001. 

Figure 4-6 Anti-obesity effect of SA on signal factors in 3T3-L1 adipocytes. (a) Effect of SA treatment 

on adipogenic-related protein levels in 3T3-L1 adipocytes. (b) Effect of SA on phosphorylation of 

adipogenic-specific proteins in 3T3-L1 adipocytes. Experiments were performed in triplicate and the data 

are expressed as the mean ± SE. * p < 0.05, ** p < 0.001.   

Figure 4-7 SA suppresses activation of p-AMPKα in 3T3-L1 pre-adipocytes. Experiments were 

performed in triplicate and the data are expressed as the mean ± SE. * p < 0.05, ** p < 0.001. 
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Part I. Acid- and hot water processing for 

arsenic-lower Hizikia fusiform  
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1 Abstract 

The aim of this part is to optimize AS removed method for three regional Hizikia fusiforme 

(Zhejiang-China [CH], Jeju-Korea [JH], and Wando-Korea [WH]) in East Asia. CH, JH, and WH were 

processed using different acids (one percentage citric acid or one percentage acetic acid) and hot water to 

decrease heavy metal level and measured by using inductively coupled plasma optical emission 

spectrometry (ICP-OES). The crude fucoidan (CF) and alginic acid (HFA) were extracted from acids 

processed Hijiki and their structures were analyzed by using fourier-transform infrared spectroscopy 

(FTIR) and liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS). Our results 

indicate the chemical structures of CFs in two acids processed Hijiki were no significant difference 

compared to unprocessed Hijiki. However, compared to the unprocessed Hijiki, the structure of HFA 

from acetic acid processed Hijiki was strongly affected by acid-processing. Therefore, one percentage 

citric acid and hot water processing was selected as the appropriate AS removed method. These results 

may explain why the contents and structures of Hijiki were slightly affected by acid-processing.  
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2 Introduction  

Seaweed has strongly bio-ability to uptake heavy metals [32]. Last century, the bio-ability of 

seaweed was used for cleaning waste water [33] and regarded as economical sorbents for industrial metals 

removal [34]. Previous study highlight that an application of seaweed Sargassum was used in heavy 

metals removal in rainwater runoff [35]. Recently, a new promising technology of seaweed for sequester 

heavy metals was developed [36]. Except bio-sorption of these biomasses, seaweeds with high nutritional 

value were used as folk medical application for hundred years and they exhibited a wide range of 

bioactivities such as anticancer, antioxidant, and anti-inflammatory effects [37-39]. For human, 

appropriate concentrations of metals such as potassium, sodium, and calcium are necessary to sustain 

their blood pressure [40] and bone function [41], whereas high amount of heavy metals such as lead, 

copper, and AS are observed to induce high risk health [42]. In algae, the high nutritional value and the 

high levels of heavy metal like ―a double-edged sword‖. High concentrations of heavy metals in edible 

seaweed becomes an obstacle for functional food development [43]. Therefore, seaweeds could be used 

as functional food with limited heavy metal contents.  

AS, a metalloid, is located in the 33rd position in the Periodic Table [44], which is one of the most 

harmful metals for seaweed dietary [45]. Scientists have determined that arsenic trioxide (As2O3) is the 

strongest toxicity form, and iAS is regarded as an toxic marker in determination of food poison [46]. iAS 

can inactivate to more than two hundreds enzymes and further induce DNA synthesis disorder [47]. In 

cellular mitochondria, iAS stimulates morphological changes and increases cell oxidative stress [15]. 

Chronic and acute exposure to AS leads to cancer, neurological disorder, renal disease, and other health 

disorders [16].  

The different regions have their strictly standard to control the uptake dose of AS. The intake AS 

standard of WHO in drinking water is recommended a maximum contaminant level of 10 ppb [48]; the 

AS standard of Asia Pacific Region is 50 ppb [49]; the AS national standard of US is 10 ppb [50]; the AS 

national standard of China is 50 ppb [51]; the AS national standard of Indian is 10 ppb [46]; and AS 

national standard of Bangladesh is 50 ppb [52]. For seaweed, only a few developed Western countries 

including US, Australia, Spain, and New Zealand have published their national guidelines in high risk of 

toxic metals, and a limitation for seaweed iAS is not allowed above a level of 1 ppm [53-55]. In 2019, the 



4 

 

Ministry of Food and Drug Safety in Korea allows AS should be no more than 4 ppm for food additives 

[56]. 

H. fusiformis, synonym Hijiki, is a popular food in East Asian countries, unfortunately, also 

presented in the highest level of iAS among all marine algae [57]. In 2004, the British Food Standard 

Agency issued that consumers are not suggested to consume Hijiki because of high levels of AS [58]. It 

was observed that As is reached more than hundreds ppm in Hijiki, indicating As concentration greatly 

exceeds the limit stated under the provisional tolerable weekly intake, as advised by the WHO [14]. As 

dietary, Hijiki is believed to induce cancer for Japanese population because of high AS accumulation [59]. 

A previous study showed that five species of seaweed, Hizikia fusiformis, Laminaria japonica, Porphyra 

tenera, Undaria pinnatifida, and Palmaria palmate have the different levels of heavy metals. These 

studies showed that seaweed dietary is associates with human health because of AS [60]. Thus, 

researchers are engaged to find an effective and low-cost way to remove heavy metals in seaweed.  

In traditional method, washing- and soaking Hijiki was frequently used to reduce AS in Japan [17], 

and the temperature plays a key factor in iAS removal [61]. Japanese cooking method for dried Hijiki was 

performed as 20 times volumes of water for different treated time from 20 to 360 min without cooking. 

The result was observed that more than 50% of AS was diminished in long period processing [20]. 

Another pre-cook processing was used by soaking Hijiki in water, and cooking. It was found that the 

cooking is an effective method for AS removal [19].  

In modern study, a better iAS removal condition was selected as pH 4, temperature 50oC, removal 

time at 8 h. It was observed that more than 95% AS removal, unfortunately, with more than 50% 

polysaccharides decreased [62]. A previous report was undertaken that aims to decrease more iAS content 

and keep more nutritional compositions. The method was set to citric acid concentration of 0.6%, 

temperature of 50oC. Following 2 h processing, the content of moisture, lipid, and protein in processed 

seaweed was relatively stable than those of unprocessed seaweed. The removal of AS was reached 89.6% 

[63]. Interestingly, a recent Korean study was developed a novel method; Hijiki was innovatively 

performed to heat (90oC for 5 min) and 2% NaCl solution to reduce AS concentration. The result met the 

national standard of marine functional food [64].  

Taken together, acid- and hot water processing are the most widely used methods to decrease iAs 
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concentrations, and the intake of AS concentrations could adhere to the limits of the provisional tolerable 

weekly intake recommended by the WHO. In this work, the aim is to find an appropriate method to 

reduce AS content from different harvest locations of Hijiki.  

3 Materials and methods 

3.1 Materials 

Heavy metal salts, potassium permanganate, and nitric acid were purchased from Sigma-Aldrich, 

USA. Multi-element Calibration Standard and calibration blank containing one percentage HNO3 for 

PerkinElmer OPTIMA 7300DV inductively coupled plasma optical emission spectroscopy (ICP-OES) 

was purchased from Perkin Elmer Inc. USA. Ultrapure deionized water used as the blank and solvents 

were obtained from Millipore Milli-Q purifier. All other chemicals were analytical grade and obtained 

from commercial. 

3.2 Hijiki origin and acid- hot water processing   

H. fusiforme was harvested from Jeju-Korea (JH), Zhejiang-China (CH), and Wando-Korea (WH) in 

May 2017. The collected positions of JH, CH, and WH are 33°25'24.1"N/ 126°55'22.7"E, 27°50'27.9"N/ 

121°02'53.9"E, 34°18'03.9"N/ 126°46'53.7"E, respectively. Repositories were deposited in Jeju National 

University (Jeju, Korea). In Fig. 1-1, it is observed that the appearances of fresh JH, CH, and WH were 

showed different color. Sample processed method was followed previous study with a slight modification 

[62]. The obtained Hijiki was cleaned with tap water and freeze dried. The dried Hijiki was washed by 

one percentage citric acid or acetic acid for 30 min separately. The two acids processing Hijiki were 

adjusted the pH 7.0 using distilled water. The samples were cooked in 90oC hot water for 10 min for 

removing heavy metals, and the boiled seaweeds were freeze dried and grounded into powder.  
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Figure 1-1 Acid- and hot water processing of three locations Hijiki, JH, CH, and WH. 
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3.3 Extraction of crude fucoidan (CF)  

In order to evaluate two acids (citric acid and acetic acid) processing whether influence 

polysaccharide structure, we were extracted two main polysaccharides (fucoidan and alginic acid) and 

identified their compositions and structures.  

The Hijiki powders (JH, CH, and WH) were separately homogenized with distilled water for 24 h at 

50oC for water extraction. The water extract was evaporated under vacuum at 37oC and the precipitated 

product was obtained by centrifugation after adding 95% ethanol. The precipitated was re-dissolved in 

distilled water, dialyzed (MWCO, 10-12 kDa) against water at 4oC for 72 h with changing fresh distilled 

water each 12 h, and then finally lyophilized. The product was considered as crude polysaccharide (CP).  

Fucoidan was isolated and separated from CP according to the previous protocol with a slight 

modification [65]. The CP solution adjusted to pH 8.0 for the 0.5% Alcalase assisted hydrolysis of 

proteins. Subsequently the solution was treated with 4 M CaCl2 in pH 5.0 for purification. The 

precipitated product was clarified and the resultant supernatant was treated with ethanol to precipitate and 

then dialyzed and lyophilized. The product was considered as crude fucoidan (CF). 

3.4 Extraction of alginic acid (HFA) 

Alginic acid was extracted according to the previously protocol with slight modifications [66]. The 

dry sample powder was de-pigmented with 95% ethanol. The de-pigmented powder was immersed in 10% 

formaldehyde for 8 h, filtered through a wire sieve, and washed with 95% ethanol to remove any 

remaining formaldehyde. The powder was then air-dried and lyophilized. It was then immersed in dilute 

HCl (pH 4.0). HCl was added to sustain the pH value at 4.0. The suspension was agitated at 30oC for 24 h, 

filtered through a wire sieve, and washed with cold distilled water. It was then immersed in 5% Na2CO3 

(w/v) and agitated at 30oC for 24 h to extract the alginic acid. The extract was filtered through a wire 

sieve and centrifuged at 4oC (10,000 × g for 10 min). The supernatant was then recovered. The mixture 

was adjusted to pH 6.0 by gradual additions of HCl. A saturated CaCl2 solution was added to the mixture 

to precipitate the alginic acid as calcium alginic acid. The pellet was separated by centrifugation, 

suspended in 10% HCl for 2 h, and recovered by centrifugation. This acid wash was repeated 6 times. 

After the final washing, the pellet was suspended in distilled water and neutralized with NaOH. The 

dialyzed and lyophilized was powder considered as H. fusiforme alginic acid (HFA).   
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3.5 Fourier-transform infrared spectroscopy (FTIR) characterization  

Samples were analyzed using a Thermo Scientific Nicolet 6700 FTIR spectrometer (MA, USA). 

Spectral measurements were taken within the frequency range of 500-2000 cm-1.  

3.6 Liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) analysis 

Samples were hydrolyzed with 0.2 M Trifluoroacetic acid (TFA) at 100°C for 3 h, and then 

co-evaporated excess TFA with menthol, which of this method was followed by previous study [67]. The 

hydrolysate was dissolved with 0.5 mL of distilled water and filtrated through 0.45 μm filter, then 

analyzed by LC-MS.  

ESI-MS spectra were performed by an ACQUITY UPLC system coupled with SYNAPT G2-Si 

HDMS (Waters, Manchester, UK) with an electrospray-ionization source in the negative-ion mode. The 

column was used as Waters Acquity BEH C18 1.7 μm (2.1 × 100 mm), and column Temp was set to 40oC. 

The mobile phase system was: 0.1% formic acid in H2O (A), and: 0.1% FA in acetonitrile (B). The flow 

rate was set to 0.3 mL /min, and the injection volume was set to 5 μL. The capillary was set to 2 kV; the 

cone voltage of 10V; the source temperature of 110oC; the desolvation temperature of 400oC. The MS 

Scan range was set to 100-2000 Da.  

3.7 Evaluation of heavy metal content 

Three locations Hijiki were ashed in muffle furnace. Subsequently the samples were incorporated 

0.1mL of nitro hydrochloric acid mixture HCl: HNO3=3:1 to each 1 mg of ash, and carried out the 

digestion at 100oC for 1h. Finally, the supernatants were filtered and diluted to concentration of 1 ppm 

using 3% HNO3. All the solutions were analyzed using ICP-OES. The equipment was calibrated to 

perform the analysis using a multi-element calibration standard (PerkinElmer N9300233) including 10 

ppm of Ag, Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, 

Tl, U, V and Zn. Each element was detected at least by using three non-overlapping wavelengths. 

3.8 Chemical composition analysis 

The uronic acid and sulfate contents of the samples were estimated by Bitter et al.[68] and Dodgson 

et al.[69], respectively. The protein content was analyzed by the Lowry method [70]. The monosaccharide 

compositions of fractions were detected by HPLC [71].  
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3.9 Statistical analysis 

All assays were made in three independent experiments. Values were expressed as the mean ± 

standard error (SE). One-way ANOVA was used to analyze the mean values in GraphPad prism 5 

software. 

4 Results and Discussion 

Acid- and hot water processing may influence the structure of polysaccharides. As the two main 

active polysaccharides, CF and HFA were extracted by two kinds of acids processed Hijiki to confirm 

whether the structure of them influenced by acid-processing. Based on these results, we selected a more 

―soft‖ acid processing as the used method.  

4.1 FTIR analysis  

FTIR is a widely used analytical technology to investigate and identify structural compounds or 

unknown mixtures [72]. Fig. 1-2 shows the FTIR spectrum of CF in JH (JHCFuc) from processed and 

unprocessed Hijiki. The observed peaks at 1261, 1230, 1056, and 802 cm-1 indicated the presence of C=O 

stretching vibration of an O-acetyl group, CH vibration of the polysaccharides composed of fucose, 

D-glucose, D-mannose, D-xylose, and galacturonic acid, CH3 (fucose, O-acetyl), S=O stretching vibration, 

and S=O stretching of alkyl sulfoxide and anomeric region of carbohydrate. The peaks at 543 cm-1 reflect 

the C-O-S secondary axial sulfate group at C-4 of fructopyranose residue. In FTIR, the peaks between 

1120 and 1270 cm-1 of two acid processed JHCFucs showed lower relative abundances compared to 

unprocessed crude fucoidan, while those of two different acids processing no different were observed. 

Thus, the sulfate content of processed sample was lower than in unprocessed sample. However, citric acid 

and acetic acid processed JHCFucs showed a slightly difference.  
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Figure 1-2 FT-IR spectroscopic analysis of structural features of JHCFucs. JHCFuc-acetic acid 

processing: crude fucoidan isolated from 1% acetic acid washed JH; JHCFuc-citric acid processing: crude 

fucoidan isolated from 1% citric acid washed JH; JHCFuc-unprocessing: crude fucoidan isolated from 

JH.  
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Fig. 1-3 shows the FTIR spectrums of two acid processed HFAs from processed and unprocessed 

Hijiki. The peaks were observed at wave numbers 3625 cm-1, 1680 cm-1, 1420 cm-1, and 1035 cm-1 in 

both commercial sodium alginate and in the unprocessed and two acid processed HFAs spectra. 

Importantly, it is observed that the peaks of HFA in acetic acid processing much lower than those of citric 

acid processed HFA. We deduced that acetic acid was strongly influence to the structure of HFA. Thus, 

coupled with the spectrums of JHCFuc and HFA, the citric acid processing was selected as the final 

method to remove AS. 

4.2 LC-ESI-MS analysis 

Citric acid-processed and unprocessed JHCFucs were further analyzed by LC-ESI-MS, and their 

Total Ion Chromatograms (TICs) were exhibited good separation. It is observed that more ion peaks in 

TIC of unprocessed JHCFuc than processed JHCFuc. That means the unprocessed JHCFuc contained 

more detectable compounds than those of processed JHCFuc in LC-ESI-MS (Fig. 1-4). We suspected that 

the numbers of peaks in acid-processing lower than unprocessed JHCFuc because these small units were 

flowed away by acid processing. However, it is observed that more than 80% peaks were same in TICs of 

acid processed and unprocessed JHCFucs, illustrating that JHCFuc slightly influenced by acid-processing.  

4.3 Heavy metal ion content of Hijiki  

According to the FTIR and LC-MS spectrums, JH, CH, and WH were processed by 1% citric acid- 

and hot water. The metal contents of JH, WH, and CH are shown in Table 1-1, Table 1-2, and Table 1-3, 

respectively. In Table 1-1, the unprocessed JH contained the following metal elements at decreasing 

concentrations in the indicated order, K, Ca, Na, Mg, Sr, Fe, Al, and Zn, and these elements are naturally 

occurring nutrients in the human body. Heavy metals such as As are toxic and its concentration was 

significantly lower in acid-washed sample than in the unprocessed sample. AS concentration was 

markedly lower in acid-processed Hijiki (22 ppm) than in the unprocessed sample (89 ppm), illustrating 

iAS concentration in citric acid-processed Hijiki as a functional food ingredient adhere to the heavy metal 

intake limit standard published by the WHO. The AS contents in processed WH and CH also showed a 

significant decrease compared those of unprocessed Hijiki. According to these data, we found that JH 

showed the lowest AS content among the three locations acid-processed Hijiki.   
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Figure 1-3 FT-IR spectroscopic analysis of structural features of HFAs. HFA-acetic acid processing: 

alginic acid isolated from 1% acetic acid washed JH; HFA-citric acid processing: alginic acid isolated 

from 1% citric acid washed JH; HFA-unprocessing: alginic acid isolated from JH.  
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Figure 1-4 Total Ion Chromatograms (TICs) of 1% citric acid-processed and unprocessed JHCFuc.  
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Table 1-1 Metal ion compositions in unprocessed and citric acid-processed Jeju Hijiki (JH). 

Metal ion 

(ppm) 

Unprocessing Acid-processing 

K 28583.65 13267.62 

Ca 11411.04 10788.79 

Na 8067.29 4162.76 

Mg 6424.56 5587.62 

Sr 1296.38 1181.23 

Fe 331.92 145.17 

Al 55.18 45.07 

As 89.75 22.64 

Zn N.D. N.D. 

Mn N.D. N.D. 

Pb N.D. N.D. 

Cu N.D. N.D. 

Cr N.D. N.D. 

Ni N.D. N.D. 

Cd N.D. N.D. 

Co N.D. N.D. 

V N.D. N.D. 

N.D. represents for not detect 
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Table 1-2 Metal ion compositions in unprocessed and citric acid-processed Wando Hijiki (WH). 

Metal ion 

(ppm) 

Unprocessing Acid-processing 

K 18249.24 9232.57 

Ca 10132.54 8702.56 

Na 13003.81 6180.68 

Mg 5667.21 4590.52 

Sr 1214.02 1020.37 

Fe 871.33 312.53 

Al 50.95 43.86 

As 95.98 30.64 

Zn 6.29. 4.79 

Mn N.D. N.D. 

Pb N.D. N.D. 

Cu 5.12 3.25. 

Cr N.D. N.D. 

Ni N.D. N.D. 

Cd N.D. N.D. 

Co N.D. N.D. 

V N.D. N.D. 

N.D. represents for not detect 
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Table 1-3 Metal ion compositions in unprocessed and citric acid-processed Chinese Zhejiang Hijiki 

(CH). 

Metal ion 

(ppm) 

Unprocessing Acid-processing 

K 15325.42 10254.93 

Ca 11703.59 10032.59 

Na 8067.64 4162.76 

Mg 6195.2 5422.95 

Sr 853.51 625.21 

Fe 472.21 321.83 

Al 78.57 55.76 

As 83.24 26.37 

Zn 196.24 169.24 

Mn 1.71 N.D. 

Pb N.D. N.D. 

Cu 2.34 N.D. 

Cr N.D. N.D. 

Ni N.D. N.D. 

Cd N.D. N.D. 

Co N.D. N.D. 

V N.D. N.D. 

N.D. represents for not detect
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Table 1-4 Proximate compositions of general components in unprocessed and acid-processed JH. 

Component (%) Unprocessing* Acid-processing* 

Ash 15.2±0.05 11.1±0.06 

Moister 5.26±0.23 5.34±0.39 

Carbohydrate 59.7±3.25 50.3±4.01 

Polyphenol 1.3±0.02 1.23±0.01 

Protein 13.5±1.02 12.6±0.95 

*Each value represents mean ± standard error (SE). 
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4.4 Chemical compositions in processed and unprocessed Hijiki 

In JH, the extract of unprocessed sample showed higher ash content compared with the 

acid-processed sample in Table 1-4. The values of polyphenol, carbohydrate, and protein were higher in 

unprocessed samples than in processed samples. The carbohydrate content showed the largest decrease of 

15% because hot water was used in processing, and carbohydrates easily dissolve in hot water. However, 

the extent of the decrease in carbohydrates was not as much as that of iAs content (75%). 

In Korea, Wando Island is a well-known marine cultivate farmland [73]. Jeju Island is the largest 

Island in Korea with its famous marine products as well [74]. An investigation of AS content for different 

harvested locations seaweeds in Korea was performed by using HPLC-ICP-MS [75]. China has the 

biggest marine food market in the world and also the top country in seafood producing and consuming 

[76]. We have concluded these traditional and modern methods in AS removal in different countries. In 

the present study, we collected three locations Hijiki samples from Korea and China, combined these 

removed AS methods and selected an appropriate method to reduce AS content. Our results indicate 

acetic acid was strongly influence the structure of HFA, and JH showed the lowest AS content among 

these three areas citric acid processed Hijiki. It is also indicates that low loss of nutritional compositions 

in citric acid processing was observed. Therefore, in the next following Parts, citric acid processing was 

used for remove AS content in Hijiki. 

5 Conclusion 

AS exist high level in Hijiki and induces high risk in health. Citric acid- and hot water processing 

was used to remove AS in Hijiki, indicating a markedly reduction of AS. Additionally, the most 

concentrations of nutritional compounds were stay in processed Hijiki. JH showed the lowest AS content 

among three locations processed Hijiki. Therefore, JH could be a potential marine product for further 

investigation.  
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Part II. Bioactivities of the polysaccharides from 

three collected-areas Hizikia fusiforme  
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1 Abstract 

The aim of this part is to investigate the various effects of polysaccharides from three regional 

AS-lower Hijiki (CH, JH, and WH). In Part I, Hijiki was selected to decrease heavy metal content by 

using 1% citric acid and 90oC hot water processing and JH showed lowest AS level among three samples.  

In screening anticancer effects Hijiki, crude polysaccharide from JH (JHCP) was selected the best 

activity among three locations CPs. Further, the crude fucoidan from JH (JHCFuc) was separated using 

diethylaminoethyl (DEAE)-cellulose-ion exchange chromatography to obtain four active fractions 

(JHCF1-JHCF4) and their monosaccharide composition was detected using high-performance liquid 

chromatography (HPLC). The structure of JHCFuc and four fractions was analyzed using nuclear 

magnetic resonance (NMR), liquid chromatography-electrospray ionization-mass spectrometry 

(LC-ESI-MS), and fourier-transform infrared spectroscopy (FTIR). Moreover, in anticancer effects of 

these fractions, JHCF4 decreased Hep3B cell growth in 48 h with a half-maximal inhibitory concentration 

of 33.53 ± 2.50 μg/mL, which represented the strongest anticancer activity. Nuclear staining with Hoechst 

33342 and acridine orange-ethidium bromide (AO/EtBr) staining demonstrated that the anticancer activity 

of JHCF4 was mediated by apoptosis. Moreover, JHCF4 downregulated B-cell lymphoma extra-large 

(Bcl-xL), while upregulating Bcl-2-associated X protein (Bax), caspase-3, and apoptotic bodies to 

different degrees in Hep3B cells. JHCF4 induced apoptosis via the generation of ROS along with the 

concurrent loss of mitochondrial membrane potential, indicating the potential role of the 

mitochondria-mediated pathway.  

According to the results in anticancer effect of JHCF4, the antioxidant effect of JHCF4 was 

evaluated. Among fractions, JHCF4 showed the highest sulfate content and the lowest half-maximal 

inhibitory concentration (IC50) scavenging activity against 2,2-diphenyl-1-picrylhydrazyl (DPPH), alkyl, 

and hydroxyl radicals, as well as protected against reactive oxygen species (ROS) in 

2,2'-azobis(2-amidinopropane) dihydrochloride (AAPH)-treated Vero cells. Further, JHCF4 showed 

protective activity against AAPH-induced apoptosis, as observed by nuclear staining with Hoechst 33342. 

JHCF4 showed upregulated Bcl-xL and downregulated Bax, and caspase-3 in the background of 

increasing AAPH concentrations in Vero cells. JHCF4 induced apoptosis via a mitochondria-mediated 

pathway. Additionally, JHCF4 was selected for further in vivo analysis in a zebrafish model, which 
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markedly decreased ROS generation and lipid peroxidation. Thus, JHCF4 showed potential protective 

activity against AAPH-induced ROS both in vitro and in the zebrafish model. 

In hepato-protective effect of JHCF4 study, the protective effects of JHCF4 against ethanol-induced 

cell damage and oxidative stress were investigated in vitro and in vivo. Furthermore, the low cytotoxicity 

and high cell viability of JHCF4 against ethanol-induced cell damage, as well as protection against 

ethanol-induced cell apoptosis, was observed via nuclear staining with Hoechst 33342 in Chang liver cells. 

Additionally, the treatment of the 72 h post-fertilization (hpf) zebrafish model with JHCF4 increased the 

ethanol-stimulated survival rate and decreased oxidative stress, lipid peroxidation, and cell death level. 

JHCF4 was found to significantly decrease steatosis production in the 128 hpf zebrafish model by Oil red 

O staining, and markedly attenuated the malondialdehyde (MDA) and glutathione (GSH) content 

compared to the blank group.  

Other active polysaccharide isolated from Hizikia fusiforme, alginic acid (HFA), showed 

anti-inflammatory effects against Fine dust (FD)-induced inflammation. FD pollution is a serious 

environmental issue in industrial countries and causes disorders of the respiratory system and skin in 

humans. The structures of processed and unprocessed HFA were then analyzed by FT-IR, revealing little 

influence after citric acid-processing. HFA had a protective effect and inhibited the production of ROS, 

cyclooxygenase (COX)-2, prostaglandin E2 (PGE2), interleukin (IL)-1β, and IL-6 in FD-induced HaCaT 

keratinocytes, and the expression of nitric oxide (NO), inducible nitric oxide synthases (iNOS), PGE2, 

tumor necrosis factor-α (TNF-α) expression in FD-induced RAW 264.7 macrophages. Further, the 

inflammatory potential of the culture medium of FD-induced keratinocytes in macrophages and the 

expression of NO, iNOS, PGE2, and pro-inflammatory cytokines was evaluated. HFA treatment 

significantly attenuated the inflammatory responses, indicating its effectiveness in suppressing 

inflammatory responses. 

JHCF4 showed potential antioxidant, anticancer, and hepato-protective effects both in vitro and in 

vivo. HFA showed an anti-inflammatory effect by decreasing NO, ROS production, and cell death in 

FD-stimulated cells and zebrafish embryos.  
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2 Introduction 

Cancer is a severe disease and the second leading cause of death worldwide [77]. The American 

Cancer Society reported that liver cancer is much more common in sub-Saharan African and Southeast 

Asian countries than it is in the US [78]. There are many risk factors associated with the development of 

cancer including heavy alcohol consumption, excess body weight, physical inactivity, and poor nutrition 

[79]. Cancer screening and precision medicine have become the most effective therapies in recent years. 

Although numerous synthetic anticancer drugs are developed yearly, most are unfortunately associated 

with toxicity and side effects [80]. Metabolic disorder sometimes caused by excessed oxidative stress [81]. 

Antioxidants from natural resources have protective effects against cellular death caused by free radicals 

and reactive oxygen species (ROS) [82]. Therefore, people living in developing countries are more 

inclined to consume natural antioxidant and anticancer functional foods than those in developed countries 

to prevent cancer.  

Alcoholic liver disease (ALD) is a major cause of liver disease worldwide, as well as promoting the 

progression of nonalcoholic fatty liver disease and other liver diseases [83]. Alcohol dependence or abuse 

may cause depressive episodes, severe anxiety, insomnia, and abuse of other drugs [84]. Due to the high 

rate of incidence between ALD and other diseases, a series studies of the relationship between high 

alcohol consumption and risk of heart failure [85], atrial fibrillation [86], and coronary artery disease [87] 

have been carried out. Alcohol intake is strongly correlated with an increased stroke morbidity [88], and 

has been found to induce ALD via direct and indirect pathways [89]. Excessive alcohol drinking also 

disturbs metabolism of acetaldehyde and results in a wide range of health problems, including hangovers, 

liver damage, or even cancer. 

Air contaminants have become an environmental issue of increasing concern especially in 

developing countries. Fine dust (FD) particles are the major contributors in air pollution, and exert 

detrimental effects in organisms [90]. The relationship between air pollution and daily mortality was 

surveyed in Beijing, China, dating back to the 1980s [91]. Over the last two decades, China's dramatic 

economic rise has been accompanied with the occurrence of haze or smog episodes, due to increased 

usage of coal-burning power, vehicles, and a series of agricultural activities [92]. FD with potentially 

toxic metals in aerosols is often present at concentrations well above the natural environmental conditions 
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in Asia [93, 94]. High risk of diseases including lung cancer, chronic respiratory and heart disease, 

weakening of the immune system, and reduction in lung function is associated with FD [95]. These 

particles have proved to have an adverse effect in respiratory complications and are believed to elicit 

allergic reactions and inflammatory responses in RAW 264.7 macrophages [96, 97]. Some studies have 

described the potential toxicological mechanisms and gene expression associated with FD and skin using 

human epidermal keratinocytes [98, 99]. Highly exposed parts of the human body such as the face, neck, 

and arms are easily infected by diseases. Foreign agents could cause alterations in the growth and 

differentiation patterns of exposed human tissues. These might result in the activation of inflammation or 

immune suppression that compromises the appearance of skin [100].  

Fucoidan is a complex sulfate-rich polysaccharide in seaweed [22]. Previous reports have been 

investigated the biological properties of fucoidan, such as antioxidant, antiviral, anticancer, 

anti-inflammatory, anticoagulant, anti-angiogenic, and anti-adhesive effects [23-27]. In different 

seaweeds, molecular weight, sulfate content, and monosaccharide composition are the three main factors 

linked to the biological activity of fucoidan [28]. Moreover, the structural characteristics of fucoidan 

differ depending on the extraction method, seaweed species, harvest season, geographic area, and algal 

maturity [24, 29-31]. Some studies have examined fucoidan isolated and characterized from H. fusiformis 

[101, 102]. The antioxidant protective effect of fucoidan from Hijiki against diesel exhaust particles was 

investigated [103]. Previous studies have recovered on hepato-protective agents from natural products, 

including Rhizoma Polygonati, Astragalus membranaceus Bge., and Herba Artemisiae Scopariae [104]. 

Moreover, fucoidan extracted from seaweed has been found to have high antioxidant properties, and may 

therefore have the potential to be used as a natural hepato-protective agent [105, 106]. In addition, water 

extracts from fifty types of seaweed were screened for hepato-protective effects against alcohol in Korea 

[107]. In another study, the ethanol extracts from twenty types of algae against ethanol-induced oxidative 

damage in vitro and in an in vivo zebrafish model were investigated [108].  

In the last decade, studies have found that antioxidant effects are associated with hepato-protective 

effects, providing an opportunity for the discovery of new agents against ALD from natural products 

[109]. A moderate correlation was found between the anticancer activity and the free radical scavenging 

properties of fucoidan [110]. Our study observed a potential antioxidant, anticancer, and 
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hepato-protective effects of active franction (JHCF4) separated from crude fucoidan in AS-lower Hijiki 

(JHCFuc). 

Alginic acid is a protonized water-insoluble polysaccharide [21]. It forms hydrogels, chelates metals 

and may possess antioxidant and anti-inflammatory effects [111-113]. Previous studies have examined the 

protective effect of alginic acid isolated from Sargassum horneri against urban aerosol-induced 

inflammatory responses [66]. Although some studies have investigated the effects of FD on the skin and 

respiratory system, the possible effects of alginic acid from H. fusiforme (HFA) remain sparsely studied. 

In this study, the protective effect of HFA against FD-induced inflammatory responses in keratinocytes 

and macrophages were evaluated. Our study observed a protective effect of HFA against FD-induced 

inflammatory responses as well. 

Taken together, the aim of this study is to discover the various properties of polysaccharide extract of 

AS-low H. fusiforme.    

3 Materials and methods 

3.1 Materials 

Potassium bromide, 1-phenyl-3-methyl-5-pyrazolone (PMP), monosaccharide standards (mannose, 

galactose, xylose, fucose, glucuronic acid), commercial fucoidan, heavy metal salts, potassium 

permanganate, hydrogen peroxide, and nitric acid were purchased from Sigma-Aldrich, USA. Dextran 

standards (788, 404, 212, 112, 47.3, 11.8, and 5.9 kDa) were purchased from Shodex (Tokyo, Japan). PL 

aquagel-OH column (300 mm × 8 mm, 8 μm) was purchased from Perkin Elmer (Massachusetts, USA). 

The fine dust was collected from Beijing, China (collected from 1996-2005; Certified Reference Material 

No. 28). Commercial sodium alginate was purchased from DaeJung chemicals metals Co., LTD, Korea. 

All other chemicals were obtained commercially and were of analytical grade. 

3.2 Extraction of active fractions from CF 

Crude polysaccharide (CP) from H. fusiforme was extracted and its method was showed in ―Part I‖. 

CPs were carried out for the screening of anticancer effect initially.  

CF was separated and purified by anion-exchange chromatography. A diethylaminoethyl 

(DEAE)-cellulose column (17 cm × 2.5 cm) was pre-equilibrated with 50.0 mM sodium acetate buffer 

(pH 5.0). Column separation was performed with a gradient elution starting with 0 M to 2 M NaCl in 
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sodium acetate buffer. The column eluates were obtained as each 15.0 mL into 120 tubes. The 

polysaccharide content in each tube was measured by phenol-H2SO4 assay [114]. The positive tubes were 

pooled into different fractions and lyophilized. Then, each fraction was subjected to dialysis membranes 

to remove ionic contaminants and lyophilized.   

3.3 Chemical analysis 

3.3.1 Chemical composition    

The uronic acid and sulfate contents of the samples were estimated by Bitter et al.[68] and Dodgson 

et al.[69], respectively. The protein content was analyzed by the Lowry method [70]. The monosaccharide 

compositions of fractions were detected by HPLC [71].  

3.3.2 Analysis of the distribution of molecular weights  

Samples were analyzed by agarose gel electrophoresis protocol with slightly modifications [115]. 

Samples and markers (1 mg/mL) were electrophoresed in 1% agarose gels using a Tris-Borate-EDTA 

running buffer (pH 8.3). The used molecular weight markers are Dextran sulfate MW 50-500 kDa (D8906 

Sigma), chondroitin 6-sulfate MW≈60 kDa (C4384 Sigma), and Dextran sulfate MW≈8 kDa (D4911 

Sigma). Electrophoresis was carried out for 20 min at 100V. The gel was stained with 0.02% o-Toluidine 

in 3% acetic acid containing 0.5% Triton X-100 and destained in 3% acetic acid. 

3.3.3 FTIR characterization  

Samples were analyzed using a Thermo Fisher Scientific Nicolet 6700 FTIR spectrometer (MA, 

USA). Spectral measurements were taken within the frequency range of 500-2000 cm-1. 

3.3.4 Nuclear Magnetic Resonance spectroscopy (NMR) analysis 

NMR spectrum of samples were determined using a JEOL JNMECX 400, 400 MHz spectrometer 

(Japan) at 33 k. Samples were dissolved in deuterium oxide (4.65 ppm) and mixed with 1 μL of 

deuterated methanol (3.35, 4.78 ppm) as the internal standard. Proton NMR spectra were acquired with 

128 scans. 

3.3.5 LC-ESI-MS analysis 

Samples were hydrolyzed with TFA followed by ―Part I‖. ESI-MS spectra were performed by an 

ACQUITY UPLC system coupled with SYNAPT G2-Si HDMS (Waters, Manchester, UK) with an 

electrospray-ionization source in the negative-ion mode. The column was used as Waters Acquity BEH 
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C18 1.7 μm (2.1 × 100 mm), and column Temp was set to 40oC. The mobile phase system was: 0.1% 

formic acid in H2O (A), and: 0.1% FA in acetonitrile (B). The flow rate was set to 0.3 mL /min, and the 

injection volume was set to 5 μL. The capillary was set to 2kV, the cone voltage of 10V, the source 

temperature of 110oC, the desolvation temperature of 400oC. The MS Scan range was set to 100-2000 Da.  

3.4 Screening anticancer effect of three locations Hijiki 

3.4.1 Cell culture and cell viability  

MCF-7 human breast cancer, Hep3B human liver cancer, B16F10 Mus musculus skin melanoma, 

HL-60 human leukemia, HT-29 human colon cancer, A549 human lung cancer, and Vero monkey kidney 

epithelial cell lines were purchased from Korean Cell Line Bank (KCLB, Seoul, Korea). Roswell Park 

Memorial Institute medium (RPMI) Dulbecco’s modified Eagle’s medium (DMEM), 

penicillin/streptomycin (P/S), and fetal bovine serum (FBS) were obtained from Gibco Inc. (Grand Island, 

NY, USA). B16F10, MCF-7, and HT-29 cells were maintained in DMEM medium, Vero, A549, Hep3B, 

and HL-60 cells were cultured in RPMI medium; both medium contained 10% FBS and 1% P/S mixture. 

Cells were cultured at 37oC with a 5% CO2 humidified condition. The cells were seeded at the density of 

1 × 105 cells/mL in 96-well culture plates. After 24 h, the cells were treated with each sample at various 

concentrations. The cell survival rate was evaluated by 3-(4, 5-dimethylthiazol-2-yl)-2, 

5-diphenyltetrazolium bromide (MTT) assay 24 h after sample treatment [116]. Based on the initial 

bioactivities screening results, JHCF4 was selected for the following study. 

3.4.2 Apoptotic and necrotic body formation 

3.4.2.1 Nuclear staining with Hoechst 33342  

Cells were considered viable after stained nuclei homogeneously, while the observation of chromatin 

condensation and fragmentation indicating apoptosis [117]. Cells were seeded the density as 1 × 105 

cells/mL in 24-well culture plates and added to various concentrations JHCF4 after 24 h. Then Hoechst 

33342 (stock 1 mg/mL) was treated into each well for 10 μL after 48 h. Cells stained in 10 min with 

Hoechst 33342 in the dark and images were obtained using a fluorescence microscope equipped with a 

CoolSNAP-Pro color digital camera (Meyer Instruments, Inc., Houston, TX, USA). 

3.4.2.2 Nuclear staining with acridine orange-ethidium bromide (AO/EtBr) 

Cells were seeded at the density of 1 × 105 cells/mL in 24-well culture plates and treated with 
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different concentrations of JHCF4. After 48 h, 10 μL of 100 μg/mL AO/EtBr (Sigma-Aldrich) was added 

into each well. Cells were stained for 10 min. The double stain was washed twice using 

phosphate-buffered saline (PBS) and images were captured by a fluorescence microscope as the described 

above. 

3.4.3 Apoptosis analysis by flow cytometry 

Apoptotic cells were measured by FACS Calibur flow cytometric analysis. Treatment of JHCF4 with 

increasing concentrations in cells (2 × 105 cells/mL), and maintained in incubator for 48 h. Cells were 

collected and kept in 70% ethanol and washed with 2 mM EDTA in PBS, and continually stained with 

100 μg/mL PI and RNase for 30 min in dark. Data were analyzed using Cell Quest Pro software (Becton 

Dickinson, San Jose, CA, USA). 

3.4.4 Determination of mitochondrial membrane potential  

Rhodamine 123 is used for monitoring mitochondrial membrane, which preferentially partitions into 

active mitochondria depend on the negative mitochondrial membrane potential [118]. Rhodamine 123 

solution was added to cells after the treatment with JHCF4 (50μg/mL) in different incubation periods. The 

Hep3B cells were harvested and washed with PBS in 30 min at 37oC in dark and then analyzed by flow 

cytometry. 

3.4.5 Measurement of cytochrome c release 

Mitochondrial and cytosolic fractions were isolated followed the previous protocol [119]. Briefly, 

cells were treated with JHCF4 (50μg/mL) in various incubation periods, washed twice in PBS and then 

resuspended in homogenizing buffer. Hep3B cells were kept in 30 min on ice, and then passed through a 

needle 10 times. Undamaged cells were continuously pelleted and obtained by centrifugation (750 g for 

20 min). The content of cytochrome c was expressed by Western blotting as follows.  

3.4.6 Western blot analysis  

Cells (2 × 105 cells/mL) were seeded in single culture plates and incubated for 24 h, treatment of 

JHCF4 in order and obtained cells after 48 h. Cells were homogenized and centrifuged to remove 

precipitation, and protein supernatants were collected and determined by BCA protein kit (Thermo Fisher 

Scientific, MA, USA). Polyacrylamide gels (12%) were carried out to load 30 μg of proteins of each 

sample with lysis buffer, and protein bands separated depend on molecular weight by using 
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electrophoresis method. The separated proteins were transferred onto nitrocellulose membranes. The 

membranes were blocked by 5% non-fat milk and incubated with primary antibodies and secondary 

antibodies by step. The membranes were treated by chemiluminescent substrate (Cyanagen Srl, Bologna, 

Italy) and the fluorescence images were carried out a FUSION SOLO Vilber Lourmat system (FUSION, 

Paris, France) [120]. Intensity of bands was calculated using Image J software. 

3.5 Antioxidant effect of JHCF4 

3.5.1 Radical scavenging assays by using electron spin resonance (ESR) spectrometer 

The 2, 2-diphenyl-1-picrylhydrazyl (DPPH), alkyl, and hydroxyl free radical scavenging properties 

of four fractions were measured by ESR (JESFA200; Jeol, Tokyo, Japan), as followed by Nanjo, 

Hiramoto and Finkelstein, respectively [121-123]. 

3.5.2 Cell culture 

Vero monkey kidney epithelial cell lines were purchased from Korean Cell Line Bank (KCLB, Seoul, 

Korea). Cultured condition of Cells and MTT assay are same as the described in ―3.4.1‖. 

3.5.3 Antioxidant activity against AAPH-induced cellular damage 

MTT assay was performed with measure cell survival rate, and ROS level assay was carried out with 

detect fluorescence intensity using a fluorescent probe dye in oxidation-sensitive, 2', 7'-dichlorofluorescin 

diacetate (DCFH-DA) in AAPH-induced Vero cells [124]. The Vero cells were seeded at a density of 1 × 

105 cells/mL in 96-well culture plates. Three concentrations (37.5, 75 and 150 μg/mL) of JHCF4 were 

added to the cells after 24 h seeding. Following 1 h of incubation, cells were treated with AAPH; 

untreated cells were used as control. The MTT concentration was used as 2 mg/mL and the DCFH-DA 

concentration was used as 5 μg/mL dissolved in PBS solution. The survival rate and ROS level of cells 

were measured after 48 h seeding. 

3.5.4 Nuclear staining with Hoechst 33342  

Cells were considered viable after stained nuclei homogeneously, while the observation of chromatin 

condensation and fragmentation indicating apoptosis [117]. Cells were seeded the density as 1 × 105 

cells/mL in 24-well culture plates and added to various concentrations JHCF4 or 10 mM of AAPH 

solution after 24 h. Cells stained in 10 min with Hoechst 33342 in the dark and imaged using a 

fluorescence microscope as the described above. 
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3.5.5 Apoptosis analysis by flow cytometry 

Apoptotic cells were measured by FACS Calibur flow cytometric analysis (Becton Dickinson, San 

Jose, CA, USA). Treatment of JHCF4 with increasing concentrations in cells (2 × 105 cells/mL), spiked 

with or without 10 mM AAPH 1 h later, and maintained in incubator for 24 h. Cells were collected and 

kept in 70% ethanol and washed with 2 mM EDTA in PBS, and continually stained with 100 μg/mL 

propidium iodide (PI) and RNase for 30 min in dark. Data were analyzed and detected instrument as the 

described above. 

3.5.6 Western blot analysis  

Vero cells (2 ×105 cells/mL) were seeded in single culture plates and incubated for 24 h, treatment of 

increasing concentrations of JHCF4 and 10 mM of AAPH in order (the control were not treated with 

either JHCF4 or AAPH)., and obtained cells after 24 h. Cells were homogenized and centrifuged to 

remove precipitation, and protein supernatants were collected and determined by BCA protein kit 

(Thermo Fisher Scientific, MA, USA). Polyacrylamide gels (12%) were carried out to load 30 μg of 

proteins of each sample with lysis buffer, and protein bands separated depend on molecular weight by 

using electrophoresis technique. The separated proteins were transferred onto nitrocellulose membranes. 

The membranes were blocked by 5% non-fat milk and incubated with primary antibodies and secondary 

antibodies by step. The membranes were treated by chemiluminescent substrate and the fluorescence 

images were carried out a FUSION SOLO Vilber Lourmat system as the described above. 

3.5.7 Analysis of oxidative stress in AAPH treated zebrafish in 72 h post-fertilization (hpf) 

Zebrafish assay was carried out using the methods described previously [125]. DCFH-DA, an 

oxidantion-sensitive fluorescent probe dye, was used to determine the generation of ROS in embryos. 

Diphenyl-1-pyrenylphosphine (DPPP) was used for measure the levels of lipid peroxidation, and acridine 

orange staining, a nucleic acid selective metachromatic dye, was used to evaluate the cell death in live 

embryos. 

Adult zebrafish were supplied by a pet shop in Jeju, South Korea. Zebrafish were cultured in water 

with a 14/10 h light/dark cycle at 28.5oC. Embryos were collected by natural fertilization. At 7 h 

post-fertilization (hpf), the embryos were treated with or without the indicated concentrations of JHCF4 

(25, 50, and 100 μg/mL) and incubated 1 h. Fresh medium containing 15 mM AAPH was then added to 
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each well. After 24 h of incubation, the embryos were added fresh medium before separating and 

transferring randomly into 24-well plates. The embryos were then supplemented with fresh medium 

containing DCFH-DA solution (20 μg/mL), DPPP solution (25 μg/mL), and acridine orange solution (7 

μg/mL), respectively. The embryos were incubated at 28.5oC for 1 h in the dark. The spectrofluorometer 

(Perkin-Elmer LS-5B, Austria) was used to calculate the fluorescence intensity of embryos. The 

CoolSNAP-Pro color digital fluorescent microscope (Olympus, Japan) was used to calculate the 

expressions of stained embryos.  

3.6 Hepato-effective effect of JHCF4 

3.6.1 Cell culture 

Chang liver cells were purchased from Korean Cell Line Bank (KCLB, Seoul, Korea). Chang liver 

cells were cultured in DMEM medium. Cells cultured condition and MTT assay as the described above.   

3.6.2 Protective effect of JHCF4 against ethanol-induced cellular damage 

MTT assay was performed with measure cell survival rate in and ethanol-induced Chang liver cells 

[124]. The Chang liver cells were seeded at a density of 1 × 105 cells/mL in 96-well culture plates. 

Different concentrations of ethanol (1.25%, 2.5%, 4%, and 5%) were added to the cells. Three 

concentrations (37.5, 75 and 150 μg/mL) of JHCF4 were added to the cells after 24 h seeding. Following 

1 h of incubation, cells were treated with ethanol (2.5%); untreated cells were used as control. Following 

incubation for 24 h, cells were treated in 50 μL PBS containing MTT (2 mg/mL). Cells were incubated 

for 3 h in the dark, and then a 200 μL of dimethyl sulfoxide (DMSO) was replaced excess medium in each 

well. The optical density of cells was measured at 540 nm. The survival rate of cells was measured after 

48 h seeding. 

3.6.3 Nuclear staining with Hoechst 33342 

To determine the hepato-protective effects of JHCF4 after ethanol-induced nuclear morphology 

changes in Chang liver cells, Hoechst 33342 staining was used. Cells were considered viable after 

staining the nuclei homogeneously, while evidence of chromatin condensation and fragmentation 

indicated apoptosis [117]. Chang liver cells (1 × 105 cells/mL) were pre-seeded in 24-well culture plates 

and treated with different concentrations of JHCF4 and ethanol (2.5%) following incubation for 24 h. The 

control was not treated with either JHCF4 or ethanol. After 24 h, the cells were treated with 10 μL PBS 
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containing Hoechst 33342 (1 mg/mL) for 10 min at 37oC in the dark. After staining, images were obtained 

using a fluorescence microscope equipped with a CoolSNAP-Pro color digital camera as the described 

above. 

3.6.4 Apoptosis analysis by flow cytometry 

Apoptotic Chang liver cells were confirmed using a FACS Calibur flow cytometer (Becton 

Dickinson, San Jose, CA, USA). Chang liver cells were seeded at a density of 2 × 105 cells/mL for 24 h 

before treating with the indicated concentrations of JHCF4. Following 1 h of incubation, ethanol (2.5%) 

was spiked into each well and incubated for 24 h. Cells were harvested and preserved in 70% ethanol, 

then washed with PBS containing 2 mM EDTA. Subsequently, PBS solution containing PI (100 μg/mL) 

and RNase (20 μg/mL) was added to the cells for 30 min at 37oC in the dark. Data were analyzed using 

Cell Quest Pro software (BD Biosciences, San Jose, CA, USA). Data were analyzed and detected 

instrument as the described above. 

3.6.5 Western blot analysis  

Chang liver cells were seeded at a density of 2 × 105 cells/mL in culture plates for 24 h, then treated 

with JHCF4 and ethanol (2.5%) (The control was not treated with either JHCF4 or ethanol). Following 24 

h of incubation, cells were harvested and homogenized using lysis buffer before centrifuging to remove 

any residues. The supernatants of the lysates were measured for their protein content using a BCA protein 

kit (Thermo Fisher Scientific, MA, USA). The loading samples containing 30 μg proteins and lysis buffer 

were loaded on 12% polyacrylamide gels, and bands were separated by using electrophoresis technique. 

Following transfer the gel onto nitrocellulose membranes, the membranes were blocked by 5% nonfat 

milk, and incubated with specific primary antibodies and secondary antibodies in sequence. In assay of 

signaling protein in 128 hpf zebrafish, total hepatic protein were separated on electrophoresis technique. 

The membranes blocked, primary antibodies and second antibodies treated were followed described 

above. The blots were developed by chemiluminescent substrate and the fluorescence images were 

performed by FUSION SOLO Vilber Lourmat system as the described above [120]. Expressions of blots 

were calculated using Image J software.  

3.6.6 Analysis of oxidative stress in ethanol treated zebrafish (72 hpf) 

Zebrafish assay was carried out and the method was followed previous studies [125]. Adult zebrafish 
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were supplied by a pet shop in Jeju, South Korea. Zebrafish were cultured in water with a 14/10 h 

light/dark cycle at 28.5oC. Embryos were collected by natural fertilization. At 7 h post-fertilization (hpf), 

the embryos were treated with or without the indicated concentrations of JHCF4 (25, 50, and 100 μg/mL) 

and incubated 1 h. Fresh medium containing 0.3% ethanol was then added to each well. After 24 h of 

incubation, the embryos were added fresh medium before separating and transferring randomly into 

24-well plates. The DCFH-DA, DPPP, and acridine orange solutions were stained to the embryos, which 

those concentrations, treated time, and calculation of fluorescence intensity were followed ―3.5.7‖.  

3.6.7 Measurement of steatosis contents in ethanol treated zebrafish (128 hpf)  

The liver functions in 120 hpf zebrafish have been previously established, and were analyzed using 

multiple techniques [126]. Different concentrations of ethanol in zebrafish are associated with different 

survival rates. In our study, the survival rate was measured in 96 hpf zebrafish larvae treated with the 

indicated concentrations ethanol (0%, 0.5%, 1.5%, and 3%). Oil Red O staining was performed to 

measure the levels of steatosis in larvae according to a previous study, with slight modifications [127]. 

Whole larvae were fixed with PBS containing 4% formaldehyde. The fixed larvae was then washed with 

PBS and infiltrated with increase concentrations of 2-propanol. After staining the larvae with 2-propanol 

containing 0.5% Oil Red O overnight, the larvae were washed with decreasing concentrations of 

2-propanol and transferred to 80% glycerol. The images of steatosis were obtained using a fluorescence 

microscope equipped with a CoolSNAP-Pro color digital camera (Meyer Instruments, Inc., Houston, TX, 

USA). 

3.6.8 Measurement of malondialdehyde (MDA), and glutathione (GSH) contents in ethanol treated 

zebrafish in 128 hpf  

The lipid peroxidation of the liver tissues were measured according the content of MDA [128] using 

a glutathione assay kit (MAK085; Sigma-Aldrich, MO, USA). Briefly, a 5 mg of dried whole larvae 

(approximates 30 larvae) were homogenized in 100 μL of iced MDA lysis buffer containing 1μL of BHT 

(100×), then centrifuged at 13,000 × g for 10 min. The supernatant was added to 300 μL 

MDA-thiobarbituric acid (TBA) adduct. A ratio of 1:3 of supernatant and MDA-TBA was obtained. The 

sample was incubated at 95oC for 60 min, and then allows cooling on ice. The absorbance of the solution 

was measured at 532 nm. A standard curve was prepared with MDA standard.   
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The measurement of total GSH levels was performed according to a  previous study [129]. A 

glutathione assay kit (CS0260; Sigma-Aldrich, MO, USA) was used for the measurement. A total of 5 mg 

of dried whole larvae were homogenized in iced 5% 5-sulfosalicylic acid (SSA) and centrifuged at 10,000 

× g for 10 min at 4oC. After removing the pellet, the supernatant was incubated with working solutions (1 

× assay buffer, glutathione reductase, and 5, 5'-dithio-bis-[2-nitrobenzoic acid] solution) at room 

temperature for 5 min. Following treatment with 0.16 mg/mL of NADPH, the GSH value was measured 

according to its kinetic read at 412 nm for 5 min. A standard curve was prepared using reduced form 

GSH. 

3.7 Anti-inflammatory effect of HFA against Fine dust (FD)  

3.7.1 Cell culture 

RAW 264.7 macrophages and HaCaT keratinocytes were purchased from Korean Cell Line Bank 

(KCLB, Seoul, Korea). The cells were maintained in DMEM medium; both medium contained 10% FBS 

and 1% P/S mixture. Cells cultured condition was performed as the described above. 

3.7.2 Measurement of cell viability and ROS production 

Cells (1 × 105 cells/mL) were seeded in 96-well culture plates and treated in the presence or absence 

of indicated concentrations (25, 50 and 100 μg/mL) of HFA. After 1 h incubation, the cells were 

substituted in fresh medium before treated FD (125 µg/mL) for 30 min incubation. The cells untreated 

with HFA and FD was considered as control. Following incubation for 24 h, cells were treated in 50 μL 

PBS containing MTT (2 mg/mL) for detection of cell death. The cells were incubated for 3 h in the dark, 

and then a 200 μL of DMSO was replaced excess medium in each well. The MTT assay is recognized as a 

colorimetric assay, heavy metals strongly influence the value of cell viability. To avoid the influence of 

heavy metals in cell viability, DMSO containing formazan was centrifuged (10,000 × g for 10 min) and 

the supernatant was collected and measured under 540 nm. For ROS production, after incubation with 

samples for 24 h, cells were treated in 10 μL PBS containing 5 μg/mL of DCFH-DA, and incubated for 10 

min in the dark. The ROS productions of cells were detected using a fluorescence microscope equipped 

with CoolSNAP-Pro color digital camera (Meyer Instruments, Inc., Houston, TX, USA).  

3.7.3 Nuclear staining with Hoechst 33342 

Keratinocytes were seeded the density as 1 × 105 cells/mL in 24-well culture plates and added to 
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various concentrations HFA or FD (125 µg/mL) after 24 h. Then Hoechst 33342 (stock 1 mg/mL) was 

treated into each well for 10 μL after 24 h. Cells stained in 10 min with Hoechst 33342 in the dark and 

imaged by the fluorescence microscope. The fluorescence microscope was followed the described above. 

3.7.4 Evaluation of inflammatory responses 

RAW 264.7 macrophages and HaCaT keratinocytes were pre-seeded separately in different 24-well 

plates and incubated for 24 h. The different concentrations of HFA were then treated to each well. 

Following incubation for 1 h, cells was added to the presence or absence of the FD at concentration of 

125 µg/mL. The wells were rinsed with fresh DMEM after additional 30-min incubation. The culture 

plates were continuously incubated for 24 h. The cell medium was harvested to analyze the inflammatory 

mediators and the pro-inflammatory cytokines. In HaCaT keratinocytes, cell viability, intracellular ROS 

production, the inflammatory mediators, and the pro-inflammatory cytokines were evaluated using MTT 

assay, DCFH-DA assay and commercial kit [130]. The metal ions contents of cells were harvested and 

analyze by PerkinElmer OPTIMA 7300DV inductively coupled plasma optical emission spectroscopy 

(ICP-OES). In macrophages, cell viability, NO production, the inflammatory mediators, and the 

pro-inflammatory cytokines were evaluated followed the previous protocols [131]. 

The pre-seeded keratinocytes was treated different concentrations of HFA and induced inflammation 

by FD for additional 30 min incubation. The wells were replenished with fresh DMEM and incubated for 

24 h. The culture medium of FD-induced keratinocytes (H-FD) were treated with the pre-seeded 

macrophages in real time and analyzed for all the inflammatory mediators and the pro-inflammatory 

cytokines after 24 h incubation. 

3.7.5 Evaluation of heavy metal content in FD-treated keratinocytes 

The FD-induced keratinocytes were performed same as the described in ―3.7.4‖, and then the 

harvested keratinocytes were heated in 110oC oven for 24 h. Subsequently the dried samples were 

incorporated 0.1 mL of nitro hydrochloric acid mixture HCl: HNO3=3:1 to each 1 mg of sample and 

carried out the digestion at 100oC for 1h. Finally, the supernatants were filtered and diluted to 

concentration of 1 ppm using 3% HNO3. Ultrapure deionized water used as the blank and solvents were 

obtained from Millipore Milli-Q purifier. The equipment was calibrated to perform the analysis using a 

multi-element calibration standard (PerkinElmer N9300233) including 10 ppm of Ag, Al, As, Ba, Be, Bi, 
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Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, Tl, U, V and Zn. Each element 

was detected at least by using three non-overlapping wavelengths.  

3.7.6 Enzyme immunoassay analysis 

The medium was recovered and determined by commercial ELISA kits to evaluate the levels of 

pro-inflammatory cytokines and inflammatory mediators. The kits were purchased from Thermo Fisher 

Scientific (Waltham, MA, USA), R&D Systems (Minneapolis, MN, USA), Becton Dickinson & Co. 

(Franklin Lakes, NJ, USA), and Invitrogen (Carlsbad, CA, USA). The analysis method was followed the 

manufacturer's guidelines. 

3.7.7 Western blot analysis  

Cells (2 × 105 cells/mL) were seeded in single culture plates and incubated for 24 h, treatment of 

HFA and FD in order and obtained cells after 24 h. Cells were homogenized and centrifuged to remove 

precipitation, and protein supernatants were collected and determined by BCA protein kit (Thermo Fisher 

Scientific, MA, USA. Polyacrylamide gels (12%) were carried out to load 30 μg of proteins of each 

sample with lysis buffer, and protein bands separated depend on molecular weight by using 

electrophoresis method. The separated proteins were transferred onto nitrocellulose membranes. The 

membranes were blocked by blocking buffer and incubated with primary antibodies and secondary 

antibodies by step. The membranes were treated by chemiluminescent substrate and the fluorescence 

images were carried out a FUSION SOLO Vilber Lourmat system as the described above.   

3.7.8 Analysis of inflammatory responses in FD treated zebrafish in 72 hpf 

Adult zebrafish were supplied by a pet shop in Jeju, South Korea. Zebrafish were cultured in water 

with a 14/10 h light/dark cycle at 28.5oC. Embryos were collected by natural fertilization. The 

experiments of FD-induced ROS, NO production, and cell death in embryos were evaluated. According to 

the our previous protocol [131], the treated concentration of FD at 10 μg/mL was used in embryo viability 

assay. In brief, the embryos were transferred to 12-well plates and treated with different concentrations 

HFA followed by FD treatment. Following incubation for 72 h, the hatched larvae were stained by 

4-Amino-5-methylamino-2', 7'-difluorofluorescein diacetate (DAF-FM DA), DCFH-DA and acridine 

orange respectively to identify NO productions, ROS levels, and cell death in the dark. The 

spectrofluorometer (Perkin–Elmer LS-5B, Austria) was performed to calculate the fluorescence intensity 
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of each embryo and intensity of stained embryos was calculated using Image J software. 

3.8 Statistical analysis 

All assays were made in three independent experiments. Values were expressed as the mean ± SE. 

One-way ANOVA was used to analyze the mean values in GraphPad prism 5 software. Student’s t-test (*p 

< 0.05 and **p < 0.01) was used to analyze the means of the parameters of significant differences. 

4 Results and Discussion 

4.1 Screening anticancer effects for three locations Hijiki 

4.1.1 Screening anticancer effects of CPs 

Fucoidan is one of the main components in crude polysaccharide. Therefore, we were initially 

screening the anticancer effects of CPs to three locations Hijiki. Fig. 2-1a-g shows the effects of CPs from 

three different harvest areas on the cell death rate of Vero (kidney epithelial), A549 (lung cancer), HT-29 

(colon cancer), HL-60 (leukemia), B16F10 (mouse skin cancer), MCF-7 (breast cancer), and Hep3B 

(liver cancer) cell lines. The CPs reduced B16F10, Hep3B, and HT-29 cell survival rates in a 

concentration-dependent manner. The normal Vero cell line had a higher survival rate after treatment with 

each concentration than the six malignant cell lines did. Furthermore, in the anticancer activity screening, 

JHCP exhibited the strongest antiproliferative effects and decreased the survival rate of Hep3B cells. In 

contrast, Vero cells exposed to CPs showed survival rates above 85% at each concentration. Hence, active 

factions from JH were selected for further biological investigation. 
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Figure 2-1 Percentages of cell viability as a measure of cell proliferation after treatment with 

different concentrations of JHCPs from three locations Hijiki in sample 24 h treatment. (a) Vero, (b) 

A549, (c) HT-29, (d) HL-60, (e) B16F10, (f) MCF-7, and (g) Hep3B cells. JHCP: The crude 

polysaccharide extract of Hijiki harvested from Jeju-Korea. WHCP: The crude polysaccharide extract of 

Hijiki harvested from Wando-Korea. CHCP: The crude polysaccharide extract of Hijiki harvested from 

Zhejiang-China. All experiments were performed in triplicate, and each value represents the mean ± SE. 

*p < 0.05, **p < 0.001 were considered as significant compared to the control.  
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4.1.2 Isolation of active fraction and cell cytotoxicity 

JHCFuc was separated using DEAE-cellulose with sodium chloride (NaCl, 0-2 M) as the elutant. 

Four different positive fractions (JHCF1, JHCF2, JHCF3, and JHCF4) were selected based on their ionic 

characteristics at different molarities of NaCl (Fig. 2-2). 

Vero cells exposed to JHCFuc and the four active fractions showed survival rates above 85% at each 

concentration (Fig. 2-3a). Based on the known anticancer activity of JHCP, we treated Hep3B cells with 

JHCF4 and the results showed that it reduced Hep3B cell survival rates in a concentration-dependent 

manner after sample treatment for 24 h. Similarly, JHCF4 significantly decreased Hep3B cell survival 

rates with a half-maximal inhibitory concentration (IC50) of 33.53 ± 2.50 μg/mL after sample treatment 

for 48 h (Fig. 2-3b).   
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Figure 2-2 DEAE-cellulose chromatogram of the fucoidan separated from the extract of 

acid-processed JH.  
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Figure 2-3 Percentage of cell viability as a measure of cell proliferation after treatment with 

different concentrations of fractions. (a) Cytotoxicity of JHCFuc and four active fractions were 

determined by MTT assay with Vero cells. (b) Cytotoxicity of JHCF4 was determined by MTT assay with 

Hep3B cells in 24 h and 48 h JHCF4 treatment. All experiments were performed in triplicate, and each 

value represents the mean ± SE. *p < 0.05, **p < 0.001 were considered as significant compared to the 

control.   
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4.1.3 Composition and structure of active fraction  

4.1.3.1 Monosaccharide composition 

The monosaccharide composition and the other major components, uronic acids, sulfate, and protein 

of JHCP, JHCFuc and JHCF4 from JH are shown in Table 2-1 and Fig. 2-4a. Monosaccharide 

composition analysis showed that fucose (37.56%), mannose (22.55%), and galactose (38.43%) were the 

major sugars in fucoidan with minor amounts of rhamnose (1.05%) and arabinose (0.40%). The sulfate 

content of fractions JHCF1, JHCF2, JHCF3, and JHCF4 was 5.4 ± 0.24%, 1.74 ± 0.13%, 5.75 ± 0.32%, 

and 17.6 ± 0.36%, respectively. The result of the analysis of the separated fractions was in agreement with 

previously reported findings [102].  

4.1.3.2 Agarose gel electrophoresis  

Among the isolated fractions, the monosaccharide and sulfate contents of JHCF4 showed the highest 

yields. A positive correlation was found between sulfate content and bioactivity [132]. Compared to the 

polysaccharide molecular weight markers, the approximate molecular weight distribution of JHCF4 was 

in the range of 60-150 kDa as shown in Fig. 2-4b. Therefore, JHCF4 was selected for further anticancer 

analysis. 

4.1.3.3 FTIR analysis   

Fig. 2-4c shows the FTIR spectrums of JHCFuc from processed and unprocessed Hijiki. The 

observed peaks at 1261, 1230, 1056, and 802 cm-1 indicated the presence of C=O stretching vibration of 

an O-acetyl group, CH vibration of the polysaccharides composed of fucose, D-glucose, D-mannose, 

D-xylose, and galacturonic acid, CH3 (fucose, O-acetyl), S=O stretching vibration, and S=O stretching of 

alkyl sulfoxide and anomeric region of carbohydrate. The peaks at 543 cm-1 reflect the C-O-S secondary 

axial sulfate group at C-4 of fructopyranose residue. Similar findings were observed in previous studies 

[110]. In FTIR spectrum, the peaks between 1120 and 1270 cm-1 of the processed JHCFuc showed lower 

relative abundances compared to unprocessed JHCFuc. Thus, the sulfate content of processed sample was 

lower than in unprocessed sample. However, JHCF4 showed the highest sulfate content among all four 

fractions. 
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Table 2-1 Chemical compositions of crude polysaccharides (JHCP), fucoidan (JHCFuc) and its 

fractions (JHCF1-JHCF4). 

Sample 

Uronic 

acid 

Protein 

Sugar (%) 

Sulfate (%)* 

Fucose Rhamnose Arabinose Galactose Mannose 

JHCP 15.1 9.5 46.76 3.14 0.80 25.59 23.69 0.31±0.00 

JHCFuc 18.9 1.9 37.56 1.05 0.40 38.43 22.55 13.30±0.50 

JHCF1 26.7 1.5 41.88 1.11 2.35 27.78 26.86 5.4±0.24 

JHCF2 19.4 2.3 22.25 2.94 8.16 26.73 39.89 1.74±0.13 

JHCF3 20.6 1.6 43.40 0.62 0.71 23.51 31.73 5.75±0.32 

JHCF4 16.9 1.2 46.32 1.17 1.13 27.36 24.00 17.6±0.36 

*Each value represents mean ± SE of three determinants of each fraction. 
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Figure 2-4 Characterization of the structural features of commercial fucoidan, JHCP, JHCFuc, and 

JHCF4 using FT-IR and monosaccharide analysis. (a) Monosaccharide content of JHCF4 was 

analyzed using an HPAE-PAD spectrum compared with black line standard monosaccharide mixture and 

red line HPAE-PAD spectrum for the monosaccharide content of JHCF4. (b) The approximate molecular 

weight distribution of JHCF4. (c) FT-IR spectra of JHCF1-JHCF4, processed and unprocessed JHCP, 

JHCFuc were compared to commercial fucoidan for the spectral analysis.  
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4.1.3.4 LC-ESI-MS analysis 

The results observed that a sugar unites from hydrated JHCF4. According to a recent study [67], the 

LC-MS spectrum of ion (m/z 339.0930) was assigned as [FucGal]-, and its spectrum was shown in Fig. 

2-5a. Based on the previous results in JHCF4, the percentage of monosaccharide compositions for fucose 

(37.56%) and galactose (38.43%) were ranking in the first and third largest among all the monosaccharide, 

respectively. Thus, we deduced that a large amount of fucose/Galactose unites is existed in JHCF4. 

4.1.3.5 1H NMR analysis  

Fig. 2-5b shows the proton 1H NMR analysis of JHCF4 with characteristic peaks of fucoidan as 

previously reported [16]. Peaks between 5.0 and 5.6 ppm represented the anomeric protons of 

-l-fucopyranosyl units and the broad methyl peak at 0.9-1.3 ppm, which of them were corresponded to 

α-l-fucopyranosyl units. Moreover, an observed peak at 4.65 ppm corresponded to H4 of 4-sulfated fucose. 

Sulfated polysaccharides have complex and heterogeneous structures that lack regularity.  



48 

 

 

 

Figure 2-5 Chemical analysis of JHCF4. (a) ESI Q-TOF MS spectrum JHCF4, and (b) spectrum of 1H 

NMR.  
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4.1.4 JHCF4 induced apoptotic morphology of Hep3B cells  

4.1.4.1 Nuclear staining with Hoechst 33342 

To evaluate the anticancer effect of JHCF4 against nuclear morphological changes in Hep3B cells, 

the cell-permeable DNA dye Hoechst 33342 was used. Cells were considered viable if nuclei were stained 

homogeneously, while chromatin condensation and fragmentation indicated apoptosis [117]. JHCF4 was 

selected for further studies to investigate its potential in inducing apoptotic bodies because it showed the 

lowest IC50. Subsequently, cell nuclear morphology was observed using fluorescence microscopy. 

Apoptotic body formation was clearly identified in JHCF4-treated Hep3B cells (Fig. 2-6a). In addition, 

the observed apoptotic bodies increased with increasing concentration of JHCF4. 

4.1.4.2 Nuclear staining with AO/EtBr 

The AO/EtBr staining protocol identifies early and late apoptotic cells and necrotic cells [133], and 

was performed to characterize cell morphology [134]. Viable cells showed green homogeneous nuclei, 

whereas early apoptotic cells were characterized by fragmented green patches. Late apoptotic cells were 

characterized by both green and orange or orange particulate matter, and necrotic cells were characterized 

by damaged cytoplasmic membranes and appeared homogenously red [135]. Fig. 2-6b shows the effects 

of JHCF4 on Hep3B cells, which were characterized by increased apoptotic body formation that occurred 

in a dose-dependent manner. Small amounts of low-concentration JHCF4 (12.5 μg/mL) induced early 

apoptotic body formation in cells 48 h after treatment, with few cells in the late apoptotic and necrotic 

stages. At medium and high concentrations (25 and 50 μg/mL), an increasing number of late apoptotic 

body forms was observed, as well as a few necrotic cells.  

We treated Hep3B cells with different concentrations of JHCF4, resulting in the induction of 

apoptotic body formation in a dose-dependent manner (Fig. 2-7).  
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Figure 2-6 Apoptosis effects of JHCF4. (a) The anticancer effects of JHCF4 induce apoptotic bodies in 

Hep3B cells using Hoechst 33342 after 48 h incubation. (b) The anticancer effects of JHCF4 induce 

apoptotic bodies in Hep3B cells using acridine orange/ethidium bromide (AO/EtBr) staining after 48 h 

incubation.  
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Figure 2-7 Anticancer effects of JHCF4 induced apoptotic bodies in Hep3B cells by flow cytometry. 

Cell cycle analysis was performed by PI staining. All experiments were performed in triplicate, and each 

value represents the mean ± SE. *p < 0.05, **p < 0.001 were considered as significant compared to the 

control. 
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4.1.5 Induction of ROS generation, mitochondrial membrane potential, and cytochrome c release in 

JHCF4-induced apoptosis 

ROS generation is related to JHCF4-induced apoptosis, and therefore ROS levels were analyzed in 

Hep3B cells. The results showed that JHCF4 induced ROS production in Hep3B cells in a 

time-dependent manner (Fig. 2-8a).  

In cells, almost ninety percentage of the energy generation is associated with mitochondria, which 

plays a key role in regulating apoptosis. The mitochondrial integrity is disrupted in early apoptosis stage. 

The effects of JHCF4 on mitochondrial membrane potential were analyzed using Rhodamine 123. The 

reduction of fluorescence intensity in the 24 h treatment group indicated that the mitochondrial membrane 

potential was markedly decreased (Fig. 2-8b). Pretreatment with JHCF4 (50 μg/mL) induced 

mitochondrial membrane potential, increasing the Rhodamine 123 negative cells to 37.68% after 48 h. 

Mitochondrion is an organelle including an outer layer and an inner layer separated by an inter-layer 

space. Cytochrome c is a proapoptotic protein in the mitochondria. These data illustrate that JHCF4 

treatment gradually increased the release of cytochrome c into the cytosol of Hep3B cells (Fig. 2-8c). The 

excessive generation of ROS and the decrease of mitochondrial membrane potential indicate the 

activation of apoptosis [136]. Accumulation of ROS disrupted the mitochondrial membrane potential, 

which is associated with the release of apoptosis-related factors [137]. We found that JHCF4 reduced the 

depolarization of mitochondrial membrane potential in a time-dependent manner, which may be 

associated with its activation of the intracellular accumulation of ROS. This observation suggests that 

JHCF4 induces apoptosis in Hep3B cells via the mitochondrial pathway. 
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Figure 2-8 Induction of reactive oxygen species (ROS) generation, the integrity of mitochondrial 

membrane, and cytochrome c release by JHCF4-induced apoptosis in Hep3B cells. (a) Hep3B cells 

were treated with 50 μg/mL JHCF4 for 24 and 48 h, incubated with DCFH-DA for 30 min. (b) Hep3B 

cells were treated with JHCF4 (50 μg/mL) for 24 and 48 h, incubated with Rhodamine 123 (200 nM) for 

30 min in the dark, then analyzed by flow cytometry. Data are presented as fluorescence intensity. (c) 

Hep3B cells were treated with JHCF4 (50 μg/mL) for the indicated durations. All experiments were 

performed in triplicate, and a representative experiment is presented. 
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4.1.6 Apoptosis pathway regulation by JHCF4 

Analysis of the intensities of western blot bands showed that increasing the concentration of JHCF4 

up to 50 μg/mL increased the expression of apoptotic and anti-apoptotic factors, as demonstrated by the 

increase in Bax and decrease in Bcl-xL compared to the untreated group. It also showed that increasing 

the concentrations of JHCF4 increased the expression of cleaved caspase-3 (Fig. 2-9a). As shown in Fig. 

2-9b, JHCF4 increased cleaved caspase-3 and 9 expression, and decreased Bcl-2 expression in a 

time-dependent manner with various incubation periods. 

The results demonstrated the significant apoptotic body formation induced by JHCF4 in Hep3B cells. 

During apoptosis, chromatin condenses, the cell shrinks, the membrane blebs, and finally, the cell 

disassembles into vesicles enclosed by membranes [138]. These results proved the hypothesis that JHCF4 

mediated apoptosis in Hep3B cells, which is a process that operates through a series of signaling cascades. 

The suicidal factors in the Bcl-2 protein family and caspases remain dormant under inactive conditions 

[139]. Bcl-2 protein family members including the pro-apoptotic (Bax) and anti-apoptotic (Bcl-xL) 

proteins, are the main apoptotic regulators [140]. In the cellular mitochondria, disturbance of the 

voltage-dependent anion channel by Bax leads to the release of cytochrome c, resulting in the continuous 

stimulation of caspases [141]. The upregulation of Bax, coupled with the downregulation of Bcl-xL, 

increases the ratio of Bax/Bcl-xL, which is considered a hallmark of apoptosis [142]. Western blot 

analysis showed an increase in the Bax/Bcl-xL ratio, indicating apoptosis, which occurred in a 

concentration-dependent manner. Cytochrome c and initiator caspases contribute to activating the 

proenzyme form of caspases. The increased Bax/Bcl-xL ratio caused the release of cytochrome c and 

increased the expression of cleaved caspase-3. In the bioactivity study, JHCF4 exhibits anticancer effects 

via the mitochondria-mediated apoptosis pathway in cancer cells.  
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Figure 2-9 Induction of apoptosis-related proteins degradation by JHCF4. (a) Hep3B cells were 

treated with different concentrations of JHCF4 at 48 h. (b) Hep3B cells were treated with JHCF4 (50 

μg/mL) with different incubation periods. All experiments were performed in triplicate, and each value 

represents the mean ± SE. *p< 0.05, **p < 0.001 were considered as significant compared to the control. 
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4.2 Antioxidant effects of JHCF4 

4.2.1 Radical scavenging activities 

The DPPH, alkyl, and hydroxyl radical scavenging activities are shown in Table 2-2. Among the 

fractions, the scavenging activities of JHCF4 had the lowest IC50 values of 0.11 ± 0.01, 1.28 ± 0.02, and 

0.25 ± 0.04 µg/mL, respectively. 

4.2.2 Measurement of intracellular ROS levels in Vero cells  

The cytotoxic and protective effects of JHCF4 against AAPH-stimulated cellular damage by MTT 

assay were evaluated (Fig. 2-10a). Among the fractions, no cytotoxic effects were found in Vero cells. 

When Vero cells were exposed to AAPH, protective effects of JHCF4 were observed (Fig. 2-10b). The 

cell survival rate was greater than 80% at concentrations of 37.5-150 µg/mL. The ROS levels in cells 

pretreated with JHCF4 were significantly lower than those of AAPH-stimulated samples, thus showing 

the strongest scavenging effects (Fig. 2-10c). 
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Table 2-2 Scavenging activities of crude polysaccharide (CP) and fucoidan (CF) from JH against 

DPPH, hydroxyl, and alkyl radical. 

IC50 

(mg/mL) 

Crude 

polysaccharides(CP) 

Fucoidan 

JHCFuc JHCF1 JHCF2 JHCF3 JHCF4 

DPPH a 0.40±0.01 0.18±0.02 0.40±0.02 0.27±0.02 0.23±0.01 0.11±0.01 

Alkyl b 1.47±0.03 1.67±0.02 1.65±0.04 1.47±0.01 2.65±0.02 1.28±0.03 

Hydroxyl c 0.67±0.01 0.4±0.03 0.71±0.02 0.32±0.02 0.69±0.02 0.25±0.04 

a: DPPH Radical Scavenging Activity 

b: Alkyl Radical Scavenging Activity 

c: Hydroxyl Radical Scavenging Activity  
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Figure 2-10 Evaluation of the four fractions for toxicity and intracellular ROS scavenging activities 

against AAPH-induced oxidative stress in Vero cells. (a) Toxicity assessment of the sample. (b) 

Protective activity of four fractions against AAPH-induced cytotoxicity. (c) Scavenging activity of four 

fractions on AAPH induced intracellular ROS. Results represent the percentage (%) of cell viability and 

intracellular ROS levels. Experiments were performed in triplicate and the data are expressed as the mean 

± SE. * p < 0.05, ** p < 0.001. 
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4.2.3 Apoptotic body formation of JHCF4 in Vero cells 

F4 showed the highest relative antioxidant activity based on the previous results. Thus, JHCF4 was 

used for analysis to observe apoptotic body formation. Apoptotic body formation was easily observed in 

AAPH-induced cells by using fluorescence microscopy, as shown in Fig. 2-11a. However, the numbers of 

observed apoptotic bodies were decreased when cells were pretreated with different concentrations of 

JHCF4. Additionally, as the sample concentration increased, apoptotic body formation decreased. In cell 

flow cytometric analysis of treated Vero cells with JHCF4 and AAPH, JHCF4 showed protective effects 

against AAPH-induced apoptotic body formation in a concentration-dependent pattern (Fig. 2-11b). 

4.2.4 Apoptosis pathway regulation by JHCF4  

The intensities of western blot bands revealed that increasing concentrations of JHCF4 induced 

apoptotic and anti-apoptotic factors, as observed by decreased Bax and increased Bcl-xL compared to that 

in AAPH-treated cells (Fig. 2-11c). Moreover, increasing concentrations of JHCF4 decreased caspase-3 

expression. 

The results of this study explain the significant protective effect of JHCF4 in AAPH-induced Vero 

cells. Suicidal factors such as Bcl-2 protein family members and caspases are activated following 

treatment with AAPH [139]. The Bcl-2 protein family contains pro-apoptotic proteins (Bax) and 

anti-apoptotic proteins (Bcl-xL) as the main apoptotic regulators [140]. In cellular mitochondria, 

voltage-dependent anion channels are disturbed by Bax, leading to the release of cytochrome c. This 

pathway continuously stimulates caspases [141]. Decreased regulation of Bax and increased regulation of 

Bcl-xL, and particularly the ratio of Bax/Bcl-xL, showed dose-dependent protective and antioxidant 

effects [142]. Cytochrome c and initiator caspases contribute to activating the proenzyme form of 

caspases involving caspase-3 [143]. The decreased Bax/Bcl-xL ratio caused cytochrome c release and 

induced continuously decreased expression of caspase-3. These results showed JHCF4 antioxidant 

properties in Vero cells were mediated by the mitochondrial pathway. 
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Figure 2-11 Protective effects of JHCF4 against AAPH-induced Vero cells. (a) Effect of JHCF4 on 

cellular ROS levels and apoptotic body formation induced by AAPH. Apoptotic body formation was 

observed under a fluorescence microscope after Hoechst 33342 staining. (b) Dysregulation of cell cycle 

progression was indicated by flow cytometric analysis of the apoptotic sub-G1 cell population in Vero 

cells. (c) Western blot analyses of Vero cells for measuring the expression of Bax, Bcl-xL, and caspase-3. 

Results are reproducible based on three independent determinations. Experiments were performed in 

triplicate and the data are expressed as the mean ± SE. * p < 0.05, ** p < 0.001. 
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4.2.5 Toxicity of JHCF4 treatment in zebrafish embryos 

Zebrafish was employed to be an animal model, because their cellular composition, signaling, and 

response to injury are similar to these of humans [144]. This model has many advantages such as a large 

clutch size, transparent embryos, low cost, and easy handling, and thus is widely used in predictive 

toxicology screening in pharmacological studies [145]. JHCF4 showed low toxicity compared to the 

control. A low viability rate was observed for AAPH-induced embryos compared to the control. The 

survival rates of embryos reached up to 70-80% when pretreated with JHCF4 prior to AAPH treatment. 

The antioxidative effects of JHCF4 on ROS production in AAPH-induced zebrafish embryos were 

observed by using DCFH-DA assay. The results showed that treating embryos with JHCF4 strongly 

inhibited ROS production (Fig. 2-12). The fluorescence in the control group showed low intensity, 

whereas AAPH treatment increased fluorescence, demonstrating that ROS increased in AAPH-stimulated 

zebrafish embryos. Additionally, a large decrease in ROS level was observed when JHCF4 was used to 

pretreat AAPH-induced zebrafish embryos.  

DPPP is widely used to evaluate lipid peroxidation in zebrafish. In untreated embryos, low 

fluorescence was detected in the embryos, while AAPH treatment resulted in higher fluorescence than in 

the control, indicating lipid peroxidation. However, pretreatment with JHCF4 decreased the fluorescence 

intensity of AAPH-induced lipid peroxidation (Fig. 2-12). These results demonstrate that JHCF4 has 

strong antioxidant effects.  
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Figure 2-12 Protective effects of JHCF4 against AAPH-induced ROS production and lipid 

peroxidation in zebrafish embryo model. Microscopic fluorescence images of the embryos stained with 

DCFH-DA and DPPP in the ROS production and lipid peroxidation assay, respectively. The relative 

fluorescence intensities indicate the level in the stained embryos. Experiments were performed in 

triplicate and the data are expressed as the mean ± SE. * p < 0.05, ** p < 0.001. 
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4.3 Hepato-protective effect of JHCF4 against ethanol-induced damage   

4.3.1 Protective effect against ethanol-induced damage in Chang liver cells   

In order to determine the cytotoxicity of ethanol in Chang liver cells, different concentrations of 

ethanol were measured using an MTT assay. An ethanol concentration of 2.5% stimulated a reduction in 

the survival rate to 53.24%, which was confirmed by using this concentration (2.5%) for further study 

(Fig. 2-13a). JHCF4 showed hepato-protective effects in ethanol-treated cells in a dose-dependent manner. 

JHCF4 protected cells from cell death induced by ethanol and promoted cell growth  (Fig. 2-13b).  

Hoechst 33342, a fluorescent dye probe, was used to observe the formation of apoptotic bodies in 

ethanol-treated Chang liver cells. The control group (blank treatment) showed an intact nuclear 

morphology, while marked nuclear fragmentation, demonstrating apoptosis in cells, was easily observed 

in ethanol-treated cells (Fig. 2-13c). Additionally, the JHCF4 treatment was found to inhibit the formation 

of apoptotic bodies. This suggests that JHCF4 provides hepato-protective effect against 

ethanol-stimulated damage or injuries.  

In addition to the morphological evaluation, cell flow cytometric analyses of JHCF4 and ethanol 

treatment were performed. The proportion of cells with sub-G1 DNA content in JHCF4 showed protective 

effects against ethanol-stimulated apoptotic body formation in a concentration-dependent manner (Fig. 

2-13d). These results further confirmed the strong protective properties of JHCF4 against ethanol-induced 

cell death. 

To further confirm the regulative ability of JHCF4 in apoptosis-associated protein in ethanol-treated 

Chang liver cells, Western blotting was carried out to identify apoptosis signaling proteins. Ethanol 

regulates apoptosis-associated factors, including Bax, Bcl-xL, and caspase-3 via the mitochondrial signal 

pathway in liver cells. As shown in Fig. 2-13e, exposure to ethanol markedly up-regulated the expression 

of Bax and caspase-3, regarded as pro-apoptotic factors, while considerably down-regulating Bcl-xL, 

regarded as an anti-apoptotic factor, in Chang liver cells. However, the expression in the JHCF4-treated 

groups was found to be decrease significantly in terms of Bax and caspase-3 expression compared to the 

ethanol-treated group. Additionally, the expression of Bcl-xL in the JHCF4-treated groups was 

considerably higher than in the ethanol-treated group. These results demonstrate that JHCF4 may have 

ability to inhibit apoptosis in ethanol-treated Chang liver cells.  
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Figure 2-13 Protective effects of JHCF4 against ethanol-induced Chang liver cells. (a) Cytotoxicity 

of different concentrations of ethanol in Chang liver cells. (b) Protective effects of JHCF4 against 

ethanol-induced damage by MTT assay in Chang liver cells. (c) Protective effect of JHCF4 apoptotic 

body formation induced by ethanol in Chang liver cells. Apoptotic body formation was observed using a 

fluorescence microscope after Hoechst 33342 staining. (d) Chang liver cells were treated with or without 

the indicated concentrations of JHCF4 for 24 h. The percentage of apoptotic cells was subsequently 

analyzed by flow cytometer. (e) Western blot analyses of Chang liver cells for measuring the expression 

of Bax, Bcl-xL, and caspase-3. Results are reproducible based on three independent determinations. 

Experiments were performed in triplicate and the data are expressed as the mean ± SE. * p < 0.05, ** p < 

0.001.  
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4.3.2 Protective effect of JHCF4 against ethanol-treated zebrafish embryo (72 hpf) 

In 72 hpf zebrafish larvae, the function of the liver was not yet well developed. Therefore, the levels 

of hepatic oxidative stress in the whole larvae were evaluated. Ethanol is cytotoxic in larvae and is widely 

used as oxidant stimulator in vivo.  

Cell death in ethanol-induced larvae was measured using acridine orange solution staining. The 

results showed that ethanol induced cell death in the larvae, while treatment with JHCF4 significantly 

inhibited the degree of cell damage in a concentration-dependent manner in ethanol-treated larvae (Fig. 

2-14a). 

The antioxidative effect on ROS production in ethanol-induced larvae was measured using a 

DCFH-DA assay. JHCF4 treatment was found to strongly inhibit ROS production in the larvae (Fig. 

2-14b). The levels of fluorescence in the untreated larvae were low, while ethanol treatment was found to 

increase fluorescence, indicating that ROS increased in ethanol-stimulated larvae. In addition, a gradual 

decrease of ROS production was found in correlation with an increasing concentration of JHCF4 in 

ethanol-treated larvae.  

For the measurement of lipid peroxidation in larvae, similar trends were observed as those describe 

above (cell death and ROS production). In ethanol-treated larvae, a strong fluorescence was observed in 

the larvae, while JHCF4 treatment resulted in decreased intensities than in the ethanol-induced larvae, 

indicating the protective effects of JHCF4 in lipid peroxidation (Fig. 2-14c). These results indicate that 

JHCF4 inhibits hepatic oxidative stress in 72 hpf larvae. 

4.3.3 Measurements of steatosis, MDA, and GSH contents and expression of p53 in ethanol-treated 

zebrafish embryo (128 hpf) 

Steatosis appears as a result of an acute ethanol intake in mammals [146]. The livers obtained from 

96 hpf larvae exposed to ethanol have been previously found to undergo hepatic oxidative stress in fatty 

liver disease models [147]. In this study, zebrafish hepatogenesis initially developed at 96 hpf. Thus, 96 

hpf was selected as the exposure time for treatment with ethanol. The results of an excessive intake 

ethanol intake were evaluated without any internal or external factors. Considering its viability, 

morphology, and behavioral changes, we experimented with various ethanol exposure times (32 h, 96–

128 hpf) and consistently found that the best ethanol concentration in terms of toxicity was that of 1.5% 
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of medium (Fig. 2-14d and 14e). 

To further confirm whether JHCF4 affects steatosis in ethanol-treated 128 hpf larvae, we treated 96 

hpf larvae with or without 1.5% ethanol and JHCF4 for 32 h and visualized the neutral lipids using 

whole-mount Oil red O staining. The untreated ethanol larvae were observed as a white color in the liver 

tissue, while the larvae treated with 1.5% ethanol of steatosis were observed as a red color in 128 hpf (Fig. 

2-14f). With increasing concentrations of JHCF4, steatosis was found to decrease gradually, indicating 

that JHCF4 is capable of regulating steatosis. 

The production of hepatic MDA indirectly responds to the level of lipid peroxidation. In addition, the 

production of GSH in JHCF4-treated liver indicates the production of antioxidants in hepatic tissues as a 

defensive mechanism to oxyradicals. In 128 hpf larvae, the MDA levels after ethanol treatment showed a 

markedly increase compared to the untreated larvae, while the levels of GSH showed a significant 

decrease compared to the untreated larvae. Furthermore, the production of MDA decreased in a 

dose-dependent manner with an increased JHCF4 concentration, while the concentration of GSH in the 

JHCF4-treated group increased (Fig. 2-14g and 14h). 

Tumor suppressor gene, p53, is expressed in response to DNA damage and is involved in the process 

of apoptosis [148, 149]. In the present work, ethanol stimulated DNA damage in the liver tissues of 128 

hpf larvae. An increase in the expressed of p53 was observed in comparison to untreated larvae. It was 

also found that JHCF4 regulated the expression of p53 in ethanol-simulated larvae, suggesting that 

JHCF4 has protective effects against ethanol-induced damage in 128 hpf larvae (Fig. 2-14i).  
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Figure 2-14 Protective effects of JHCF4 against ethanol-induced in zebrafish. (a) Cell death, (b) ROS 

production, and (c) Lipid peroxidation in zebrafish embryo model (72 hpf). (d) Acute ethanol exposure 

reduces viability of zebrafish larvae (128 hpf). Outline of the ethanol treatment protocol. Ethanol 

exposure began at 96 hpf and continued for up to 32 h. (e) Larvae treated with 0-3% ethanol were scored 

for mortality, and the average of three clutches is plotted during 32 h of exposure; error bars show the SE 

value. (f) Ethanol exposure results for steatosis after treatment with various concentrations of JHCF4 and 

alteration of lipid metabolism in zebrafish embryo model (128 hpf). Whole-mount Oil red O staining of 

larvae after exposure in the presence or absence of 2% ethanol for 32 h reveals steatosis; yellow dotted 

line denotes the liver. The percent of larvae with steatosis analyzed by Oil red O staining of 15 clutches, 

with an average of 20 larvae per treatment per clutch. (g) MDA and (h) total GSH contents of 

ethanol-induced zebrafish treated with various concentrations of JHCF4. (i) Western blot analysis of p53 

in ethanol-induced zebrafish treated with various concentrations of JHCF4 for 32 h and untreated controls. 

Experiments were performed in triplicate and the data are expressed as the mean ± SE. * p < 0.05, ** p < 

0.001.   
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Recently, the use of hepato-protective therapies with low-toxicity and important economic 

advantages isolated from marine products have become a hot topic of discussion within the research 

community [150]. Brown seaweed is considered a model organism as a marine resource with 

hepato-protective effects. For example, previous histopathological studies have showed that extracts from 

Sargassum polycystum can have an antioxidant effect against hepatic oxidative stress in a range of 

toxicity levels in liver tissue [151]. The hepato-protective effects of extracts from Ecklonia cava have also 

been investigated [152]. Polysaccharides are believed to be the most active compounds in seaweed. Some 

studies have reported on the hepato-protective effects of polysaccharides isolated from the seaweeds 

Turbinaria decurrens [106] and H. fusiforme [153] in ethanol-treated rats. Previous studies have shown 

that fucoidan can exert an antioxidative effect in the liver of rats [154]. Another study demonstrated the 

anticancer effects of polysaccharides in H. fusiforme [155]. This anticancer effect was also investigated 

by our research group [156]. The molecular weight, sulfate content, and monosaccharide composition are 

considered the main contributory factors to the biological activity of fucoidan [28]. A moderate 

correlation has been previously reported between the anticancer activity and the free radical scavenging 

properties of fucoidan [110]. Hence, hepato-protective effects are a potential attribute of fucoidan from H. 

fusiforme and could be an interesting topic of investigation.  

In the present study, these results, coupled with an increased cell growth in ethanol-treated Chang 

liver cells, the induction of florescence in ethanol-treated zebrafish, the down-regulation of steatosis, 

MDA, and GSH in vivo, and the regulation of signaling factors in cells and zebrafish, suggest that JHCF4 

exerts a strong hepato-protective effect. The members of the Bcl-2 protein family and caspases, regarded 

as suicidal factors, were activated by toxic agents, such as ethanol, triggering programmed cell death 

[139]. The Bcl-2 protein family are frequently studied with regards to apoptotic cells; Bax and Bcl-xL are 

known functions in the promotion of apoptosis and anti-apoptosis, respectively [140]. In cellular 

mitochondria, the increased levels of Bax induce the release of cytochrome c, further stimulating the 

production of caspases [141]. The down-regulation of Bax and the up-regulation of Bcl-xL showed a 

dose-dependent protective effect [142]. Cytochrome c activates the prototype enzyme of caspases, such as 

caspase-3 and caspase-9 [143]. When JHCF4 was administered to ethanol-treated cells, the decreased Bax 

and increased Bcl-xL induced the inhibition of cytochrome c and continuously down-regulated the 
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expression of caspase-3. Tumor suppressor p53 regulates apoptosis and is a regulator of gene expression 

of the Bcl-2 protein family [157]. Following the treatment of 128 hpf larvae with ethanol, the level of p53 

expression was found to be down-regulated by JHCF4 in a dose-dependent manner. These results support 

our hypothesis that JHCF4 has hepato-protective properties in vitro and in vivo.  

4.4 Anti-inflammatory potential of HFA against FD-induced inflammatory responses  

4.4.1 Compound composition and structural features of HFA 

As shown in Table 2-3, the HFA is rich in carbohydrate content, whereas it has relatively low ash 

content because of the existence of minerals. The HFA also has low levels of polyphenols and proteins.  

The FT-IR spectrum is shown in Fig. 2-15. The vibrational characteristics of the spectrum were 

observed at wave numbers 3625 cm-1, 1680 cm-1, 1420 cm-1, and 1035 cm-1 in both commercial sodium 

alginate and in the unprocessed and acid-processed HFA spectra. Similar findings were observed in 

previous studies [158]. Relative to the polysaccharide molecular weight markers, the molecular weight 

distribution of HFA was in the range of 50-360 kDa (Fig. 2-16). 

4.4.2 Compositional analysis of FD-stimulated keratinocytes after HFA treatment 

The optimum FD concentration and exposure time was followed previous study on cell viability and 

inflammation [66]. After HFA treatment and FD induction for 24 h, the keratinocytes were recovered and 

analyzed for metal ions by ICP-OES. Relatively stable concentration of K and Na, and significant 

decreases in Mg, Ca, Fe, Cu, As, Sr, Ba, and Pb were observed in the blank group cells compared to the 

treated cells (Table 2-4). Increasing concentrations of HFA caused substantial reductions in the levels of 

certain elements.  
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Table 2-3 Chemical composition of the purified HFA. 

Constituent Composition (%)* 

Carbohydrate 89.25±0.64 

Ash 2.41±0.27 

Polyphenol 0.96±0.01 

Protein 0.41±0.02 

Results are given as the means ± SE based on triplicate determinations. 
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Figure 2-15 FT-IR spectroscopic analysis of structural features of HFA. HFA-processing: alginic acid 

isolated from 1% citric acid washed Hijiki; HFA-unprocessing: alginic acid isolated from original Hijiki. 

  



78 

 

 

Figure 2-16 Approximate molecular weight distribution of HFA.  
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Table 2-4 Elemental metal composition of keratinocytes. 

Element 

(ppm) 

Blank FD (125μg/mL) FD+HFA 

(25μg/mL) 

FD+HFA 

(50μg/mL) 

FD+HFA 

(100μg/mL) 

K 454±32 451±32 456±24 435±26 424±38 

Ca 149±15* 435±21 345±26 159±38 62±25** 

Na 612±9 609±29 623±22 657±34 665±25 

Mg 115±9 165±23 132±21 65±14 38±10** 

Sr 5±6** 149±19 94±12* 44±18* 18±20** 

Fe 49±9** 258±35 165±11 140±25* 94±33** 

Al N.D. 79±14 75±4 62±8 51±14 

As N.D. 39±16 42±18 31±11 19±6 

Mn N.D 65±6 45±15 32±14 11±9 

Pb N.D.* 368±15 217±38 111±15* 39±25** 

Cu N.D. 32±15 32±7 11±10 1±3 

Cr N.D. 32±11 25±15 12±24 N.D. 

Ba N.D. 101±11 78±28 14±12 N.D. 

Results are given as the means ± SE based on triplicate determinations. For a specific element, * p < 

0.05 and ** p < 0.01 were considered significant compared to the FD treated group. (N.D. stands for ―not 

detected‖). 
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4.4.3 Ability of HFA to reduce FD-induced inflammatory responses in keratinocytes 

The effect of the inflammatory mediators and anti-inflammatory cytokines induced by HFA on 

FD-stimulated keratinocyte damage was evaluated by MTT and DCFH-DA assays. As the positive control, 

lipopolysaccharide (LPS) treatment increased the intracellular ROS levels and decreased cell viability in 

HaCaT keratinocytes. Protective effects of HFA were observed in HaCaT keratinocytes exposed to FD 

(Fig. 2-17a). In cell viability assay, we found these data in each group showed high SE value because FD 

contains high amount heavy metal. Heavy metals influence the results of cell viability when UV 

measurement was performed. iNOS and NO production are absent in keratinocytes. Compared to the LPS 

and FD group, the levels of COX-2 and inflammatory mediators including IL-1β, IL-6, PGE2, and tumor 

necrosis factor-α (TNF-α) were decreased markedly in the untreated group in a dose-dependent manner 

(Fig. 2-17b and 17c). HFA treatment substantially reversed the FD-stimulated inflammatory responses in 

HaCaT keratinocytes. 

4.4.4 Protective effect of HFA against FD-induced apoptotic body formation in keratinocytes  

After MTT assay for measurement of cell viability, DCFH-DA assay and Hoechst 33342 staining 

were carried out for further confirm the protective effect of HFA against FD-induced keratinocytes. In Fig. 

2-17d and 2-17e, apoptotic body formations were observably found in FD-induced cells by using 

fluorescence microscopy. However, the numbers of observed apoptotic bodies were decreased when cells 

were pretreated with different concentrations of HFA. Additionally, as the sample concentration increased, 

apoptotic body formation decreased.  
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Figure 2-17 Efficacy of HFA against inflammation induced by FD in HaCaT keratinocytes. (a) 

Analyses of HaCaT cell viability and intracellular ROS levels; (b) Western blot analyses of COX-2 

expressions; and (c) ELISA of prostaglandin E2 (PGE2) and pro-inflammatory cytokines (IL-1β, IL-6, and 

TNF-α). Pre-seeded cells (1 × 105 cells/mL) were treated with different HFA concentrations after 24 h and 

stimulated with FD after 30 min. Cells were harvested after 24 h to measure inflammatory mediators 

(COX-2 and PGE2) and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α). Apoptotic body formation 

was observed under a fluorescence microscope after (d) DCFH-DA treatment and (e) Hoechst 33342 

staining. Graphical representations are means ± SE based on three replications. *p < 0.05 and **p < 0.01 

indicate that the values of sample treated groups were significantly different from those for the FD-treated 

group. 
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4.4.5 Anti-inflammatory effect of HFA in FD-induced RAW 264.7 macrophages  

As shown in Fig. 2-18a, NO production was increased in FD- and LPS-stimulated macrophages. 

Among these, NO production by LPS induction was higher than that by FD induction. In the HFA treated 

FD-induced macrophages, NO production decreased and cell viability increased in a dose-dependent 

manner. Key inflammatory regulators such as iNOS and COX-2 regulate the production of NO and PGE2 

indirectly. Western blot analysis indicated that FD-stimulation significantly increased iNOS and COX-2 

expression, whereas treatment with HFA resulted in a marked dose-dependent decrease in their intensities 

as shown in Fig. 2-18b. Consistent with these observations, the FD-induced group showed slightly lower 

expression of TNF-α and PGE2 compared with that in the LPS-induced cells (Fig. 2-18c). In fact, the 

protein level of IL-1β and IL-6 upon FD stimulation was significantly decreased compared to the blank 

treatment. The observations of the present study are in good agreement with those of previous studies 

[131].   
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Figure 2-18 Efficacy of HFA against inflammation induced by FD in RAW 264.7 macrophages. (a) 

Analyses of RAW cell viability and intracellular ROS levels; (b) Western blot analyses of iNOS and 

COX-2 expressions; and (c) ELISA of PGE2 and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α). 

Pre-seeded cells (1 × 105 cells/mL) were treated with different HFA concentrations after 24 h and 

stimulated with FD after 30 min. Cells were harvested after 24 h to measure inflammatory mediators 

(COX-2 and PGE2) and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α). Graphical representations 

are means ± SE based on three replications. *p < 0.05 and **p < 0.01 indicate that the values of sample 

treated groups were significantly different from those for the FD-treated group.  
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4.4.6 Inflammatory responses in macrophages induced with culture medium harvested from 

FD-induced HFA treatment keratinocytes 

The relationship between keratinocytes and macrophages in transferring the inflammatory potential 

was investigated. Cell viability, NO production, levels of iNOS, COX-2, PGE2, and pro-inflammatory 

cytokines, including IL-6, IL-1β, and TNF-α were analyzed in H-FD-induced macrophages. HFA 

treatment showed a protective effect and effectively decreased the inflammatory responses in a 

dose-dependent manner (Fig. 2-19a). Accordingly, with an increase in the HFA concentrations, the 

intensities of iNOS and COX-2 were decreased (Fig. 2-19b). Moreover, the levels of pro-inflammatory 

mediators were reduced by HFA. In Fig. 2-19c, the H-FD triggered an increase of all inflammatory 

mediators and pro-inflammatory cytokines in the macrophages compared to the blank. Interestingly, the 

NO production upon indirect stimulation by FD (Fig. 2-19a) was higher than that upon direct stimulation 

in macrophages (Fig. 2-18a). In fact, interleukins such as IL-1β and IL-6, produced in keratinocytes have 

been proven to simulate inflammatory responses in macrophages [159]. Hence, FD-induced HaCaT 

keratinocytes contribute inflammatory mediators and pro-inflammatory cytokines that might trigger 

inflammatory responses in macrophages.  
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Figure 2-19 Inflammatory stimulation of the RAW 264.7 macrophages by the culture medium of 

FD-induced HaCaT cells and the anti-inflammatory effects of HFA. (a) NO production and 

cytotoxicity, (b) Analysis of iNOS and COX-2 levels, and (c) inflammatory mediators, including tumor 

necrosis factor α (TNF-α), interleukin (IL)-1β, IL-6, and PGE2. The HaCaT cells were pre-seeded in 

culture plates (1 × 105 cells/mL), incubated for 24 h, and treated with different concentrations of HFA. 

After 1 h, the cells were treated with FD (125 µg/mL) and 24 h later, the culture medium were treated to 

each pre-seeded RAW 264.7 macrophages culture well plates in real time. The evaluations were made 

after a 24 h. Experiments were carried out in triplicate, and the results are represented as means ± SE. *p 

< 0.05 and **p < 0.01 indicate that the values of sample treated groups were significantly different from 

those for the FD-treated group. H-FD: The cultured medium of FD-stimulated in keratinocytes. 
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4.4.7 The anti-inflammatory effects of HFA in the FD-induced zebrafish embryo model 

As shown in Fig. 2-20, a low viability rate and high ROS and NO production were observed in 

FD-induced embryos compared to the blank. However, the cell death rate of embryos was decreased by 

80% when pretreated with HFA prior to FD treatment. HFA treatment markedly attenuated the ROS and 

NO levels in the larvae against FD-induced cell death. Additionally, treatment with HFA strongly 

inhibited the inflammatory responses of FD in a dose-dependent manner in the zebrafish embryo model.   
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Figure 2-20 Inflammatory stimulation of zebrafish larvae by FD and anti-inflammatory effects of 

HFA. The anti-inflammatory properties were evaluated by measuring NO and ROS production, and cell 

death in the zebrafish embryo model. Experiments were carried out in triplicate, and the results are 

represented as means ± SE. *p < 0.05 indicate that the values of sample treated groups were significantly 

different from those for the FD-treated group.  
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Generally, there are two main factors contributing to air pollution, anthropogenic activities and 

natural events. Anthropogenic activities that release emissions to the atmosphere include industrial 

expansion [160], coal or plant burning [161], vehicle consumption [162], and mineral particles [163]. 

Most of the air contaminated in natural events is characterized by visible changes such as hazy weather 

and sand storms from the Gobi desert [164]. FD particles, especially PM 2.5 (Particulate matter less than 

2.5 μm in size), cause severe damage to the respiratory system and blood [165], and are the main 

contributors of air pollution in East Asia [166]. Although FD has become a serious problem in most 

developing countries, only a few studies describe their chemical composition and mobility trends. Some 

study have investigated the ambient ultra-fine particles during the fine dust season in Gwangju, Korea and 

Stuttgart, Germany [167, 168]. Accordingly, the polluted air has been analyzed to contain particles 

composed of Ca2+, Mg2+, K+, Na+, Cl-, NOx, SO2, SO4
2-, NO3-, and NH4+ ions from 2011 to 2013 in China 

[169]. Another study investigated the markers OC2, EC1, and NO3
-/SO4

2- ratio in PM 2.5 emissions in 

Xi'an in the wintertime of 2006, 2008, and 2010 [170]. The composition of the dust (Mg, Al, Ca, V, Cr, 

Mn, Fe, Co, Ni, Zn, As, Se, Cd, Sb, Pb) was measured by inductively coupled plasma-mass spectrometry 

[171]. An interesting study describes the pathway of FD-induced inflammation and oxidative stress in 

macrophages [172]. The evidence supports that dust particles can activate IL-1β, IL-16, NF-κB, and 

COX-2 expression in human myeloid leukemia cells indicating strong inflammatory responses [173]. 

Although many studies have examined the adverse effects of FD on single organ systems, this work 

investigated the transfer inflammatory response between skin cells and macrophages.  

The keratinocyte model is widely used in dermatological studies to investigate results from the 

outside layers of the skin. They play a vital role in maintaining the stratum corneum barrier, thereby 

protecting the inner layers of skin cells. Keratinocytes induced by FD undergo apoptosis that likely 

manifests as skin irritation and damage [174], which further produces secondary mediators that 

upregulating the expression of IL-1β and IL-6, resulting in an inflammatory response in HaCaT cells 

[175]. Macrophages play an essential role in regulating inflammation via phagocytosis, antigen 

presentation, and via the production of various growth factors and cytokines [176]. Activation of 

macrophages is an important strategy to manage external invasion and it is also stimulated by cytokines 

such as interferon γ, IL-1β, and TNF-α, or by certain bacterial extracellular components such as LPS, and 
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certain chemicals [177].  

Based on the results of this study, FD induced inflammatory responses in keratinocytes. Further, the 

stimulator is probably a pro-inflammatory cytokine that induces keratinocytes and transfers the 

inflammatory responses to macrophages. Previous studies have demonstrated the anti-inflammatory and 

protective effects of marine bioactive components against FD-induced inflammation. Sargassum horneri 

(Turner) C. Agardh extract has been proposed as a potential treatment in FD-induced inflammatory and 

oxidative stress via the p38 MAPK pathway and Nrf2/HO-1 expression [178]. Moreover, alginic acid 

from Sargassum horneri was shown to be effective against FD-induced inflammation in keratinocytes and 

RAW 264.7 macrophages [66]. The result of the animal experiment in this study indicated the ability of 

FD to induce inflammatory responses in zebrafish embryos. However, these responses could be markedly 

countered by HFA treatment at a concentration of 100 μg/mL.  

5 Conclusion 

JHCF4 was selected as the most active fraction among four fractions from AS-lower Hijiki. The 

chemical analysis confirmed the presence of high sulfate in JHCF4. It is found that JHCF4 showed 

antitumor activities on six tumor cell lines. Additionally, JHCF4 has strong peroxyl radical scavenging 

activity via ESR and intracellular ROS scavenging activity in AAPH-induced Vero cells in vitro and 

exhibited strong hepato-protective activity via promoting cell growth in ethanol-induced Chang liver cells 

in vitro and reduced ethanol-induced damage in different hours old zebrafish models in vivo. Therefore, 

JHCF4 could be a natural nutrition in AS-lower Hijiki and expand application in market.    
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Part III. Anti-inflammatory potential of the 

fucoxanthin-rich fraction from Hizikia fusiforme 

against fine dust-induced inflammatory responses 

in vitro and in a zebrafish model  
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1 Abstract 

Air pollution caused by fine dust (FD) particles has become a serious threat as it causes disorders of the 

skin and immune system. This part aims at evaluating the anti-inflammatory potential of the 

fucoxanthin-rich fraction (FxRF) of Hizikia fusiforme extract in FD-mediated inflammatory responses. 

The anti-inflammatory effect of the FxRF against FD-induced inflammation was also investigated. The 

composition of the FxRF was analyzed by high-performance liquid chromatography (HPLC) and rapid 

resolution liquid chromatography mass spectrometry (RRLC-MS), and fucoxanthin (Fx) and other 

pigments including cis-fucoxanthin, β-carotene, chlorophyll a, and phaeophytin a were identified. In cell 

assay, the medium of FD-induced HaCaT cells (H-FD) to activate macrophages to increase NO, iNOS, 

PGE2, and pro-inflammatory cytokines was observed. FxRF treatment markedly attenuated the 

inflammatory responses including COX-2, PGE2, interleukin (IL)-1β, and IL-6 in FD-induced HaCaT 

keratinocytes, indicating its effectiveness in suppressing inflammatory responses. Further, FxRF was 

significantly decreased the expression of NO, iNOS, PGE2, and tumor necrosis factor-α (TNF-α) in 

FD-induced and (H-FD)-induced RAW 264.7 macrophages. Our results also showed FxRF decreased NO, 

cell death, and reactive oxygen species (ROS) production in FD-induced zebrafish embryos indicates 

anti-inflammatory effect of FxRF. These results explain the potential anti-inflammatory effect of FxRF 

against FD-induced inflammation both in vitro and in vivo.  
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2 Introduction 

Fine dust (FD) particles are the main contributors to air contamination, inducing harmful effects on 

organisms in developing countries nowadays [90]. FD mainly comes from unlimited industrial emissions 

and seasonal natural dust emissions [179, 180]. In the last four decades, China has experienced a dramatic 

economic rise, but at the cost of breaking its ecological balance [181]. The increasing usages of 

coal-burning power plants, oil consumption of vehicles, and a series of agricultural activities go along 

with the occurrence of haze or smog episodes [92]. A new study was performed in Beijing, the capital of 

China, that small size of FD could be transported towards the fetus and indicates a high risk induced by 

air pollution from infant [182]. In the other Asian countries, FD is often present with potentially toxic 

metals in aerosols at higher concentrations than it naturally occurs [93, 94]. FD particles poses a high risk 

to health, including lung cancer, chronic respiratory and heart diseases, weakening of the immune system, 

and reduction in lung function [95]. These particles are proven to be adversely effected in respiratory 

complications and induced allergic reactions or responses [96, 97]. Some studies have described the 

potential toxicological mechanism [98] and gene expression [99] linking FD and skin in human epidermal 

keratinocytes. Skin being the largest organ in the human body, it is most easily influenced by ambient 

stimulators, inducing infectious diseases in face, neck, and arms [183]. Evidence shows that harmful 

chemicals could disrupt the growth and differentiation patterns in human tissues. These reactions, starting 

from the skin to the inner tissue, might trigger inflammatory responses and immune suppressions [100]. 

Hence, an evaluation of anti-inflammatory agents induced by FD becomes necessary. 

Fucoxanthin (Fx) is one of the carotenoids easily found in brown macroalgae, such as 

Phaeodactylum tricornutum, Laminaria japonica, Eisenia bicyclis, Undaria pinnatifida, and Sargassum 

siliquastrum [184-186]. These seaweeds serve as traditional foods in Asian countries. Fx has been used in 

a wide range of applications because of its antioxidant, anticancer, anti-inflammatory, and anti-UV effects 

[184, 187-189]. However, as a functional food ingredient, it is still expensive for people living in 

low-income countries. Its low concentration range with 0.02 to 0.58% of fresh weight restricts its 

commercial application [190]. The extract of a fucoxanthin-rich fraction (FxRF) is abundant and feasible, 

which contains Fx and other similar bioactive pigments. Previous studies have shown that FxRF 

improved the antioxidant and anti-obesity capacities were observed [191]. A other previous study was 
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highlighted that a fucoxanthin-rich extraction from seaweed decrease body fat was available [192]. In the 

assay of gene expression, FxRF regulated lipid metabolism in rats with a high-fat diet were also 

investigated [193]. Therefore, FxRF has a strong potential in bioactivity fields. 

An FxRF of Hijiki showed its higher DPPH radical scavenging activity compared to that of Undaria 

pinnatifida and Sargassum fulvellum [194]. However, little information on the protective effect of FxRF 

on FD-induced inflammation from Hijiki is available. Zebrafish is used as a model for determination of in 

vivo anti-inflammation activity because its genes are more than 90% similar to those in humans [195]. 

Therefore, FxRF was isolated from Hijiki and its anti-inflammatory effect against FD-induced 

inflammation was evaluated both in vitro and in vitro. 

3 Materials and methods 

3.1 Preparation of FxRF   

The H. fusiforme powder (500 g) was extracted with distilled water (DW) containing 80% methanol 

and filtered. The extracted solution was dried using an evaporator under vacuum, then dissolved in DW 

and partitioned with chloroform. The chloroform extract (5.4g) was performed and separated by silica 

column chromatography with initially elution of CHCl3-MeOH mixture (100:0, 90:10, 80:20, 70:30, 

60:40, and 50:50) to afford separated fractions; the six active fractions were marked from 0M to 50M. 

According to the following chemical analysis, 0M showed the highest contents of Fx (18.46%) than those 

of other five fractions, therefore it was considered as FxRF (Fig. 3-1a). 

3.2 Chemical analysis of FxRF  

In order to determine FxRF, HPLC was used for quantified and rapid resolution liquid 

chromatography mass spectrometry (RRLC-MS) was used for identified compounds. The structure of Fx 

was compared with commercial Fx standard (NO.16337, Sigma-Aldrich) with previous report [196]. A 10 

μL of sample was injected into the Agilent 1220 Infinity LC system equipped with a binary pump. The 

column was used in proshell 120 EC-C18 (150 × 4.6 mm, 4 µm) in Agilent Technologies Inc., Santa Clara, 

CA, USA. The mobile phases used in the isocratic elution comprising of eluent (A) containing 0.1% 

formic acid DW, and eluent (B) consisting of 95% methanol. The flow rate was 0.3 mL/min and UV 

detection was observed at 445 nm. The Fx was eluted at retention time of 9.899 min (Fig. 3-1b). The 

standard curve and retention times were calibrated using Fx standard at six continuously increasing 
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concentrations. The automated integration software (Agilent ChemStation software, Waldbronn, Germany) 

was performed to acquire peaks area (mAU*s). The contents of Fx were expressed as milligram Fx per 

gram dry weight biomass as those in the previous report [197].  

A RRLC-MS system was equipped with a quadrupole-time-of-flight mass spectrometer (Agilent 

Technologies Inc.) with an electrospray ionization source in positive ion mode. The samples were injected 

and separated using an Agilent Eclipse Plus C18 column (2.1 mm × 150 mm, 3.5 μm) at 30°C. The flow 

rate was 0.3 mL/min, and the volume of injection was 5 μL. The mobile phases and isocratic elute mode 

were followed that of HPLC analysis. The MS conditions were set as: nebulizer of 30 psig, capillary 

voltage of 2,800 V, cone voltage of 35 V, fragmentation voltage of 120 V, drying gas temperature of 

350°C, drying gas (N2) flow rate of 8 L/min, atomization gas pressure of 2.41 × 105 Pa, and a 

mass-scanning range of m/z 100-2000. Data analysis was performed using Agilent MassHunter (B.03.01). 

3.3 Cell culture 

RAW 264.7 macrophages and HaCaT keratinocytes cells were obtained from the Korean Cell Line 

Bank (KCLB, Seoul, Korea). DMEM, FBS, and PS were obtained from Thermo Fisher Scientific, 

Waltham, MA, USA.   

3.4 Nuclear staining and ROS measurement 

The protective properties of FxRF after FD-induced on nuclear morphology changed in 

keratinocytes was identified followed the protocol of Hoechst 33342/PI nuclear staining and DCFH-DA 

assay. Keratinocytes were seeded at a density of (1 × 105 cells/mL) in 24-well culture plates and added to 

various concentrations FxRF after incubation of 24 h. Then 25 μL of Hoechst 33342 (stock 1 mg/mL)/PI 

(5 µg/mL) staining were treated to cells for nuclear staining, 25 μL of DCFH-DA (5 μg/mL) were treated 

to cells for ROS detection. After 24 h incubation, cells were stained in 10 min in the dark and imaged 

using a fluorescence microscope coupled with CoolSNAP-Pro color digital camera (Meyer Instruments, 

Inc., Houston, TX, USA). 

3.5 Evaluation of inflammatory responses 

RAW 264.7 macrophages and HaCaT keratinocytes were separately pre-seeded in different 24-well 

plates and incubated for 24 h. The different concentrations of FxRF were then treated to each well. After 1 

h, fresh medium containing 25 μL of FD (125 µg/mL) was substituted in the cells. The cells were washed 
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with fresh medium after 30-min incubation. The cells were continuously incubated for 24 h, and then 

harvested and analyzed the inflammatory-related mediators and cytokines. In HaCaT keratinocytes, cell 

viability, intracellular ROS production, and inflammatory-related mediators and cytokines were evaluated 

by MTT assay, DCFH-DA assay, and commercial kit [130]. The MTT assay is recognized as a 

colorimetric assay, heavy metals strongly influence the value of cell viability. To avoid the influence of 

heavy metals in cell viability, we developed a method to remove the remaining heavy metals. The DMSO 

solution containing formazan was centrifuged (10,000 × g for 10 min) and the supernatant was measured 

under 540 nm. Cytokine kits were purchased from Thermo Fisher Scientific (Waltham, MA, USA), R&D 

Systems (Minneapolis, MN, USA), Becton Dickinson & Co. (Franklin Lakes, NJ, USA), and Invitrogen 

(Carlsbad, CA, USA). The analysis method was followed by the manufacturer's guidelines. In 

macrophages, the treatment concentration of FD, cell viability, NO production, the inflammatory-related 

mediators and cytokines were evaluated followed the previous protocols [131]. 

The keratinocytes were seeded at a density of (1 × 105 cells/mL) in 24-well culture plates. After 24 h 

incibation, the different concentrations of FxRF were treated to cells for 1 h incubation. After 1 h, fresh 

medium containing 25 μL of FD (125 µg/mL) was substituted in the cells. The cells were washed with 

fresh medium after 30-min incubation. The cells were continuously incubated for 24 h. The medium of 

keratinocytes cells were harvested and directly treated with the pre-seeded macrophages. Following the 

24 h incubation, the macrophages cells were harvested and analyzed for the inflammatory-related 

mediators and cytokines. 

3.6 Western blot analysis  

In order to further determine the anti-inflammatory effects against FD-induced damage, Western 

blotting was performed to evaluate inflammatory-related mediators. RAW 264.7 macrophages and HaCaT 

keratinocytes were separately seeded at a density of 2 × 105 cells/mL in single culture plates for 24 h 

incubation and treatment of FxRF and FD (or H-FD) as the described above. After 30-min incubation, the 

cells were rinsed by fresh DMEM and harvested after 24 h. The cell lysates were obtained by 

homogenizing with lysis buffer and centrifuging to remove pellet. The cell lysates then were determined 

total protein content using a BCA protein kit (Thermo Fisher Scientific, MA, USA). A totally 50 μg of 

proteins from lysates were separated by 12% polyacrylamide depending on molecular weight by using 
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electrophoresis. The proteins in gels were transferred onto nitrocellulose membranes. The membranes 

were blocked in 5% nonfat milk and incubated with primary antibodies and secondary antibodies (Santa 

Cruz Biotechnology, Dallas, TX, USA). The blots were treated by the chemiluminescent substrate 

(Cyanagen Srl, Bologna, Italy) and the fluorescence images were carried out a FUSION SOLO Vilber 

Lourmat system (FUSION, Paris, France) [120]. Image J software was carried out for calculating the 

intensity of bands.  

3.7 Zebrafsh embryo experiments  

Adult zebrafish were purchased from pet shop in Jeju city, South Korea. Embryos were collected by 

natural spawning with light/dark cycle in 28.5°C. According to previous protocol [131], FD treated 

concentration at 10 μg/mL in each well was selected. The experiments of FD-induced ROS, NO 

production, and cell death in embryos were evaluated. Briefly, the embryos were randomly divided into 

12-well plates and treated with different concentrations FxRF followed by FD treatment. Following 

incubation for 72 h, DAF-FM DA, DCFH-DA and acridine orange were used as fluorescent dyes to 

identify NO productions, ROS levels, and cell death of hatched larvae, respectively. The 

spectrofluorometer (Perkin–Elmer LS-5B, Austria) was carious out to calculate the fluorescence intensity 

of embryos and Image J software was performed to calculate the intensities of embryos. 

3.8 Statistical analysis 

All assays were made in three independent experiments. Values were expressed as the mean ± SE. 

One-way ANOVA was used to analyze the mean values in GraphPad prism 5 software. Student’s t-test (*p 

< 0.05 and **p < 0.01) was used to analyze the means of the parameters of significant differences.  
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4 Results and Discussion 

4.1 HPLC and RRLC-MS analysis of FxRF 

HPLC analysis of six active fractions (0M, 10M, 20M, 30M, 40M, and 50M) from Hijiki was carried 

out. As shown in Fig. 3-1b, 0M contains the highest concentration of 18.46 % fresh weight of Fx among 

the six fractions. Subsequently, RRLC-MS was carried out for the identified Fx. The [M+H]+ ion (m/z 

659.3) and the adduct [M+Na]+ ion (m/z 681.9) were identified based on the fragment pattern in Fig. 3-1c. 

The daughter ions of Fx at m/z 581.4 and 641.4 were generated by the loss of H2O (18 Da) and 

H2O+CH3COOH (78 Da), respectively. Thus, with ion m/z 581.4 and 641.4 peaks, we considered the 

mass spectrum to be that of Fx. In addition, other pigments phaeophytin a, chlorophyll a, and β-carotene 

were deduced and identified by determination of molecular weight and fragments. The identified 

compounds match well with the previously reported compounds [198, 199]. 
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Figure 3-1 Chemical information of fucoxanthin-rich fraction (FxRF) from Hizikia fusiforme. (a) 

Extraction and isolation scheme for FxRF, 0M: The separated active fraction from elution of CHCl3–

MeOH mixture (100:0); 10M: The separated active fraction from elution of CHCl3–MeOH mixture 

(90:10); 20M: The separated active fraction from elution of CHCl3–MeOH mixture (80:20); 30M: The 

separated active fraction from elution of CHCl3–MeOH mixture (70:30); 40M: The separated active 

fraction from elution of CHCl3–MeOH mixture (60:40); 50M: The separated active fraction from elution 

of CHCl3–MeOH mixture (50:50). (b) The HPLC chromatographs of Fx standard and FxRF. The mobile 

phases used in the isocratic elution consisted of eluent: 0.1% formic acid water and 95% methanol. The 

flow rate was 0.3 mL/min and UV detection was observed at 445 nm. (c) The mass spectrum of 

fucoxanthin from FxRF.  
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4.2 Measurement of FxRF against FD-induced inflammatory responses in keratinocytes 

The expression of inflammatory-related mediators and cytokines of FxRF against FD-stimulated 

keratinocytes damage by MTT and DCFH-DA assay was evaluated. As a positive control, LPS treatment 

increased the ROS production and the cell death rate of HaCaT keratinocytes. The protective effects of 

FxRF on FD-induced HaCaT keratinocytes (Fig. 3-2a) were observed. It is hard to determine the 

expression of iNOS and NO production in the keratinocytes. In cell viability assay, we found these data in 

each group showed high SE value because FD contains high amount heavy metal. Heavy metals were 

strongly influenced the results in cell viability in UV measurement. Thus, we measured cell survive rate 

before centrifuging. The levels of COX-2 and phosphorylation of p-p38 MAPK, P-Erk1/2, and P-JNK 

decreased significantly in the untreated group in a dose-dependent manner compared to those of the LPS 

and FD groups (Fig. 3-2b, 2c). FD treatment also increased the levels of PGE2 and pro-inflammatory 

cytokines, including interleukin (IL)-6, interleukin (IL)-1β, and tumor necrosis factor-α (TNF-α) (Fig. 

3-2d). FxRF treatment substantially reversed the FD-stimulated inflammatory responses in HaCaT 

keratinocytes and inflammatory mediators including IL-1β, IL-6, PGE2, and TNF-α. 

4.3. Protective effect of FxRF against FD-induced apoptotic body formation in keratinocytes  

After MTT assay for measurement of cell viability, DCFH-DA assay and Hoechst 33342 and PI 

staining were carried out for further confirm the protective effect of FxRF against FD-induced 

keratinocytes. In Fig. 3-2e and 3-2f, apoptotic body formations were observably found in FD-induced 

cells by using fluorescence microscopy. However, the numbers of observed apoptotic bodies were 

decreased when cells were pretreated with FxRF. Additionally, as the sample concentration increased, 

apoptotic body formation decreased. 
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Figure 3-2 Efficacy of FxRF against inflammation induced by FD in HaCaT keratinocytes. (a) 

Analyses of HaCaT cell viability and intracellular ROS levels; (b) Western blot analyses of COX-2 

expressions; (c) Levels of key molecular mediators in the MAPK pathways; and (d) ELISA of PGE2 and 

pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α). Pre-seeded cells (1 × 105 cells/mL) were treated 

with different FxRF concentrations after 24 h and stimulated with FD after 30 min. Cells were harvested 

after 24 h to measure inflammatory mediators (COX-2 and PGE2) and pro-inflammatory cytokines (IL-1β, 

IL-6, and TNF-α). Apoptotic body formation was observed under a fluorescence microscope after (e) 

DCFH-DA treatment and (f) Hoechst 33342 and PI staining. Graphical representations are means ± SE 

based on three replications. *p < 0.05 and **p < 0.01 indicate that the values of sample treated groups 

were significantly different from those for the FD-treated group.   
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4.4 Measurement of FxRF against FD-induced inflammatory responses in RAW 264.7 macrophages 

As shown in Fig. 3-3a, the NO productions were increased in FD- and LPS-stimulated macrophages. 

Among them, the production of LPS-induced NO was higher than that of FD-induced NO. In FxRF 

treatment, the NO production decreased and the viability increased in FD-induced macrophages 

significantly and dose-dependently. The key inflammatory regulators such as iNOS and COX-2 regulate 

the level of NO and PGE2 indirectly. Western blot analysis indicated that FD-stimulation significantly 

increased iNOS and COX-2 expressions; however, treatment with FxRF dose-dependently 

down-regulated their intensities in Fig. 3-3b. Consistent with these observations, the FD-induced group 

slightly downregulated the expressions of IL-1β and IL-6 compared to the LPS-induced group (Fig. 3-3c). 

In fact, the protein level of TNF-α and PGE2 upon FD stimulation caused a marked decrease compared to 

the control value. All results are in agreement with a previous study [131]. 
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Figure 3-3 Efficacy of FxRF against inflammation induced by FD in RAW 264.7 macrophages. (a) 

Analyses of RAW cell viability and intracellular ROS levels; (b) Western blot analyses of iNOS and 

COX-2 expressions; and (c) ELISA of PGE2 and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α). 

Pre-seeded cells (1 × 105 cells/mL) were treated with different FxRF concentrations after 24 h and 

stimulated with FD after 30 min. Cells were harvested after 24 h to measure inflammatory mediators 

(COX-2 and PGE2) and pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α). Graphical representations 

are means ± SE based on three replications. *p < 0.05 and **p < 0.01 indicate that the values of sample 

treated groups were significantly different from those for the FD-treated group.  
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4.5 Inflammatory responses in RAW 264.7 macrophages induced with a culture medium collected 

from FD-induced FxRF treatment keratinocytes 

The stimulate factors from keratinocytes transferred to macrophages, induces the potential 

inflammatory response was investigated. The H-FD was transferred to macrophages culture plates and 

analyzed for inflammatory mediator levels after 24 h incubation. Cell viability, NO production, levels of 

iNOS, COX-2, PGE2, and pro-inflammatory cytokines, including IL-6, IL-1β, and TNF-α in macrophages 

were analyzed. FxRF treatment showed a dose-dependently protective effect and markedly inhibited the 

inflammatory responses (Fig. 3-4a). Accordingly, with the increase in FxRF concentrations, the 

expressions of iNOS and COX-2 were decreased (Fig. 3-4b). Further, FxRF reduced the expressions of 

pro-inflammatory mediators were observed. As depicted in Fig. 3-4c, the H-FD group triggers an increase 

in inflammatory-related mediators and cytokines in macrophages compared to the blank group. According 

to a previous report [159], the interleukin family including IL-1β and IL-6, produced in keratinocytes, has 

been proven to stimulate inflammatory responses in macrophages. Hence, FxRF treatment might 

contribute to reduce inflammatory responses in macrophages.  
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Figure 3-4 Inflammatory stimulation of the RAW 264.7 macrophages by the culture medium of 

FD-induced HaCaT cells and the anti-inflammatory effects of FxRF. (a) NO production and 

cytotoxicity, and (b) Analysis of iNOS and COX-2 levels and (c) Inflammatory mediators, including 

tumor necrosis factor α (TNF-α), interleukin (IL)-1β, IL-6, and PGE2. The HaCaT cells were pre-seeded 

in culture plates (1 × 105 cells/mL), incubated for 24 h, and treated with different concentrations of FxRF. 

After 1 h, the cells were treated with FD (125 µg/mL) and 24 h later, the culture medium were treated to 

each pre-seeded RAW 264.7 macrophages culture well plates in real time. The evaluations were made 

after a 24 h. Experiments were carried out in triplicate, and the results are represented as means ± SE. *p 

< 0.05 and **p < 0.01 indicate that the values of sample treated groups were significantly different from 

those for the FD-treated group. H-FD: The cultured medium of FD-stimulated in keratinocytes.  
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4.6 The anti-inflammatory effects of FxRF on the FD-induced zebrafish embryo model 

As shown in Fig. 3-5, a low viability rate and high ROS and NO productions were observed for 

FD-induced embryos compared to the blank. However, the cell death rate of embryos was decreased by 

90% when they were pretreated with FxRF prior to the FD treatment. The FxRF treatment markedly 

decreased ROS and NO production in the embryo against FD-induced cell death. Upon cell death, an 

interesting observation was found that the FD-treated larvae cerebrum exhibits a visible fluorescence 

intensity spot, indicating that FD may have the ability to damage the larvae head tissue. Additionally, the 

observations showed that treating embryos with FxRF is dose-dependently inhibited by the inflammatory 

responses of FD in the zebrafish embryo model. Our results demonstrated that the ability of FxRF was 

markedly reduced FD-induced inflammatory responses in zebrafish embryos.  
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Figure 3-5 Inflammatory stimulation of zebrafish larvae by FD and anti-inflammatory effects of 

FxRF. The anti-inflammatory properties were evaluated by measuring NO and ROS production, and cell 

death in the zebrafish embryo model. Experiments were carried out in triplicate, and the results are 

represented as means ± SE. Values are significantly different from the positive control (FD treated group) 

at *p < 0.05 and **p < 0.001.   
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FD has become a serious public health concern in most countries, and several studies have described 

their chemical composition and detrimental physiological effects. Among FD particles, particulate matter 

less than 2.5 μm in size, known as PM 2.5, cause severe damage to the respiratory and circulatory 

systems [165], in addition to causing air pollution [166]. FD induces apoptosis of keratinocytes, which 

form the outside layer of the skin [174], and this leads to the production of secondary immune mediators 

such as IL-1β and IL-6 by the surviving keratinocytes, resulting in the induction of an inflammatory 

response [175]. As a strategy to manage the external invasion, activation of macrophages is stimulated by 

cytokines, such as interferon γ, IL-1β, and TNF-α, or by foreign agents [177]. FD induced inflammatory 

responses in keratinocytes. Furthermore, the stimulator is probably the pro-inflammatory cytokine, which 

induced keratinocytes and transferred the inflammatory responses to macrophages. Previous studies 

support the evidence that the anti-inflammatory effect of DPHC isolated from Ishige okamurae elicited by 

FD in keratinocytes and macrophages was investigated [131]. Moreover, the alginic acid from Sargassum 

horneri proved to be useful against FD-induced inflammation in keratinocytes and RAW 264.7 

macrophages [66]. 

Carotenoids are the major pigments in seaweeds and have strong bioactivities [200]. In this study, 

FxRF was found to contain a mixture of five pigments, namely, Fx, cis-fucoxanthin, β-carotene, 

chlorophyll a, and phaeophytin a. The results were in accordance with the chemical profile of other brown 

seaweeds [201]. Previous studies have reported the antioxidant capacity of β-carotene [202], as well as 

the anti-inflammatory action of chlorophyll a via the NF-κB signaling pathway [203]. Moreover, Fx has 

been shown to reduce the levels of NO, PGE2, IL-6, IL-1β, and TNF-α via suppression of MAPK 

phosphorylation in RAW 264.7 cells [204]. Hence, the anti-inflammatory effect of FxRF on stimulated 

macrophages is promising. FD treatment reduced the viability of macrophages to approximately 60%, 

whereas FxRF treatment showed cytoprotective effects against FD-induced inflammatory responses. 

The MAPK signaling pathway, one of the most studied pathways, is most mediated by extracellular 

stimulators, including pro-inflammatory cytokines and antigen receptors [204]. In this study, the 

inflammatory responses in FD-induced keratinocytes were determined by measuring the levels of COX-2, 

PGE2, IL-1β, IL-6, TNF-α, and intracellular ROS and quantifying cell viability. Comparison of LPS- and 

FD-induced inflammations revealed that the levels of p-p38 MAPK, P-Erk1/2, and P-JNK decreased in 
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the latter group and the decrease was FD concentration dependent. This result indicated the significant 

anti-inflammatory effect of FxRF against FD induced inflammatory responses. 

5 Conclusion 

The present study demonstrates that FxRF of H. fusiforme extract exerts strong anti-inflammatory 

effects by attenuating FD-induced oxidative stress and inflammation in keratinocytes and macrophages. 

Collectively, our findings suggest that H. fusiforme is a promising anti-inflammatory agent and an 

appropriate functional food ingredient. 
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Part IV. Isolation of saringosterol acetate from 

Hizikia fusiforme and its bioactivities 
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1 Abstract  

In this part, saringosterol acetate (SA) isolated from Hijiki, was investigated for its anticancer effect 

against MCF-7 tumor cell line, and inhibitory effect of SA on adipogenesis in 3T3-L1 adipocyte cells. SA 

was isolated from hexane fraction by centrifugal partition chromatography, and its structure was 

identified by thin layer chromatography, mass spectroscopic, and nuclear magnetic resonance 

spectroscopy analysis. 

In the anticancer effective assay, SA attenuated the survival rate of the MCF-7 cell line with IC50 

value of 63.16 ± 3.6 μg/mL. SA showed a strongly inhibited effect in cell viability to MCF-7 cells. 

Staining with Hoechst 33342 indicated that SA treatment mediated apoptotic body formation. SA 

down-regulated Bcl-xL, while up-regulating both Bax protein in a dose-dependent manner. Base on the 

results, we deduced that SA induces apoptosis via the mitochondria-mediated pathway on MCF-7 cell 

lines.  

In the anti-obesity effective assay, SA attenuated the differentiation and reduced lipid accumulation 

and triglycerides contents in 3T3-L1 adipocytes. At the period of adipocyte differentiation, SA suppressed 

fat accumulation and decreased expression of adipogenesis signal factors. In SA treated adipocytes cells, 

it dose-dependently down-regulated intensities of fatty acid synthase, while up-regulated intensities of 

phosphorylated AMPK. These finding suggest that SA potentially to be an anti-obesity drug to improve 

metabolic disorders. This is the first report on the anti-obesity effect of SA from Hijiki.  
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2 Introduction  

In the United States, over 1.7 million new cancer cases are projected to happen in 2019. Among 

cancers, there are still huge gaps for prevention. Especially for the poorest places, cancer prevention is 

recognized an effective strategies against cancer [205]. The aging and unhealthy behaviors increased the 

financial burden in low-income countries, and promote the cancer risk to these people [206]. Thus, an 

easily and cheaper method to prevent cancer becomes necessary. 

Nowadays, obesity become a worldwide epidemic, is regarded as accumulation of fat resulting to 

metabolic disorder [207]. The terms ―Fat taxes‖ introduced by a research literature, which means the US 

government potential taxing on unhealthy foods to improve people’s health [208]. A ten years survey in 

the cost of obesity-related diseases for elder in US was performed, indicating a heavy financial burden for 

government [209]. For obese young people in Western countries, over weight occurs the high risk of acute 

and chronic diseases such as morphological changes, diabetes and hypertension [210]. An interesting 

investigation was observed in California; the more residence time in America results in more higher 

obesity risk to Korean Americans [211]. It was deduced that Westernized dietary pattern could result to 

the various degree of body mass [212]. Compare to America or Europe, dietary habits of Korea with high 

in fruits and vegetables such as Hijiki salad, which decrease the risk of overweight than those of 

American or European [213]. Recent literatures have been showed that adipocyte differentiation plays a 

key role in development of anti-obesity resources [214]. In adipocytes, regulation of fat accumulation are 

associated with the adipogenic-related factors, such as enhancer binding protein family (C/EBP), sterol 

regulatory element-binding protein (SREBP), and peroxisome proliferator activated receptor-γ (PPARγ) 

[215]. 

Sterols are recognized as essential compounds in seaweeds [216]. Previous studies observed that 

phytosterols exhibit potentially preventive cancer properties [217], and sterol fraction from seaweed 

Porphyra dentate showed anticancer effects as well [218]. Nowadays, saringosterol was isolated from 

Sargassum fusiforme and recognized as a selective LXRβ agonist [219]. Saringosterol and saringosterol 

acetate (SA) have the same main chemical structure. Due to its interesting structure, we are fascinated the 

bioactivities of SA. Two decades ago, SA was first isolated from seaweed Sargassum asperifolium [220]. 

Previous published reports showed that SA has anticancer effects on A549 cancer cells [221]. However, 
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anticancer activities of SA still needs deeply explorations and wide its application in cancer therapy. In 

this work, SA isolated and identified from hexane extraction of H. fusiformis, and discovered its 

anticancer effects on MCF-7 cancer cells.   

Sterol was also found its ability to regulate SREBPs signal proteins. The function of SREBPs are 

proved to associated with cholesterol homeostasis [222] and lipogenesis in adipocyte development [223]. 

A recent study observed that the anti-obesity activity of saringosterol from sargassum muticum in 3T3-L1 

adipocyte cells [224]. Therefore, coupling with the Korean diet habit, Korean average body mass, and the 

various functions of sterol from Hijiki, SA may play an important role in anti-obesity property. Especially, 

as the best of our knowledge, no report has yet been study on the anti-obesity effects of SA in adipocytes. 

In this part of work, the second objective is evaluating the suppressed effects of SA against adipogenesis 

in adipocytes. 

3 Materials and Methods 

3.1 Preparation and identification of saringosterol acetate (SA) 

3.1.1 Preparation of hexane extracts from Hijiki 

Hijiki (100 g) was cleaned with tap water, lyophilized, and immediately extracted three times in 70% 

ethanol for 24 h at 40oC. The mixed solutions were evaporated in vacuum at 37oC, and separated into 

water and hexane layers. The hexane fraction was concentrated by evaporation under vacuum at 37oC 

until centrifugal partition chromatography (CPC) separation.   

3.1.2 Isolation and identification of SA 

The CPC assay was performed as the previous protocol [225]. The phases solvent systems were 

mixed at the ratio of hexane:ethylactetate:methanol:water = 5:5:7:1. The upper layer was used as the 

mobile phase, and the lower layer was considered as the stationary phase. Each fraction of CPC was 

collected imaged by thin-layer chromatography (TLC) analysis. The mobile phase was mixed at the ratio 

as chloroform:methanol =20:1. The identified method of SA was followed by previous study [221].  

3.2 Anticancer effect of SA against on MCF-7 cancer cells 

3.2.1 Cell culture 

MCF-7 (human breast cancer) and Vero kidney cell lines were purchased from the American Type 

Culture Collection (Manassas, VA, United States). DMEM, FBS, and P/S were purchased from Gibco Inc., 
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(Grand Island, NY, USA). MTT was purchased from Sigma-Aldrich (Missouri, USA). Vero kidney and 

MCF-7 cells were maintained in RPMI and DMEM containing 10% FBS and 1% P/S, respectively. Cells 

were cultured at 37oC with a 5% CO2 atmosphere.  

3.2.2 Measurement of cell viability 

The growth rate was measured by MTT assay [116]. The cancer cells (1 × 105 cells/mL) were seeded 

in 96-well culture plates for 24 h, and treated in the presence or absence of indicated concentrations of SA. 

The cells untreated with SA were considered as control. Following incubation for 24 h, cells were treated 

in 50 μL phosphate-buffered saline (PBS) containing MTT (2 mg/mL). Cells were incubated for 3 h in the 

dark, and then a 200 μL of DMSO was replaced excess medium in each well. The optical density of cells 

was measured at 540 nm.  

3.2.3 Apoptotic and necrotic body formation 

Cells (1 × 105 cells/mL) were seeded in 24-well culture plates and treated in the presence or absence 

of indicated concentrations (12.5, 25, 50 μg/mL) of SA. The cells untreated with SA were considered as 

control. Following incubation for 24 h, cells were resuspended in 25 μL of PBS containing Hoechst 

33342 (1 mg/mL). Each well was washed twice with PBS after 10 min staining in the dark. Cells were 

observed under a fluorescence microscope equipped with CoolSNAP-Pro color digital camera (Meyer 

Instruments, Inc., Houston, TX, USA) [226]. 

3.2.4 Apoptosis analysis by flow cytometry 

Apoptotic cells were measured by a high-end performance flow cytometer (Becton Dickinson, San 

Jose, CA, USA) following Annexin V-FITC apoptosis detection kit (Merck KGaA, Darmstadt, Germany) 

guidance. Briefly, cells (1 × 105 cells/mL) were treated with SA at the indicated concentrations (12.5, 25, 

50 μg/mL) for 24 h. Cells were harvested and washed by PBS, and continuously subsequently maintained 

in by binding buffer. Following a 15-min staining (Annexin V-FITC and PI solutions) in the dark, cells 

were measured by flow cytometry.  

3.2.5 Western blot analysis  

Cells (2 × 105 cells/mL) were pre-seeded in culture plates. The sample treatment was performed as 

described in ―3.2.2‖. After 24 h exposure, cells were harvested, subsequently homogenized in lysis buffer, 

and clarified by centrifugation (12,000 × g for 20 min). The supernatants containing proteins were 
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measured using a BCA protein kit (Thermo Fisher Scientific, MA, USA). A totally 30 μg of protein, 

mixed with lysis buffer were separated using a polyacrylamide gel. The protein bands were transferred 

onto nitrocellulose membranes, blocked in 5% blocking buffer, and incubated for 2 h. The membranes 

were then incubated with primary and secondary antibodies by step. Signals were developed using a 

chemiluminescent substrate (Cyanagen Srl, Bologna, Italy), and fluorescence imaging was performed 

using a FUSION SOLO Vilber Lourmat system (FUSION, Paris, France) [227].  

3.3 Anti-obesity effect of SA against adipogenesis in adipocytes 

3.3.1 Cell culture and adipocyte differentiation  

Mouse 3T3-L1 adipocytes cells were purchased from the American Type Culture Collection 

(Manassas, VA, USA). The cells were maintained in DMEM containing 1% P/S and 10% bovine calf 

serum (Gibco Inc., Grand Island, NY, USA) at 37oC with 5% CO2 atmosphere. MDI differentiation 

medium is composition to 1% P/S, 10% FBS, 0.5 mM IBMX, 0.25 μM dexamethasone, and 5 μg/mL 

insulin of DMEM. After two days seeding, MDI medium containing 10% FBS was treated for induction 

of cell differentiation. Following two days cell differentiation, the medium was substituted with fresh 

medium containing 1 μg/mL insulin and 10% FBS. After four days differentiation, cells were rinsed to 

medium containing 10% FBS. At six days differentiation, cells were repeated the same processed method 

as four day’s treatment. The cells were treated with various concentrations of SA for every two days (0, 2, 

4, 6 days). The MTT assay was performed to cell viabilities of different periods of 3T3-L1 adipocytes in 

each 2 days.  

3.3.2 Measurement of lipid accumulation  

Following eight days differentiation, cells were washed by PBS, then fixed with PBS containing 4% 

formaldehyde for 30 min, and subsequently washed with PBS and 70% ethanol. The isopropanol solution 

containing 5% Oil Red O was introduced to cells for 60 min incubation, and the dye retained cells were 

rinsed by 100% isopropanol. Stained lipid droplets were observed with a microscope same as the 

described above and measured at wavelength of 510 nm.   

3.3.3 Measurement of triglyceride contents  

Following eight days differentiation and SA treatment in cells, triglyceride contents were measuring 

using commercial triglyceride assay kit followed guidance (Zen-Bio, Research Triangle Park, NC, USA) 
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with wavelength at 540 nm.   

3.3.4 Western blot analysis.  

3T3-L1 adipocytes cells were harvested and lysed on ice for 1 h in lysis buffer. The lysates were 

centrifuged at 14,000 g for 20 min at 4oC to obtain the supernatant. The measurement of protein contents 

of lysates, separation by polyacrylamide gel, transformation onto membranes, and imagination of bands 

were performed as described in ―3.2.5‖.  

3.4 Statistical analysis 

All assays were made in three independent experiments. Values were expressed as the mean ± SE. 

One-way ANOVA was used to analyze the mean values in GraphPad prism 5 software. Student’s t-test (*p 

< 0.05 and **p < 0.01) was used to analyze the means of the parameters of significant differences. 

4 Results and Discussion  

4.1 Isolation and identification SA from Hijiki 

SA was isolated from the partition consisting of ethanol and hexane in Hijiki. The compounds in 

hexane fraction were separated by CPC; the structure of SA was identified and confirmed by comparing 

to the TLC and mass spectrum (Fig. 4-1). These results were same to previous published reports [221].  
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Figure 4-1 Preparation of SA of H. fusiformis. (a) TLC of SA collected from hexane extract of H. 

fusiformis by CPC, SA indicated by black line, and (b) Structure and ESI-MS data of isolated SA. CPC 

producer: Stationary phase: upper organic phase; mobile phase: lower aqueous phase; flow rate: 2 

mL/min; rotation speed: 1000 rpm; sample: 500 mg dissolved in 6 mL mixture of lower phase and upper 

phase (1:1, v/v) of the solvent system.  
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4.2 Anticancer effect of SA against on MCF-7 cancer cells 

4.2.1 Cytotoxicity of SA 

Fig. 4-2 shows the effect of SA in cell viability of Vero kidney normal cell and MCF-7 cell lines. It is 

observed that the survival rate of the tested cancer cell line was decrease dose-dependently with the 

increasing concentrations of SA treatment. Importantly, the survival rate in SA treated Vero cell line 

higher 80% compared with untreated cells was found, indicates low cytotoxic effects of SA on the normal 

cells. The MCF-7 cell line with IC50 values of 63.16 ± 3.6 μg/mL. Based on these initial results, MCF-7 

cells were selected to further investigate the anticancer effect of SA. 

4.2.2 Apoptosis morphology of SA on MCF-7 cancer cells 

The increasing apoptotic body formations were observed in a dose-dependent manner with the 

increasing concentrations of SA treated in cells, indicating apoptotic effects of SA (Fig. 4-3a). After a 24 

h-incubation, early apoptotic body formations were observed in cells treated with the low concentration 

(12.5 μg/mL) of SA. It is showed that several cells were in late apoptotic and necrotic stages. As the 

concentration of SA increased, the intensities and the numbers of white spots in cells were increased, 

indicating the numbers of late apoptotic bodies and necrotic cells markedly increased. In the high 

concentration SA treatment (50 μg/mL), the densities of cells were lower than those of untreated group.  

In the flow cytometric assay, MCF-7 cells were treated with the indicated concentrations of SA to 

evaluate their apoptotic effects. The percentages of early apoptosis in the gate of Q4 and late apoptosis 

cells in the gate of Q2 were markedly increased with increased concentrations of SA. These results go 

along with the data of cell death. The percentages of apoptosis in cells demonstrate dose-dependently 

up-regulation of apoptotic body formation (Fig. 4-3b). 

4.2.3 Apoptosis pathway regulated by SA 

To further elucidate the involvement of the apoptosis pathway initiated by SA on MCF-7 cancer cells, 

we examined expression of several signal factors. The treatment with SA (50 μg/mL) caused the 

expression of apoptosis-associated factors fluctuation significantly. In cellular, Bax is regarded as 

apoptotic factor, whereas, Bcl-xL is regarded as anti-apoptotic factor. Compared to the untreated group, it 

is observed that the expression of signal proteins was dose-dependent: Bax and increased, while the 

Bcl-xL decreased (Fig. 4-4).    
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Figure 4-2 Cytotoxicity of SA on MCF-7 cancer cells and Vero kidney normal cells. Cells were 

treated to indicate concentrations of SA and measured by MTT assay. Experiments were performed in 

triplicate and the data are expressed as the mean ± SE. * p < 0.05, ** p < 0.001. 
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Figure 4-3 Apoptosis effects of SA. (a) Effect of SA on the induction of apoptotic bodies, and (b) Flow 

cytometry analysis of SA on the nuclear morphology in cancer cells. Cells were stained with PI and 

Annexin V-FITC. Experiments were performed in triplicate and the data are expressed as the mean ± SE. 

* p < 0.05, ** p < 0.001.  
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Figure 4-4 Apoptosis effects of SA on apoptosis-proteins on MCF-7 cancer cells. Cells were treated 

with SA at the indicated concentration for 24 h. Experiments were performed in triplicate and the data are 

expressed as the mean ± SE. * p < 0.05, ** p < 0.001.  
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Hijiki is the rich produced brown seaweeds and it has been used as folk medical food in Korea, 

Japan, and China [37]. A recent study reported that the hexane fraction of Hijiki was found high sterol 

content [228]. Further, sterols are used as anticancer agents and have widely medical applications [229, 

230]. It is well known that hexane fraction tends to contains sterol, which are believed to exist anticancer 

bioactive compounds [231]. In this work, a deeply and widely investigation of anticancer activity of SA 

was evaluated on MCF-7 cancer cells. Our results showed that SA has strong anticancer properties against 

MCF-7 cancer cells. Moreover, it is observed that SA plays a key role in regulatory apoptotic body 

formation. During the period of apoptosis, chromatin condenses, the cell shrinks, membrane blebbing 

occurs, and cells can fragment into membrane-bound vesicles [138, 232]. These observations 

demonstrated that the anticancer properties of SA to cancer cells are based on regulation of the expression 

of cell death-related factors. These regulatory factors, such as the Bcl-2 protein family, stay dormant 

under inactive conditions in cells [139]. In the Bcl-2 protein family, Bax regarded as pro-apoptotic, while 

Bcl-xL is regarded as anti-apoptotic proteins. These are two of the most frequently studied apoptotic 

regulators in cells [140]. The mitochondrion is a cellular double-membrane-bound organelle and regulates 

homeostasis balance [233]. In mitochondria, Bax acts as an apoptotic factor by disrupting 

voltage-dependent anion channels, simulating the release of cytochrome c, which leads to caspase 

activation and programmed death [141]. The up-regulation of Bax as well as the down-regulation of 

Bcl-xL indicates the occurrence of apoptosis in cells [142]. In this study, we found that SA increased the 

expression of Bax and decreased expression of Bcl-xL in Western blotting analysis. We raised a 

hypothesis that the anticancer activity of SA via the mitochondria-mediated apoptosis pathway on MCF-7 

cancer cells. Therefore, the anticancer mechanism of SA was found and its application in anticancer 

therapies becomes more widely.  
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4.3 Anti-obesity effect of SA against adipogenesis in adipocytes 

4.3.1 SA suppresses adipocyte differentiation  

In this work, the cell viability and the inhibit effects of SA on adipogenesis in 3T3-L1 cells were 

evaluated. It was observed that low cytotoxicity of SA in different concentrations after 2days, 4 days, 6 

days, and 8 days differentiation treatment, which was found to higher than 80% compared to the untreated 

cells (Fig. 4-5a). Oil Red O staining was carried out to measure lipid accumulation in cells. Our 

observations demonstrated that SA dose-dependently suppressed adipocyte differentiation and markedly 

decreased lipid accumulation (Fig. 4-5b and 5c). Further, triglyceride production was indicated a 

significantly decrease in SA treated groups compared to the untreated cells (Fig. 4-5d). These results 

showed that reduction of the accumulation of fat and triglyceride in SA treated adipocytes was found. 

4.3.2 SA regulates adipogenesis-related factors in adipocytes 

According to published reports, C/EBPα, SREBP-1c, PPARγ, and adiponectin are signal proteins to 

regulation of fat accumulation in adipocytes [234]. Hence, it is important to determine the expressions of 

these signal factors in adipocytes. Our results indicated that SA significantly down-regulated expressions 

of C/EBPα, SREBP-1c, PPARγ, and adiponectin dose-dependently in adipocytes (Fig. 4-6a). These 

factors are regarded as key adipogenic transcriptional factors. Moreover, SA decreased the expressions of 

adipogenesis-related factors such as fatty acid synthase (FAS), leptin, fatty acid binding protein (FABP4), 

and perilipin (Fig. 4-6b). The observations showed that SA suppressed accumulation in fat by reduced 

adipogenesis-related factors in adipocytes.  

4.3.3 SA regulates AMPK and ACC factors in adipocytes 

AMPK activation inhibits on adipogenesis [235], and inhibits synthesizes of fatty acid and 

triglyceride by activating acetyl-CoA carboxylase (ACC) in adipocytes [236]. Therefore, it is necessary to 

measure the levels of AMPK and ACC. Our results showed that SA increase levels of AMPK and ACC 

compared to the untreated cells (Fig. 4-7a and 7b). It is suggested that SA decreases the triglyceride 

synthesis pathway and inhibits accumulation in fat.     
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Figure 4-5 Anti-obesity effect of SA in 3T3-L1 adipocytes. (a) Cytotoxicity of SA on cell viability of 

3T3-L1 adipocytes for 2 days, 4 days, 6 days, and 8 days differentiation, and (b) SA inhibits intracellular 

lipid accumulation in 3T3-L1 adipocytes. (c) Lipid accumulation was determined by Oil Red O staining, 

and (d) triglyceride levels. Experiments were performed in triplicate and the data are expressed as the 

mean ± SE. * p < 0.05, ** p < 0.001.  
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Figure 4-6 Anti-obesity effect of SA on signal factors in 3T3-L1 adipocytes. (a) Effect of SA treatment 

on adipogenic-related protein levels in 3T3-L1 adipocytes. (b) Effect of SA on phosphorylation of 

adipogenic-specific proteins in 3T3-L1 adipocytes. Experiments were performed in triplicate and the data 

are expressed as the mean ± SE. * p < 0.05, ** p < 0.001.    
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Figure 4-7 SA suppresses activation of p-AMPKα in 3T3-L1 pre-adipocytes. Experiments were 

performed in triplicate and the data are expressed as the mean ± SE. * p < 0.05, ** p < 0.001.  
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Obesity is recognized as a metabolic disorder for overweight in human body [237]. Overweight 

dramatically increases the risk in health conditions such as gallbladder disease and diabetes [238]. 

Scientists concluded that there are two types of adipose tissue in mammals: white fat and brown fat. 

White fat contains a single lipid droplet and brown fat contains numerous smaller droplets [239]. White 

fat plays a key role in maintains energy in human and associated with adipocytes cells. Overweight 

consumers with junk food daily, have to face a series risk of diseases such as hypertension and 

cardiovascular disease [240]. 3T3-L1 adipocytes cells are widely used for anti-obesity assay in vitro [241]. 

In this work, we focused on an effective compound, SA, and its suppressed effect against adipogenesis in 

adipocytes. According to these results, SA could markedly decrease lipid accumulation and triglyceride 

contents, and dose-dependently regulate adipogenesis-related proteins in adipocytes. 

Fat accumulation is activated by the lipogenesis-related factors in adipocytes. FAS, FABP4, leptin, 

and perilipin are regarded as important transport signal proteins for lipogenesis in cell [234]. FABP4 is a 

lipid transport factor, which promotes glucose metabolism and mediates fatty acid in lipogenesis pathway. 

Further, it is found that FABP4 could synergistically decrease PPARγ and adipogenesis [242], whereas 

increase leptin content in adipocytes [243]. Perilipin is an important and promising factor for fat 

mobilization [244]. Phosphorylated FAS is activated by perilipin, then continuously decreased fatty acid 

synthase in adipocytes [245]. Adipocytes have the ability to produce circulating hormone like leptin. The 

level of leptin in cellular is strongly depends on the size and level of adipocytes [246]. A previous article 

has highlighted the function of lipogenesis-specific proteins in adipocytes such as promoting lipid convey, 

uptake, and metabolism [247]. Our results showed that SA could inhibit fat accumulation mediator in 

C/EBPα, SREBP-1c, PPARγ, adiponectin, FAS, FABP4, leptin, and perilipin in adipocytes. In AMPK 

pathway, it could operate the functions of glucose metabolism, fatty acid oxidation and insulin sensitivity 

in mammals. Importantly, AMPK could inhibit ACC protein, and then suppress the lipid synthesis. The 

activated AMPK has been proved to suppressed the fat accumulation in adipocytes [248]. These results in 

present work also demonstrated that SA triggers the activation of AMPK, suppressing adipogenesis, 

whereas, inhibits the accumulation in fat by down-regulating adipogenesis-related factors and 

up-regulating phosphorylated AMPK expressions. This part finds evidence that SA exhibit potential 

anti-obesity activity in adipocyte cells.  
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5 Conclusion  

In this work, we showed the anti-proliferative and anti-obesity effects of SA from Hijiki. This 

research expanded our understanding of the biological properties of SA, and yielded promising results. 

The study lays a foundation for further research into additional active compounds extracted from Hijiki.   
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