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Preface to ”Bioactive Compounds from Brown Algae”

Brown algae comprise approx. 2040 species grown in various climatic conditions. They

represent a reservoir of various bioactive compounds, including fucoidan, alginate, phlorotannins,

and fucoxanthins. In the special volume “Bioactive Compounds from Brown Algae”, current

developments in this exciting field are highlighted by leading scientists. In addition to seven

research articles, three review articles summarize current developments, particularly in the field of

pharmacological agents. The contributions to the book illustrate, once again, that biological active

molecules from marine organisms have a wide range of applications for human health. Of course,

great efforts are required to make these substances available in with the necessary purity and quantity.

Macroalgae, in particular, present us with major challenges here. However, the examples shown in

this special volume encourage us to expect many more active ingredients from marine resources in

the future.

Roland Ulber

Editor
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a common cause of chronic liver disease,
encompassing a range of conditions caused by lipid deposition within liver cells, and is also
associated with obesity and metabolic diseases. Here, we investigated the protective effects
of diphlorethohydroxycarmalol (DPHC), which is a polyphenol isolated from an edible seaweed,
Ishige okamurae, on palmitate-induced lipotoxicity in the liver. DPHC treatment repressed palmitate-induced
cytotoxicity, triglyceride content, and lipid accumulation. DPHC prevented palmitate-induced
mRNA and protein expression of SREBP (sterol regulatory element-binding protein) 1, C/EBP
(CCAAT-enhancer-binding protein) α, ChREBP (carbohydrate-responsive element-binding protein),
and FAS (fatty acid synthase). In addition, palmitate treatment reduced the expression levels of
phosphorylated AMP-activated protein kinase (AMPK) and sirtuin (SIRT)1 proteins, and DPHC
treatment rescued this reduction. Moreover, DPHC protected palmitate-induced liver toxicity
and lipogenesis, as well as inflammation, and enhanced AMPK and SIRT1 signaling in zebrafish.
These results suggest that DPHC possesses protective effects against palmitate-induced toxicity in the
liver by preventing lipogenesis and inflammation. DPHC could be used as a potential therapeutic or
preventive agent for fatty liver diseases.

Keywords: hepatic steatosis; lipogenesis; seaweed; polyphenol

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is one of the most common causes of chronic liver
diseases worldwide and is characterized by fat deposition in the hepatocytes of patients without history
of excessive alcohol consumption. NAFLD is also associated with metabolic complications, including
obesity, type 2 diabetes, hyperlipidemia, hypertension and metabolic syndrome [1,2]. Although simple
fatty liver itself may be considered a benign disorder, it can progress to hepatitis, fibrosis, and eventually
lead to irreversible end-stage liver diseases such as cirrhosis and liver cancer. To control the onset and
progression of fatty liver, it is important to inhibit lipogenesis in hepatocytes. Increasing evidence
indicates that a large number of polyphenols naturally present in fruits and vegetables may be potential
candidates for the treatment of NAFLD [3,4].
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Free fatty acids (FFAs) contribute to the liver triglyceride (TG) pool, and the primary sources of
FFAs are serum FFAs from adipose tissue and dietary fatty acids [5]. Serum FFA levels are elevated in
obese subjects [6], and a previous study reported that serum FFA levels are also elevated in patients
with NAFLD [7]. Palmitate, a saturated FFA, is the most common circulating FFA. It has been reported
that saturated fatty acids induce hepatocyte lipoapoptosis, and palmitate is more toxic than other
saturated and unsaturated fatty acids [8]. TG synthesis caused by FFA accumulation results in severe
hepatic injury and fibrosis [9]. Therefore, FFAs are considered to be one of the most important factors
that play a crucial role in the pathogenesis of NAFLD [10]. However, it remains unclear how palmitate
contributes to inflammation and fibrosis in the liver, and what molecular mechanisms are involved in
the pathogenesis of NAFLD and in the progression to inflammation and fibrosis.

Diphlorethohydroxycarmalol (DPHC) is a polyphenolic compound from the edible seaweed
Ishige okamurae. Several studies have shown various biological functions of DPHC, including antioxidant
activity [11–13], anti-adipogenic activity [14], anti-inflammatory activity [15], and cytoprotective effects
in vitro [14,16–20] and in animal models [21]. Although these diverse effects of DPHC have been
investigated, no studies have reported its effects on hepatic steatosis. In this study, we investigated the
possible protective effect of DPHC against palmitate-induced lipogenesis and inflammation in the liver
in vitro and in a zebrafish model.

2. Results

2.1. DPHC Protects against Palmitate-Induced Lipotoxicity in HepG2 Cells

In order to determine whether DPHC has a protective effect against palmitate-induced toxicity in
human hepatocytes, we treated HepG2 cells, a human hepatoma cell line, with palmitate. DPHC alone
did not exhibit any toxicity in the cells (Figure 1a). Cytotoxicity was observed in palmitate-treated cells
in a dose-dependent manner (Figure 1b). Pretreatment with 40 μM DPHC significantly blocked the
cytotoxic effect of palmitate (Figure 1c). To confirm whether DPHC attenuates lipotoxicity, a DNA
damage assay was performed, which demonstrated that palmitate induced cellular damage and was
protected against by pretreatment of DPHC (Figure 1c), indicating that DPHC possesses a protective
effect against palmitate-induced toxicity in HepG2 cells.

Figure 1. Cont.
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Figure 1. Diphlorethohydroxycarmalol (DPHC) protects against palmitate-induced lipotoxicity in
HepG2 cells. (a) HepG2 cells were incubated with the indicated concentrations of DPHC for 24 h.
(b) HepG2 cells were incubated with the indicated concentrations of palmitate (PA) for 24 h. (c) HepG2
cells were incubated with and without 40 μM DPHC for 1 h, and then further incubated with or without
0.4 mM palmitate for 24 h. Images were captured at the end of incubation, and CCK-8 assays were
subsequently performed. Scale bar indicates 400 μm. (d) HepG2 cells were incubated with and without
40 μM DPHC for 1 h, and then further incubated with or without 0.4 mM palmitate for 24 h. DNA
damage migration was captured by a fluorescence microscope, and the intensity was measured using
Image J. Scale bar indicates 50 μm. Experiments were performed in triplicate. ** p < 0.01, *** p < 0.001,
n.s. indicates no statistical significance.
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2.2. DPHC Prevents Palmitate-Induced Lipid Accumulation in HepG2 Cells

FFAs may play a major role in the development of NAFLD, which is associated with TG
accumulation in the liver [22,23]. Therefore, we determined whether DPHC can attenuate the
production of palmitate-induced TG accumulation in HepG2 cells. As expected, TG production was
significantly increased by palmitate treatment, whereas pretreatment with DPHC significantly reduced
palmitate-induced TG accumulation (Figure 2a). In addition, intracellular neutral lipid Oil Red O
staining was increased by palmitate treatment, whereas DPHC pretreatment of the cells reduced this
lipid droplet accumulation (Figure 2b). These results suggest that DPHC ameliorates palmitate-induced
lipogenesis in HepG2 cells.

Figure 2. DPHC prevents palmitate-induced lipid accumulation in HepG2 cells. HepG2 cells were
incubated with and without 40 μM DPHC for 1 h, and then further incubated with or without 0.4 mM
palmitate (PA) for 24 h. (a) Triglyceride content. (b) Oil Red O staining. Scale bar indicates 50 μm.
Experiments were performed in triplicate. * p < 0.05, *** p < 0.001.

2.3. DPHC Inhibits Palmitate-Induced Lipogenesis-Related Gene Expression in HepG2 Cells

To examine whether DPHC prevents lipogenesis in HepG2 cells, we examined the mRNA
and protein expression of lipogenesis-related genes. We found that the mRNA expression of
sterol regulatory element-binding protein (SREBP)1c, CCAAT-enhancer-binding protein (C/EBP)α,
carbohydrate-responsive element-binding protein (ChREBP), and fatty acid synthase (FAS) were
increased by palmitate exposure, whereas increases in levels of these mRNAs were suppressed, similar
to control levels (Figure 3a–d). In addition, protein expression levels of SREBP1, C/EBPβ, ChREBP,
and FAS were also increased by palmitate treatment, and this increase was abolished by DPHC
pretreatment prior to palmitate treatment (Figure 3e). These results suggest that DPHC may prevent
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lipid accumulation by inhibiting the expression of lipogenesis-related genes induced by palmitate in
HepG2 cells.

Figure 3. DPHC prevents palmitate-induced lipogenesis in HepG2 cells. Cells were incubated with and
without 40 μM DPHC for 1 h, and then further incubated with or without 0.4 mM palmitate (PA) for
24 h. Lipogenesis-related genes (a) SREBP1c, (b) C/EBPβ, (c) ChREBP, and (d) FAS mRNA expression
levels were identified by RT-qPCR. (e) Lipogenesis-related protein expression detection was performed
by western blot. Experiments were performed in triplicate. * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.4. DPHC Rescues Palmitate-Induced Reduction of Phosphorylated AMP-Activated Protein Kinase (AMPK)
and Sirtuin (SIRT)1 in HepG2 Cells

AMPK plays a central role in the regulation of lipid metabolism by switching on inhibition of
lipid synthesis [24,25], and may be a therapeutic target for treating fatty liver disease. Therefore,
we determined whether DPHC stimulates the AMPK signaling pathway. We found that the protein
level of phosphorylated AMPK was significantly decreased by palmitate treatment, and this decrease
was rescued with DPHC pretreatment of cells (Figure 4a), suggesting that DPHC may upregulate the
phosphorylation of AMPK.

Figure 4. DPHC improves protein expression levels of phosphorylated AMP-activated protein kinase
(AMPK) and AMP-activated protein kinase (SIRT)1 against palmitate in HepG2 cells. The cells were
incubated with and without 40 μM DPHC for 1 h, and then further incubated with or without 0.4 mM
palmitate (PA) for 24 h. (a) AMPK and (b) SIRT1 protein expression levels were determined by western
blotting. Experiments were performed in triplicate. ** p < 0.01, *** p < 0.001.

The nicotine adenine dinucleotide (NAD(+)−dependent protein deacetylase activation of SIRT1 is
positively associated with the protection of hepatocytes against palmitate-induced lipotoxicity [26],
and is currently emerging as a potential therapeutic target for treating fatty liver disease [27,28].
Thus, we determined whether DPHC activates SIRT1, and found that the protein expression level of
SIRT1 was decreased by palmitate treatment, and this decrease was rescued by DPHC pretreatment
(Figure 4b). These results suggest that DPHC may induce SIRT1 expression, contributing to the
prevention of lipotoxicity.

2.5. DPHC Protects against Palmitate-Induced Liver Lipogenesis in Zebrafish

To determine whether DPHC directly protects against liver damage in vivo, we used transgenic
zebrafish (Danio rerio) expressing enhanced green fluorescent protein (EGFP) under the control of the
liver fatty acid-binding protein promoter. Zebrafish embryos were preincubated in 40 μM DPHC
for 1 h and then further incubated with 1 mM palmitate for 72 h. EGFP expression in the liver was
observed to be reduced by palmitate treatment, whereas higher expression of EGFP was observed in
DPHC-pretreated embryos (Figure 5a).

Next, we determined whether DPHC can attenuate palmitate-induced lipogenesis-related gene
expression in zebrafish embryos. Hepatocytes expression in zebrafish liver was also reduced in
palmitate embryos, whereas it was protected against by DPHC pretreatment. As expected, mRNA
expression levels of SREBP1c, C/EBP1α, and FAS were significantly increased by palmitate treatment,
whereas these increases were reduced by DPHC pretreatment (Figure 5c–e). These results suggest that
DPHC may ameliorate palmitate-induced lipogenesis in the liver of zebrafish.

6
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Figure 5. DPHC protects against palmitate-induced liver lipogenesis in zebrafish. At 3 days
post-fertilization, zebrafish were incubated with and without 40 μM DPHC for 1 h, and then further
incubated with or without 1 mM palmitate (PA) for 72 h. (a) Representative phase contrast images of
zebrafish and fluorescence microscopy images of the zebrafish liver. Fluorescence relative value was
calculated by ImageJ. Scale bar indicates 700 μm. (b) Representative confocal microscopy images of the
isolated zebrafish liver. Scale bar indicates 10 μm. Total RNA was extracted from zebrafish liver and
mRNA expression levels of (c) SREBP1c, (d) C/EBPβ, and (e) FAS were analyzed by RT-qPCR. n = 12–15
embryos. * p < 0.05, ** p < 0.01, *** p < 0.001 versus PA-treated group.

2.6. DPHC Protects against Palmitate-Induced Liver Inflammation in Zebrafish

Accumulation of FFAs induces inflammation and causes lipotoxic effects in the liver [6].
Because fatty acid metabolism plays a role in the inflammatory response, we determined whether
DPHC attenuates palmitate-induced inflammation in the liver of zebrafish. We identified that
mRNA expression levels of interleukin (IL)-1β, tumor necrosis factor (TNF)-α, and cyclooxygenase
(COX)-2a were increased by palmitate treatment, whereas these increases were reduced in embryos
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pretreated with DPHC (Figure 6a–c), suggesting that DPHC may protect against pro-inflammatory
cytokine overexpression.

Figure 6. DPHC protects against palmitate-induced liver inflammation in zebrafish. At 3 days
post-fertilization, zebrafish were incubated with and without 40 μM DPHC for 1 h, and then further
incubated with or without 1 mM palmitate (PA) for 72 h. Total RNA was extracted from zebrafish
liver, and mRNA expression levels of (a) IL-1β, (b) TNF-α, and (c) COX-2a were analyzed by RT-qPCR.
PA: palmitic acid. n = 12–15 embryos. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.7. DPHC Protects against Palmitate-Induced Reduction of Phosphorylated AMP-Activated Protein Kinase
(AMPK) and Sirtuin (SIRT)1 in Zebrafish

We determined whether DPHC stimulates the AMPK and SIRT1 signaling pathway in zebrafish.
We found that the protein level of phosphorylated AMPK and SIRT1 was significantly decreased by
palmitate treatment, and this decrease was rescued with DPHC pretreatment of zebrafish (Figure 7),
suggesting that DPHC may upregulate the phosphorylation of AMPK and SIRT1 in in vivo zebrafish.
These results suggest that DPHC may induce AMPK and SIRT1 expression, contributing to the
prevention of lipotoxicity in zebrafish liver.

Figure 7. DPHC improves protein expression levels of phosphorylated AMPK and SIRT1 against
palmitate in zebrafish liver. Zebrafish embryos were incubated with and without 40 μM DPHC for 1 h,
and then further incubated with or without 1 mM palmitate (PA) for 24 h. (a) AMPK and (b) SIRT1
protein expression levels were determined by western blotting. Experiments were performed in
triplicate. * p < 0.05, ** p < 0.01, *** p < 0.001.
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3. Discussion

NAFLD is recognized as a global health problem and as a common cause of chronic liver disease.
To date, there are two major strategies in NAFLD therapy: (1) lifestyle modification, including dietary
modification and physical exercise, and (2) pharmaceutical therapies. Lifestyle modifications with diet
and exercise have been recommended as the initial management. However, these changes are difficult
to achieve and sustain over time. Therefore, attention has been focused on finding pharmacologic
agents for the treatment and/or prevention of NAFLD. Although several drugs to treat NAFLD are
currently available, satisfactory outcomes have not been achieved. Therefore, natural products have
been considered as alternative treatments to prevent NAFLD, or to stop its progression through several
mechanisms, such as the downregulation of pro-inflammatory cytokines, antioxidant effects, or by
anti-dyslipidemic properties [29–31]. Recently, constituents of seaweed origin have emerged in studies
seeking improvements in NAFLD [32,33].

Polyphenolics are a type of flavonoid, which represents the most common group of dietary
components, and have been suggested to be consistently associated with a reduced risk of developing
chronic diseases, including diabetes mellitus, cardiovascular disease, and inflammation, as well as
NAFLD [34–36].

Polyphenolic compounds, which are known to exhibit various biological activities, such as
antioxidant, anti-inflammatory, and anti-glycation effects, are found in the edible seaweed
Ishige okamurae [37–39]. However, it is not known whether DHPC, one polyphenolic compound
from I. okamurae, might ameliorate palmitate-induced NAFLD. In the present study, we investigated
the effects of DPHC on palmitate-induced lipogenesis, as well as inflammation, in HepG2 cells
and zebrafish. Our study demonstrated that palmitate treatment caused hepatic toxicity, increased
lipogenesis-related gene expression, and increased levels of pro-inflammatory cytokines. All of these
effects were significantly attenuated by pretreatment with DPHC.

FFA is a prominent causative factor of NAFLD [40], and increased FFA levels have been observed
in patients with NAFLD [41,42]. FFA induces excessive TG accumulation in hepatocytes, and this alters
lipid metabolism in the liver [43]. SREBP-1c is a master transcriptional regulator of lipogenesis, and is
highly expressed in the liver [44]. ChREBP is a transcription factor, which is activated by carbohydrate,
and induces both glycolysis and lipogenesis [45]. In addition, C/EBPβ is a transcription factor, which
is known to be an important regulator in fatty liver disease [46]. We found that palmitate treatment
induced fat accumulation and elevated the mRNA and protein levels of SREBP-1c, ChREBP, and
C/EBPβ; however, DPHC treatment inhibited these increases in HepG2 cells. Consistent with these
results, the expression of FAS, a target gene of SREBP-1c and ChREBP, was increased by palmitate
treatment, and DPHC pretreatment inhibited this increase. These results indicated that DPHC might
have an ameliorating effect on fatty liver through the inhibition of the expression of lipogenic genes.

SIRT1 is a protein belonging to the sirtuin family, which widely affects lipid metabolism with
AMPK signaling [47]. SIRT1-AMPK signaling in several metabolic tissues, including the liver, has been
reported to increase rates of fatty acid oxidation, and to repress lipogenesis, largely by modulating
SREBP-1 [48,49]. Thus, the SIRT1-AMPK axis has emerged as a major signaling system in regulating
the lipid-lowering action in tissues, including the liver. The major therapeutic effect of polyphenol
supplementation in NAFLD is reported to be mediated by the activation of AMPK [50,51]. The results
obtained in this study were comparable, which allowed us to draw the following conclusions:
DPHC pretreatment increases AMPK phosphorylation, which entails the downregulation of SREBP-1
expression levels [50]. Furthermore, a number of investigations have revealed that polyphenolic
compounds significantly affect lipid metabolism [52], decrease plasma TG [53], and reduce lipid
peroxidation [54]. Therefore, we suggest that DPHC, as used in this study, may also regulate
lipid metabolism. In addition, the activation of AMPK and SIRT1 by polyphenols [55–57] inhibits
inflammation [58], as well as suppresses the development of NAFLD [59–61]. These reports suggest
that polyphenolic compounds have a prominent NAFLD development-alleviating effect.
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It is widely acknowledged that hepatocyte inflammatory responses are associated with obesity
and involve liver lipid accumulation, subsequently progressing to hepatic steatosis in the course of
NAFLD. Lipid accumulation is one of the causative factors for inflammation, and accelerates the
progress of NAFLD [62]. Some polyphenols significantly inhibit pro-inflammatory cytokines and
transcription factors, including IL-1, IL-6, TNF-α, NF-kB, and COX-2, in the liver [63,64], DPHC is
reported to possess anti-inflammatory effects in keratinocytes [15]. Therefore, we determined whether
DPHC affects the expression of pro-inflammatory cytokines in the liver of zebrafish. In this study, we
observed that DPHC can significantly reduce the expression of pro-inflammatory cytokines in the liver
of zebrafish, suggesting that DPHC possesses anti-inflammation functions in NAFLD.

In summary, we demonstrated that DPHC reduced hepatic toxicity, diminished the expression of
SREBP-1, C/EBPβ, ChREBP, and FAS, and enhanced AMPK and SIRT1 expression, as well as reduced
hepatic inflammation induced by palmitate. These results suggested that the activation of the AMPK
signaling pathway may play a critical role in the suppressive effect of DPHC on lipogenesis, as well as
in the promoting effect of DPHC on SIRT1. These findings may provide molecular evidence for the use
of DPHC as a therapeutic agent in the management of NAFLD. However, although DPHC showed an
excellent hepatic protective effect against PA in the in vivo zebrafish model in this study, it is necessary
to confirm whether it is safe in both healthy and in hyperglycemia or obesity state when taking DPHC
for a long time as pharmaceutical agent.

4. Materials and Methods

4.1. Preparation of DPHC from Ishige okamurae

The DPHC isolated from the seaweed Ishige okamurae was used. The preparation procedure of
DPHC was described in our previous study [40].

4.2. Cell Culture

The human liver hepatocellular cell line HepG2 was obtained from the American Type Culture
Collection (ATCC, Manassas, VA, USA). The cells were cultured in DMEM (Dulbecco Modified Eagle
Medium, Welgene, Kyungsangbuk-do, Korea) supplemented with 10% FBS (Fetal Bovine Serum,
Welgene), 100 U/mL penicillin, and 100 μg/mL streptomycin (Welgene), and were maintained in a
humidified incubator with 5% CO2.

4.3. Assessment of Cell Viability

Cell viability was estimated using a cell counting kit (D-Plus™ CCK; Dongin LS, Kyunggi-do,
Korea) that measures water-soluble tetrazolium. For the CCK assay, HepG2 cells (2 × 104 cells/well)
were seeded into 96-well plates. After 16 h, the cells were treated with DPHC and/or palmitate (Sigma,
St. Louis, MO, USA) at 37 ◦C. D-Plus™ CCK solution was then added to the wells for a total reaction
volume of 110 μL. After 2 h of incubation, optical absorbance was measured at a wavelength of
450 nm. The optical density of the formazan generated in control cells was considered to represent
100% viability.

4.4. Triglyceride Content Determination

HepG2 cells (2 × 105 cells/well) were seeded into 12-well plates. After 16 h, the cells were treated
with DPHC and/or palmitate (Sigma) at 37 ◦C. TG levels were estimated using a TG quantification kit
(BioVision, Milpitas, CA, USA) according to the manufacturer’s protocol. Briefly, cells were dissolved
in 5% NP-40–H2O, and glycerol converted from TGs was measured.

4.5. Oil Red O Staining

The total intracellular lipid content was evaluated by Oil Red O staining. Briefly, cells were fixed
in 4% paraformaldehyde in PBS (phosphate buffered saline, Welgene) for 30 min, stained with freshly
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prepared 0.28% Oil Red O for 30 min at room temperature, and then rinsed with water. Cell images
were captured by photomicroscopy (Nikon Eclipse Ts2, Tokyo, Japan) equipped with eXcope XCAM
1080 (DIXI Science, Daejeon, Korea). For quantitative analysis of cellular lipids, 1 mL of isopropanol
was added to the stained cells. The extracted dye was removed immediately by gentle pipetting, and
its absorbance was read using a spectrophotometer at 510 nm. Data are represented as percentages of
control cells.

4.6. RT-qPCR

Total RNA was extracted from HepG2 cells and zebrafish liver using RNAiso plus (Takara Bio
Inc., Kusatsusi, Japan), and cDNA was prepared using a PrimeScript™ cDNA synthesis kit (Takara Bio
Inc.) according to the manufacturer’s instructions. cDNA samples were analyzed using SYBR® Premix
Taq™, ROX plus (Takara Bio Inc.) on a Bio-Rad cycler (Hercules, CA, USA). Gene expression was
normalized to that of the endogenous housekeeping control gene β-actin, which was not influenced by
palmitate. Relative expression was calculated for each gene using the ΔΔCT method (where CT is the
threshold cycle). The primer sequences used are listed in Table 1.

Table 1. Primer sequences.

Gene name Sequence 5′-3′

SREBP1c (HepG2 cells) Forward
Reverse

TCGCGGAGCCATGGATT
GGAAGTCACTGTCTTGGTTGTTGA

C/EBPα (HepG2 cells) Forward
Reverse

GACACGCTGCGGGGCATCT
CTGCTCCCCTTCCTTCTCTCA

ChREBP (HepG2 cells) Forward
Reverse

GTCTGCAGGCTCGGAACAG
AAGGAGGAAATCAGAACTCAGGAA

FAS (HepG2 cells) Forward
Reverse

GCAAATTCGACCTTTCTCAGAA
GTAGGACCCCGTGGAATGTC

Cyclophilin (HepG2 cells) Forward
Reverse

TGCCATCGCCAAGGAGTAG
TGCACAGACGGTCACTCAAA

IL-1β (Zebrafish) Forward
Reverse

TCAAACCCCAATCCACAGAG
TCACTTCACGCTCTTGGATG

TNF-α (Zebrafish) Forward
Reverse

AGAAGGAGAGTTGCCTTTACCGCT‘
AACACCCTCCATACACCCGACTTT

COX-2 (Zebrafish) Forward
Reverse

AGCCCTACTCATCCTTTGAGG
TCAACCTTGTCTACGTGACCATA

FAS (Zebrafish) Forward
Reverse

GCACCGGTACTAAGGTTGGA
CAGACGCCATGTTCAAGAGA

β-actin (Zebrafish) Forward
Reverse

AATCTTGCGGTATCCACGAGACCA
TCTCCTTCTGCATCCTGTCAGCAA

SREBP1c: sterol regulatory element-binding protein 1; C/EBP: CCAAT-enhancer-binding protein; ChREBP:
carbohydrate-responsive element-binding protein; FAS: fatty acid synthase; IL-1: interleukin 1; TNF: tumor
necrosis factor; COX: cyclooxygenase.

4.7. Western Blotting

HepG2 cells (1 × 105 cells/well) were seeded into six-well plates, and the cells were incubated
with vehicle (control) or 40 μM DPHC for 1 h, and then further incubated with or without 0.4 mM
palmitate for 24 h. The cells were lysed using 1% Triton X-100-PBS and protease inhibitor cocktail
(GenDEPOT, Barker, TX, USA) for 20 min, on ice. The lysates were fractionated by centrifugation at
12,000 rpm for 20 min at 4 ◦C, and the pellets were used for western blotting. Protein concentrations
were measured using a DC protein assay kit (Bio-Rad, Hercules, CA, USA). The lysates were separated
by SDS-PAGE and transferred to PVDF (polyvinylidene fluoride) membranes (Millipore, Billerica,
MA, USA). Membranes were incubated with 5% skimmed milk for 1 h at room temperature, and then
incubated with primary antibodies overnight at 4 ◦C. After washing extensively, membranes were
incubated with horseradish peroxidase-conjugated secondary antibody (Jackson ImmunoResearch,
West Grove, PA, USA). Signals were detected using WESTSAVE (Ab Frontier, Seoul, Korea) and an

11



Mar. Drugs 2020, 18, 475

enhanced chemiluminescence system. ImageJ software was used to quantify the band intensities of
western blots. The primary antibodies used were anti-SREBP1, anti-C/EBPβ, anti-ChREBP, anti-FAS,
and anti-β-actin. All primary antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

4.8. Zebrafish Experiments

The zebrafish embryo procedures used in the present study were conducted according to the
guidelines established by the Gachon University Ethics Review Committee for Animal Experiments.

Transgenic zebrafish embryos expressing EGFP under the control of the liver fatty acid-binding
protein promoter Tg(lfabp-egfp) were obtained from the Korean Zebrafish Organogenesis Mutant Bank.
At 3 days post-fertilization (dpf), embryos were arrayed in 12-well plates for experiments. At 3 dpf,
embryos (n = 12–15) were transferred to 12-well plates and maintained in 1 mL of embryo media
(0.003% sea salt, 0.0075% calcium sulfate). Embryos were preincubated with 40 μM DPHC for 1 h,
and then further incubated in the presence of 1 mM palmitate for 72 h. Thereafter, the embryos were
rinsed in embryo media and anaesthetized using 2-phenoxy ethanol (Sigma) before experiments.
The zebrafish were imaged using a stereo fluorescence microscope (M165FC, Leica, Wetzlar, Germany)
and confocal microscope (LSM710, Zeiss, Oberkochen, Germany). After isolation of the liver, mRNA
expression levels of specific genes were determined.

4.9. Statistical Analysis

Significant differences were compared using one-way analysis with subsequent multiple
comparison test (Tukey) of variance using GraphPad prism version 6.0 (GraphPad software, San Diego,
CA, USA). Data are presented as means ± SEM. Differences were considered significant at p < 0.05
versus the PA-treated group.
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Abstract: Fucoidans are marine sulfated biopolysaccharides that have heterogenous and complicated
chemical structures. Various sugar monomers, glycosidic linkages, molecular masses, branching sites,
and sulfate ester pattern and content are involved within their backbones. Additionally, sources,
downstream processes, and geographical and seasonal factors show potential effects on fucoidan
structural characteristics. These characteristics are documented to be highly related to fucoidan
potential activities. Therefore, numerous chemical qualitative and quantitative determinations
and structural elucidation methods are conducted to characterize fucoidans regarding their
physicochemical and chemical features. Characterization of fucoidan polymers is considered a
bottleneck for further biological and industrial applications. Consequently, the obtained results
may be related to different activities, which could be improved afterward by further functional
modifications. The current article highlights the different spectrometric and nonspectrometric methods
applied for the characterization of native fucoidans, including degree of purity, sugar monomeric
composition, sulfation pattern and content, molecular mass, and glycosidic linkages.

Keywords: fucoidans; fucoidanases; glycosidic linkages; molecular masses; NMR; structure–
activity relationships

1. Introduction

Marine polysaccharides are classified as sulfated (SPs) and nonsulfated macromolecules that
are mainly derived from micro- and macroalgae [1,2]. In particular, macroalgal SPs show more
diverse chemical characteristics than nonsulfated analogues, in terms of their molecular weight,
monosaccharide composition, and sulfate content and position, which interact with various biological
targets at different levels leading to diverse and promising pharmacological activities [2,3]. They are
found in different phyla, such as in Phaeophytes or brown algae (e.g., fucoidans), Rhodophytes or
red algae (e.g., carrageenan), and Chlorophytes or green algae (e.g., ulvan) [2,4]. Despite brown
algae, with 1755 species, not being the most abundant class, their SP fucoidans show more potential
applications in different areas than those isolated from ulvan and carrageenan [5–7].

Fucoidans are known as fucose-containing sulfated polysaccharides (FCSPs), where l-fucose
always predominates other sugar monomers, such as galactose, mannose, glucose, and uronic acids.
l-fucose may exceed 90% of the total sugar composition of fucoidans [8]. Yet, galactose, as in the
case of sulfated galactofucans, may possess similar ratios to fucose [9]. Another type of FCSP is
isolated from marine invertebrates, called sulfated fucans. In contrast, they are composed of l-fucose
only. Hence, the term fucoidans has recently been adopted specifically for the heterogenous marine
SPs rich in fucose and derived from the different species of brown algae, including the old names
fucoidin and fucoidan, to be consistent with the International Union of Pure and Applied Chemistry
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(IUPAC) nomenclature system [10]. They are species-specific and, therefore, they do not have a
universal chemical structure. Yet, they represent the major component of cell walls and the extracellular
matrix (ECM) along with alginate and cellulose in brown seaweeds [11,12]. The physicochemical
and chemical heterogeneity of fucoidans was discussed previously, as well as the way in which it
affects their application [13]. In addition, fucoidans are characterized by high molecular weights, up to
950 kDa in the native fucoidan of Hizikia fusiforme or Sargassum fusiforme [14]. The presence of sulfate
ester groups imparts a negative charge on the macromolecule skeleton responsible for the anionic
characteristic of fucoidans [15]. Moreover, chain branching increases the complexity of fucoidans
compared to sulfated fucans derived from marine invertebrates [16,17]. Therefore, an investigation
of these two groups of fucose-containing biopolymers, i.e., sulfated fucans and fucoidans, requires
different investigational approaches. Owing to their complicated chemical structures, enzymatic
hydrolysis, mild acid hydrolysis, and autohydrolysis of native fucoidans are always involved in the
elucidation of their fine structural features. Such pretreatments enable the production of oligomers or
simple fractions that are easily interpreted [18].

Various applications of fucoidans in the therapeutic [19], cosmeceutical [20], nutraceutical/
functional foods [21], diagnostic [22], and drug delivery [23] fields have increased awareness concerning
their importance, especially in the last few decades. Specifically, the pharmacological activities of
fucoidans make them a candidate for the treatment of bleeding disorders [24], inflammation [25],
viral infections [26], malignant tumors [27], and immune disorders [28]. Hence, current studies are
focusing on pharmacokinetic and tissue distribution investigations after oral and topical administration
of fucoidans [29–31]. These studies may help the administration of fucoidans in prospective human
clinical trials. Meanwhile, the modification of native fucoidans via chemical or enzymatic treatment
may result in an increase in their biological activity [11,32].

The mechanisms involved in the biological interactions of fucoidans with various targets are not
only based on charge density, but also fine chemical features [33]. Hence, the major obstacle for the
determination of structure–activity relationships is the complex structures of such polysaccharides [34].
These activities are highly correlated with the structural and nonstructural features of fucoidans [35,36],
as summarized in Figure 1. Examples include relationships between high molecular weight and
anticoagulant activity [37,38], low molecular weight and cancer apoptosis [39], and selective angiogenic
activity in tumors as antiangiogenic [40] or in impaired tissues as proangiogenic agents [41]. Moreover,
it was reported that the sulfation pattern was an important factor, especially at C-4 for anti-Herpes
simplex virus infection [42] or at C-2 and C-3 for anti-coagulant activity [43], as well as the sulfate
content (charge density) for cytotoxic and anticancer activity [44–47] or repair potential of injured
kidney cells [48], the branching degree for antitumor activity [49], and the monosaccharide composition
in terms of uronic acid content for antioxidant activity [50]. Moreover, more than one factor may be
involved, such as the sulfate/fucose molar ratio, as shown in the attenuation of oxidative stress-induced
cellular cytotoxicity by the crude fucoidan prepared from Sargassum crassifolium [51], or the high
sulfate and low uronic acid content for significant anticoagulant activity as shown by Ecklonia cava
fucoidan [11,52].

In addition, the quality and content of fucoidan in commercial products can affect its use. The most
well-known example constitutes its cosmeceutical applications, which are improved by the presence
of phlorotannins owing to the antioxidant activity of polyphenolics [53]. Hence, the quantitative
determination of fucoidans is highly important for the prevention of interferences from coextracted
contaminants when investigating the bioactivities and assuring the quality of commercially available
products [54,55].

Therefore, the qualitative and quantitative determination of fucoidans and their coextracted
contaminants is a must before physicochemical, chemical, and biological characterization. Afterward,
the other functional motifs of fucoidan should be well characterized, such as its molecular weight,
monomeric composition, sulfate content and pattern, and glycosidic linkage. Lastly, relationships
with certain activities may be identified, and the putative mechanisms of action can be constructed to
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explain such activities. The current article focuses on the possible tests and investigations which help
in the full characterization of fucoidans after downstream processing.

Figure 1. Summary of the different factors affecting the biological behavior of fucoidans. These factors
should be characterized for the successful application of fucoidans.

2. Chemistry of Fucoidans

The chemistry of fucoidans is highly variable according to their origin, especially regarding
their complexity. For instance, fucoidans derived from seaweeds commonly show a branched and
more sulfated skeleton with the presence of numerous sugar monomers in addition to α-l-fucose.
However, marine invertebrate fucoidans, such as echinoderms (e.g., sea cucumber) and urchins (e.g.,
Strongylocentrotus droebachiensis), are less complex, consisting of a linear and regular chain of repeating
α-l-fucose units [10,16,56–58]. These differences make algal fucoidans a more preferable biogenic
resource than those from marine invertebrates, in addition to their multiple and interesting biological
activities [59].

In the literature, several structural models for seaweed fucoidans have been suggested to describe
their important structural features [6,60–62] depending on their macroalgal biogenic origin, including
species, age, geographical origin, and season of harvesting [9,13,63]. Cao et al. presented several
representative fucoidan structures isolated from Fucus evanescens, Fucus vesiculosus, Sargassum mcclurei,
Turbinaria ornata, Saccharina cichorioides, and Undaria pinnatifida [9].

Nevertheless, the most widely accepted models are those introduced by Cumashi et al. [64] and
Ale et al. [35]. They proposed that seaweed fucoidans are highly heterogenous within brown seaweed
species, composed of a linear or branched sulfated l-fucopyranoside backbone linked by not only
alternating α-(1→3) and α-(1→4) linkages, but also α-(1→4) and α-(1→3) linkages only. Other sugar
monomers can also be found, such as β-d-galactose, β-d-mannose, α-d-glucuronic acid, α-d-glucose,
and β-d-xylose, but their positions and binding modes are still not understood [64,65]. However,
Bilan et al. studied a fucoidan fraction isolated from Sargassum polycystum (Fucales) and found 2-linked
sulfated α-d-galactopyranose residues [62]. Moreover, the l-fucose unit is mono- or disulfated and
may be acetylated. These groups are responsible for the anionic characteristic of fucoidans.

According to the models proposed by Cumashi et al. and Ale et al., the chemical structures of
fucoidans are represented on the basis of their origin, as shown in Figure 2. For examples, in Fucales,
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fucoidans show l-fucopyranoside chains linked with alternating α-(1→4) and α-(1→3) glycosidic
linkages. C-2 and/or C-4 (rarely at C-3) are usually substituted with sulfate ester groups (–SO3

−),
according to the type of glycosidic linkages [9]. Moreover, side branching was detected at C-4,
alternating with sulfate groups in F. serratus L. in α-(1→3) l-fucopyranoside units. On the other hand,
in Laminariales and Chordariales, fucoidan subunits are mainly linked by α-(1→3) glycosidic linkages.
Additionally, at C-2, other sugar monomers can be detected as a side branch, whereas sulfate ester
groups are common at C-4. The chemical structures may also vary within the same organism on the
basis of the applied extraction methods [66].

Figure 2. Structural models for the chemical structure of fucoidans derived from some species of
seaweeds as proposed by Cumashi et al. and Ale et al. [35,64]. Model A: Model representing fucoidans
from some species of Fucales. It shows repeating l-fucopyranoside units linked with alternating α-(1→4)
and α-(1→3) glycosidic linkages. C-2 is always substituted with a sulfate ester group. Examples
include Fucus vesiculosus and Ascophyllum nodosum: R1 = SO3

−, R2 = H; F. serratus L.: R1 = H, R2 = side
chain or SO3

−; and Fucus evanescens C. Ag: R1 = H, R2 = SO3
− or H. Model B: Model representing

some species of Laminariales and Chordariales. Both orders show a repeated α-(1→3)-linked branched
l-fucopyranoside backbone at C-2. Sulfate ester groups mainly substitute C-4 and sometimes C-2.
Examples include Laminaria saccharina (Laminariales): R2 = OSO3

−, R3 =H alternating with OSO3
−

and l-fucose; and Cladosiphon okamuranus (Chordariales): R2 = OSO3
− alternating with H, R3 = OSO3

−
alternating with H and uronic acid. Other minor sugar units (e.g., mannose and galactose) and acetyl
groups occur in fucoidan structures at certain unknown positions [64].

Recently, Usoltseva et al. revealed other models in Laminariales members, i.e., Saccharina or
Laminaria cichorioides and Laminaria longipes. They detected unusual fucoidans with α-(1→3) linkages
that also contain α-(1→4)- and α-(1→2)-linked fucopyranoside residues [67]. Additionally, Wang et al.
showed that α-(1→4) linkages may be present in the fucoidan backbone of Laminaria japonica [68]. As a
consequence of these complex characteristics and heterogeneity, it is always difficult to characterize
the chemical structure of the whole polymer using a single technique. Spectrometric methods (e.g.,
Fourier-transform infrared (FT-IR), NMR and MS) are used to elucidate the structural features, especially
the position of sulfate ester groups and glycosidic bonds. In addition, chromatographic methods,
such as gel permeation (GPC) also known as size-exclusion chromatography (SEC), are applied for
the determination of molecular-weight parameters or averages. Currently, advanced hyphenated
spectrometric techniques, such as HPLC–MS/MS, are applied [69,70]. Furthermore, the application of
regio- and stereoselective enzymatic degrading fucoidans isolated from marine bacteria provided new
insight into the chemical structure of fucoidan, when combined with spectrometric methods [6,14].
These items are discussed in Section 6.
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3. Characterization of Fucoidan Quality

3.1. Fucoidan Characteristics

3.1.1. Sugar Content

The Dubois or phenol–sulfuric acid assay is a simple acid-catalyzed condensation reaction,
which is commonly employed for the determination of total sugar concentration in carbohydrates [71].
Fucoidan and 5% (w/v) aqueous phenol solutions are mixed, and then concentrated sulfuric acid is
carefully added. Afterward, the sample is mixed vigorously, and the absorbance is recorded at 490 nm.
The reaction mechanism is based on color development upon the dehydration of sugars to furfural
derivatives with sulfuric acid. The furfural product is then condensed with phenol to produce stable
colored compounds.

The Somogyi–Nelson test is also used for the determination of reducing sugars, where copper and
fucoidan solutions are mixed carefully and incubated in a boiling water bath. Afterward, the arsenic
molybdate reagent is added. The reaction mixture is then incubated at room temperature and analyzed
at 500 nm. The mechanism is based on a redox reaction, where reducing sugars are oxidized by the
weakly alkaline copper reagent to a sugar acid, while Cu2+ is reduced to Cu+. Then, the arsenic
molybdate reagent is used to regenerate Cu2+ ions, thereby reducing arsenic molybdate and producing
a characteristic blue color [72,73].

3.1.2. Fucose Content

The Dische or cysteine–sulfuric acid assay is carried out to quantify l-fucose content in hydrolyzed
fucoidan solutions [74]. The test consists of mixing the fucoidan solution with diluted sulfuric acid (1:6).
Then, the reaction mixture is incubated at 100 ◦C for a period, and the reaction is stopped by cooling in
an ice bath. Thereafter, an aqueous l-cysteine solution is added, and the absorbance is measured at
two wavelengths, namely, 396 and 430 nm. According to the difference of those two measurements,
the possible interference of hexoses can be excluded [75]. However, algal polyphenols may interfere to
a great extent in colorimetric fucose determination. Alternatively, as fucose is a neutral sugar, it can be
determined using more sensitive methods, such as HPLC and GC after derivatization [28]. Details are
provided in Section 4.3 with regard to the investigation of fucoidan monomeric composition.

3.1.3. Fucoidan Content

The usual problem in the quantitative determination of fucoidan content is the absence of an
appropriate standard. Commercial preparations may be insufficiently purified and may be structurally
different from analytical samples. Nevertheless, on the basis of the anionic characteristic of fucoidans,
thiazine dyes, such as in the toluidine blue (TB) assay according to Hahn et al. [76] and the Heparin
Red® Ultra assay according to Warttinger et al. [77,78], can be applied. The TB assay is based on the
formation of a charge-transfer complex between the thiazine dye and the polysaccharide [79]. It consists
of mixing fucoidan-containing solutions with TB at pH 1 for better reaction sensitivity. The absorbance
is then measured at 632 nm using an aqueous solution of commercially purified fucoidan as a reference
standard in a concentration range of 0–2.5 g·L−1. The color changes are demonstrated in Figure 3,
whereby Figure 3A shows the metachromatic effect of fucoidan on the polycationic thiazine dye
toluidine blue. A hypochromic effect is shown with a hypsochromic shift of the toluidine blue
ultraviolet/visible light (UV/Vis) spectrum following the addition of polyanionic molecules (e.g.,
fucoidan). On the other hand, the Heparin Red® Ultra assay is based on the fluorescence-quenching
ability of fucoidans after incubation with Heparin Red® reagent, as depicted in Figure 3C. It may be
carried out using excitation and emission wavelengths of 570 and 605 nm, respectively. The reaction
shows potential selectivity for fucoidan even in the presence of sodium alginate salt, as demonstrated
in Figure 3D [78]. The Heparin Red® Ultra assay also demonstrates great sensitivity in a linear range
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of 0.0–8.0 μg·mL−1. The results of such investigations indicate the relative quality of fucoidans and
their degree of purity.

 
 

(A) (B) 

 
(C) 

 
(D) 

Figure 3. (A) Metachromatic effect of fucoidan on the polycationic thiazine dye toluidine blue (TB).
A hypsochromic shift and hypochromic effect are observed after the reaction of TB with fucoidans.
(B) Calibration curve of TB assay showing the reaction linearity in a specified fucoidan concentration,
i.e., 0–2.5 g·L−1. (C) Representation of polyanionic polysaccharide reaction with fluorescent perylene
diimide molecules (e.g., Heparin Red®). The reaction electrostatically produces aggregates, followed
by fluorescence quenching (modified according to [80]). (D) Calibration curve of Heparin Red® assay
showing crude fucoidan samples deviating from the linear range of the reference sample with no
interference from alginate [81]. The ultraviolet/visible light (UV/Vis) measurement was conducted
using a UV/Vis spectrometer (Cary 60 UV/Vis, Agilent Technologies, USA), while the fluorescence was
recorded using a spectrofluorometer (FP-8300, JASCO Deutschland GmbH, Germany).
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The principle behind the reaction of fucoidans with basic or cationic dyes was successfully
applied using Alcian blue stain for the detection of fucoidans and its fragments after degradation
experiments with fucoidanases in carbohydrate polyacrylamide gel electrophoresis (C-PAGE) [82].
Moreover, other similar anionic polysaccharides from carrageenan could be detected using the same
principle [83]. Currently, several commercial highly purified fucoidans are marketed by well-known
companies, such as Sigma-Aldrich® and Marinova®, derived from F. vesiculosus and other brown algae
species [17,84].

A more sensitive and selective electrochemical method for the detection of fucoidan was developed
by Kim et al. in biological fluids and nutritional supplements. The method is based on potentiometric
sensors using polyion-sensitive membrane electrodes. Examples of compounds acting as ion exchangers
were tridodecyl methylammonium (TDMA) and dinonylnaphthalene sulfonate (DNNS) [17,85].

3.1.4. Sulfate Content

As developed by Dodgson and Price, sulfate content can be analyzed on the basis of barium sulfate
(BaSO4) precipitation after the addition of barium chloride (BaCl2) in gelatin using sodium sulfate
(Na2SO4) or potassium sulfate (K2SO4) [86,87]. The sulfate amount is determined by turbidimetry at
500 nm [88]. Since sulfate ester groups are susceptible to hydrolysis, turbidimetric analysis requires
preliminary liberation of the sulfate groups via acid hydrolysis using 4 M HCl at 100 ◦C for 6 h [89] or
2 M trifluoroacetic acid (TFA) at 100 ◦C for 8 h [90].

Using inductively coupled plasma mass spectrometry (ICP-MS), the sulfate content of fucoidan
isolated from L. hyperborean was determined. Sulfur contents were determined by dissolving the dried
fucoidan (70 ◦C for 90 min) in 1 M HNO3. The sulfation degree was determined by utilizing a mass
balance equation, assuming that every sulfate group was associated with a sodium counterion [91].

3.1.5. Uronic Acid Content

A colorimetric determination of uronic acids is usually performed using meta-phenylphenol
according to the procedures presented by Filisetti-Cozzi and Carpita [15,92] or Blumenkrantz and
Asboe-Hansen [93]. The same principle can be applied with m-phenylphenol to form a colored
condensation product, where the sugar is firstly dehydrated by heating with sulfuric acid before the
addition of m-phenylphenol and incubation at room temperature. The absorbance is then recorded at
525 nm. A modified uronic acid carbazole reaction is sometimes also applied [84,94].

Moreover, specific HPLC techniques based on monomer derivatization were reported.
They include high-performance anion-exchange chromatography (HPAEC) coupled with pulsed
amperometry detection (PAD). This method is commonly known as Dionex HPAEC–PAD, i.e.,
implementing a Dionex ICS-2500 system equipped with CarboPac™ PA20 analytical and guard
columns. It depends on the fact that uronic acids are weak acids that can be derivatized to oxyanions
at alkaline pH values [95,96].

In Section 3.2.3, alginate is discussed as a potential contaminant of fucoidans, leading to an
increase in uronic acid content in fucoidan products if not properly removed. Hence, the identification
of uronic acids is necessary to distinguish the components of fucoidan from the components of alginic
acids. The uronic acids of fucoidans mainly constitute α-d-glucuronic acid [97,98], while those in
alginate constitute α-l-guluronic acid (G-block) and β-d-mannuronic acid (M-block) linked via α-(1→4)
bonds [99], as shown in Figure 4. These blocks produce a characteristic NMR pattern, from which the
M/G ratio can be calculated [100,101].
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Figure 4. Chemical structure of alginate composed of α-l-guluronic acid (G-block) and β-d-mannuronic
acid (M-block) linked via α-(1→4) glycosidic bonds.

3.2. Potential Coextracted Impurities

Since fucoidans are found in a highly complicated cell-wall matrix in addition to other
polymers, such as cellulose, alginate, and protein, as well as polyphenols [102], several investigations
should be carried out to detect and quantify such components. Moreover, other components
may be also coextracted and present in crude fucoidans such as laminaran, mannitol, lipids,
and pigments [59,103,104]. Hence, comprehensive downstream processes should be applied to
remove all of these compounds as best as possible [54]. However, for reproducible and trusted
biological activities, potential contaminants, such as proteins, alginate, laminaran, and total phenolic
content should be quantified to determine the quality grade of fucoidans.

3.2.1. Protein

The Folin–phenol [105] and Bradford assays are applied to determine protein content in fucoidan
products, using bovine serum albumin as a reference standard for calibration [15,106]. The Lowry
and Bradford assays are based on colorimetric determination, where they produce colored solutions
recorded at 750 and 595 nm, respectively, in response to protein and/or amino acids. The Folin–phenol
reagent consists of phosphomolybdic–phosphotungstic acid, which is reduced to a blue-colored
solution by protein in an alkaline Cu2+ tartrate solution [105,107], whereas the color in the Bradford
assay is formed due to complex formation between the protein and the Coomassie blue G-250 dye.
Under acidic conditions, the protonated red dye is transformed to an anionic blue form through a
dye–protein electrostatic and hydrophobic interaction [108,109].

Both assays show variable results, due to variations in protein composition, pH, and sample
concentration [107], whereby only the tyrosine, tryptophan, and cysteine amino acids can react [110].
In addition, the Lowry method is not specific enough since the results are highly affected by
the presence of interfering compounds that can also chelate Cu2+ (e.g., nitrogenous and phenolic
compounds) [110,111].

3.2.2. Phenolic Compounds

Phenolic compounds in brown algae vary structurally from simple molecules (e.g., hydroxybenzoic
acid derivatives, such as gallic, phenolic, and cinnamic acids) or flavonoids (e.g., flavan-3-ol derivatives,
such as epicatechin or epigallocatechin) to more complex phlorotannin polymeric structures (e.g.,
phlorethols, fuhalols, fucols, fucophlorethols, and eckol) [112].

As previously discussed, polyphenols are tightly noncovalently bound to fucoidans in the cell
wall, which contribute along with fucoxanthin to the brown color of the crude fucoidan extract [54].
The total phenolic content can be quantified using the Folin–Ciocalteu method, especially for crude
fucoidan products [113,114]. Additionally, the 2,4-dimethoxybenzaldehyde (DMBA) assay may be
applied for phlorotannin content [115]. The Folin–Ciocalteu method is similar to the Folin–phenol
applied for protein determination; however, the absorbance is recorded at 620 nm [114]. Nonetheless,
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interference from sugar monomers is common and may lead to false results. Gallic acid is commonly
used as a reference standard and, therefore, the results are expressed as gallic acid equivalents [116].

3.2.3. Alginate

Precipitation of alginate by divalent ions (e.g., Ca2+ or Ba2+) is a common pretreatment step
during fucoidan extraction [35,117]. An acidic medium, i.e., below the pKa of carboxylic groups,
also helps in the precipitation of alginate as alginic acid [118]. Therefore, for the efficient removal of
alginate during fucoidan extraction, both conditions are usually applied [38]. Nevertheless, traces of
alginate are frequently detected in crude fucoidan extracts from brown algae [96]. Even the application
of enzyme-assisted extraction employing an alginate lyase from Sphingomonas sp. (SALy) resulted
in the crude fucoidan product containing substantial alginate, thus requiring a further purification
step [119,120].

Since alginate is composed of β-d-mannuronic (M-block) and α-l-guluronic (G-block) acids as
building blocks [121], it may interfere with the determination of uronic acids during fucoidan chemical
characterization. Therefore, alginate can instead be determined as a function of the metachromatic
change induced upon binding to cationic dyes, such as 1,9-dimethyl methylene blue (DMMB) [122],
or using the TB assay. However, due to the different pKa values of the sulfate ester group in fucoidans
and carboxylic group in alginate, the different measurements at pH 1.0 and pH 7.0 can be used to
quantify alginate content, where, at pH 1.0, fucoidan is ionized and interacts only with TB, while,
at pH 7.0, both are ionized and induce color changes [76]. Dionex HPAEC–PAD can potentially be
applied for the specific determination of alginate building blocks, thereby excluding interference from
the uronic acids of fucoidans [96].

3.2.4. Laminaran

Laminaran is a neutral water-soluble glucan found in brown algae functioning as a reserve
food [103,104]. Its presence in crude fucoidan preparations is highly possible, owing to its precipitation
with fucoidan after the addition of high volumes of ethanol (e.g., 70% v/v). Enzyme-assisted fucoidan
extraction conducted using commercial enzyme mixtures, i.e., carbohydrase mixtures, can target the
degradation of laminarin, leading to its removal [119]. Fortunately, laminarin cannot interact with
cationic dyes during the determination of fucoidan content using TB and perylene diimide derivative
(PDD) assays. The same principle is applied in the purification of fucoidan using anion exchange
chromatography (e.g., DEAE–cellulose) in the presence of laminaran [54]. Therefore, laminaran is
easily separated from fucoidan after the first step of purification.

4. Physicochemical Characteristics and Structural Features

4.1. Elemental Analysis

Elemental analysis is very important for comparative studies, which may be used to compare
different fucoidan fractions as a tool to justify the purification process. A decrease in nitrogen content
(%) and an increase in sulfur content (%) are critical elements for fucoidan quality, which may be
interpreted as the removal/absence of proteins and an improvement in the sugar monomer–sulfate
ratio, respectively [38,117,123]. Hence, protein content can be estimated by multiplying the percentage
of N by 6.25. Similarly, the content of sulfate groups (as –SO3

−Na+) can be calculated on the basis
of the percentage of S [21,44,113]. Moreover, for the determination of sulfation degree in fucoidans,
a number of equations were developed, as shown in Equations (1) and (2) [44].

NSS =
C%/12
S%/32

/ 6 (1)

Degree of sulfation = 1/NSS (2)
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where NSS is the number of sulfate esters per monosaccharide, 12 and 32 are the atomic weights of
carbon and sulfur, respectively, and 6 is the number of carbon atoms in a sugar monomer assuming
that all monomers in the polymer are hexoses.

4.2. Molecular Weight Averages

The molar mass, molecular size distribution, and chain conformation of polymers are
among the important parameters affecting fucoidan applications. The molecular size of fucoidans
ranges from 13 to 950 kDa. They can be classified, according to their molecular weight,
into three classes: low-molecular-weight fucoidans (LMWFs) with a polymer size <10 kDa,
medium-molecular-weight fucoidans (MMWFs) (10–10,000 kDa), and high-molecular-weight fucoidans
(HMWFs) (>10,000 kDa) [124]. Chromatographic methods, i.e., gel filtration and anion exchange,
are mostly used, whether separately or in combination, for the molecular mass determination of
fucoidans. Examples of columns used include diethylaminoethyl (DEAE) Sepharose, Zorbax GF-450,
OH-PAK SB-806 HQ, Sephadex G-50, Sephadex G-100, DEAE Toyopearl 650 M, Superdex 75 HR,
and DEAE cellulose. The column should be firstly calibrated with polysaccharides of definite molecular
sizes such as dextrans, pullulans, carrageenans, or heparins. However, the results show a range of
molecular sizes instead of an exact value. Moreover, a polyacrylamide gel system, i.e., C-PAGE, can be
used, where the polysaccharides are stained with a combination of Alcian blue and silver nitrate.
C-PAGE can only be used to separate LMWFs in contrast to native unhydrolyzed polymers which are
retained at the top of the gel [14,38,82].

Recently, with the aid of gel permeation or size-exclusion chromatography (GPC/SEC) coupled with
multi-angle static light scattering, quasi-elastic light scattering and refractive index detection system
(i.e., SEC–MALS–QELS–RI analysis), important structural characteristics could be estimated, in the
context of Mw, Mn, Mp, PDI, and size (root-mean-square (rms) radius, Rh) [125]. The number-average
molecular weight or molar mass (Mn) indicates the average molecular weight of all polymer chains,
while the weight-average molecular weight (Mw) considers the molecular weight of chains contributing
to the molecular weight average. On the other hand, the molecular weight of the highest peak (Mp)
determines the mode of molecular weight distribution. In addition, the polydispersity index (PDI)
measures the broadness of the molecular weight distribution of polymers, where a larger PDI denotes
a broader molecular weight distribution [126]. Equations (3)–(5) are applied for measurement of the
above parameters, and they are now an integral part of many applications or as as add-on used in
GPC/SEC techniques, such as the GPC Extension from Clarity Chromatography Station (starting from
version 2.3).

Mn =

∑
Ni Mi∑

Ni
(3)

Mw =

∑
NiM2

i∑
Ni Mi

(4)

PDI =
Mw
Mn

(5)

where Mi is the molecular weight of a chain, and Ni is the number of chains of that molecular weight.
Natural polymers such as proteins are usually monodisperse, with a PDI of approximately 1.

However, polysaccharides are quite different, exhibiting PDIs greater than 1 [127]. The production of
fucoidans with different molecular weight averages is possible through fractionation methods, such as
via precipitation with increasing volumes of acetone, ethanol, or isopropanol, filtration membranes of a
defined molecular weight cutoff (MWCO) [84], and gradient elution using NaCl during the elution step
of ion-exchange chromatography purification, where a higher NaCl molarity elutes fucoidan fractions
characterized by higher polarity, i.e., a higher sulfation degree and higher molecular weight [38,128].
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4.3. Monomeric Composition

The detection of sugar monomers in polysaccharides is conducted after the step of acid
hydrolysis [129], e.g., heating at 90–121 ◦C for 2–4 h with 4 M trifluoroacetic acid (TFA), applied for
the isolation of sulfated galactofucan from the sporophyll of U. pinnatifida [130], 2 M HCl, applied for
the commercial fucoidans of F. vesiculosus [88], and the two-step sulfuric acid treatment for 60 min
with 72% H2SO4 at 30 ◦C followed by hydrolysis for 60 min in 4% H2SO4, applied for the crude
fucoidans isolated from Saccharina latissima and Laminaria digitata [129,131]. Afterward, the hydrolysate
is neutralized, filtered, and subjected to a liquid chromatography (HPLC) step, using different reference
sugar monomers, such as arabinose, fructose, fucose, galactose, glucose, glucosamine, mannose,
and xylose. The lead form Aminex HPX-87P column (Bio-Rad, Hercules, CA, USA) is widely used for
carbohydrate analysis, operated at 80 ◦C and coupled with a refractive index (RI) detector [97,131].
A MetaCarb 67H column (Agilent Technologies, Santa Clara, CA, USA) operated at 45 ◦C may also be
applied [132].

Moreover, the analysis of neutral and amino-containing monomers can be achieved via
derivatization. The conversion of monomers to alditol acetate derivatives is more reliable,
with subsequent separation using organic volatile solvents (e.g., dichloromethane), followed by analysis
performed using GC/ESI-MS [8,133]. The reaction cascade consists of an initial reduction in alkaline
medium followed by acetylation using acetic anhydride in the presence of 1-methylimidazole [84].

Recently, a comprehensive and fast method was developed by Rühmann et al. as function of
monomer derivatization by 1-phenyl-3-methyl-5-pyrazolone (PMP) using liquid chromatography
equipped with different detectors, such as UV and MS detectors or both (LC–UV–ESI-MS/MS) [134],
which was successfully applied for the characterization of fucoidan isolated from F. vesiculosus [38].

4.4. Glycosidic Linkage

Methylation using the CH3I/NaOH method for deacetylated and desulfated fucoidans, followed
by hydrolysis, reduction, and acetylation as before, enables sugar derivatization to alditol acetates
that can be determined using GC/MS [135]. The scheme of reactions is summarized in Figure 5.
Complete methylation can be confirmed upon disappearance of the OH band (3200–3700 cm−1) in
the IR spectrum [136]. This method is commonly performed to determine glycosidic linkages and,
consequently, branching sites in polysaccharides.

The desulfation step can be carried out enzymatically using sulfoesterase or chemically. Despite
the regioselectivity of the enzymatic reaction, chemical desulfation is frequently conducted [60].
The chemical reaction involves a solvolytic desulfation, which consists of firstly passing the fucoidan
solution through a cationic exchange resin, i.e., Amberlite CG-120 column (H+-form). Then, the main
desulfation step is conducted via incubation of the pyridinium salt of fucoidan in dimethyl sulfoxide
(DMSO) at 100 ◦C for 3–10 h [137–139]. In addition, the incubation of equal volumes of desulfated
fucoidan with concentrated aqueous NH3 overnight at elevated temperature, i.e., 37 ◦C, resulted in the
deacetylation of fucoidans [33,139].

Alternatively, periodate oxidation/Smith degradation can be applied for the analysis of fucoidan
glycosidic linkages. The fucoidan is oxidized with NaOI4 and then reduced with NaBH4. Afterward,
the product is hydrolyzed using acid and analyzed via GC [140,141]. However, it is worth mentioning
that the (1→3) linkages between fucose residues and the high degree of substitution of hydroxyls make
fucoidans resistant to Smith degradation [33]. The analysis of glycosidic linkages can also be achieved
using NMR, as further discussed in Section 5.2.
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Figure 5. Derivatization of desulfated and deacetylated fucoidan monomers to volatile alditol acetates,
which may be subsequently analyzed using GC/MS.

4.5. Others

Other characteristics, such as solubility and optical activity, should also be investigated [38]. It is
well known that fucoidans are polar compounds and freely soluble in water. Hence, turbidity may
indicate the presence of impurities, such as proteins and the Ca salt of alginate. In addition to water,
fucoidans are highly soluble in solvents with high dielectric constants [59], as well as with acidic and
alkaline pH values. However, to guard against polymer hydrolysis, their stability was investigated,
showing that solutions prepared in a pH range from 5.8 to 9.5 were stable [142]. In contrast, fucoidans
are practically insoluble in ethanol or cetyltrimethylammonium bromide (CTAB) and, therefore,
both solvents can be applied for fucoidan precipitation and isolation form algal crude extracts [37,54].

Due to the predominance of l-(−)fucose in fucoidan backbones, fucoidans are optically
active molecules, with fucoidan solutions showing a levorotatory characteristic when exposed to
plane-polarized light [6]. Moreover, researches of fucoidan chemistry always try to link its chemical
properties, i.e., molecular weight, polydispersity, branching, sulfate content, and uronic acid content,
with its physical rheological properties [133]. Fucoidan aqueous solutions generally possess low
viscosity. Nevertheless, the degree of viscosity mainly depends on the temperature, pH, molecular
weight, concentration, sulfate content, and degree of branching [142–145]. One example is fucoidan
isolated from L. japonica, which has a molecular weight of 10.5 kDa and a high content of fucose
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and sulfate. Increasing the fucoidan concentration resulted in an increase in solution viscosity.
Meanwhile, increasing fucoidan concentration led to a decrease in solution pH [146]. In addition,
the aqueous solutions of fucoidan isolated from L. religiosa and U. pinnatifida showed low viscosity,
characterized by a pseudoplastic rheological behavior [144]. Furthermore, Monsur et al. investigated
several fucoidan fractions isolated from Turbinaria turbinata. They were Newtonian fluids regarding
the direct relationship between shear stress and shear rate, as well as in the context of solution
concentration. Concurrently, they found that the fraction with the highest molecular weight, sulfate
content, and polydispersity exhibited the lowest viscosity [133].

Furthermore, the type of algal species and the presence of ions can affect the viscosity of fucoidan
solutions [146]. The highest viscosity of a fucoidan aqueous solution was reported for fucoidan
isolated from F. vesiculosus algae species [147], while the viscosity of fucoidan solutions obtained from
Cladosiphom okamuranus increased linearly with increasing polymer concentration up to 2% (w/v), as well
as after the addition of salts such as NaCl or CaCl2. However, viscosity may reflect the amount of
contaminating alginate left in the fucoidan extract, since the viscosity of alginate is very high [148,149].

Interestingly, fucoidans differ from other polysaccharides, as they do not possess the ability
to form a gel alone, where mixing with other positively charged polymers is needed to produce
gel, owing to ionic interactions [145,146]. The thermal degradation of fucoidans, including their
melting points, was studied [38,133]. For further information on other physical parameters such
as the consistency, flow behavior, and rheological properties of fucoidans, as well as the ways in
which these properties affect fucoidan applications in the pharmaceutical industry, including drug
delivery, interested readers may refer to [146,150], where the design of fucoidan-based nanosystems
and other nanocarriers encapsulating fucoidan was shown to depend on the physiochemical behavior
of fucoidans, e.g., physical appearance, chemical features, molecular weight (Mw), solubility, pH,
and melting point [146,151].

5. Spectrometry and Chemical Characterization

Due to their complex chemical structures, several spectrometric methods (e.g., FT-IR, NMR,
and MS) have been used to elucidate the structural features of fucoidans, including the position of
sulfate groups and glycosidic bonds, and the molecular weight. Furthermore, the application of regio-
and stereoselective fucoidan-degrading enzymes isolated from marine bacteria provided new insights
into the chemical structure of fucoidan [43,74].

5.1. FT-IR

The preliminary identification of fucoidan functional groups is always performed by scanning
samples using FT-IR between 400 and 4000 cm−1 [152,153]. Fucoidans show characteristic and
typical IR bands for their functional structural building blocks (e.g., the O–H group of monomeric
monosaccharides, C–H, asymmetric stretching of S=O and C–O–S of sulfate ester groups, and O–C–O
and C–O–C of glycosidic and intramolecular linkages at 3421, 2940, 1221, 827, 1634, and 1010 cm−1,
respectively) [123,153]. Moreover, peaks between 1650 and 1800 cm−1 for C=O groups indicate whether
fucoidans are acetylated and contain uronic acid residues [133,154,155].

Other important information may be extracted from the IR spectra, such as the axial position of
the sulfate ester group at C-4 [21,156]. A complex pattern between 840 and 800 cm−1 is commonly
shown, indicating the different substitutions of sulfate ester groups at the most abundant C-4 and
C-2/C-3 positions, showing a peak and a shoulder for the axial 4-position of C–O–S and equatorial
2/3-position of C–O–S, respectively [157]. To exclude the bending vibration of the C–H group of sugars,
IR results should be compared with NMR data after sulfate ester alkali hydrolysis and methylation
analysis to determine the exact sulfate position [6,158]. In addition, IR bands at 622 and 583 cm−1

result from the asymmetric and symmetric O=S=O deformation of sulfates [159].
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Anomeric C–H deformation may be also identified in IR spectra, where the β-anomeric type
is represented by a small peak at 890 cm−1, while the α-analogue appears theoretically at around
860 cm−1, which may be overlapped by stronger sulfate bands in the same range [8,140].

However, the structural information provided in FT-IR spectra may not be very valuable, especially
for the determination of secondary sulfate ester groups. Signals describing the positions of secondary
sulfate groups depend on the real conformation of monosaccharide units, which may be considerably
distorted in branched and heavily sulfated chains by neighboring substituents [160].

5.2. NMR

Previously published articles have shown the valuable information presented by NMR for
structural elucidation and the numerous structural features of different fucoidans from different origins.
One- and two-dimensional (1D and 2D) NMR experiments of fucoidans, including 1H- and 13C-NMR,
demonstrate relatively well-interpreted spectra related to the sulfation pattern and glycosidic linkages.
Two approaches are usually applied in NMR experiments for obtaining valuable structure information,
i.e., careful fractionation of crude fucoidan and/or specific chemical modification, such as desulfation.
Such treatments are aimed at producing regular or masked regular backbones, resulting in NMR
spectra that can be interpreted [161]. An example of successful fractionation of a crude algal fucoidan
to obtain a fucoidan fraction having regular structure, which was elucidated using NMR spectra,
was described by Bilan et al., where they obtained a regular fucoidan from the brown seaweed Fucus
distichus [162]. Fractionation is commonly conducted during the elution of purified fucoidan from the
anion-exchange column via the salting out mechanism using different molar concentrations of NaCl, i.e.,
gradient elution. A relationship was identified between NaCl concentration and the molecular weight
and sulfate content of the obtained fucoidan fraction, thereby facilitating the structural elucidation
of various relatively simple fractions [38,119]. Moreover, fractionation may also carried out through
dialysis membranes of different molecular weight cutoff (MWCO), such as the fractionation of crude
fucoidan into LMWFs and HMWFs [28]. For further information on such treatments, interested readers
can refer to the recently published review discussing the different downstream processes applied
in fucoidan production by Zayed et al. [54]. The production of oligomer fractions or fragments is
considered a potential tool for polymer simplification, i.e., enzymatic depolymerization, prior to
NMR experiments. This step can be performed by enzymatic treatment of the native fucoidan with
fucoidan-degrading enzymes, i.e., fucoidanases [161,163]. In addition, the application of fucoidanases
on desulfated or deacetylated fucoidans may result in more valuable structural information [34].
The desulfation and deacetylation of fucoidans is applied to produce simpler compounds, allowing
a comparison of the chemical shifts (δ, ppm) with standard sugars or the native polymer, especially
because sulfate ester groups cause deshielding of neighboring protons and carbons, consequently
appearing downfield in the NMR spectra [8,139,163,164]. Some examples of fucoidans or sulfated
fucans elucidated by 1D and 2D NMR are discussed below in detail.

5.2.1. 1D NMR

Fucoidans from F. vesiculosus and Ascophyllum nodosum (Fucales) are the simplest form of algal
fucoidans. They are polymers of alternating α-(1→3)- and α-(1→4)-linked l-fucopyranoside repeating
units ([→4)-α-l-Fucp-(1→3)-α-l-Fucp-(1→4)-α-l-Fucp-(1→3)-α-l-Fucp(1→]) [35,43], where some
structural features can be elucidated from NMR spectra. In the 1H-NMR spectrum, singlet peaks of the
shielded protons at around 1.2 ppm are assigned to the –CH3 groups (H-6) of the l-fucose monomer.
Other peaks appearing slightly shifted between 3.8 and 4.5 ppm can be assigned to H-2, H-3, H-4,
and H-5. Moreover, the anomeric proton H-1 can be observed deshielded at 5.2 ppm, confirming
the α-linked sugar monomers. The presence of other sugars such as galactose, mannose, and xylose
can be deduced from signals in regions lower than 3.7 ppm, as reported in the fucoidan isolated
from S. polycystum [165]. The NMR analysis of these fucoidans was recorded for their native forms,
which produced low-resolution spectra.
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Additionally, in the 13C-NMR spectrum of a fucoidan fraction isolated from S. mcclurei (Fucales)
of a galactofucan nature, major intense peaks could be easily elucidated. They included the –CH3

group (C-6) appearing in an upfield region, i.e., 15–17 ppm, and the anomeric carbon at C-1 in a
downfield region, i.e., 96–100 ppm. Other peaks showed several degrees of multiplicity owing to the
presence of various glycosidic linkages and sulfation patterns [138]. These peaks are typical for an
α-fucopyranoside backbone [166]. Acetylated moieties in the fucoidan structure can also be easily
detected in 13C-NMR spectra, where methyl (–CH3) and carbonyl (C=O) groups of the O-acetyl group
appear in upfield (i.e., 21–22 ppm) and downfield (i.e., 170–180 ppm) regions, respectively. Examples
include fucoidans isolated from S. japonica and U. pinnatifida [167,168].

Furthermore, the effect of the sulfate ester group (–OSO3
−) on the chemical shifts (δ, ppm) of

attached C and accompanied Hs is among the features that can be revealed by NMR. This helps
the elucidation of sulfation pattern with fucoidan backbones. An example includes the structural
characterization of fucoidans isolated from S. myriocystum. The presence of a downfield signal at
4.84 ppm in 1H-NMR indicated a sulfate group at position C-4, while the chemical shifts of other
hydrogen atoms C-2, C-3, and C-5 appeared at 4.80, 4.22, and 4.77, respectively. These data were
confirmed in the 13C-NMR spectrum, where C-4 appeared at 81.33 ppm, while the C-3 position was
confirmed by the signal at 76.39 ppm [169]. Similarly, Nemacystus decipiens fucoidan showed sulfation
substitution at C-4 and, consequently, H-4 appeared more deshielded at 4.9 ppm than the other
protons [170]. Furthermore, fucoidan, i.e., xylogalactofucan, isolated from Sphacelaria indica, showed
4-O-sulfated residues at C-4 according to the presence of a peak in the 1H-NMR spectrum at 4.4 ppm,
which was assigned to H-4 and confirmed by IR analysis [171]. In other cases, the sulfation pattern was
demonstrated and confirmed at mainly C-2 and partially C-4 in fucoidan isolated from F. evanescens
C.Ag by NMR data [166]. However, other studies preferred analyzing desulfated and deacetylated
fucoidan residues for simpler and more easily interpreted spectra [172].

The main l-fucopyranose backbone of fucoidan isolated from S. binderi was determined by
comparing the 1H-NMR and attached proton test (APT) NMR spectra with commercial food-grade
fucoidan and an α-l-fucose standard. The positions of the sulfate groups were determined through the
difference in proton and 13C-NMR chemical shifts with respect to theα-l-fucose standard. The downfield
proton and C chemical shifts at H-2 (0.90 ppm difference) and C-2 (14.97 ppm difference) compared
with the peaks of α-L-fucose were due to the presence of a sulfate group at C-2 [173].

5.2.2. 2D NMR

Homonuclear (e.g., correlation spectroscopy (COSY), total correlated spectroscopy (TOCSY),
nuclear Overhauser effect spectroscopy (NOESY), and rotating frame Overhauser effect spectroscopy
(ROESY)) and heteronuclear (e.g., heteronuclear multiple bond correlation (HMBC) and heteronuclear
single quantum coherence (HSCQ)) 2d NMR techniques have been used to further reveal the
potential structural secrets of numerous fucoidans (e.g., F. serratus, S. latissimi, Chorda filum,
and F. evanescens) [139,167,172,174].

It is valuable to study the desulfated product of native fucoidans to identify the glycosidic
linkages of their backbone, as in the case of fucan sulfate isolated from the Holothuria albiventer sea
cucumber [174]. The correlation between H-1 and H-3 of polymer residues was identified in the ROESY
spectrum, confirming the presence of (1→3) linkages. Furthermore, the sequences of the repeating
units were also determined as a function of the long-range scalar HMBC correlations. For estimation
of the configurations at the glycosidic linkages, the direct coupling constant (1JC–H) of C-1 for each
monosaccharide residue was also obtained from the 2D 13C/1H HMBC spectrum. The large values
of 170–175 Hz for these fucose residues indicated that the protons are equatorially positioned [175].
Moreover, taking account of the vicinal coupling constant (3J1H–2H) of 3 Hz for fucose residues,
the configuration at C-1 of these residues was determined as the α-form [174].

Other highly regular homogeneous sulfated fucans were isolated from sea cucumbers Holothuria
fuscopunctata, Thelenota ananas, and Stichopus horrens. Their glycosidic linkage sequences were obtained
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from the selected ROESY and HMBC cross-signals. The correlation between H-1 and H-4 of both
H. fuscopunctata and T. ananas fucan sulfates was identified in the ROESY and HMBC spectra, whereas,
for the S. horrens fucan sulfate, correlation between H-1 and H-3 was observed, confirming the presence of
α-(1→4) glycosidic bonds in both H. fuscopunctata and T. ananas fucan sulfates. The structural sequences
of the three fucoidans from H. fuscopunctata, T. ananas, and S. horrens were→4-α-l-Fucp-(3SO3

−)-1→,
→4-α-l-Fucp-(2SO3

−)-1→, and→3-α-l-Fucp-(2SO3
−)-1→, respectively [176].

5.3. Mass Spectrometry

Mass spectrometry (MS) is widely used to provide valuable structural information, especially if
the fucoidans vary in terms of their glycosidic linkages and/or sulfation patterns [138]. However, it is
difficult to be applied to fucoidans with high molecular weights or a high degree of sulfation [163],
since depolymerization or autohydrolysis of the polymer should firstly be carried out [177,178].
In addition, the labile nature of sulfate ester groups in high-molecular-weight fucoidans results in the
polymers exhibiting desulfation rather than ionization [179]. Thus, the ions generated from desulfation
dominate the mass spectra, limiting the obtained structural data of native fucoidans [125,180].

Therefore, prior to the mass spectrometric measurement, pretreatments are applied, including
fucoidan depolymerization, leading to the generation of oligomers. In addition, structural modifications,
including desulfation and deacetylation, are applied. Such pretreatments result in more easily
interpreted spectra compared to the native high-molecular-weight sulfated forms. The polymer can be
chemically depolymerized via partial acid hydrolysis using 0.2 N TFA at 60 ◦C or 0.75 mM H2SO4

at 60 ◦C following the solvolytic desulfation step [179]. In contrast with autohydrolysis, enzymatic
depolymerization by fucoidanses was reported, albeit not widely [181]. Nevertheless, the role of
fucoidan-degrading enzymes or fucoidanses is discussed in Section 6 regarding their enzymatic
modifications of fucoidans as a potential prerequisite for conducting spectrometric analysis.

The analysis of oligomers can be performed using negative ion tandem electrospray ionization
(ESI-MS) and matrix-assisted laser desorption/ionization (MALDI-TOF) mass spectrometers [135].
The reasonable interpretation of fragmentation patterns can reveal many structural features in the
produced oligomers useful in understanding the structure of the whole polymer. The MALDI-TOF
analyzer is more convenient for the analysis of fucoidan fragments, i.e., fucooligosaccharides, adding
more sensitivity and accuracy with respect to classical MS and NMR methods which detect minor
constituents, as in the case of fucoidan isolated from F. evanescens [179,182]. The systematic nomenclature
developed by Domon et al. is still approved for carbohydrate fragmentations in the MS/MS spectra of
glycoconjugates [183].

Anastyuk et al. reported an optimization protocol for the application of tandem MS techniques,
including ESI-MS and MALDI-TOF-MS in the structural elucidation of fucoidans isolated from different
brown algal species. The protocol also reported the common fragments of S. cichorioides fucoidan
detected in MS spectra using both techniques in a comparative approach following autohydrolysis.
Fragment ions at m/z 97 and 225 were always detected, representing the sulfate anion and [FucSO3–H2O],
respectively. In addition, the m/z peaks at 243.02 and 389.08 corresponded to the [FucSO3]− and
[Fuc2SO3]− fragment ions [179]. However, other characteristic fragments were detected at different
m/z, due to differences related to ionization mode, including the inclusion of Na with the produced
fragments, i.e., [Fuc3(SO3)3]3− and [Fuc3(SO3Na)3–Na]− at m/z 231.01 and 739.1 in ESI-MS and
MALDI-TOF-MS spectra, respectively. The interpretation of such spectra confirmed the presence of
3-linked 2,4-disulfated α-l-fucan as the main backbone of S. cichorioides and F. evanescens fucoidans [179].
Cuong et al. elucidated the chemical structure of Sargassum henslowianum on the basis of MS data.
The ESI-MS results demonstrated a major signal at m/z 243 corresponding to [M − H]− of the
monosulfated fucose [FucSO3]− ion. Other signals indicated α-(1→3)-linked l-fucopyranose as the
fucoidan backbone, whereas the sulfate positions varied, but were mostly located at positions C-2 (m/z
139), C-3 (m/z 169), and C-4 (m/z 183) of the fucose residues. These results depicted the sulfation pattern
of this fucoidan to be mostly at C-2 and C-4 and sometimes at the C-3 position of fucose residues [90],
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according to the previous findings of Tissot et al. [184]. They showed that the three isomers have
different fragmentation patterns. While the 3-O-sulfated fucose lost a hydrogenosulfate anion, the other
isomers, i.e., 2-O-, and 4-O-sulfated fucose, exhibited cross-ring fragmentation, producing 0,2X and
0,2A daughter ions, respectively [184].

Sample preparation is also important, whereby the sample should be mixed with 0.5 M
2,5-dihydroxy benzoic acid (DHB) in MeOH for positive-ion experiments or 0.5 M arabinoosazone
matrix for negative-ion experiments in acetone. The negative-ion experiment requires a further 10-fold
dilution of the sample in water [185].

Galmero et al. recently established a new fast method for carbohydrate glycosidic linkage
determination. The developed method employed ultrahigh-performance liquid chromatography
coupled with triple-quadrupole mass spectrometry (UHPLC/QqQ-MS) analysis performed in multiple
reaction monitoring (MRM) mode, using a library of 22 glycosidic linkages built from commercial
oligosaccharide standards. Permethylation and hydrolysis conditions alongside LC–MS/MS parameters
were optimized, resulting in a workflow requiring only 50 μg of substrate for analysis [91]. This method
can be used in the future for the determination of fucoidan glycosidic linkages.

6. Role of Fucoidan-Degrading Enzymes in Structural Elucidation

Fucoidan-degrading enzymes can be applied for the production of chemically defined bioactive
oligosaccharides by hydrolyzing the sulfated fucans and fucoidans [14,186,187]. They include
fucoidanases and sulfatases, which play very critical roles in the structural elucidation of fucoidan
macromolecules in combination with spectrometric methods [188–190]. They are characterized using
mild conditions, as a function of regio- and stereoselectivity, to determine the exact pattern of
sulfation and glycosidic linkages compared with toxic (e.g., pyridine used in solvolytic desulfation),
nonselective, and tedious chemical or physical modifications [139,167,191,192]. Moreover, fucoidanases
preserve the sulfation pattern, which is among the major factors implicated in various biological
activities [130]. Such enzymes are mainly isolated from symbionts (e.g., Proteobacteria and Bacteroidetes)
associated with brown algae or marine invertebrates [193]. Interestingly, Ohshiro et al. detected both
activities, i.e., fucoidan desulfation and depolymerization, using degrading enzymes isolated from the
Flavobacterium sp. F-31. These enzymes worked on the fucoidan isolated from Cladosiphon okamuranus
as a carbon source. Nevertheless, the desulfation activity of such enzymes was notably detected
following the enzymatic degradation step of native fucoidan, i.e., depolymerized fractions [194].

Fucoidanases were first described in 1967 by Thanassi and Nakada after their isolation from the
hepatopancreas Haliotus sp. [34,195]. They are among glycosidases (EC3.2.1.-GH 107) that catalyze the
hydrolysis of glycosidic bonds between sulfated fucose residues in fucoidans [9,195]. On the basis of
their mode of action, they were previously classified according to the types of glycosidic linkages they
act on and further subclassified as endo- or exo-hydrolyases. Therefore, they were recently classified
as endo-fucoidanases or α-l-fucoidan endohydrolases (EC3.2.1.44 or EC3.2.1.211 and EC3.2.1.212),
as defined in Expasy, where EC 3.2.1.211 is believed to cleave endo-α-(1→3) l-fucoside linkages,
while EC 3.2.1.212 likely cleaves α-(1→4) l-fucoside linkages, in addition to the exo-type, including EC
3.2.1.B47, without affecting the sulfate ester groups in the fucoidan backbone. In contrast, there are
fucosidases which catalyze the cleavage of nonsulfated fucose residues from other fucose-containing
compounds [195,196]. Moreover, fucoglucoronnomannan lyases were first shown to cleave linkages
between mannose and glucuronic acids in a lyase manner by Takayama et al. in 2002 [197] and Sakai et al.
in 2003 [198]. Later, they were analyzed on different fucoidan substrates by Cao et al. in 2018 [9]
and suggested to cleave α-(1→4) linkages. They include the endo-fucoglucuronomannan lyases FdlA
(GenBank accession number: AAO00510.1) and FdlB (GenBank accession number: AAO00511.1) [9].

In contrast, not many sequences of sulfatases acting on fucoidans have yet been found [199],
as fucoidan sulfatases or sulfoesterases have not yet been well explored. Scarce studies have involved
their putative mechanisms in the investigation of fucoidan sulfation pattern. They include enzymes
isolated from the marine bacterium Wenyingzhuangia fucanilytica named SWF1 (GenBank accession
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number: WP_068825883.1) and SWF4 (GenBank accession number: WP_068828765.1) belonging to the
family of formylglycine-dependent enzymes (SulfAtlas), i.e., exo-2O- and -3O-fucoidan sulfatase) [190]
and Pecten maximus, i.e., 2O- fucoidan sulfatase [137].

Marine bacteria and mollusks have been reported to be the major sources of fucoidanases [9].
Among frequently used fucoidanases is FcnA (GenBank accession number: CAI47003.1) and its
C-terminal truncated version named FcnA2. FcnA was produced by recombinant DNA technology via
cloning its encoding gene from the marine bacterium Mariniflexile fucanivorans SW5T. FcnA2 showed
endo α-(1→4) cleavage activity on Pelvetia canaliculate fucoidan [200]. Hence, the recent production of
modified stabilized fucoidanases, i.e., FcnA2, via C-terminal target truncation helped the enzymatic
production of more defined fucoidan fractions from different fucoidans [9]. In addition, Fda1 (GenBank
accession number: AAO00508.1) and Fda2 (GenBank accession number: AAO00509.1) produced
by Alteromonas sp. SN-1009 were α-(1→3)-specific, catalyzing the cleavage of the fucoidan isolated
from Kjellmaniella crassifolia or Saccharina sculpera [197]. Moreover, the marine bacterium Formosa algae
(KMM 3553T) produced FFA1 (GenBank accession number: WP_057784217.1) and FFA2 (GenBank
accession number: WP_057784219.1). They demonstrated endo α-(1→4) cleavage activity on fucoidan
isolated from F. evanescens [161]. FcnA, Fda1, Fda2, FFA1, and FFA2 all belong to the glycoside
hydrolase family GH107 in CAZy [16,196,201]. Recently, a novel endo-fucoidanse was characterized
and recognized as the first member of the GH168 family in CAZy. It was isolated from the marine
bacterium W. fucanilytica CZ1127T and encoded by the gene funA. Heterologous expression of the gene
resulted in the production of FunA that specifically cleaved the α-(1→3) glycosidic linkage between
the 2-O-sulfated and nonsulfated fucose residues of the sea cucumber Isostichopus badionotus sulfated
fucan [202].

In the last few years, several sulfated fucan hydrolases were isolated. However, most studies
were aimed at characterizing enzyme specificity and decreasing the molecular weight of fucoidans
for modification of their activities and easy handling, whereas only few studies produced fragments
which were structurally defined by spectrometric analysis. Examples include fucoidanases isolated
from Luteolibacter Algae H18 and Flavibacterium sp. F-31 catalyzing the hydrolysis of C. okamuranus
fucoidans [194,203,204], the gut contents of the sea cucumber Sticopus japonicus (Strain, SI-1234)
catalyzing C. okamuranus and A. nodosum fucoidans [198], Sphingomona spaucimobilis PF-1 (FNase S)
catalyzing U. pinnatifida fucoidans [130], Alteromonadaceae (Strain SN-1009) catalyzing Kjellmaniella
crassifolia fucoidans [205], Dendryphiellaarenaria TM94 catalyzing F. vesiculosus fucoidans [206],
and Pseudoalteromonas citrea KMM 3296 and Littorina kurila catalyzing F. evanescens fucoidans [207].
In addition, a novel α-l-fucosidase was isolated from the marine bacterium Wenyingzhuangia
fucanilytica CZ1127T that acts on the α-(1→4)-fucosidic linkage of Thelenotaananas (wild sea cucumber)
fucoidans [208]. Table 1 summarizes the previously characterized fucoidanases and fucoidan sulfatases
that produced well-defined fucoidan fragments.
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7. Conclusions and Future Perspectives

Fucoidans are multifunctional macromolecules, in which several structural motifs participate in
and affect their wide spectrum of applications. Therefore, numerous characteristics should be assigned
(e.g., sulfation pattern and content, monomeric composition, degree of purity, molecular weight
distribution, and glycosidic linkage) before their further applications, especially as there are several
marketed fucoidan products. Hence, single analytical methods are not able to answer all the questions
regarding the various fucoidan features. It is also beneficial if the fucoidan characteristics can be related
to the required activities. This may help researchers to understand and reveal some of fucoidan’s secrets.
Somewhat old techniques are still applied; however, recently, other novel techniques were developed
to more easily obtain and confirm results. These include advanced spectrometric (i.e., NMR and MS)
and chromatographic coupled to spectrometric (GC/MS) methods. Moreover, fucoidan-degrading
enzymes play a potential role prior to further analyses with advanced spectrometric methods, and they
possess several advantages compared with chemical modification methods.

Therefore, the outlook in the field of fucoidan characterization and structural elucidation should
focus on the metagenomic analysis of genes encoding such enzymes, where their overexpression and
characterization may be a more effective tool in combination with spectrometric techniques. This will
enable an understanding of the fucoidan mechanism of action and its exact interaction with different
human targets.
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and antitumour activity of fucoidan isolated from sporophyll of Korean brown seaweed Undaria pinnatifida.
Carbohydr. Polym. 2010, 81, 41–48. [CrossRef]

160. Bilan, M.I.; Shashkov, A.S.; Usov, A.I. Structure of a sulfated xylofucan from the brown alga Punctaria
plantaginea. Carbohydr. Res. 2014, 393, 1–8. [CrossRef]

161. Silchenko, A.S.; Rasin, A.B.; Kusaykin, M.I.; Malyarenko, O.S.; Shevchenko, N.M.; Zueva, A.O.;
Kalinovsky, A.I.; Zvyagintseva, T.N.; Ermakova, S.P. Modification of Native Fucoidan from Fucus Evanescens
by Recombinant Fucoidanase from Marine Bacteria Formosa Algae. Carbohydr. Polym. 2018, 193, 189–195.
[CrossRef]

162. Bilan, M.I.; Grachev, A.A.; Ustuzhanina, N.E.; Shashkov, A.S.; Nifantiev, N.E.; Usov, A.I. A highly regular
fraction of a fucoidan from the brown seaweed Fucus distichus L. Carbohydr. Res. 2004, 339, 511–517.
[CrossRef]

163. Rasin, A.B.; Silchenko, A.S.; Kusaykin, M.I.; Malyarenko, O.S.; Zueva, A.O.; Kalinovsky, A.I.; Airong, J.;
Surits, V.V.; Ermakova, S.P. Enzymatic transformation and anti-tumor activity of Sargassum horneri fucoidan.
Carbohydr. Polym. 2020, 246, 116635. [CrossRef]

164. Bezerra, F.; Pomin, V. Structural mechanisms involved in mild-acid hydrolysis of a defined
tetrasaccharide-repeating sulfate fucan. In Enzymatic Technologies for Marine Polysaccharides, 1st ed.;
Trincone, A., Ed.; Taylor & Francis Group: Boca Raton, FL, USA, 2019; pp. 111–128. [CrossRef]

165. Palanisamy, S.; Vinosha, M.; Marudhupandi, T.; Rajasekar, P.; Prabhu, N.M. Isolation of fucoidan from
Sargassum polycystum brown algae: Structural characterization, in vitro antioxidant and anticancer activity.
Int. J. Biol. Macromol. 2017, 102, 405–412. [CrossRef] [PubMed]

166. Bilan, M.I.; Grachev, A.A.; Ustuzhanina, N.E.; Shashkov, A.S.; Nifantiev, N.E.; Usov, A.I. Structure of a
fucoidan from the brown seaweed Fucus evanescens C.Ag. Carbohydr. Res. 2002, 337, 719–730. [CrossRef]

167. Bilan, M.I.; Grachev, A.A.; Shashkov, A.S.; Nifantiev, N.E.; Usov, A.I. Structure of a fucoidan from the brown
seaweed Fucus serratus L. Carbohydr. Res. 2006, 341, 238–245. [CrossRef] [PubMed]

168. Vishchuk, O.S.; Ermakova, S.P.; Zvyagintseva, T.N. Sulfated polysaccharides from brown seaweeds Saccharina
japonica and Undaria pinnatifida: Isolation, structural characteristics, and antitumor activity. Carbohydr. Res.
2011, 346, 2769–2776. [CrossRef] [PubMed]

169. Badrinathan, S.; Shiju, T.M.; Sharon Christa, A.S.; Arya, R.; Pragasam, V. Purification and structural
characterization of sulfated polysaccharide from Sargassum myriocystum and its efficacy in scavenging free
radicals. Indian J. Pharm. Sci. 2012, 74, 549–555. [CrossRef]

170. Tako, M.; Nakada, T.; Hongou, F. Chemical characterization of fucoidan from commercially cultured
Nemacystus decipiens (Itomozuku). Biosci. Biotechnol. Biochem. 1999, 63, 1813–1815. [CrossRef] [PubMed]

171. Bandyopadhyay, S.S.; Navid, M.H.; Ghosh, T.; Schnitzler, P.; Ray, B. Structural features and in vitro antiviral
activities of sulfated polysaccharides from Sphacelaria indica. Phytochemistry 2011, 72, 276–283. [CrossRef]

172. Bilan, M.I.; Grachev, A.A.; Shashkov, A.S.; Kelly, M.; Sanderson, C.J.; Nifantiev, N.E.; Usov, A.I. Further
studies on the composition and structure of a fucoidan preparation from the brown alga Saccharina latissima.
Carbohydr. Res. 2010, 345, 2038–2047. [CrossRef]

173. Lim, S.J.; Wan Aida, W.M.; Maskat, M.Y.; Latip, J.; Badri, K.H.; Hassan, O.; Yamin, B.M. Characterisation of
fucoidan extracted from Malaysian Sargassum binderi. Food Chem. 2016, 209, 267–273. [CrossRef]

45



Mar. Drugs 2020, 18, 571

174. Cai, Y.; Yang, W.; Yin, R.; Zhou, L.; Li, Z.; Wu, M.; Zhao, J. An anticoagulant fucan sulfate with hexasaccharide
repeating units from the sea cucumber Holothuria albiventer. Carbohydr. Res. 2018, 464, 12–18. [CrossRef]

175. Yoshida, K.; Minami, Y.; Nemoto, H.; Numata, K.; Yamanaka, E. Structure of DHG, a depolymerized
glycosaminoglycan from sea cucumber, Stichopus japonicus. Tetrahedron Lett. 1992, 33, 4959–4962. [CrossRef]

176. Shang, F.; Mou, R.; Zhang, Z.; Gao, N.; Lin, L.; Li, Z.; Wu, M.; Zhao, J. Structural analysis and anticoagulant
activities of three highly regular fucan sulfates as novel intrinsic factor Xase inhibitors. Carbohydr. Polym.
2018, 195, 257–266. [CrossRef] [PubMed]

177. Thanh, T.T.; Tran, V.T.; Yuguchi, Y.; Bui, L.M.; Nguyen, T.T. Structure of fucoidan from brown seaweed
Turbinaria ornata as studied by electrospray ionization mass spectrometry (ESIMS) and small angle X-ray
scattering (SAXS) techniques. Mar. Drugs 2013, 11, 2431–2443. [CrossRef]

178. Anastyuk, S.D.; Shevchenko, N.M.; Nazarenko, E.L.; Imbs, T.I.; Gorbach, V.I.; Dmitrenok, P.S.;
Zvyagintseva, T.N. Structural analysis of a highly sulfated fucan from the brown alga Laminaria cichorioides
by tandem MALDI and ESI mass spectrometry. Carbohydr. Res. 2010, 345, 2206–2212. [CrossRef] [PubMed]

179. Anastyuk, S.D.; Shevchenko, N.M.; Gorbach, V.I. Fucoidan analysis by tandem MALDI-TOF and ESI mass
Spectrometry. Methods Mol. Biol. 2015, 1308, 299–312. [CrossRef] [PubMed]

180. Lang, Y.; Zhao, X.; Liu, L.; Yu, G. Applications of mass spectrometry to structural analysis of marine
oligosaccharides. Mar. Drugs 2014, 12, 4005–4030. [CrossRef]

181. Anastyuk, S.D.; Imbs, T.I.; Dmitrenok, P.S.; Zvyagintseva, T.N. Rapid mass spectrometric analysis of a novel
fucoidan, extracted from the brown alga Coccophora langsdorfii. Sci. World J. 2014, 2014, 972450. [CrossRef]

182. Anastyuk, S.D.; Shevchenko, N.M.; Dmitrenok, P.S.; Zvyagintseva, T.N. Structural similarities of fucoidans
from brown algae Silvetia babingtonii and Fucus evanescens, determined by tandem MALDI-TOF mass
spectrometry. Carbohydr. Res. 2012, 358, 78–81. [CrossRef]

183. Domon, B.; Costello, C.E. A systematic nomenclature for carbohydrate fragmentations in FAB-MS/MS spectra
of glycoconjugates. Glycoconj. J. 1988, 5, 397–409. [CrossRef]

184. Tissot, B.; Salpin, J.-Y.; Martinez, M.; Gaigeot, M.-P.; Daniel, R. Differentiation of the fucoidan sulfated l-fucose
isomers constituents by CE-ESIMS and molecular modeling. Carbohydr. Res. 2006, 341, 598–609. [CrossRef]

185. Shevchenko, N.M.; Anastyuk, S.D.; Menshova, R.V.; Vishchuk, O.S.; Isakov, V.I.; Zadorozhny, P.A.;
Sikorskaya, T.V.; Zvyagintseva, T.N. Further studies on structure of fucoidan from brown alga Saccharina
gurjanovae. Carbohydr. Polym. 2015, 121, 207–216. [CrossRef] [PubMed]

186. Manivasagan, P.; Oh, J. Production of a novel fucoidanase for the green synthesis of gold nanoparticles by
Streptomyces sp. and its cytotoxic effect on HeLa cells. Mar. Drugs 2015, 13, 6818–6837. [CrossRef]

187. Schultz-Johansen, M.; Cueff, M.; Hardouin, K.; Jam, M.; Larocque, R.; Glaring, M.A.; Hervé, C.; Czjzek, M.;
Stougaard, P. Discovery and screening of novel metagenome-derived GH107 enzymes targeting sulfated
fucans from brown algae. FEBS J. 2018, 285, 4281–4295. [CrossRef] [PubMed]

188. Kitamura, K.; Matsuo, M.; Tsuneo, Y. Enzymic degradation of fucoidan by fucoidanase from the
Hepatopancreas of Patinopecten yessoensis. Biosci. Biotechnol. Biochem. 1992, 56, 490–494. [CrossRef]
[PubMed]

189. Silchenko, A.S.; Kusaykin, M.I.; Zakharenko, A.M.; Menshova, R.V.; Khanh, H.H.N.; Dmitrenok, P.S.;
Isakov, V.V.; Zvyagintseva, T.N. Endo-1,4-fucoidanase from Vietnamese marine mollusk Lambis sp. which
producing sulphated fucooligosaccharides. J. Mol. Catal. B Enzym. 2014, 102, 154–160. [CrossRef]

190. Silchenko, A.S.; Rasin, A.B.; Zueva, A.O.; Kusaykin, M.I.; Zvyagintseva, T.N.; Kalinovsky, A.I.; Kurilenko, V.V.;
Ermakova, S.P. Fucoidan Sulfatases from Marine Bacterium Wenyingzhuangia fucanilytica CZ1127(T).
Biomolecules 2018, 8, 98. [CrossRef]

191. Usoltseva, R.V.; Anastyuk, S.D.; Shevchenko, N.M.; Surits, V.V.; Silchenko, A.S.; Isakov, V.V.;
Zvyagintseva, T.N.; Thinh, P.D.; Ermakova, S.P. Polysaccharides from brown algae Sargassum duplicatum:
The structure and anticancer activity in vitro. Carbohydr. Polym. 2017, 175, 547–556. [CrossRef] [PubMed]

192. Jo, B.W.; Choi, S.-K. Degradation of fucoidans from Sargassum fulvellum and their biological activities.
Carbohydr. Polym. 2014, 111, 822–829. [CrossRef]

193. Kusaykin, M.; Bakunina, I.; Sova, V.; Ermakova, S.; Kuznetsova, T.; Besednova, N.; Zaporozhets, T.;
Zvyagintseva, T. Structure, biological activity, and enzymatic transformation of fucoidans from the brown
seaweeds. Biotechnol. J. 2008, 3, 904–915. [CrossRef]

194. Ohshiro, T.; Ohmoto, Y.; Ono, Y.; Ohkita, R.; Miki, Y.; Kawamoto, H.; Izumi, Y. Isolation and characterization
of a novel fucoidan-degrading microorganism. Biosci. Biotechnol. Biochem. 2010, 74, 1729–1732. [CrossRef]

46



Mar. Drugs 2020, 18, 571

195. Kusaykin, M.I.; Silchenko, A.S.; Zakharenko, A.M.; Zvyagintseva, T.N. Fucoidanases. Glycobiology 2015, 26,
3–12. [CrossRef] [PubMed]

196. Silchenko, A.S.; Ustyuzhanina, N.E.; Kusaykin, M.I.; Krylov, V.B.; Shashkov, A.S.; Dmitrenok, A.S.;
Usoltseva, R.V.; Zueva, A.O.; Nifantiev, N.E.; Zvyagintseva, T.N. Expression and biochemical characterization
and substrate specificity of the fucoidanase from Formosa algae. Glycobiology 2017, 27, 254–263. [CrossRef]
[PubMed]

197. Takayama, M.; Koyama, N.; Sakai, T.; Kato, I. Enzymes Capable of Degrading a Sulfated-Fucose-Containing
Polysaccharide and Their Encoding Genes. U.S. Patent 6,489,155,B1, 3 December 2002.

198. Sakai, T.; Ishizuka, K.; Kato, I. Isolation and characterization of a fucoidan-degrading marine bacterium.
Mar. Biotechnol. 2003, 5, 409–416. [CrossRef] [PubMed]

199. Helbert, W. Marine Polysaccharide Sulfatases. Front. Mar. Sci. 2017, 4, 6. [CrossRef]
200. Colin, S.; Deniaud, E.; Jam, M.; Descamps, V.; Chevolot, Y.; Kervarec, N.; Yvin, J.C.; Barbeyron, T.; Michel, G.;

Kloareg, B. Cloning and biochemical characterization of the fucanase FcnA: Definition of a novel glycoside
hydrolase family specific for sulfated fucans. Glycobiology 2006, 16, 1021–1032. [CrossRef] [PubMed]

201. Lombard, V.; Golaconda Ramulu, H.; Drula, E.; Coutinho, P.M.; Henrissat, B. The carbohydrate-active
enzymes database (CAZy) in 2013. Nucleic Acids Res. 2014, 42, D490–D495. [CrossRef] [PubMed]

202. Shen, J.; Chang, Y.; Zhang, Y.; Mei, X.; Xue, C. Discovery and characterization of an endo-1,3-fucanase from
marine bacterium Wenyingzhuangia fucanilytica: A novel glycoside hydrolase family. Front. Microbiol.
2020, 11. [CrossRef]

203. Nagao, T.; Arai, Y.; Yamaoka, M.; Komatsu, F.; Yagi, H.; Suzuki, H.; Ohshiro, T. Identification and
characterization of the fucoidanase gene from Luteolibacter algae H18. J. Biosci. Bioeng. 2018, 126, 567–572.
[CrossRef]

204. Ohshiro, T.; Harada, N.; Kobayashi, Y.; Miki, Y.; Kawamoto, H. Microbial fucoidan degradation by
Luteolibacter algae H18 with deacetylation. Biosci. Biotechnol. Biochem. 2012, 76, 620–623. [CrossRef]

205. Sakai, T.; Kawai, T.; Kato, I. Isolation and characterization of a fucoidan-degrading marine bacterial strain
and its fucoidanase. Mar. Biotechnol. 2004, 6, 335–346. [CrossRef]

206. Wu, Q.; Zhang, M.; Wu, K.; Liu, B.; Cai, J.; Pan, R. Purification and characteristics of fucoidanase obtained
from Dendryphiella arenaria TM94. J. Appl. Phycol. 2011, 23, 197–203. [CrossRef]

207. Kusaykin, M.I.; Chizhov, A.O.; Grachev, A.A.; Alekseeva, S.A.; Bakunina, I.Y.; Nedashkovskaya, O.I.;
Sova, V.V.; Zvyagintseva, T.N. A Comparative Study of Specificity of Fucoidanases from Marine Microorganisms
and Invertebrates; Springer: Dordrecht, The Netherlands, 2007; pp. 143–147.

208. Dong, S.; Chang, Y.; Shen, J.; Xue, C.; Chen, F. Purification, expression and characterization of a novel
α-l-fucosidase from a marine bacteria Wenyingzhuangia fucanilytica. Protein Expr. Purif. 2017, 129, 9–17.
[CrossRef] [PubMed]

209. Barbeyron, T.; L’Haridon, S.; Michel, G.; Czjzek, M. Mariniflexile fucanivorans sp. nov., a marine member of
the Flavobacteriaceae that degrades sulphated fucans from brown algae. Int. J. Syst. Evol. Microbiol. 2008, 58,
2107–2113. [CrossRef] [PubMed]

210. Sakai, T.; Kimura, H.; Kojima, K.; Shimanaka, K.; Ikai, K.; Kato, I. Marine bacterial sulfated
fucoglucuronomannan (SFGM) lyase digests brown algal SFGM into trisaccharides. Mar. Biotechnol.
2003, 5, 70–78. [CrossRef] [PubMed]

211. Bakunina, I.Y.; Nedashkovskaya, O.I.; Alekseeva, S.A.; Ivanova, E.P.; Romanenko, L.A.; Gorshkova, N.M.;
Isakov, V.V.; Zvyagintseva, T.N.; Mikhailov, V.V. Degradation of fucoidan by the marine proteobacterium
Pseudoalteromonas citrea. Microbiology 2002, 71, 41–47. [CrossRef]

212. Bilan, M.I.; Kusaykin, M.I.; Grachev, A.A.; Tsvetkova, E.A.; Zvyagintseva, T.N.; Nifantiev, N.E.; Usov, A.I.
Effect of enzyme preparation from the marine mollusk Littorina kurila on fucoidan from the brown alga
Fucus distichus. Biochemistry 2005, 70, 1321. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

47





marine drugs 

Article

Evaluation of a Brown Seaweed Extract from
Dictyosiphon foeniculaceus as a Potential Therapeutic
Agent for the Treatment of Glioblastoma and
Uveal Melanoma

Philipp Dörschmann 1,*, Christina Schmitt 2, Kaya Saskia Bittkau 3, Sandesh Neupane 3,

Michael Synowitz 4, Johann Roider 1, Susanne Alban 3, Janka Held-Feindt 4 and Alexa Klettner 1

1 Department of Ophthalmology, University Medical Center Schleswig-Holstein UKSH, Campus Kiel,
D-24105 Kiel, Germany; johann.roider@uksh.de (J.R.); alexakarina.klettner@uksh.de (A.K.)

2 Institute of Anatomy, Kiel University, D-24118 Kiel, Germany
3 Pharmaceutical Institute, Kiel University, D-24118 Kiel, Germany; kbittkau@pharmazie.uni-kiel.de (K.S.B.);

sneupane@pharmazie.uni-kiel.de (S.N.); salban@pharmazie.uni-kiel.de (S.A.)
4 Department of Neurosurgery, University Medical Center Schleswig-Holstein UKSH, Campus Kiel,

D-24105 Kiel, Germany; michael.synowitz@uksh.de (M.S.); janka.held-feindt@uksh.de (J.H.-F.)
* Correspondence: philipp.doerschmann@uksh.de; Tel.: +49-431-5001-3712

Received: 14 September 2020; Accepted: 3 December 2020; Published: 8 December 2020

Abstract: Ingredients of brown seaweed like fucoidans are often described for their beneficial
biological effects, that might be interesting for a medical application. In this study, we tested
an extract from Dictyosiphon foeniculaceus (DF) to evaluate the effects in glioblastoma and
uveal melanoma, looking for a possible anti-cancer treatment. We investigated toxicity, VEGF
(vascular endothelial growth factor) secretion and gene expression of tumor and non-tumor cells.
SVGA (human fetal astrocytes), the human RPE (retinal pigment epithelium) cell line ARPE-19,
the tumor cell line OMM-1 (human uveal melanoma), and two different human primary glioblastoma
cultures (116-14 and 118-14) were used. Tests for cell viability were conducted with MTS-Assay
(3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium), and the
proliferation rate was determined with cell counting. VEGF secretion was assessed with ELISA
(enzyme-linked immunosorbent assay). The gene expression of VEGF receptor 1 (VEGFR1), VEGF
receptor 2 (VEGFR2) and VEGF-A was determined with real-time qPCR (quantitative polymerase
chain reaction). DF lowered the cell viability of OMM-1. Proliferation rates of ARPE-19 and OMM-1
were decreased. The VEGF secretion was inhibited in ARPE-19 and OMM-1, whereas it was increased
in SVGA and 116-14. The expression of VEGFR1 was absent and not influenced in OMM-1 and
ARPE-19. VEGFR2 expression was lowered in 116-14 after 24 h, whereas VEGF-A was increased in
118-14 after 72 h. The extract lowered cell viability slightly and was anti-proliferative depending on
the cell type investigated. VEGF was heterogeneously affected. The results in glioblastoma were not
promising, but the anti-tumor properties in OMM-1 could make them interesting for further research
concerning cancer diseases in the human eye.

Keywords: fucoidan; cancer; VEGF; gene expression; toxicity; Dictyosiphon foeniculaceus; retinal
pigment epithelium; glioblastoma; astrocytes; uveal melanoma

1. Introduction

Tumor diseases and malignant cancer is a huge challenge and an active research field in medical
treatment developments. Cancer is one of the deadliest diseases in industrial nations and a wide
variety of cancer types exist. One of these cancer types is glioblastoma multiforme (GBM), one of
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the most dangerous and most aggressive tumor diseases, which accounts for more than 15% of all
intracranial tumors and has a median survival time of 7–15 months from the time of diagnosis [1].
The probability of developing this tumor increases with age. Symptoms of the disease are nausea,
vomiting, seizures and severe headaches. The incidence rate is ranges up to 3.69 per 100,000 persons [2].
Standard treatment options include surgery, radiation, and chemotherapy with temozolomide [3].
However, there are still no curative treatment concepts available. Rapid growth and early migration of
the tumor cells are responsible for its poor prognosis [4]. The main intraocular cancer type is uveal
melanoma (UM) with an incidence of 5.1 per million per year [5]. It generates from melanocytes
located in the uvea, most commonly from the choroid. The main problem of this cancer is the potential
to metastasize and spreading into the liver which leads often to death [6]. Common harsh therapies
like surgery often result in vision loss in the affected eye, while no effective treatment for metastatic
tumors are available [7].

The potential of natural marine substances is widely known for the beneficial uses for human
health. The regular consummation of algae has been described to be correlated with a longer and
healthier life, which is also described for the Okinawa diet [8]. Several marine plants like brown
algae, vertebrates like fish and invertebrates contain different agents which are beneficial for the
human health [8]. Especially the potential of brown algae extracts, which contain positive ingredients
like polyphenols, alginates and sulfated fucans (fucoidans) is often described in the literature [8–11].
Among these positive effects are anti-oxidative, anti-inflammatory, anti-tumor and anti-angiogenic
properties [12–15], making it highly interesting for cancer and skin therapies [16,17]. Fucoidans have
also been described by our group for their anti-oxidative, VEGF (vascular endothelial growth factor)
lowering and binding effects [18–21]. In general they do not lower cell viability as tested in different
cell types like ARPE-19 (human retinal pigment epithelium), HL-60 (acute myeloid leukemia),
Raji (Burkitt lymphoma), HeLa (cervix carcinoma), A-375 (skin melanoma), HCT-116 (colon carcinoma),
Hep G2 (hepatocellular carcinoma) and HaCaT (keratinocytes) after 24 h of treatment [22]. However,
in the uveal melanoma cell line OMM-1, certain brown algae extracts above certain concentrations
decreased the cell viability [19,22]. Such extracts may be of interest in tumor diseases, such as uveal
melanoma or glioblastoma.

Among fucoidan containing extracts from six different brown algae species, that from
Dictyosiphon foeniculaceus (DF) showed the most pronounced anti-proliferative effects in tumor cell
lines OMM-1 after 24 h and in HeLa after 24 and 72 h of treatment [22]. DF, also known as tubular net
weed or golden sea hair, belongs to the order of Ectocarpales and is a highly branched brown seaweed
species that grows on rocks, other algae, or is free-floating in North Atlantic and Northwest Pacific [23].
Literature on fucose containing sulfated polysaccharides from DF is so far limited to the mentioned
DF extract [24,25]. Chemical characterization of the DF extract revealed that the applied fucoidan
extraction and purification procedure did not result in fucoidans as known for many other brown algae,
but a complex mixture of fucose containing polysaccharides and proteoglycans, respectively, with a
relatively low sulfate content [24]. Typical fucoidan activities including antioxidant, elastase inhibiting,
anticomplement, and anticoagulant effects turned out to be weaker than those of other fucoidans [24],
but contrary to other fucoidans, the DF extract reduced the cell viability of two tumor cell lines [22].

In this work we tested an extract from DF in therapeutically relevant concentration range in
terms of cell viability, proliferation, regulation of VEGF secretion and gene expression of VEGF-A,
FLT-1/VEGFR1 (fms related receptor tyrosine kinase 1/VEGF receptor 1) and KDR/VEGFR2 (kinase
insert domain receptor/VEGF receptor 2) after short- and mid-term time period stimulation of the tumor
cell line OMM-1 and the human primary glioblastoma cultures 116-14 and 118-14. As a comparison,
we used the healthy cells of ARPE-19 and human astrocytes SVGA. This study is well-equipped
for investigation of the currently unknown effects of DF extract on tumor relevant properties like
angiogenesis, cell viability and proliferation and to make a comparison between two non-tumor and
three tumor cell lines as well as between two ocular and three brain cell cultures.
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2. Results

2.1. Chemical Characterization of the Extract

The extraction and purification of DF was performed by a procedure usually resulting in relatively
pure fucoidans. The chemical analysis of the DF extract (Table 1) conducted by Bittkau et al., 2020 and
Neupane et al., 2020 [24,25] revealed that the DF extract strongly differs from the fucoidans obtained
from five other brown algae species and cannot be considered as typical fucoidan. Compared to other
five extracts, its sulfate content (8.8% vs. 12.3–28.8%), which resulted in a calculated apparent degree of
sulfation of only 0.1, and its fucose content (38.7% vs. 40.6–96.1%) were the lowest, whereas its protein
content (24.1% vs. 1.9–15.3%) was the highest (Table 1). Also the contents of other monosaccharides
were considerably higher than those of the other five fucoidans, namely 32.0% xylose, 16.2% galactose
and 5.6% mannose. The average molecular weight of the DF extract was 194 kDa (vs. 188–1340 kDa)
with a quite high polydispersity of 3.9, its contents of glucose (5.0%) and uronic acids amounted to 98%
and its content of phenolic compounds was 2.2–4.5 times lower than that of the three Fucus fucoidans.
According to analysis by size exclusion chromatography with multiple detection, the main fraction
of the DF extract had a compact spherical conformation, whereas typical fucoidans exist as random
coil with expanded structure. This conformation is in line with the high protein content and suggests
polysaccharides tightly associated with protein (glycoproteins, proteoglycans) [25]. Especially due
these pronounced structural differences of the DF extract, it was of interest to investigate its effects on
VEGF secretion, gene expression as well as cell viability and proliferation of tumor cells.

Table 1. Chemical characterization of extract from Dictyosiphon feoniculaceus 1.

Characteristics Value

Molecular mass 193 ± 0.8 kDa
Sulfate content 2 8.8%
Fucose content 38.7%

Uronic acid 9.8 ± 0.6%
Total phenolic content 11.0 ± 3.2 μg GAE/mg 3

Protein content 24.1%
1 data from Bittkau et al., 2020 and Neupane et al., 2020 [24,25]; 2 apparent degree of sulfation amounts to only 0.1;
3 μg GAE/mg = gallic acid equivalents/mg.

2.2. Cell Viability Assay

Cell viability of the five different cell types was assessed with the commercially available MTS
(3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H- tetrazolium) assay by
Promega Corporation. Cells were treated for 24 and 72 h. Cell viability of SVGA, 116-14 and 118-14 was
unaffected (Figure 1) except for 118-14; here 100 μg/mL DF slightly lowered the viability to 93% ± 4%
after 24 h of treatment (p < 0.05). ARPE-19 viability was decreased after the application of 100 μg/mL
of the DF extract for 24 h to 94% ± 3% (p < 0.001). The DF extract showed slight anti-proliferative
effects in the OMM-1 cell line. In detail, 10 μg/mL DF lowered the viability of OMM-1 cells to 91% ± 6%
(p < 0.05), and 100 μg/mL DF lowered it to 73% ± 9% (p < 0.001) after 24 h. Contrary, 10 μg/mL DF
reduced OMM-1 cell viability to 91% ± 6% (p < 0.01), and 100 μg/mL DF reduced it to 93% ± 5%
(p < 0.05) after 72 h.
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Figure 1. Cell viability of five different cell cultures was investigated, namely the human
RPE (retinal pigment epithelium) cell line (ARPE-19), human, uveal melanoma cell line OMM-1,
human fetal astrocytes SVGA and human glioblastoma cells 116-14 and 118-14. MTS-Assay
(3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) was
performed after treatment with 10 or 100 μg/mL DF (Dictyosiphon foeniculaceus) extract for 24 (a)
or 72 h (b). The mean values and standard deviation were calculated in relation to the untreated control
(set to 100%, not shown). Significance tests were performed with One-Way ANOVA with multiple
comparison test; * p < 0.05, ** p < 0.01, *** p < 0.001 compared to control group (n ≥ 4; number of
independent experiments).

2.3. Cell Proliferation Test

The influence of the DF extract on cell proliferation was determined with cell counting after
trypan blue staining. The diagrams represent the relative cell number in percent to the untreated
control (Figure 2). The cell numbers of ARPE-19, SVGA and 116-14 were not significantly influenced.
After 24 h of treatment, the cell number of 118-14 was reduced to 77 ± 10% (10 μg/mL DF) (p < 0.05).
An application of 100 μg/mL DF lowered the cell number of OMM-1 to 21 ± 10% (p < 0.05) after
24 h and to 9 ± 7% (p < 0.05) after 72 h of stimulation. These lowered proliferation rates of OMM-1
correspond to the lowered cell viabilities as described in Section 2.2.

Figure 2. Cell proliferation of ARPE-19, SVGA, OMM-1, 116-14 and 118-14 was investigated by cell
counting with trypan blue staining after treatment with 10 or 100 μg/mL DF extract for 24 (a) and 72 h
(b), respectively. The mean values and standard deviation represent the mean of the cell number in
relation to an untreated control in percent (set to 100%, not shown). Significance tests were performed
with One-Way ANOVA with multiple comparison test; * p < 0.05, compared to untreated control group
(n ≥ 4).

2.4. VEGF Secretion

The secreted VEGF amounts of ARPE-19, SVGA, OMM-1, 116-14 and 118-14 were determined
with ELISA (enzyme-linked immunosorbent assay). The individual VEGF amount in pg/mL was set
in relation to the corresponding cell viability in % (cell viability assay performed, data not shown),
compared to controls, to exclude the dependency of the measured VEGF secretion on the cell viability
and number. The normalized, relative VEGF amounts compared to untreated controls are depicted in
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Figure 3. After 10 μg/mL DF application, SVGA cells responded with a high increase of VEGF secretion
up to 3.7 [a.u.] ± 1.8 [a.u.] (arbitrary units) (p < 0.05). Additional effects could be determined after
100 μg/mL DF treatment: The secreted VEGF amount of 116-14 was increased to 2.2 [a.u.] ± 0.3 [a.u.]
(p < 0.05), whereas VEGF of ARPE-19 and OMM-1 was decreased to 0.7 [a.u.] ± 0.3 [a.u.] (p < 0.05) and
0.8 [a.u.] ± 0.0 [a.u.] (p < 0.05), respectively. Thus, it seems that DF extracts can promote pro-angiogenic
effects in brain cells and small anti-angiogenic effects in ocular cells.

Figure 3. VEGF (vascular endothelial growth factor) secretion of ARPE-19, SVGA, OMM-1, 116-14 and
118-14 was assessed with ELISA (enzyme-linked immunosorbent assay) after treatment with 10 or
100 μg/mL DF extract for three days. The secreted individual VEGF amount in pg/mL was set in
relation to the corresponding cell viability, which was determined in parallel. The mean values and
standard deviation represent the mean of this calculated relative VEGF amount. Significance tests were
performed with One-Way ANOVA with multiple comparison test; */+ p < 0.05, compared to untreated
control group (n ≥ 4).

2.5. Gene Expression

The effects of 10 and 100 μg/mL DF extract on the gene expression of VEGFR1, VEGFR2 and
VEGF-A were determined with qPCR (quantitative polymerase chain reaction) after 24 and 72 h.
The diagrams in Figures 4–6 depict the potentiated ΔΔCT values, which are determined in relation to
the corresponding untreated controls, respectively (control = 1). Expression of VEGFR1 could not be
determined in ARPE-19 or OMM-1. In addition, the DF extract had no significant influence on the
VEGFR1 expression of SVGA, 116-14 and 118-14.

Figure 4. Relative gene expression of VEGFR1 (VEGF receptor 1) was determined with qPCR
(quantitative polymerase chain reaction) after 24 (a) and 72 h (b) of treatment with 10 or 100 μg/mL
DF extract. The potentiated ΔΔCT values are determined in relation to the corresponding untreated
controls, respectively (control = 1). Significance tests were performed with One-Way ANOVA with
multiple comparison test, compared to the untreated control group (n ≥ 4).

VEGFR2 was expressed in all five cell cultures. There were no significant effects of the DF extract
on the gene expression of VEGFR2 after 24 and 72 h of treatment, respectively, with one exception:
the application of 100 μg/mL of the DF extract lowered the relative VEGFR2 expression in 116-14 to

53



Mar. Drugs 2020, 18, 625

0.66 [a.u.] ± 0.07 [a.u.] after 24 h. Although a statistical significance of this effect was determined,
the biological relevance of this very small reduction of VEGFR2 in 116-14 must be considered critically.

Figure 5. Relative gene expression of VEGFR2 (VEGF receptor 2) was determined with qPCR after 24
(a) and 72 h (b) of treatment with 10 and 100 μg/mL of the DF extract. The potentiated ΔΔCT values
are determined in relation to the individual untreated controls, respectively (control = 1). Significance
tests were performed with One-Way ANOVA with multiple comparison test; ** p < 0.01, compared to
untreated control group (n ≥ 4).

VEGF-A was expressed in all five cell types. Only 100 μg/mL DF increased the relative VEGF-A
expression in 118-14 to 1.66 [a.u.] ± 0.13 [a.u.]. Despite the statistical significance of this effect, the very
small increase of VEGF-A expression in 118-14 has to be considered to be of little biological relevance.

Figure 6. Relative gene expression of VEGF-A was determined with qPCR after 24 (a) and 72 h (b) of
treatment with 10 or 100 μg/mL DF extract. The potentiated ΔΔCT values are determined in relation to
the individual untreated controls, respectively (control = 1). Significance tests were performed with
One-Way ANOVA with multiple comparison test; ++ p < 0.01, compared to untreated control group
(n ≥ 4).

3. Discussion

The DF extract investigated in this study strongly differs from other brown algae extracts usually
consisting of fucose-rich sulfated polysaccharides. The main aim of this study was to evaluate potential
anti-tumor effects of the DF extract on uveal melanoma and glioblastoma cell lines. For this purpose,
we tested the effects of 10 and 100 μg/mL DF extract on the non-tumor cell lines ARPE-19 and SVGA as
well as on the tumor cell line OMM-1, and the primary tumor cells 116-14 and 118-14. A first indication
of anti-tumor effects of DF was described by Bittkau, Dörschmann et al., 2019. Here, 100 μg/mL DF
extract reduced the cell viability of OMM-1 to nearly 75% after 24 h of treatment [22]. Futhermore,
the cell viability of the cervical cancer cell line HeLa was reduced to 61–69% after 24 h, and to 70%
after 72 h [22]. This corresponds to the data of this work where the OMM-1 viability was also reduced
to 73% after 24 h, whereas the viability regenerated after 72 h to over 90%. Although DF lowered
the viability of 118-14, this effect was quite small. The data of the viability assay also corresponds
partially to the proliferation rate in case of OMM-1. In contrast to viability, ARPE-19 proliferation was
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not significantly inhibited and the cell number of 118-14 was reduced with a different concentration
than in the cell viability assay. However, the small effects on the viability of 118-14 seem to be of
little biological relevance. Regarding the effects on the gene expression of VEGF-A and its receptors,
VEGFR1 and VEGFR2, only slightly increased or reduced expression levels could be detected. In detail,
for VEGFR1 no significant effect was seen in the brain cells and for ARPE-19 and OMM-1 no expression
of VEGFR1 was determined, which is in contrast to the literature for ARPE-19 [26] and could depend
on the passage number or mutation level of these cells. An only very slight decrease of VEGFR2
expression was detected for 116-14 and a very small increase for VEGF-A was determined for 118-14.
Since VEGF-A is well known to promote tumor progression [27], even a small effect is not desirable as
an anticancer effect. However, an influence of fucoidans on the gene expression level is shown for
commercially available fucoidan from Undaria pinnatifida (Marinova), which is able to change the gene
expression of cancer-related and cell surface signaling-related pathways [28]. But this alga is from
another brown algae order and was used in a clinical study with human blood serum, which could
explain the differences. Nevertheless, the DF extract used in our study did not influence the expression
of VEGF-A, VEGFR1 and VEGFR2 in our experimental setting.

So far, there are no further data or studies about cellular effects of extracts from the brown algae
DF. However, a few other species of the order of Ectocarpales are described to contain fucoidans.
Among these, fucoidans from Cladosiphon okamuranus were shown to exhibit anti-tumor effects after
oral administration in a colon cancer mouse model by slowing down tumor growth and increasing
the survival time depending on the molecular weight of the fucoidan [29]. This effect is suspected to
correlate with an activation of the colon-associated immune cells [29].

In contrast, there are numerous reports on various anti-tumor effects of fucoidans from brown algae
belonging to the orders of Laminariales and Fucales. For example, fucoidans from Fucus vesiculosus
and Laminaria japonica, which are also commercially available, are often described to exhibit anti-tumor
activities [30–37]. We previously found that any potential anti-tumor effects depended on the fucoidan
source and the specific extract, respectively [18,19]. Middle- and low-molecular weight fucoidans from
Laminaria hyperborea lowered the cell viability of OMM-1 cells [19], whereas enzymatically treated
extracts from Laminaria digitata, Fucus distichus subsp. evanescens as well as various extracts from
Saccharina latissima with different fucose content and degree of sulfation did not exhibit any anti-tumor
effects on OMM-1 [20]. Dithmer et al., 2017 tested the effects of Fucus vesiculosus fucoidan from
Sigma Aldrich on five different uveal melanoma cell types and on the one hand, this fucoidan had an
anti-proliferative effect on the primary uveal melanoma cells Mel270, but not on the OMM-1 cells [38].
On the other hand, it decreased only the VEGF secretion by OMM-1 cells after three-day stimulation
with the fucoidan [38]. The latter effect is consistent with the present results showing that DF extract
reduced the VEGF secretion also by about 20%. However, in contrast to the Fucus vesiculosus fucoidan,
the DF extract additionally had an antiproliferative effect on the OMM-1 cells. Thus, the two test
compounds differed in their activities, which is probably due to their considerably different structural
composition. Compared to the fucoidan, the DF extract has a more than two-fold lower sulfate and
fucose content, but is characterized by 24.1% proteins [24,39]. These proteins were shown to be tightly
associated with the glycans [25] as previously found for certain fractions of other fucoidans [40,41].
Since the DF extract displayed much weaker effects than other fucoidans in various activity assays
(i.e., elastase inhibiting, anticomplement, and anticoagulant activities) [24], it can be assumed that
its similar result in the VEGF secretion assay is mediated by molecules structurally different from
those in the Fucus vesiculosus fucoidan and possibly also by a different mechanism. Regarding
the antiproliferative activity of DF extract on OMM-1, it is known that the total phenolic content of
fucoidans correlates with both their cell viability reducing effect and antioxidant capacity [18,39,42,43].
However, the DF extract has only a low content of phenols compared to other fucoidans [25], which is
in line with its low antioxidant capacity [24]. Consequently, also its antiproliferative effect seems to be
caused by other components. Comprehensive and challenging further analyses are needed to get more
information on the structure of the glycan-protein-associates of the DF extract.
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Regarding the effects of algae-derived substances on glioblastoma cells, knowledge is still
limited. Nevertheless, studies with pheophorbide (chlorophyll breakdown product) from the red
seaweed Grateloupia elliptica showed anticancer effects in U87MG cells (a human glioma cell line)
by inducing G0/G1 cell cycle arrest, apoptosis and DNA degradation [44]. Further, nano-micro
particles loaded with microalgae from Chlorella protothecoides and Nannochloropsis oculata had
cytotoxic effects on human A-172 glioblastoma cells and HCT-116 (human colon colorectal carcinoma),
whereas HUVEC (human umbilical vein endothelial cells) were not influenced [45]. It was speculated
that microalgae contain anti-proliferative and apoptotic compounds and therefore, represent a source for
the development of potential therapeutics [45]. Liao et al., 2019 showed that oligo-fucoidan from brown
seaweed markedly suppressed the proliferation of U87MG cells and also regulated the gene expression
of several differentiation markers [46]. Interestingly, Lv et al., 2012 stated that conditioned media taken
from fucoidan-pretreated T98G glioblastoma cells inhibited endothelial cell tube formation leading
to the assumption that at least Fucus vesiculosus (Sigma Aldrich) significantly inhibits angiogenesis
induced by glioma cells. An up-regulation of sFlt-1 played an important role in this process [47]. In the
presented study, however, relevant anti-proliferative effects on glioblastoma cells were absent, and DF
extract even increased the VEGF secretion by 116-18 cells. These results might be due to the used
experimental set-up, glioblastoma cell types and/or the test compound.

In general, this study again confirms the exact effects of fucoidans and brown algae extracts,
respectively, on the reactions of tumor cell lines are highly dependent on the used cell line as well as on
the structural composition and characteristics of the tested compound [22]. Thus, each fucoidan or
brown algae extract has to be examined for each individual purpose.

Furthermore, the question of pharmaceutical applications for a possible tumor treatment is of high
relevance. The bioavailability after oral administration of fucoidan is still under investigation [48–51].
However, different studies described that fucoidans can be taken up depending on the kind of
application and the chemical characteristics. A Fucus vesiculosus fucoidan of 735 kDa in ointments
can be applied topically and penetrate the skin reaching the blood plasma [50]. The same fucoidan
was also detected in kidney, spleen and liver after oral administration of rats with long absorption
and blood circulation times [49]. Furthermore, Japanese researches detected a high molecular weight
fucoidan (3200 kDa) from Okinawa mozuku in urine after oral administration in human and rats [51].
Nevertheless, reaching clinical concentration in the desired tissue is a challenge and carrier/delivery
systems for fucoidans would be of high interest.

In this study, we examined an extract from the brown alga DF with a composition different from
that of typical fucoidans, for its potential anti-tumor effects in uveal melanoma and glioblastoma cells.
However, it had no influence on glioblastoma cells, it showed some activities in the experiments with
the uvea melanoma cell line OMM-1 by lowering the cell viability and exhibiting anti-proliferative and
anti-angiogenic effects. The absence of negative effects on healthy cells like ARPE-19 and SVGA can be
considered as beneficial, too.

Currently, there is no medicinal product approved for the treatment of uveal melanoma, the most
important tumor disease of the eye, and thus a medical need for new therapies. Although the basic
experiments with the DF extract look promising, this extract as well as fucoidans are associated with
some obstacles regarding medical applications. This includes their complex composition and the
strong requirements on the pharmaceutical quality of drug substances as well as the biopharmaceutical
properties of these negatively charged macromolecules. For the treatment of uveal melanoma intravitreal
application would also be of interest.

4. Material and Methods

4.1. Extraction and Chemical Characterization

The DF alga was harvested in May 2017 in the Baltic Sea (Kiel Fjord) and provided by Coastal
Research and Management GmbH (Kiel, Germany). Extraction and purification was performed as
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described before [40]. In short: The pulverized algal material was defatted with Soxhlet extraction
(99% v/v ethanol). The main extraction was performed with aqueous 2% CaCl2 at 85 ◦C for 2 h
(reflux condition). The supernatant was evaporated and precipitated with ethanol (final concentration
60% v/v) at 4 ◦C. Further steps involved centrifugation, dissolving in demineralized water, dialysis
and lyophilisation. The following chemical parameters of the DF extract were analyzed as previously
described [24,25]: Sulfate content and degree of sulfation, weight average molecular weight,
monosaccharide composition, contents of protein, uronic acid content, and phenolic compounds
as well as size distribution and chain conformation.

The dried extract was solved in Ampuwa bidest. (Fresenius, Schweinfurt, Germany) to a stock
concentration of 1 mg/mL. Before use in experiments, the stock solution was diluted to 100 μg/mL in
appropriate medium, sterile filtered with 0.2 μm Sarstedt filters (Nümbrecht, Germany) and further
diluted with medium to 10 μg/mL. Final medium concentrations were 10 and 100 μg/mL in each case.
The final medium volume was 1 mL per well in 12 well plates (Sections 2.3–2.5 assays) and 100 μL per
well in 96 well plates (Section 2.2), respectively.

4.2. Cell Culture and Reagents

Used cell lines were the uveal melanoma cell line OMM-1 [52], the human RPE cell line ARPE-19 [53],
the human fetal astrocyte cell line SVGA and the human glioblastoma (GBM) primary cells 116-14 and
118-14. ARPE-19 was purchased from ATCC (ATCC, Manassas, VA, USA). OMM-1 was kindly provided
by Dr. Sarah Coupland, University of Liverpool. The human fetal astrocyte cell line SVGA was kindly
provided by the group of Christine Hanssen Rinaldo, University Hospital of North Norway [54]
with the permission of W. J. Altwood [55]. RPMI 1640 (Merck, Darmstadt, Germany), which was
supplemented with 10% fetal calf serum (Linaris GmbH, Wertheim-Bettingen, Germany) and 1%
penicillin/streptomycin (Merck), was used for OMM-1. Cultivation medium for ARPE-19 was HyClone
Dulbecco’s modified Eagle’s medium (DMEM; GE Healthcare, München, Germany), with 10% fetal calf
serum, 1% penicillin/streptomycin, 2.5% HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
Merck) and 1% non-essential amino acids (Merck). Cultured human primary GBM cells were generated
by dissociation of surgically dissected tumor materials and cultured in DMEM (Life Technologies,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA or
PAN-Biotech GmbH, Aidenbach, Germany), 1% Penicillin–Streptomycin (10,000 U/mL; Thermo Fisher
Scientific, Waltham, MA, USA), and 2 mM additional L-glutamine (Thermo Fisher Scientific). Materials
were obtained in accordance with the Helsinki Declaration of 1964 and its later amendments and with
approval of the ethics committee of the University of Kiel, Germany after written informed consent
of donors (file references: D571/15 and D524/17). Tumors were diagnosed and classified according
to WHO criteria by a pathologist. All cell lines were stored at 37 ◦C and 5% CO2 in a humidified
incubator, seeded at 100,000 cells/mL and treated at 80% subconfluence. For the experiments adequate
medium without phenol red was used.

4.3. Cell Viability Assay

To measure cell viability after treatment with DF extract for 24 and 72 h, the MTS assay was
performed after seeding the cells in a 96 well plate. The commercially available CellTiter 96® AQueous
One Solution Cell Proliferation Assay from Promega Corporation (Mannheim, Germany) was used.
The assay was conducted according to the supplier’s instructions. In brief, 20 μL MTS solution was
put into each well and the plates were incubated for 1 h in the 37 ◦C incubator. Measurements were
taken at 490 nm with the Elx800 (BioTek Instruments Inc., Bad Friedrichshall, Germany).

4.4. Cell Proliferation Assay

Cells were seeded at 100,000 cells/mL in a 24-well plate. The cell number was counted before
seeding and after 24 h as well as 72 h of incubation. For the counting trypan blue solution was
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used (Merck). Cells were counted with an inverted light microscope Axiovert 100 (Carl Zeiss AG,
Oberkochen, Germany).

4.5. VEGF ELISA

Cells were seeded into 24 well plates and treated with DF for three days, followed by the collection
of the supernatant. A media exchange was conducted 24 h before supernatant collection. To determine
the secreted VEGF amount the human VEGF DuoSet ELISA from R&D Systems (Wiesbaden, Germany)
was used. The assay was performed according to the producer’s instructions. In parallel, the cell
viability of the cells was determined to set it in relation to the secreted VEGF.

4.6. Real-Time PCR

RNA was isolated with the TRIZOL reagent (Invitrogen, Carlsbad, CA, USA), digested by DNase
(Promega, Madison, WI, USA), and cDNA was synthesized using RevertAidTM H minus reverse
transcriptase, (Thermo Scientific, Schwerte, Germany). Quantitative reverse transcription real time PCR
(qRT-PCR) was performed using TaqMan primer probes (Applied Biosystems, Foster City, CA, USA)
as described before [56]: glycerinaldehyde-3-phosphate-dehydrogenase (GAPDH) (Hs99999905_m1),
VEGF-A (Hs_00173626_m1), FLT-1/VEGFR1 (Hs00176573_m1), KDR/VEGFR2 (Hs_00176676_m1).
Fluorescent data were converted into cycle threshold (CT) measurements. ΔCT values of each sample
were calculated as CTgene of interest–CTGAPDH. A ΔCT value of 3.33 corresponds to one magnitude
lower gene expression compared to GAPDH. Relative gene expression (ΔΔCT values) was calculated
with 2(normalized CT non-stimulated – normalized CT stimulated) = n-fold of control.

4.7. Statistics

Four independent experiments per test were conducted at least. Diagrams, data tables and
statistics were created with Microsoft Excel (Excel 2010, Microsoft, Redmond, WA, USA). The mean
and standard deviation were calculated and pictured in the diagrams. Significances were calculated
via One-Way ANOVA and multiple comparison tests with GraphPad PRISM 7 (GraphPad Software,
Inc., San Diego, CA, USA, 2017). p-values under 0.05 were considered significant.

5. Conclusions

In contrast to other fucoidans, an extract from the brown alga Dictyosiphon foeniculaceus (DF extract)
showed anti-proliferative effects on two tumor cell lines in a previous study. The aim of this work was,
therefore, to evaluate potential antitumor effects of the DF extract on uveal melanoma (OMM-1) and
glioblastoma cells (116-14, 118-14). For comparison, two healthy human cell lines (ARPE-19, SVGA)
were included in the study. Tests for cell viability, VEGF secretion, proliferation and gene expression
of VEGF-A, VEGFR1 and VEGFR2 were conducted after treatment with the DF extract. The extract
decreased the cell viability and the proliferation of the OMM-1 cell line after 72 h, whereas neither the
glioblastoma nor the healthy cells were affected. The gene expression of VEGFR1 was not influenced.
The VEGFR2 mRNA expression was slightly decreased after 24 h in 116-14 cells, whereas the VEGF-A
mRNA expression was increased in 118-14 cells after 72 h of stimulation. VEGF secretion by SVGA and
116-14 cells was increased after three days, but, conversely, that by ARPE-19 and OMM-1 was decreased,
which indicates a potential anti-angiogenic effect. Thus, these initial experiments suggest that DF
extract does not influence glioblastoma cells, but could exhibit anti-tumor effects on uveal melanoma.

Finally, the study with an DF extract demonstrated that not each brown alga contains
considerable amounts of typical fucoidans, but these cell wall components may be “replaced” by other
protein-associated glycans. Extracts from such algae do not exhibit activities as expected for typical
fucoidans, but may have other activities as observed in this study.
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Abstract: The liver is vulnerable to oxidative stress-induced damage, which leads to many diseases,
including alcoholic liver disease (ALD). Liver disease endanger people’s health, and the incidence
of ALD is increasing; therefore, prevention is very important. 7-phloro-eckol (7PE) is a seaweed
polyphenol, which was isolated from Ecklonia cava in a previous study. In this study, the antioxidative
stress effect of 7PE on HepG2/CYP2E1 cells was evaluated by alcohol-induced cytotoxicity, DNA
damage, and expression of related inflammation and apoptosis proteins. The results showed that 7PE
caused alcohol-induced cytotoxicity to abate, reduced the amount of reactive oxygen species (ROS)
and nitric oxide (NO), and effectively inhibited DNA damage in HepG2/CYP2E1 cells. Additionally,
the expression levels of glutathione (GSH), superoxide dismutase (SOD), B cell lymphoma 2 (Bcl-2),
and Akt increased, while γ-glutamyltransferase (GGT), Bcl-2 related x (Bax), cleaved caspase-3,
cleaved caspase-9, nuclear factor-κB (NF-κB), and JNK decreased. Finally, molecular docking proved
that 7PE could bind to BCL-2 and GSH protein. These results indicate that 7PE can alleviate the
alcohol-induced oxidative stress injury of HepG2 cells and that 7PE may have a potential application
prospect in the future development of antioxidants.

Keywords: 7-phloro-eckol; HepG2/CYP2E1 cells; oxidative stress; apoptosis

1. Introduction

The liver is the main organ of alcohol metabolism, and the adverse reaction of alcohol
metabolism will damage the liver [1]. The main cause of alcoholic liver disease (ALD) is
long-term excessive drinking. ALD symptoms, including alcohol fatty liver disease and
alcohol hepatitis, can further lead to steatohepatitis, liver fibrosis, cirrhosis, and the most
severe form of liver cancer [2]. In China, liver disease affects about 300 million people, and
the number of cases of ALD is increasing, with a major impact on the global burden of
liver disease [3]. Fat accumulation in the liver occurs in the early stages of ALD, and only
this stage can be reversed without any medical intervention; therefore, early diagnosis and
proper treatment of ALD are essential before irreversible liver damage occurs [4].

Due to the production of reactive oxygen species (ROS) during alcohol metabolism, the
liver is vulnerable to oxidative stress-induced injury [5]. Oxidative stress induced by free
radicals has been reported to play a key role in the degeneration, inflammation, apoptosis,
and necrosis of hepatocytes [6]. ROS molecules are highly active and play an important role
in cell functions but are also closely related to pathology. High levels of ROS can cause cell
death by damaging the cell structure by oxidation of nucleic acids, proteins, and lipids [7].
Nitric Oxide (NO) is also involved in a wide range of toxic oxidative reactions with ROS [8].
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Therefore, inhibiting the level of reactive oxygen species may be a way to prevent ALD.
Among them, ROS can be eliminated by antioxidant metalloenzymes, such as superoxide
dismutase (SOD) [9]. Glutathione (GSH), as an important antioxidant, can scavenge free
radicals in the body [10]. The activity of γ -glutamyltransferases (GGT) also can be used
as a marker for ALD evaluation [11,12]. Moreover, when free radicals damage the kidney,
the inflammatory reaction, which is usually the mechanism of protection and repair, will
appear and may stimulate the formation of other free radicals [13]. In addition, ROS can
act as the second messengers of intracellular signal transduction cascades and regulate
the expression of apoptotic genes through MAPK activation, thus increasing apoptosis. It
is reported that Bcl-2 related x (Bax) proteins related to caspase-3 and B cell lymphoma
2 (BCL-2) play a key role in apoptosis [14]. Apoptosis can also be activated by other signal
molecules [8], such as Akt [15], nuclear factor-κB (NF-κB) [16], and JNK [17], a member of
mitogen-activated protein kinase.

In recent decades, a large number of highly effective and low-toxicity marine ac-
tive substances have been discovered in the vast ocean [18]. Among them, seaweed, as
one of the important plants in the marine, has a variety of active components and has
been widely studied [19,20]. The active ingredients of seaweed include Sulfated seaweed
polysaccharides [21], polyphenols [22], proteins [23], terpenes [24], alkaloids [25], phenolic
compounds [26], and halogenated compounds [27]. Among these ingredients, seaweed
polyphenols are considered a good source of antioxidants [28]. 7-phloro-eckol (7PE), a
seaweed polyphenol, was extracted from edible brown algae, Ecklonia cava [29], and its
structure was similar to eckol and dieckol. It is noteworthy that eckol and dieckol have
been reported to have anticancer [30,31] and antioxidant [31–35] properties and modulate
anti-monoamine oxidases [36], but the role of 7PE has received little attention. Therefore,
7PE, with a structure similar to eckol and dieckol, has high research value.

In order to prove that 7PE can be used as a potential preventive substance against
oxidative stress, ethanol-induced oxidative stress in HepG2/CYP2E1 cells was used as
a mature model [37,38]. Our data suggest that 7PE inhibits ethanol-induced oxidative
stress, which indicates that 7PE has antioxidant potential and is expected to be the source
of antioxidant development in the future.

2. Results

2.1. Effects of 7PE on Cell Viability of HepG2/CYP2E1 Cells

The results showed no significant change in the viability of HepG2/CYP2E1 cells
(Figure 1b), which indicated that there was no toxic effect of 7PE treatment of up to 100 μM.
Thus, the employed concentrations (0, 10, 20, 50, and 100 μM) of 7PE were used in all
the subsequent experiments. Figure 1c shows that ethanol decreased cell viability in a
dose-dependent manner. Cell viability was approximately 50% when cells were exposed
to 0.5 M ethanol. As depicted in Figure 1d, treatment with 7PE significantly increased the
viability of HepG2/CYP2E1 cells following exposure to 0.5 M ethanol. The results showed
that 7PE (20, 50, and 100 μM) could effectively prevent damage to HepG2/CYP2E1 cells
from ethanol.

2.2. Determination of Intracellular ROS and NO

The cells were treated as shown in Figure 2, then treated with 2,7-dichlorodi-hydrofluor
escein diacetate (DCFH-DA) and 3-amino,4-aminomethyl-2′,7′-difluorescein diacetate
(DAF-FM-DA), respectively, for 30 min, and an inverted fluoroscope was used to ob-
tain Figure 2a,c. In the blank group, there was no significant fluorescence. On the other
hand, in the control group, high ROS levels were observed. Treatment with different
concentrations of 7PE for 2 h downregulated ROS levels in a dose-dependent manner. The
result of NO is similar (Figure 2c,d). These results show that 7PE had a protective effect
against alcohol-induced cytotoxicity in HepG2/CYP2E1 cells by inhibiting ROS and NO.
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Figure 1. Effect of 7-phloro-eckol (7PE) on cell viability of HepG2/CYP2E1 cells. (a) Chemical
structure of 7PE from marine brown alga, Ecklonia cava. Effect of 7PE (0, 10, 20, 50, and 100 μM)
on the viability of HepG2/CYP2E1 cells; (b) HepG2/CYP2E1 cells were evaluated by MTT assay,
respectively; (c) the viability of various doses of ethanol (0, 0.25, 0.5, 0.75, 1.0, 1.25, and 1.5 M) on
HepG2/CYP2E1 cells; (d) protective effects of 7PE (0, 10, 20, 50, and 100 μM) on ethanol-induced
(0.5 M) HepG2/CYP2E1 cell injury. Data are shown as mean ± SD (n = 3). * Compared with the
control group (ethanol-induced group). ** p < 0.01; *** p < 0.001.

Figure 2. Effect of 7PE on intercellular reactive oxygen species (ROS) and (NO) generation in
HepG2/CYP2E1 cells damaged by ethanol. (a) Then, the cells were exposed to 2,7-dichlorodi-
hydrofluorescein diacetate (DCFH-DA) for 30 min. DCF fluorescence of the treated cells was mea-
sured using an inverted fluorescence microscope; (b) the relative DCF fluorescence intensity analysis
of image; (c) the cells were exposed to 3-amino,4-aminomethyl-2′,7′-difluorescein diacetate (DAF-FM-
DA) for 30 min. DAF fluorescence of the treated cells was measured using an inverted fluorescence
microscope; (d) the relative DAF fluorescence intensity analysis of the images. Data are shown as
mean ± SD (n = 3). * Compared with the control group (ethanol-induced group). * p < 0.05; ** p < 0.01;
*** p < 0.001.
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2.3. Determination of Intracellular DNA Damage

Cells were obtained by comet assay with DAPI and then imaged using an inverted
fluorescence microscope to obtain Figure 3. In the blank group, there was no obvious
tailing fluorescence. In the control group, HepG2/CYP2E1 cells showed obvious tailing
fluorescence in 0.5 M ethanol. However, with the increase in 7PE concentration, the length
of the comet tail decreased, which proves that 7PE could prevent alcohol-induced oxidative
damage at the cellular level.

Figure 3. (a) The cells were stained with DAPI. Images were obtained using an inverted fluorescence
microscope; (b) tail lengths of the comets were analyzed by CASP. HepG2/CYP2E1 cells without
treatment formed the blank group. Data are shown as mean ± SD (n = 3). * Compared with the
control group (ethanol-induced group). ** p < 0.01; *** p < 0.001.

2.4. Effect of 7PE on the Level of Oxidative Stress-Related Proteins

As shown in Figure 4a–d, the protein levels of GSH and SOD in the control group
decreased significantly, and the protein levels of the GGT increased significantly in the
control group. In addition, compared with the control group, after treatment with 7PE, the
protein levels of GSH and SOD increased significantly and were dose-dependent, while
the protein level of GGT decreased.

The results of ELISA showed that the levels of interleukin-1 (IL-1), IL-6, and tumor
necrosis factor-α (TNF-α) in the control group were higher than those in the blank group
(Figure 4e–g). Then, compared with the control group, the inflammatory factors IL-1 and
TNF-α decreased after 7PE treatment, but IL-6 did not change significantly.

2.5. Detection of Related Apoptosis Proteins

In order to determine whether 7PE has an anti-apoptotic effect on alcohol-induced
cytotoxicity in HepG2/CYP2E1 cells, the expressions of Bcl-2 and Bax were determined
(Figure 5). In comparison with the blank group, the expression of the bcl-2 protein de-
creased, and the expression of bax protein increased in the control group. Compared with
the control group, after 7PE treatment, the expression of bcl-2 increased while the expres-
sion of bax decreased in a dose-dependent manner. Additionally, compared with the blank
group, the p-pi3k protein, cleaved caspase-9 (c-c-9) protein, and cleaved caspase-3 (c-c-3)
protein in the control group increased, while p-akt decreased (Figure 5c–f). These results
indicate that 7PE could alleviate the oxidative stress induced by ethanol by regulating the
production of apoptosis-related proteins.
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Figure 4. Effect of 7PE on superoxide dismutase (SOD), glutathione (GSH), and γ-glutamyl transferase (GGT) protein levels
by Western blot and detection of related inflammatory factors by ELISA in HepG2 cells. Cells were treated with 7PE (10,
20, and 50 μM) for 2 h and then treated with 0.5 M ethanol for 24 h. GAPDH was used as an internal control. (a) Protein
expression (relative to GAPDH) was evaluated; (b) GSH protein expression was evaluated; (c) GGT protein expression was
evaluated; (d) SOD protein expression was evaluated; (e) interleukin-1 (IL-1) expression was evaluated; (f) tumor necrosis
factor-α (TNF-α) expression was evaluated; (g) IL-6 expression was evaluated. Data are shown as mean ± SD (n = 3). *
Compared with the control group (ethanol-induced group). * p < 0.05; ** p < 0.01; *** p < 0.001.

2.6. Effect of 7PE on the NF-κB Signal Pathway

The effect of 7PE on the NF-κB signal pathway was studied. As shown in Figure 6,
compared with the blank group, the phosphorylation levels of p65 and IκBα in the control
group were significantly increased. After 7PE treatment, the values of p-p65/p65 and
p-IκBα/IκBα showed a dose-dependent decrease (Figure 6b,c). This indicated that 7PE
inhibited the phosphorylation of NF-κB at the protein level to inhibit apoptosis.

2.7. JNK and p53 Protein Levels

Apoptosis depends on the activation of receptors for the mitochondrial-dependent
death pathway, and the process is also affected by many other signaling pathways, such
as p53 and c-Jun N-terminal kinase (JNK). Therefore, the effects of 7PE on p53 and JNK
were studied (Figure 7). The results showed the phosphorylation level of JNK in the
control group was significantly increased, and after 7PE treatment, the value of p-JNK/JNK
showed a dose-dependent decrease. However, p53 did not change significantly. This
indicated that 7PE only inhibited the phosphorylation of JNK at the protein level but had
little effect on p53.
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Figure 5. The effect of 7PE on the levels of related apoptosis proteins in HepG2/CYP2E1 cells treated with ethanol (0.5 M)
by Western blot. GAPDH was used as an internal control. (a) Western blot analysis of bcl-2, bax, pi3k, p-pi3k, akt, p-akt,
caspase-9, cleaved caspase-9, caspase-3 (c-3), and cleaved caspase-3 (c-c-3) protein levels; (b) the ratios of bcl-2 and bax
proteins were calculated; (c) the ratios of p-pi3k and pi3k were calculated; (d) the ratios of p-akt and akt were calculated;
(e) the ratios of cleaved caspase-9 and procaspase-9 were calculated; (f) the rations of cleaved caspase-3 and procaspase-3
were calculated. Data are shown as mean ± SD (n = 3). * Compared with the control group (ethanol-induced group).
* p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 6. (a) The phosphorylation levels of p65, p-p65, IκBα, and p-IκBα proteins in HepG2/CYP2E1 cells. Cells were
treated with 7PE (10, 20, and 50 μM) for 2 h, then treated with 0.5 M ethanol for 24 h; (b) the ratios of p-p65/p65 were
calculated; (c) the ratios of p-IκBα/IκBα were calculated. Data are shown as mean ± SD (n = 3). * Compared with the
control group (ethanol-induced group). * p < 0.05; ** p < 0.01; *** p < 0.001.

Figure 7. (a) The phosphorylation levels of p53, p-p53, JNK, and p-JNK proteins in HepG2/CYP2E1 cells. Cells were treated
with 7PE (10, 20, and 50μM) for 2 h and then treated with 0.5 M ethanol for 24 h; (b) the ratios of p-p53/p53 were calculated;
(c) the ratios of p-JNK/JNK were calculated. Data are shown as mean ± SD (n = 3). * Compared with the control group
(ethanol-induced group). ** p < 0.01, *** p < 0.001. 69
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2.8. GSH and bcl-2 Molecular Docking Analysis

In order to elucidate the structure-activity relationship of 7PE, the molecular interac-
tion modes of GSH, bcl-2 protein, and 7PE were studied by molecular docking analysis.
7PE was docked with the active pockets of GSH and bcl-2 proteins to obtain the optimal
docking structure (Figure 8a,c). The affinity of GSH and bcl-2 proteins to 7PE was −8.7
kcal/mol and −8.0 kcal/mol, respectively. As shown in Figure 8b, 7PE exhibits a tight
binding pattern in the active pocket of GSH protein. 7PE was enclosed in a cavity bag
composed of amino acids PHE31, CYS32, PRO33, PHE34, LEU56, ASN67, LEU71, VAL72,
PRO73, and GLU85. Through a detailed analysis, it could be concluded that the four
hydroxyl groups of 7PE could form six hydrogen bonds with amino acids PHE31, ASN67,
LEU71, VAL72, PRO73, and GLU85, which were the main forces between 7PE and GSH.
As shown in Figure 8d, 7PE was located in the active pocket composed of amino acids
TYR18, SER19, ARG21, ARG46, ARG50, GLU98, ARG99, and LEU102. It is important that
the five hydroxyl groups of 7PE could form six hydrogen bonds with amino acids SER19,
ARG46, ARG50, GLU98, and ARG99, respectively. These hydrogen bonds were the main
force between 7PE and bcl-2. All these interactions allowed 7PE to form stable complexes
with GSH and bcl-2.

Figure 8. (a,c) 3D model of the interaction between 7PE and GSH and between 7PE and bcl-2, respectively. (b,d) 3D model
of the optimal docking structure interaction between 7PE and the active sites of GSH and bcl-2, respectively.
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The aforementioned molecular docking studies provide a reasonable explanation for
the interaction of 7PE with GSH and bcl-2 and lay the foundation for further research
on 7PE.

3. Discussion

The structure of the 7PE compound was first isolated and identified by Yoshihito
Okada [39] in the brown algae Eisenia bicyclis, and proved it had antidiabetic biological
activity. However, Li [29] first isolated this structural compound in Ecklonia cava, and
proved it had an antioxidant action. Ecklonia cava is an edible marine brown algae that was
abundant in the subtidal areas of South Korea, Japan, and China. In addition, a variety of
active substances have been extracted from the brown algae, including polysaccharides [40],
carotenoids, fucoidans, and polyphenols [38]. These active substances show different bio-
logical activities in pharmaceuticals, nutraceuticals, cosmeceuticals, and functional foods,
including antioxidant, anticoagulant, antibacterial, anti-human immunodeficiency virus,
anti-inflammatory, and anti-tumor actions [41]. Among them, the polyphenol compounds
were the main research objects of brown algae, Ecklonia cava.

The antioxidant activity of polyphenols is in direct relation with their chemical struc-
tures, such as the number as well as the position of the hydroxyl groups [42]. The greater
the number of hydroxyl groups, the stronger the antioxidant activity of polyphenols,
but as the number of hydroxyl groups increases, the stability of polyphenols will de-
crease [29,42]. In addition, from the perspective of molecular docking, the interaction
between the polyphenols and the target protein mainly depends on the hydrogen bonding
force, and the hydroxyl structure happens to be the best site for hydrogen bonding with the
protein [34]. Therefore, the number of hydroxyl groups is one of the important indicators
for the binding of polyphenol molecules to target proteins, and it was also one of the
foundations for studying the stability and antioxidant activity of polyphenols. And among
the polyphenolic compounds of Ecklonia cava, research on the two structures of eckol and
dieckol is relatively mature, and both compounds have antioxidant activity [33,43]. Ac-
cording to research, eckol and dieckol have six and eleven hydroxyl groups, respectively,
while 7PE has eight hydroxyl groups. Therefore, it is possible that 7PE with hydroxyl
group number between eckol and dieckol will have better performance in both antioxidant
activity and structural stability. This study proved that 7PE had excellent antioxidant
activity and inhibited ROS-induced apoptosis.

The MTT assay (Figure 1d) showed that 7PE with a concentration of 10–100 μM had
no cytotoxicity. When the concentration of ethanol stimulation is 0.5 M, the cell viability
decreased by half, but when 7PE (20–100 μM) was added, the cell viability increased
significantly, which showed that 7PE had an obvious relative repair effect on alcohol-
induced injury. The experimental results also showed that the expression of reactive
oxygen species and nitric oxide increased after ethanol treatment. However, 7PE treatment
can reduce the production of reactive oxygen species (ROS) and nitric oxide (NO), increase
the levels of superoxide dismutase (SOD) and glutathione protein (GSH), and reduce the
level of GGT protein. Finally, the comet assay (Figure 3) showed that 7PE could reduce
DNA damage caused by alcohol. Severe ALD can lead to hepatitis and liver cancer. In
the process of ALD developing into a liver tumor, the growth and metastasis of liver cells
need the support of a large number of cytokines and nutrients [44]. Oxidative stress can
induce liver cells to secrete TNF-α, which leads to inflammation. Long-term sustained
oxidative stress can lead to inflammatory responses [45] and further increase the expression
of inflammatory factors. TNF-α is associated with a number of inflammatory diseases.
According to ELISA results, alcohol induction will lead to the overexpression of TNF-α
and inflammatory factors, but 7PE can regulate TNF-α and IL-1 and inhibit inflammation
(Figure 4e,f). However, studies have shown that IL-6 is a hepatoprotective factor, which
can predict alcoholic liver injury [46,47]. The experimental results also showed that the
expression of IL-6 did not decrease significantly after 7PE treatment, indicating that 7PE
did not decrease the content of liver-protective factors. At the same time, the amount of
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IL-6 did not increase, possibly due to other reasons, such as insufficient stimulation. In
summary, 7PE could reduce the production of inflammatory factors, but whether it can
increase the role of liver-protective factors remains to be further studied.

Studies have shown that alcohol can lead to oxidative stress and ROS overexpres-
sion [10,48], coupled with the synergistic reaction of NO. ROS and NO can act as second
messengers and activate the expression of apoptotic genes, thus increasing apoptosis [43].
Apoptosis can be controlled by various apoptosis-related proteins, including bcl-2 family
proteins, death receptors, and caspase [49]. Caspase-3 is considered to be the key protein in
the farthest effect pathway of apoptosis [50]. In this study, Western blot detected that the
cleaved caspase-3/procaspase-3 and bcl-2/bax values decreased. Many factors can activate
the PI3K pathway, which leads to the activation of Akt. Akt plays an important role in cell
survival signal transduction [51]. Akt can phosphorylate and inhibit the pro-apoptotic Bcl-2
family members Bad, Bax, and caspase-9. Western blot showed that the ratio of p-akt/akt
increased (as observed in Figure 5d), while the ratio of cleaved caspase-9/procaspase-9
decreased (Figure 5f), which proved that 7PE could resist apoptosis by activating Akt.

Nuclear factor-κB (NF-κB), composed of proteins p50, p65, and IκB, is related to the
control of apoptosis and autophagy [52]. Without being stimulated, NF-κB is located in the
cytoplasm. Extracellular stimulation causes rapid phosphorylation and subsequent degra-
dation of IκB, thus exposing the nuclear localization sequence on p50–p65 heterodimer [53].
Then, p65 protein is phosphorylated, resulting in nuclear translocation. The results of the
Western blot showed that ethanol treatment increased the phosphorylation of IκB-α and
p65 in HepG2 cells. 7PE inhibits apoptosis by inhibiting phosphorylation of p65 and IκB-α
(Figure 6).

Although the initiation and execution of apoptosis depending on the activation of
receptors for the mitochondrial-dependent death pathway, the process is also affected by
many other signaling pathways, such as p53 and c-JunN-terminal kinase (JNK) from the
MAPK family [54]. After DNA damage, p53 can be activated to induce Bax transcrip-
tion [55], but experiments show that p53 phosphorylation has no significant change after
7PE treatment. JNK is one of the important mitogen-activated protein kinases and is
involved in stress response and apoptosis [56]. The results also showed that 7PE could
significantly reduce the phosphorylation of JNK in the process of apoptosis induced by
alcohol (Figure 7c), which indicates that alcohol may activate MAPKs pathways, although
more proof is required. Finally, the interaction of 7PE with GSH and bcl-2 was studied by
molecular docking. The results showed that the hydroxyl group of 7PE could form stable
hydrogen bonds with GSH and bcl-2 (Figure 8b,d). This is the main function of molecular
compounds and proteins. The results provide a theoretical basis for further verifying the
role of 7PE in antioxidation at the molecular level.

Combined with the experimental results of this study, it can be concluded that 7PE
could repair liver injury caused by alcohol, but the specific mechanism of action should be
further studied.

4. Materials and Methods

4.1. Chemicals and Materials

7-phloro-eckol (7PE, Figure 1a) was isolated from Ecklonia cava in a previous study [26–29].
Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), trypsin-EDTA
(0.25%), and penicillin/streptomycin were purchased from Gibco (New York, USA). Dimethyl
sulfoxide (DMSO), DCFH-DA, 4′,6-diamidino-2-phenylindole (DAPI), and 3-(4,5-Dimeth
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). TNF-α (EHC103a), IL-1, and IL-6 kits were purchased from Neobio
Science Technology Co., Ltd. (Shenzhen, Guangdong, China). p-pi3k (17366), AKT (4691),
p-AKT (4060), c-c-9 (2075s), and c9 (9508) were provided by Cell Signaling Technology (CST,
MA, USA). Pi3k (SC-376112), SOD (sc-271014), GGT (sc-100746), GSH (sc-71155), p65 (sc-
8008), p-p65 (sc-136548), JNK (sc-7345), p-JNK (sc-6254), GAPDH (sc-47724), β-acting (47778),
and secondary antibodies (goat anti-rabbit IgG-HRP, sc-2004; goat anti-mouse IgG-HRP, sc-
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2005) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). All other
chemicals and solvents were of analytical grade.

4.2. Cell Culture

HepG2/CYP2E1 cells (HepG2 cells transfected with human CYP2E1 cDNA) were pro-
vided by the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). HepG2/CYP2E1
cells were cultured respectively in DMEM, 10% FBS, 100 mg/mL streptomycin, and 100 U/mL
penicillin in a humidified incubator of 5% CO2 at 37 ◦C.

4.3. Cell Viability Assay

Cells were cultured in 96-well plates (4 × 103 cells/mL) for 24 h. This was changed to
a fresh serum-free medium containing different concentrations of 7PE (0, 10, 20, 50, and
100 μM) for 24 h. An amount of 100 μL MTT (1 mg/mL) was added to each well, and
cells were incubated for 4 h at 37 ◦C. Subsequently, 100 μL DMSO was added to dissolve
the formazan crystals. The absorbance was measured using a microplate reader (BioTek,
Winooski, VT, USA) at 570 nm.

4.4. Cell ROS Analysis

ROS content was directly proportional to the fluorescence intensity of DCFH-DA. Cells
were cultured in 24-well plates, and 7PE (0, 1, 10, 20, 50, and 100 μM) was added for 2 h.
Cells were treated with 0.5 M ethanol for 24 h in a CO2 incubator. Subsequently, DCFH-DA
(10 μM) was added for 30 min at 37 ◦C in the dark. Finally, the fluorescence intensity was
examined under an inverted fluorescence microscope (Olympus, Tokyo, Japan).

4.5. Cell NO Analysis

No content was directly proportional to the fluorescence intensity of DAF-FM-DA.
Cells were cultured in 24-well plates, and 7PE (0, 1, 10, 20, 50, and 100 μM) was added for
2 h. Cells were treated with 0.5 M ethanol for 24 h in a CO2 incubator. Subsequently, DAF-
DA (10 μM) was added for 30 min at 37 ◦C in the dark. Finally, the fluorescence intensity
was examined under an inverted fluorescence microscope (Olympus, Tokyo, Japan).

4.6. Comet Assay

HepG2/CYP2E1 cells were treated with 7PE (0, 10, 20, 50, and 100 μM) and 0.5 M
ethanol for 24 h in a CO2 incubator. Subsequently, the cells were treated with EDTA-
trypsin to form a cell suspension (1 × 105 cells/mL). The cell suspension (20 μL) and
1% low-melting-point agarose (LMA, 80 μL) were mixed and dropped onto 0.8% normal-
melting-point agarose (NMA, 100 μL). After the gel was cured, the slides were immersed
in a precooled lysate solution (2.5 M NaCl, 200 mM NaOH, 100 mM Na2EDTA, 10 mM
Tris, 1%Triton X-100, and 1% sodium lauroyl sarcosinate; pH 10) at 4 ◦C for 90 min. The
slides were then gently immersed in an alkaline electrophoresis solution (200 mM NaOH
and 1 mM Na2EDTA; pH > 13) at 4 ◦C for 30 min. Next, electrophoresis (25 V; 20 min)
was performed, and the slides were stained with DAPI (20 μg/mL; 20 μL) in the dark for
10 min. Finally, the fluorescence intensity was observed under an inverted fluorescence
microscope (Olympus, Tokyo, Japan), and the CASP software was applied to analyzed
comet images.

4.7. Western Blot

Total protein from the treated HepG2/CYP2E1 cells was isolated using radio im-
munoprecipitation assay (RIPA) lysis buffer containing 1% phenylmethylsulfonyl fluoride
(PMSF) RIPA buffer. The BCA protein assay kit was used to quantify the sample. An equal
amount of protein was used for electrophoresis. The target protein was transferred to a
nitrocellulose (NC) membrane (Boston, MA, USA) using SDS-PAGE. The membrane was
visualized by blocking for 2 h, incubating the primary antibodies, and secondary antibody
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incubation was performed with enhanced chemiluminescence (ECL) detection system
(Syngene, Cambridge, UK).

4.8. Enzyme-Linked Immunosorbent Assay (ELISA)

Cells were treated with various concentrations of 7PE (0, 10, 20, and 50 μM) for
24 h. Conditional media or cell lysates were harvested in sterile tubes and centrifuged
(12,000 rpm; 4 ◦C) for 10 min to get the supernatants. The concentration of protein was
analyzed according to the manufacturer’s protocol.

4.9. Molecular Docking

The chemical structure of 7PE was drawn using ChemDraw (PerkinElmer, Waltham,
MA, USA) (Figure 1A), then converted into a 3D structure by Chem3D (PerkinElmer,
Waltham, MA, USA), and optimized using the MMFF94 force field. The 3D structure of
GSH (PDB ID: 6PNN), BCL-2 (PDB ID: 4B4S) can be downloaded from the RCSB Protein
Data Bank (www.rcsb.org, accessed on 25 January 2021). GSH, BCL -2, and compound 7PE
were converted to a PDBQT grid using Autodock Tools (Scr ipps Research Institute, La
Jolla, CA, USA). Autodock vina (Scripps Research Institute, La Jolla, CA, USA) was used
for molecular docking research. In order to increase the accuracy of the calculation, the
parameter exhaustiveness was set to 100, and other parameters used the default values.
Finally, the constellation with the highest score was selected for analysis using PyMoL
(DeLano Scientific LLC, San Carlos, CA, USA) and Discovery Studio (Biovia, Waltham,
MA, USA).

4.10. Statistical Analysis

Image J (Version 1.46r, NIH), GraphPad Prism 5 (Graphpad Software, San Diego,
CA, USA), and the CAPS (Version 1.2.3 beta1 Krzysztof Konca, urlCaspLab.com, accessed
on 1 February 2021) were used for data analyses. All data were analyzed by one-way
ANOVA accompanied by Dunnett’s multiple comparison test for group comparison. Data
are expressed as the mean ± SD (n = 3).

5. Conclusions

In summary, the current research results show that 7PE could increase the expression
of SOD, GSH, and IL-1, downregulate the levels of GGT, ROS, NO, TNF-α, and IL-6,
and reduce DNA damage. Therefore, 7PE could alleviate the oxidative stress induced
by ethanol. In addition, 7PE can prevent ethanol-induced apoptosis by upregulating
the expression of bcl-2 and AKT, downregulating the expression of bax, caspase-9, and
caspase-3, and inhibiting the activation of NF-κB and JNK pathways.

The results show that 7PE could protect the liver by preventing oxidative stress and
apoptosis of hepatocytes induced by alcohol. Therefore, this study lays the foundation for
7PE to be used as functional liver-protecting food and preventive substance of ALD.
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Abstract: Intensive efforts have been undertaken in the fields of prevention, diagnosis, and therapy
of lung cancer. Fucoidans exhibit a wide range of biological activities, which are dependent on the
degree of sulfation, sulfation pattern, glycosidic branches, and molecular weight of fucoidan. The
determination of oversulfation of fucoidan and its effect on anti-lung cancer activity and related
signaling cascades is challenging. In this investigation, we used a previously developed fucoidan
(SCA), which served as a native fucoidan, to generate two oversulfated fucoidan derivatives (SCA-
S1 and SCA-S2). SCA, SCA-S1, and SCA-S2 showed differences in compositions and had the
characteristic structural features of fucoidan by Fourier transform infrared (FTIR) and nuclear
magnetic resonance (NMR) analyses. The anticancer properties of SCA, SCA-S1, and SCA-S2 against
human lung carcinoma A-549 cells were analyzed in terms of cytotoxicity, cell cycle, Bcl-2 expression,
mitochondrial membrane potential (MMP), expression of caspase-3, cytochrome c release, Annexin
V/propidium iodide (PI) staining, DNA fragmentation, and the underlying signaling cascades. Our
findings indicate that the oversulfation of fucoidan promotes apoptosis of lung cancer cells and the
mechanism may involve the Akt/mTOR/S6 pathway. Further in vivo research is needed to establish
the precise mechanism whereby oversulfated fucoidan mitigates the progression of lung cancer.

Keywords: anti-lung cancer; apoptosis; brown algae; fucoidan; human lung carcinoma A-549 cells;
oversulfation; Sargassum aquifolium

1. Introduction

Lung cancer is the most common cancer worldwide and has high morbidity and mor-
tality rates. Thus, considerable research efforts have been undertaken aimed at improving
the prevention, diagnosis, and treatment of this disease [1]. The biggest risk factors for
lung cancer are habitual smoking of tobacco, air pollution (indoor and outdoor), radiation,
and occupational exposure to hazardous chemicals [2]. Lung cancer is the most prevalent
form of cancer in Taiwan and is the most common cause of cancer-related mortality [3].
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While therapeutic approaches for lung cancer have seen significant advances in recent
years, the treatment of this disease remains a considerable clinical challenge. Hence, in
order to improve patient outcomes, there is a crucial need for novel agents and targets for
the treatment of lung cancer.

Fucoidan has been shown to exhibit impressive biological activities, such as antioxi-
dant, immunoregulatory, anti-inflammatory, antitumor, and antithrombotic effects [4]. The
degree of sulfation, sulfation pattern, molecular weight (MW), and glycosidic branches of
various fucoidans influence the aforementioned biological activities [4]. Sulfate content ap-
pears to be the most critical variable [5]. According to a study conducted by Soeda et al. [5],
fucoidan derivatives with varying sulfate contents were capable of promoting tissue plas-
minogen activator (t-PA)-induced plasma clot lysis and preventing the formation of fibrin
polymers. These activities were enhanced in direct proportion to the degree of sulfation.
In another study by Koyanagi et al. [6], it was shown that oversulfated fucoidans demon-
strated greater anti-angiogenic activity compared with native fucoidans, and therefore they
were able to inhibit the growth of tumor cells more effectively by suppressing angiogenesis.
Moreover, in comparison with native fucoidans, oversulfated fucoidans appeared to show
more potent anticancer activity against AGS, a human stomach cancer cell line [7]. The
above-mentioned studies indicate that the sulfate content of fucoidans has a significant
influence on their biological properties and that the modification of sulfate content could
thus potentially enhance said properties. A number of studies have explored the biological
activities of oversulfated fucoidans, but relatively little is known about the effects that
varying levels of sulfation of fucoidan have on anti-lung cancer activity, and the mechanism
involved remains poorly understood.

This investigation is an extension of our previous study, in which a native fucoidan
(SC) was created from single-screw extrusion pretreated Sargassum aquifolium. Three
degraded fucoidan products were developed: SCA (degradation of SC by ascorbic acid),
SCH (degradation of SC by hydrogen peroxide), and SCAH (degradation of SC by ascorbic
acid + hydrogen peroxide). The results of the study showed that SCA had high cytotoxicity
to lung cancer cells as well as a strong ability to suppress Bcl-2 expression in lung cancer
cells. Moreover, SCA showed high efficacy with respect to induction of cytochrome c release,
promotion of late apoptosis of lung cancer cells, and activation of caspase-9 and -3 [8]. In
the present study, SCA served as a native fucoidan from which two fucoidan derivatives
with different levels of sulfation were generated: SCA-S1 and SCA-S2. Then we analyzed
the anticancer activities of SCA, SCA-S1, and SCA-S2 against human lung carcinoma A-549
cells in terms of cell cycle, cytotoxicity, expression of caspase-3, mitochondrial membrane
potential (MMP), cytochrome c release, Bcl-2 expression, Annexin V/ propidium iodide
(PI) staining, and DNA fragmentation, as well as the underlying signaling transduction
cascades. To the best of the authors’ knowledge, this is the first study to investigate a
potential mechanism of anti-lung cancer activity involving oversulfated fucoidans obtained
from single-screw extrusion pretreated S. aquifolium. In future research, we intend to
explore the clinical applications of oversulfated fucoidans in the treatment and prevention
of lung cancer and possibly other cancers.

2. Results

2.1. Preparation of Oversulfated Fucoidans (SCA-S1 and SCA-S2) and Compositional Analysis

SCA is a degraded fucoidan product, which was previously produced by our lab-
oratory. The results of our in vitro analyses demonstrated that SCA possesses anti-lung
cancer properties [8]. We used SCA in the present study as a native fucoidan and created
two oversulfated fucoidans termed SCA-S1 and SCA-S2. Table 1 displays the chemical
and monosaccharide compositions of SCA, SCA-S1, and SCA-S2. The percentages of
sulfate content for SCA, SCA-S1, and SCA-S2 were 13.67 ± 2.19%, 34.67 ± 3.73%, and
60.63 ± 3.69%, respectively. The greater sulfate content in SCA-S1 and SCA-S2 indicates
that the addition of sulfate in SCA was successful. The total sugar contents of SCA, SCA-S1,
and SCA-S2 ranged from 28.95 ± 0.24% to 41.70 ± 0.91% (w/w, dry basis). The addition of
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sulfate to fucoidan generally resulted in a reduction in total sugar content. The fucose con-
tents of SCA, SCA-S1, and SCA-S2 were 35.22 ± 2.79%, 20.36 ± 1.52%, and 12.58 ± 0.46%,
respectively. Similarly, the fucose content of fucoidan was found to be lower following
oversulfation. These results suggest that the addition of sulfate to fucoidan lowers its
total sugar and fucose contents. Table 1 shows the monosaccharide compositions of these
fucoidans. The major neutral sugar constituents in SCA were galactose, fucose, and galac-
turonic acid, while the minor sugar units consisted of xylose, mannose, and glucuronic
acid. The monosaccharide composition of fucoidan did not appear to change significantly
following oversulfation, although SCA-S1 and SCA-S2 showed a reduction in galactur-
onic acid. Taken together, the aforementioned results indicate that oversulfated fucoidans
had higher sulfate content, lower total sugar and fucose contents, and monosaccharide
compositions were altered, albeit only slightly. Our results demonstrated differences in
compositions among SCA, SCA-S1, and SCA-S2, and thus further analyses of the biological
functions of these fucoidans are warranted.

Table 1. Compositional analysis of SCA, SCA-S1, and SCA-S2.

Chemical Composition SCA 2 SCA-S1 2 SCA-S2 2

Sulfate (%) 1 13.67 ± 2.19 a 34.67 ± 3.73 b 60.63 ± 3.69 c

Total sugar (%) 1 41.70 ± 0.91 c 28.95 ± 0.24 a 35.08 ± 0.21 b

Fucose (%) 1 35.22 ± 2.79 c 20.36 ± 1.52 b 12.58 ± 0.46 a

Monosaccharide Composition
(Molar Ratio)

SCA SCA-S1 SCA-S2

Fucose 1 1 1
Galactose 0.30 0.28 0.27

Glucuronic acid 0.01 ND 3 ND
Galacturonic acid 0.11 ND ND

Mannose 0.05 0.05 0.05
Xylose 0.05 ND 0.04

1 Total sugars (%), fucose (%), and sulfate (%) = (g/g, dry basis) × 100; 2 Experiments were performed in triplicate;
values in the same row with varying letters differ (p < 0.05); 3 ND: not detected.

2.2. Structural Analysis of SCA, SCA-S1, and SCA-S2

Fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR) techniques
were employed to conduct structural analyses of SCA, SCA-S1, and SCA-S2. Figure 1
depicts IR bands at 3401 and 2940 cm−1 which correspond to the presence of OH and
H2O stretching vibration and C–H stretching of the pyranoid ring or the C-6 group of
fucose and galactose units [9,10]. Absorption bands were detected at 1621 and 1421 cm−1

which can be attributed to the scissoring vibration of H2O and in-plane ring CCH, COH,
and OCH vibrations, characteristic of the absorption pattern of polysaccharide [9–11].
The peaks at 1243 and 1055 cm−1 can be ascribed to the presence of the asymmetric
stretching of S=O and the C–O–C stretching vibrations in ring or C–O–H in the glucosidal
bond [9,10]. The absorption bands at 900 and 840 cm−1 were due to the presence of C1–H
bending in the β-anomeric link of galactose and equatorial C–O–S bending vibration of
sulfate substituents at the axial C-4 position [12]. The bands at 620 and 580 cm−1 may
correspond to symmetric and anti-symmetric O=S=O deformations [13]. Figure 2A shows
the 1H-NMR spectra for SCA, SCA-S1, and SCA-S2. The signals from 5.5 to 5.0 ppm
can be attributed to L-fucopyranosyl units [14]. The signal at 4.46 ppm, which was most
apparent in SCA, denotes the presence of H-2 in a 2-sulfated fucopyranose residue [14],
and the signal at 4.13 ppm (4[H]) indicates the presence of 3-linked α-L-fucose [14]. Signals
with a ppm of 4.07/3.95 (6[H]/6′[H]), which were pronounced in SCA, can be explained
by the presence of a (1-6)-β-D-linked galacton [15]. Moreover, the signals from 3.9 to
3.6 ppm could be characteristic signals of mannitol [16,17], which is frequently extracted
along with fucoidan. The signal obtained at 3.72 ppm may denote the presence of (4[H])
2,3-linkedα-β-mannose [11], and the signal at 2.14 ppm may indicate methyl protons in
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O-acetyls [11,18], which are frequently detected in algal polysaccharides [18]. The signals
at 1.92 (1[H]) and 1.23 ppm (6[H]) demonstrate the existence of alkyl at a sulfonyl-attached
proton and an alkane proton in two methyl groups, respectively [19]. Other signals,
including 7.91, 2.87, and 2.71 ppm, were detected in SCA-S1 and SCA-S2 and these may
correspond to N, N-dimethylformamide (DMF), which is a sulfation reagent utilized in the
oversulfate treatment of fucoidan. The 13C-NMR spectra (Figure 2B) for SCA, SCA-S1, and
SCA-S2 revealed that the prominent signal at 101.6 ppm and peaks between 65–80 ppm
correspond to (1-6)-β-D-linked galacton [15]. The signal at 100.3 ppm can be assigned to
a (1,3)-linked α-L-fucopyranose residue [17]. The signals at 62.0 and 66.7 ppm signified
β-D-galactopyranose residues [20]. Peaks at 19–20 ppm revealed the presence of O-acetyl
groups [21], which is often visible in algal polysaccharides. Additional signals can be
found in SCA-S1 and SCA-S2 including 164.9, 36.8, and 31.3 ppm, which can be assigned
to DMF, a sulfation reagent used for oversulfation of fucoidan [22]. In summary, the data
pertaining to FTIR, 1H NMR, and 13C-NMR indicate that SCA, SCA-S1, and SCA-S2 have
the characteristic structural features of fucoidan, and that DMF signals could only be
detected in SCA-S1 and SCA-S2 using NMR spectra.

Figure 1. FTIR spectra for SCA, SCA-S1, and SCA-S2. The characteristic peaks at 3401, 2940, 1621,
1421, 1243, 1055, 900, 840, 820, 620, and 580 cm−1 are labeled.

2.3. SCA, SCA-S1, and SCA-S2 Exhibited Cytotoxic Effects on A-549 Cells

The human lung carcinoma A-549 cell line is considered a useful in vitro model for
investigations of the anti-lung cancer effects of fucoidans [8]. Figure 3A shows the cytotoxic
effects of SCA, SCA-S1, and SCA-S2 on A-549 cells. All fucoidans, namely SCA, SCA-S1,
and SCA-S2, had reduced ratios of live A-549 cells in a dose-dependent manner, and
SCA-S1 exhibited more potent cytotoxic effects on A-549 cells compared with those of
SCA and SCA-S2. BEAS-2B, a non-cancerous bronchial epithelial cell line, can be used to
represent normal human lung cells [23]. Hence, we conducted a similar experiment using
BEAS-2B cells to determine whether these fucoidans exert cytotoxic effects on normal cells.
As shown in Figure 3B, the results suggest that SCA-S1 conferred the largest cytotoxicities
on BEAS-2B cells, followed by SCA-S2 and SCA. This response was similar to that seen in
A-549 cells. In addition, SCA, SCA-S1, and SCA-S2 showed lower cytotoxicities to BEAS-
2B in comparison with A-549 cells (Figure 3A,B). Moreover, SCA, SCA-S1, and SCA-S2
had survival rates of A-549 cells ranging from 25.9% to 53.8% at a concentration of 200
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μg/mL, and of BEAS-2B cells, survival rates ranged from 64.4% to 94.1%, suggesting these
fucoidans were less cytotoxic to normal cells. In our preliminary experiment, a treatment
time of 48 h was found to be optimal for the induction of cytotoxicity in A-549 cells. As the
survival rates of A-549 cells were reduced to less than 50% (approx.) following treatment
of these fucoidans, a concentration of 200 μg/mL and a treatment duration of 48 h were
adopted for further in vitro anti-lung cancer experiments.

 

 
Figure 2. NMR analyses of SCA, SCA-S1, and SCA-S2. (A) 1H-NMR spectra for SCA, SCA-S1,
and SCA-S2. The characteristic peaks at 7.91, 5.0, 4.46, 4.13, 4.07, 3.95, 3.9, 3.72, 3.6, 3.36, 2.87, 2.71,
2.14, 1.92, and 1.23 ppm are indicated. (B) 13C-NMR spectra for SCA, SCA-S1, and SCA-S2. The
characteristic peaks at 164.9, 101.6, 100.3, 80–65, 66.7, 62.0, 36.8, 31.3, and 20 ppm are indicated.
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Figure 3. Effects of SCA, SCA-S1, and SCA-S2 on cell viabilities of A-549 and BEAS-2B cells: (A)
A-549 cells were cotreated with 0–500 μg/mL of SCA, SCA-S1, and SCA-S2 for 48 h, and the cell
viability was measured by MTT assays; (B) BEAS-2B cells were coincubated with 0–500 μg/mL of
SCA, SCA-S1, and SCA-S2 for 48 h, and the cell viability was determined by MTT assays. Experiments
were performed in triplicate. Bars with different letters significantly differ at the level of 0.05.

2.4. Effects of SCA, SCA-S1, and SCA-S2 on Cell Cycle Profile of A-549 Cells

Figure 4 shows that when A-549 cells were treated with 200 μg/mL SCA, SCA-S1,
and SCA-S2 for 48 h, SCA-S2 had the highest percentage of cells in the sub-G1 phase
(25.0 ± 0.6%), followed by SCA-S1 (13.9 ± 0.4%), SCA (5.33 ± 0.12%), and untreated cells
(2.50 ± 0.14%). The cell population in the sub-G1 phase rose in direct proportion to the
induction of DNA fragmentation [24]. As such, SCA-S2 showed the greatest DNA frag-
mentation (also termed sub-G1 cell cycle arrest), followed by SCA-S1, SCA, and untreated
cells. In summary, all of the tested fucoidans were capable of inducing sub-G1 cell cycle
arrest. SCA-S2 displayed the greatest ability to induce DNA fragmentation of A-549 cells.

2.5. Effects of SCA, SCA-S1, and SCA-S2 on Mitochondrial Membrane Potential, Bcl-2
Expression, and Cytochrome c Release of A-549 Cells

It is thought that TMRE binds to active mitochondria owing to its ability to permeate
cells in addition to its positive charge. Loss of MMP is directly related to reduced TMRE
binding [25]. In Figure 5, the percentage of cells with low TMRE intensity in the control
was 16.7 ± 0.4%. Following treatment of A-549 cells with 200 μg/mL SCA, SCA-S1, and
SCA-S2 for 48 h, the percentage of cells with low TMRE intensity increased significantly to
27.3 ± 0.4%, 58.2 ± 2.0%, and 65.9 ± 0.2%, respectively (p < 0.05), indicating the occurrence
of fucoidan-induced mitochondrial dysfunction. Bcl-2 is a member of the anti-apoptotic
class of B cell leukemia-2 gene product (Bcl-2) family proteins and it has been postulated
that it blocks MMP depolarization [26]. In contrast, suppressed Bcl-2 expression results in
cellular apoptosis. In Figure 6 it can be seen that the percentage of cells with high Bcl-2
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intensity in the control was 64.5 ± 0.3%. Treatment of A-549 cells with 200 μg/mL SCA,
SCA-S1, and SCA-S2 for 48 h resulted in a reduction of the percentage of cells with high
Bcl-2 intensity to 48.4 ± 0.2%, 50.7 ± 0.2%, and 54.5 ± 0.4%, respectively, suggesting the
occurrence of fucoidan-mediated suppression of Bcl-2. The release of cytochrome c from
mitochondria is a nearly apoptotic event and is an upstream signal of the mitochondria-
dependent apoptotic pathway [27,28]. Figure 7 shows that in the control, the percentage of
cells with low cytochrome c intensity was 5.07 ± 0.26%. The percentage of cells with low
cytochrome c intensity significantly increased to 9.57 ± 0.21%, 13.2 ± 0.1%, and 16.4 ± 0.2%,
respectively (p < 0.05), when A-549 cells were treated with 200 μg/mL SCA, SCA-S1, and
SCA-S2 for 48 h, suggesting the involvement of fucoidan-mediated release of cytochrome
c from mitochondria. In summary, these findings indicate that SCA, SCA-S1, and SCA-
S2 induced mitochondria-dependent apoptotic effects, as evidenced by the loss of MMP,
release of cytochrome c, and suppression of Bcl-2.

Figure 4. Effects of SCA, SCA-S1, and SCA-S2 treatments on cell cycle profiles of A-549 cells: (A)
A-549 cells were treated with SCA, SCA-S1, and SCA-S2 at a concentration of 200 μg/mL for 48
h, and cell cycle profiles were measured; (B) summary bar graph of three cell cytometric analyses
showing the percentages of cells in the sub-G1, G0/G1, S, and G2/M phases of the cell cycle according
to treatments. Results are shown as mean ± SD of three separate experiments. Differences exist
between columns labeled with different letters at the level of 0.05.
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Figure 5. Effects of SCA, SCA-S1, and SCA-S2 treatments on MMP of A-549 cells. A-549 cells
were treated with and without 200 μg/mL SCA, SCA-S1, and SCA-S2 for 48 h, and MMP was
determined by TMRE staining and flow cytometry. (A) Histograms; (B) summary bar graph of three
cell cytometric analyses showing the percentages of cells with low TMRE intensity according to
treatments. Results are shown as mean ± SD of three separate experiments. Differences exist between
columns labeled with different letters at the level of 0.05.

Figure 6. Effects of SCA, SCA-S1, and SCA-S2 treatments on the Bcl-2 expression in A-549 cells.
A-549 cells were treated with and without 200 μg/mL SCA, SCA-S1, and SCA-S2 for 48 h, and the
level of immunolabeled Bcl-2 was determined by flow cytometry. (A) Histograms; (B) summary bar
graph of three cell cytometric analyses showing the percentages of cells with high Bcl-2 intensity
according to treatments. Results are shown as mean ± SD of three separate experiments. Differences
exist between columns labeled with different letters at the level of 0.05.
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Figure 7. Effects of SCA, SCA-S1, and SCA-S2 treatments on the amount of cytochrome c release in
A-549 cells. A-549 cells were treated with and without 200 μg/mL SCA, SCA-S1, and SCA-S2 for 48
h, and the level of immunolabeled cytochrome c was determined by flow cytometry. (A) Histograms;
(B) summary bar graph of three cell cytometric analyses showing the percentages of cells with low
cytochrome c intensity according to treatments. Results are shown as mean ± SD of three separate
experiments. Differences exist between columns labeled with different letters at the level of 0.05.

2.6. Effects of SCA, SCA-S1, and SCA-S2 on Activation of Caspase-3 and DNA Fragmentation of
A-549 Cells

When cytochrome c is released from the mitochondrial intermembrane space, apopto-
some formation is triggered, leading to the induction of caspase-9 and caspase-3 activa-
tion [29]. In Figure 8, it can be seen that the percentage of cells in the control with high
caspase-3 intensity was 39.6 ± 0.3%. Treatment of A-549 cells with 200 μg/mL SCA, SCA-
S1, and SCA-S2 for 48 h led to an increase in the percentage of cells with high caspase-3
intensity to 63.1 ± 0.5%, 48.8 ± 0.9%, and 59.5 ± 0.4%, respectively, thus providing evi-
dence that activation of caspase-3 was mediated by fucoidan. Activation of caspase-3 was
shown to be a vital component of apoptotic cascades and triggers fragmentation of DNA,
resulting in late phase apoptosis [30,31]. Figure 9 demonstrates that the percentage of cells
in the control with a high DNA break-associated fluorescent intensity was 10.3 ± 1.8%.
Treatment of A-549 cells with 200 μg/mL SCA, SCA-S1, and SCA-S2 for 48 h significantly
enhanced the percentage of cells with high DNA break-associated fluorescent intensity by
15.6 ± 1.2%, 25.0 ± 1.7%, and 20.1 ± 1.1% (p < 0.05), respectively, suggesting the occurrence
of fucoidan-mediated DNA fragmentation.
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Figure 8. Effects of SCA, SCA-S1, and SCA-S2 treatments on the activation of caspase-3 in A-549 cells.
A-549 cells were treated with and without 200 μg/mL SCA, SCA-S1, and SCA-S2 for 48 h, and the
level of immunolabeled caspase-3 was determined by flow cytometry. (A) Histograms; (B) summary
bar graph of three cell cytometric analyses showing the percentages of cells with high caspase-3
intensity according to treatments. Results are shown as mean ± SD of three separate experiments.
Differences exist between columns labeled with different letters at the level of 0.05.

Figure 9. Effects of SCA, SCA-S1, and SCA-S2 treatments on the extent of DNA fragmentation in
A-549 cells. A-549 cells were treated with and without 200 μg/mL SCA, SCA-S1, and SCA-S2 for 48
h, and the level of immunolabeled BrdU was determined by flow cytometry. (A) Histograms; (B)
summary bar graph of three cell cytometric analyses showing the percentages of cells with high DNA
break-associated fluorescent intensity according to treatments. Results are shown as mean ± SD of
three separate experiments. Differences exist between columns labeled with different letters at the
level of 0.05.
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2.7. Effects of SCA, SCA-S1, and SCA-S2 on the Induction of Apoptosis in A-549 Cells

Loss of plasma membrane asymmetry occurs early in apoptosis, leading to exposure
of phosphatidylserine (PS) residues at the outer plasma membrane [32]. The specific
binding of Annexin V to PS means that loss of plasma membrane integrity can be used
in the detection of apoptosis [32]. The Annexin V-FITC and PI double-staining method
is also capable of providing information related to necrotic cells as well as early- and
late-stage apoptosis. Figure 10 shows that, in the control, the percentage of live cells was
68.0 ± 0.8%. Furthermore, treatment of A-549 cells with 200 μg/mL SCA, SCA-S1, and
SCA-S2 for 48 h led to a decrease in the percentage of live cells to 27.2 ± 1.3%, 2.38 ± 0.83%,
and 2.93 ± 0.40%, respectively. Meanwhile, the percentage of late apoptotic cells in the
control was 13.2 ± 0.6%. When A-549 cells were subjected to 200 μg/mL SCA, SCA-S1,
and SCA-S2 for 48 h, the percentage of late apoptotic cells rose to 45.2 ± 1.0%, 75.9 ± 0.7%,
and 80.5 ± 1.1%, respectively. The aforementioned findings clearly demonstrate that A-549
cellular death (primary late apoptosis) was induced by SCA, SCA-S1, and SCA-S2.

Figure 10. Effects of SCA, SCA-S1, and SCA-S2 treatments on the induction of apoptosis in A-549
cells. A-549 cells were treated with and without 200 μg/mL SCA, SCA-S1, and SCA-S2 for 48 h,
and the Annexin V-FITC/PI-stained cells were determined by flow cytometry. (A) Histograms; (B)
summary bar graph of three cell cytometric analyses showing the percentages of Annexin V-FITC/PI-
stained cells according to treatments. Results are shown as mean ± SD of three separate experiments.
Differences exist between columns labeled with different letters at the level of 0.05.

2.8. SCA, SCA-S1, and SCA-S2 Induced Dephosphorylation of Akt, mTOR, and S6 in A-549 Cells

Figure 11 depicts the percentage of cells in the control with high p-Akt intensity:
91.0 ± 0.2%. When A-549 cells were exposed to 200 μg/mL SCA, SCA-S1, and SCA-S2 for
48 h, the percentage of cells with high p-Akt intensity fell to 88.6 ± 1.9%, 65.3 ± 3.0%, and
67.6 ± 3.5%, respectively. Moreover, the percentage of cells with high Akt1 intensity in the
control was 95.2 ± 0.3%. When A-549 cells were subjected to 200 μg/mL SCA, SCA-S1,
and SCA-S2 for 48 h, the percentage of cells with high Akt1 intensity was 94.1 ± 1.0%,
85.4 ± 1.2%, and 86.7 ± 0.1%, respectively. The percentage of cells with high p-mTOR
intensity in the control was 81.0 ± 0.4%. Following the treatment of A-549 cells with 200
μg/mL SCA, SCA-S1, and SCA-S2 for 48 h, the percentage of cells with high p-mTOR
intensity was reduced to 79.3 ± 0.4%, 66.0 ± 0.8%, and 66.1 ± 0.8%, respectively. In the
control, the percentage of cells with high p-S6 intensity was 88.2 ± 0.7%. The percentage
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of cells with high p-S6 intensity dropped to 69.2 ± 0.9%, 50.3 ± 2.3%, and 64.1 ± 1.2%,
respectively, when A-549 cells had been treated with 200 μg/mL SCA, SCA-S1, and SCA-S2
for 48 h. The data above provide clear evidence of fucoidan-mediated dephosphorylation
of Akt, mTOR, and S6 in A-549 cells.

Figure 11. Effects of SCA, SCA-S1, and SCA-S2 treatments on the levels of p-Akt, Akt1, p-mTOR,
and p-S6 in A-549 cells. A-549 cells were treated with and without 200 μg/mL SCA, SCA-S1, and
SCA-S2 for 48 h, and the cells with highly fluorescent intensity were determined by flow cytometry.
The bar graph summary of three cell cytometric analyses shows the percentages of cells with highly
fluorescent intensity according to treatments. Results are shown as mean ± SD of three separate
experiments. Differences exist between columns labeled with different letters at the level of 0.05.

3. Discussion

A number of studies in the literature have indicated that oversulfated fucoidans exhibit
greater anti-angiogenic activity compared to native fucoidans, and therefore by mitigating
angiogenesis they can inhibit the growth of tumor cell growth more efficiently [6]. The wide
range of anticancer activity seen among the various oversulfated fucoidan derivatives can
probably be explained by differences in sulfate content [7]. The present study is an extension
of our previous work on a native fucoidan (SC, extracted from Sargassum aquifolium) and
three fucoidan hydrolysates, which we developed, termed SCA (degradation of SC by
ascorbic acid), SCH (degradation of SC by hydrogen peroxide), and SCAH (degradation
of SC by ascorbic acid + hydrogen peroxide). Our analyses determined that SCA was a
suitable candidate for further development as an adjuvant therapy for lung cancer [8].
In the current study, we oversulfated SCA and developed two oversulfated fucoidans
termed SCA-S1 and SCA-S2. The sulfate contents of SCA, SCA-S1, and SCA-S2 were
13.67 ± 2.19%, 34.67 ± 3.73%, and 60.63 ± 3.69%, respectively (Table 1). In a study by Cho
et al. [7], the addition of sulfate groups increased the sulfate content of the low molecular
weight fucoidan (F5–30K fraction) up to 56.8%. The sulfate content of oversulfated F5–30K
fraction was similar to that of SCA-S2, indicating that oversulfation of fucoidan is capable
of yielding a sulfate content reaching as high as 60% (approx.). A summary of the chemical
properties of SCA, SCA-S1, and SCA-S2 is presented in Table 1. Increases in sulfate content
may result in a proportional decrease in the fucose content of fucoidan, suggesting that
oversulfation may modify the fundamental structure of fucoidan. The FTIR spectra for
SCA, SCA-S1, and SCA-S2 (Figure 1) depict broader peak areas at 1243 (the asymmetric
stretching of S=O), 840 (C–O–S bending vibration of sulfate substituents at the axial C-4
position), and 620/580 (the symmetric and anti-symmetric O=S=O deformations) cm−1 in
SCA-S1 and SCA-S2, which are indicative of higher sulfate contents in SCA-S1 and SCA-S2.
Moreover, Partankar et al. [33] reported that the sulfate peaks at around 820 and 840 cm−1

correspond to the equatorial C-2 and axial C-4 positions, respectively. In Figure 1, SCA
showed a strong peak at around 840 cm−1, which indicates that the sulfates had largely
been substituted at the C-4 position. In contrast, the oversulfated SCA-S1 and SCA-S2
both showed a pronounced peak at 840 cm−1 with a shoulder at 820 cm−1 (Figure 1),
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providing evidence of a 2,4 disubstitution of the sulfate groups. These findings are in line
with previously reported studies [7], showing that sulfation resulted in the emergence of a
shoulder at 820 cm−1 alongside the main peak at 840 cm−1 in the IR spectra, indicative of
2,4 disulfation. NMR spectra can be used to further evaluate the structural characteristics
of oversulfated fucoidans. After oversulfation, the 1H-NMR and 13C-NMR spectra of SCA,
SCA-S1, and SCA-S2 (Figure 2) were found to be different. Nonetheless, the characteristic
peaks of fucoidan were also detected in SCA, SCA-S1, and SCA-S2. Sulfur trioxide N,N-
dimethylformamide complex (SO3-DMF) (sulfating agents) in formamide (FA) solution
was used to sulfate SCA-S1 and SCA-S2. Of note, the specific 1H-NMR and 13C-NMR
signals representing DMF were detected in SCA-S1 and SCA-S2 (Figure 2), demonstrating
the presence of sulfate groups in the fucoidan backbones.

In a previous study, we showed that the native fucoidan (SC) and fucoidan hy-
drolysates (SCA, SCH, and SCAH) lowered the ratios of live A-549 cells, and SCA, SCH,
and SCAH conferred stronger cytotoxic effects on A-549 cells compared with SC [8]. How-
ever, all of the tested fucoidans (SC, SCA, SCH, and SCAH) showed less potent cytotoxic
effects against normal BEAS-2B cells compared with that of A-549 cells [8]. Although
there are a number of available human lung cancer cell lines that can be used to establish
a tumor model, such as A-549, H-460, H-1299, H-1650, H-358, and HCC-827 [34], A-549
cells are adenocarcinomic human alveolar basal epithelial cells, which are widely used
in models for the study of lung cancer and the development of drug therapies against
it [8,35]. Moreover, A-549 cells are easy to maintain and grow faster compared with other
lung cancer cells. Thus, A-549 cells were utilized in the present study to evaluate the anti-
cancer effect of fucoidan extracts. In the current study, the most potent cytotoxic effects on
A-549 cells were observed in SCA-S1 among the tested fucoidans (Figure 3A). The analyses
of the cytotoxicities of SCA-S1 to A-549 cells and BEAS-2B cells at the concentration of
500 μg/mL revealed a survival rate of 19.3 ± 1.0% in A-549 cells, but in BEAS-2B cells
the survival rate was 55.5 ± 1.0%, showing that SCA-S1 had a toxic effect on normal cells
that was 2.9-fold (55.5/19.3 = 2.9) lower (Figure 3). Likewise, SCA-S2 was shown to have
an approximately 3.0-fold (72.4/24.2 = 3.0) lower toxic effect on normal cells (Figure 3).
In a study by Cho et al. [7], it was found that fucoidan (F>30K fraction, sulfate content =
41.2%) exhibited 50% anticancer activity against AGS, a human stomach cancer cell line, at
a concentration exceeding 800 μg/mL. SCA-S1 possessed a sulfate content of 34.7%, which
was similar to that in the F>30K fraction, but it showed a 50% anticancer activity against
A-549 cells at a concentration of 74.4 μg/mL. While the cancer cell lines examined in the
two aforementioned studies were different, the results still show that SCA-S1 confers a
strongly potent effect against cancer cells.

Cell cycle analysis can be employed to assess the growth inhibitory effects of SCA,
SCA-S1, and SCA-S2 on A-549 cells. Flow cytometry is a rapid technique that can be used
to identify compounds capable of selective or preferential eradication of cancer cells by
altering regulation of the cell cycle and/or inducing apoptosis. Treatment of cells with an
apoptosis-inducing agent can lead to DNA fragmentation, which can also be analyzed by
flow cytometry [24]. Small fragments of DNA can be eluted by washing with PBS. Any
cells that have lost DNA will not be stained as obviously using PI stain and will appear
to the left of the G1 peak (the so-called sub-G1 peak). Figure 4 shows that SCA-S2 had the
highest percentage of cells in the sub-G1 phase, followed by SCA-S1 and SCA. In Table 1,
SCA-S2 had the greatest amount of sulfate, followed by SCA-S1 and SCA. Hence, increases
in the sulfate content of fucoidan may promote the induction of sub-G1 cell cycle arrest in a
proportional manner.

MMP plays a vital role in cellular energy production (ATP) and in maintaining home-
ostasis within the cell [36]. MMP disruption is indicative of mitochondria dysfunction
in the transduction of an apoptotic signal [37]. In Figure 5, SCA-S2 exerted the strongest
effect in terms of induction of mitochondrial dysfunction in A-549 cells, followed by
SCA-S1 and SCA. This trend was correlated with sulfate contents (Table 1). Bcl-2, an
anti-apoptotic protein, has been postulated to block MMP depolarization, which in turn
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mitigates the activation of downstream apoptotic molecules, such as cytochrome c, AIF, and
Smac/Diablo [26]. Moreover, suppression of Bcl-2 expression leads to cellular apoptosis.
Figure 6 shows that all of the fucoidans were capable of suppressing the expression of Bcl-2,
compared with the control. Release of cytochrome c from the mitochondria is a nearly
apoptotic event in the mitochondria-dependent apoptotic pathway [38,39]. According to
Figure 7, SCA-S2 showed the greatest cytochrome c release in A-549 cells, followed by
SCA-S1 and SCA. This trend was in proportion to the sulfate contents of the fucoidans
(Table 1). Taken together, these results indicate that induction of apoptosis by SCA, SCA-S1,
and SCA-S2 was largely via a mitochondria-dependent apoptotic pathway. The sulfate
content of fucoidan appears to play a key role in apoptotic cell death. The intrinsic path-
way (mitochondria pathway) comprises a serial process involving loss of MMP, release
of cytochrome c into the cytoplasm, formation of an apoptosome complex, culminating
in the activation of caspase-3 [40,41]. Furthermore, the activation of caspase-3 plays a
pivotal role in DNA fragmentation, which occurs in late phase apoptosis [31]. All of the
fucoidans promoted the activation of caspase-3, as compared to the control, as shown in
Figure 8. In Figure 9, the results show that the degree of DNA fragmentation in A-549
cells was enhanced following treatment with SCA, SCA-S1, and SCA-S2. In short, the
oversulfated fucoidans exhibited greater DNA fragmentation compared with SCA and
the control. Moreover, Annexin V-FITC/PI double staining revealed these fucoidans were
likely responsible for A-549 cell death (largely involving late apoptosis), and compared
with SCA and the control, oversulfated fucoidans had greater numbers of late apoptotic
cells (Figure 10).

Activation of the Akt/mTOR/S6 signaling is common in a wide range of cancers [42,43].
It has been shown that commercialized fucoidan extract from Fucus vesiculosus suppressed
p-Akt and p-mTOR in A-549 cells in a dose- and time-dependent manner [44]. In the
current investigation, we found that SCA, SCA-S1, and SCA-S2 suppressed levels of p-
Akt, p-mTOR, and p-S6 in comparison with the untreated control. Moreover, the results
indicated that SCA-S1 and SCA-S2 showed greater effectiveness with respect to reducing
expressions of p-Akt, p-mTOR, and p-S6 compared with SCA. These results provide clear
evidence that the oversulfated fucoidan enhances the anticancer activity (particularly
against lung cancer) and the underlying mechanism involves the Akt/mTOR/S6 pathway.
These encouraging findings could be useful in the future development of fucoidans with
extensive sulfate substitution with a view to boosting their anticancer properties. While
the precise mechanism has yet to be fully elucidated, it is reasonable to postulate that the
elevated negative charge induced by oversulfation enhances the interaction with particular
proteins, including plasmatic proteins, adhesion proteins, and growth factors that play a
role in cell proliferation, thereby facilitating cell growth suppression [7,45]. Further research
is required to gain a complete understanding of the underlying mechanism of action of
oversulfated fucoidans using other lung cancer cell lines, and to conduct in vivo models to
investigate the upstream and downstream targeting molecules of signaling pathways in
lung cancer.

4. Materials and Methods

4.1. Materials

Samples of Sargassum aquifolium were collected from Kenting (Pingtung, Taiwan). Af-
ter washing and drying, samples were sealed in aluminum foil bags and kept at 4 ◦C
until use. L-fucose, D-galactose, D-glucuronic acid, D-galacturonic acid, D-xylose, D-
mannose, dimethyl sulfoxide (DMSO), potassium bromide (KBr), 2,2,2-Trifluoroacetic
acid (TFA), and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Ham’s F12K medium, DMEM medium,
trypsin/EDTA, fetal bovine serum (FBS), penicillin, and streptomycin were purchased
from Gibco Laboratories (Grand Island, NY, USA). TMRE was obtained from Molecular
Probes, Invitrogen Corp. (Carlsbad, CA, USA). Unless otherwise stated, other reagents
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
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4.2. Sulfation of Fucoidan

SCA was produced in accordance with the methods described in our previous stud-
ies [8]. Sulfation of SCA was performed according to the method described by Wang
et al. [22]. The sulfation reagent, SO3-DMF, was obtained by dropping 20 mL of chlorosul-
fonic acid into 100 mL of N,N-dimethylformamide under cooling in an ice-water bath. Dry
SCA (0.1 g) was added to 10 mL formamide (FA), and the mixture was stirred at RT for 30
min in order to disperse it into the solvent. Then 10 mL SO3-DMF reagent (for SCA-S1)
or 20 mL SO3-DMF reagent (for SCA-S2) was added. After reaction at RT for 4 h, the
solution was neutralized to pH = 7.0 with 1 mol/L NaOH solution and dialyzed against
distilled water for 24 h using 1000 Da MW cutoff dialysis membranes. The remnant was
concentrated and lyophilized to obtain SCA-S1 and SCA-S2.

4.3. Analytical Methods

The fucose content was estimated using the protocol described by Huang et al. [46]
and L-fucose was used as the standard. For the determination of the sulfate content, the
sample was firstly hydrolyzed with 1 N HCl solution for 5 h at 105 ◦C. The hydrolysate
was quantified to determine the percentage of sulfate composition using Dionex ICS-1500
Ion Chromatography with IonPac AS9-HC column at a flow rate of 1 mL/min at 30 ◦C
with conductometric detection. The eluent was 9 mM Na2CO3, and K2SO4 was utilized
as standard. Total sugar content was assayed using a phenol-sulfuric acid method using
L-fucose as the standard.

4.4. Monosaccharide Composition Analysis

For the determination of monosaccharide composition, the sample was first hy-
drolyzed with 2 M trifluoroacetic acid (TFA) for 4 h at 110 ◦C. After removing the residual
acid, the standard sugars and sample were pre-column derivatized with 1-phenyl-3-methyl-
5-pyrazolone (PMP) for 100 min at 70 ◦C. The resulting solutions were extracted with
chloroform three times. Then the PMP derivatives were eluted with a mixture of 0.1 M
phosphate buffer (pH 6.7) and acetonitrile in a ratio of 83:17 (v/v, %) at a flow rate of 1
mL/min on a reversed-phase Inspire™ C18 (250 × 4.6 mm, 5 μm) column with detection
at 245 nm. L-fucose, D-galactose, D-glucuronic acid, D-galacturonic acid, D-xylose, and
D-mannose were used as standards.

4.5. FTIR Spectroscopy

The FTIR spectra were analyzed according to a protocol described in Huang et al. [47].
In brief, the sample was ground evenly with KBr (1:50, w/w, %) until particles measured
less than 2.5 μm in size. The transparent KBr pellets were prepared at 500 kg/cm2 under
vacuum conditions. The FTIR spectra were obtained using an FT-730 spectrometer (Horiba,
Kyoto, Japan). The signals were automatically collected using 60 scans over the range of
4000–400 cm−1 at a resolution of 16 cm−1 and were compared to a background spectrum
collected from the KBr alone.

4.6. NMR Spectroscopy

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

4.7. Cell Culture

A-549 (human lung carcinoma, BCRC 60074, cultured in complete Ham’s F12K
medium) and BEAS-2B (human bronchial epithelial cells, ATCC CRL-9609, cultured in
complete DMEM medium) were obtained from the BCRC (Bioresource Collection and
Research Center, Hsinchu, Taiwan) and the ATCC (American Type Culture Collection,
Manassas, VA, USA), respectively. All cells were cultured in a 37 ◦C humidified 5% CO2
atmosphere, and the medium was changed every two to three days.
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4.8. Evaluation of Cytotoxic Activity

The cytotoxic activity of the fucoidan derivatives was measured using the MTT assay.
Cells were cultured in medium at 37 ◦C in a humidified atmosphere with 5% CO2 for 24 h.
The stock solution of fucoidan extract was prepared by dissolving it in phosphate-buffered
saline (PBS) to a concentration of 20 mg/mL. The medium was then removed and the
cells were treated with different concentrations of fucoidan extracts by diluting the stock
solution with serum-free medium. After 48 h treatment, cells were washed with PBS
once, and MTT reagent (0.1 mg/mL) was added. After a 4 h incubation, isopropanol was
added and thoroughly mixed by pipetting to dissolve the formazan. The resultant solution
was measured by absorption at 560 nm using a spectrophotometer. The cell viability was
expressed as a percentage of MTT reduction.

4.9. Flow Cytometry-Based Analyses

In all flow cytometry-based analyses, cells (4 × 104 cells/mL) were incubated without
(as a non-treated control) and with 200 μg/mL tested samples for 48 h, and then cells were
trypsinized and rinsed with PBS to obtain cell samples. Then, each flow cytometry-based
analysis was performed according to the following procedures.

The cell cycle analysis was performed according to the method described previ-
ously [48]. Briefly, A-549 cells were collected, washed twice with PBS, resuspended in
70% (v/v) ethanol, and stored at 4 ◦C for at least 2 h. The cells were then washed with
staining buffer twice, and stained with 25 μg/mL RNase A. After staining with RNase A
for 15 min, the cells were stained with 50 μg/mL PI solution, and flow cytometry-based
analysis was performed.

For the MMP analysis, the assay was performed using the method of Yang et al. [49].
Briefly, single cell suspensions were washed twice with PBS and incubated, in the dark, for
20 min at 37 ◦C with TMRE (100 nM). After labeling, cells were washed and resuspended
for flow-cytometric measurement in staining solution.

The Bcl-2 assay was done according to the method described by Yang et al. [49]. In
brief, single-cell suspensions were fixed using fixation buffer at 37 ◦C for 20 min. The cells
were subsequently permeabilized using permeabilization buffer, and incubated, in the
dark, for 1 h at RT with FITC (fluorescein isothiocyanate)-labeled anti-Bcl-2 antibody (1:25,
v/v). After labeling, cells were washed and resuspended for flow-cytometric measurement
in staining solution.

The analysis of cytochrome c release was conducted according to the protocol de-
scribed by Huang et al. [12]. Briefly, single-cell suspensions were fixed using fixation buffer
at 37 ◦C for 20 min. The cells were subsequently permeabilized using permeabilization
buffer and incubated in the dark for 1 h at RT with FITC-labeled anti-cytochrome c anti-
body (1:10, v/v). After labeling, cells were washed and resuspended for flow-cytometric
measurement in staining solution.

For activated caspase-3 analysis, the method of Huang et al. [12] was employed. Briefly,
single-cell suspensions were incubated, in the dark, for 1 h at 37 ◦C with FITC-DEVD-
FMK solution. After labeling, cells were washed and resuspended for flow-cytometric
measurement in staining solution.

For DNA fragmentation analysis, the procedure was conducted using the method
described by Shiao et al. [50]. Briefly, A-549 cells were harvested and fixed with 4%
paraformaldehyde, washed, and then incubated with 70% ice-cold ethanol at −20 ◦C
overnight. Cells were washed with wash buffer, followed by the addition of BrdU, and
then incubated with FITC-conjugated anti-BrdU antibody at RT for 30 min in the dark.
After staining, the cells were resuspended in staining buffer for flow analysis.

The Annexin V-FITC/PI staining analysis was performed with an Annexin V-FITC
apoptosis detection kit following the protocol described by Yang et al. [49]. Briefly, single-
cell suspensions were incubated for 15 min at RT in the dark with Annexin V-FITC (1:20,
v/v) and PI (1:20, v/v). After labeling, cells were washed and resuspended for flow-
cytometric measurement in staining solution.
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For phosphorylated Akt, mTOR, and S6 analyses, as well as Akt1, were done using
the techniques described by Huang et al. [51]. In brief, single-cell suspensions were fixed
using fixation buffer at 37 ◦C for 1 h. The cells were then incubated at RT for 1 h in
the dark with APC (allophycocyanin)-conjugated anti-Akt1 antibody (1:50, v/v), FITC-
conjugated anti-phospho-Akt (Ser473) antibody (1:20, v/v), PE (phycoerythrin)-conjugated
anti-phospho-mTOR (Ser2448) antibody (1:20, v/v), or PE-conjugated anti-phospho-S6
(Ser235, Ser236) antibody (1:20, v/v). After labeling, cells were washed and resuspended
for flow-cytometric measurement in staining solution. All of the abovementioned flow
cytometric analyses were performed with a BD Accuri C6 flow cytometer (San Jose, CA,
USA). All of the flow data were analyzed using BD Accuri C6 software.

4.10. Statistical Analysis

All data are expressed as mean ± SD (n = 3). Comparisons between different groups
were performed by ANOVA followed by Duncan’s multiple range test. A p-value less than
0.05 was considered statistically significant.

5. Conclusions

In this investigation, we successfully produced three fucoidans (SCA, SCA-S1, and
SCA-S2) from Sargassum aquifolium, which contained different levels of sulfate content.
Comparisons of SCA, SCA-S1, and SCA-S2 revealed differences in chemical compositions
and structural features as a result of oversulfation treatment. The mitochondrion-dependent
pathway was predominant in SCA-, SCA-S1-, and SCA-S2-induced apoptosis of A-549 cells
as evidenced by the analyses of mitochondrial membrane potential (MMP), cytochrome
c release, Bcl-2 expression, activation of caspase-3, and DNA fragmentation. Moreover,
we demonstrated that oversulfation of fucoidan enhanced its activity against lung cancer
cells and determined that the underlying mechanism likely involves the Akt/mTOR/S6
pathway. Our results indicate that oversulfated fucoidans hold considerable promise for
further development for application as an adjuvant therapy in the treatment of cancer,
especially lung cancer.
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Abstract: Phlorotannins are secondary metabolites produced by brown seaweeds with antiviral,
antibacterial, antifungal, and larvicidal activities. Phlorotannins’ structures are formed by dibenzodi-
oxin, ether and phenyl, ether, or phenyl linkages. The polymerization of phlorotannins is used to
classify and characterize. The structural diversity of phlorotannins grows as polymerization increases.
They have been characterized extensively with respect to chemical properties and functionality. How-
ever, review papers of the biological activities of phlorotannins have focused on their antibacterial
and antiviral effects, and reviews of their broad antifungal and larvicidal effects are lacking. Accord-
ingly, evidence for the effectiveness of phlorotannins as antifungal and larvicidal agents is discussed
in this review. Online databases (ScienceDirect, PubMed, MEDLINE, and Web of Science) were used
to identify relevant articles. In total, 11 articles were retrieved after duplicates were removed and
exclusion criteria were applied. Phlorotannins from brown seaweeds show antifungal activity against
dermal and plant fungi, and larvicidal activity against mosquitos and marine invertebrate larvae.
However, further studies of the biological activity of phlorotannins against fungal and parasitic
infections in aquaculture fish, livestock, and companion animals are needed for systematic analyses
of their effectiveness. The research described in this review emphasizes the potential applications of
phlorotannins as pharmaceutical, functional food, pesticide, and antifouling agents.

Keywords: phlorotannins; antifungal; larvicidal; brown seaweeds; biological activities

1. Introduction

Seaweeds are abundant in coastal regions and have become valuable sources of
biologically active compounds and secondary metabolites, such as agar, carrageenan,
alginate, alkaloids, phenolics, and phlorotannins, with extensive practical applications [1].
Phlorotannins are highly hydrophilic compounds formed by the acetate–malonate pathway.
They contain phloroglucinol (Figure 1) (1,3,5-tryhydroxybenzene) units and have molecular
sizes of 126 Da–650 kDa [2].

Ishige okamurae, Ecklonia cava, E. kurome, E. stolonifera, Pelvetia siliquosa, Eisenia ar-
borea, and E. bicyclis as well as species in the genera Cystophora and Fucus have been
reported to contain phlorotannins. Purified phlorotannins from these brown algae have
antioxidant, antitumor, anticancer, anti-inflammatory, antiviral, antimicrobial, antifun-
gal, and larvicidal activities, which are beneficial properties for the development of new
functional agents [3–7].
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Figure 1. The basic structure of phlorotannins isolated from brown seaweeds [3].

Increasing antibiotic resistance and the spread of new variants of viruses are growing
global problems [8]. Additionally, increases in mosquito larvae causing malaria, dengue
hemorrhagic fever, filariasis, and chikungunya as well as biofouling marine invertebrate
larvae have become major issues. Accordingly, the search for novel natural compounds
to resolve these issues has been a major focus of research. Bioactive phlorotannins de-
rived from brown algae have promising pharmacological and inhibitory effects [5,9–13]
and, as described previously [10,14–16], may be valuable compounds for resolving these
growing issues.

The five review papers on biological activities of phlorotannins reported by Eom et al. [5]
focused on the antimicrobial activity of phlorotannins. Besednova et al. [17] and Za-
porozhets and Besednova [18] have reviewed antiviral activities of phlorotannins. Nonethe-
less, reviews of their other biological activities, such as antifungal and larvicidal activities,
are lacking. Accordingly, this review provides a comprehensive overview of antifungal
and larvicidal activities of phlorotannins, providing a strong basis for their development as
new functional agents. The biological activities of phlorotannins further support the utility
of brown seaweeds as sources of novel functional agents derived from natural compounds.

2. Phlorotannins

Phlorotannins are produced and found in physodes, which are located in cells’ pe-
riphery and perinuclear regions [19]. Phlorotannins belong to phloroglucinol’s oligomers
that can act as both primary and secondary metabolites. They are only found in brown
seaweed and formed by the acetate–malonate (polyketide) pathway in the Golgi appa-
ratus [20]. A combination of ether and phenyl, ether, dibenzodioxin, or phenyl linkages
form the structures of phlorotannins (Figure 2). As a result, based on the structural link-
age, phlorotannins can be divided into six groups. Eckols contain dibenzo-1,4-dioxin
linkages, carmalols contain dibenzodioxin moiety, fucols contain aryl–aryl bonds, phlore-
tols contain aryl–ether bonds, fucophloretols contain ether or phenyl linage, and fuhalols
contain ortho-/para-arranged ether bridges containing an additional hydroxyl group on
one unit [21].

Phlorotannins have been isolated from brown seaweed such as Ecklonia cava, E.
stolonifera, Sargassum ringgoldianum, Ishige okamurae, Fucus vesiculosus, and Eisenia bicy-
clis, as well as species in the genera Cystophora and Fucus. Eckol, phloroglucinol, dieckol,
diphlorethohydroxycarmalol, 6,6′-bieckol, phlorofucofuroeckol A, dioxinodehydroeckol,
and 7-phloroeckol have been extracted from these seaweeds. Table 1 summarize the
phlorotannins that were extracted from brown seaweeds.
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Ether linkages 

  
Diphlorethol Bifuhalol Trifuhalol C 

Phenyl linkages 

  
Difucol Trifucol 

Ether and phenyl linkages 

 
 

Fucophlorethol A Fucophlorethol B 

Dibenzodioxin linkages 

 
Eckol Diphlorethohydroxycarmanol 

Figure 2. Structure of phlorotannins contain ether and phenyl-, ether-, dibenzodioxin-, or phenyl-linkages [22].
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Table 1. Phlorothannin compounds extracted from brown seaweeds.

Brown Seaweed Compound Ref.

Ecklonia cava

Eckol [19–21]

Phloroglucinol [20–23]

Dieckol [20,21]

Ecklonia stolonifera

Phlorofucofuroeckol A

[24]Dieckol

Dioxinodehydroeckol

Eisenia bicyclis

Phloroglucinol

[25]

Eckol

7-phloroeckol

Phlorofucofuroeckol A

Dioxinodehydroeckol

Sargassum ringgoldianum Phlorotannins extract [26]

Ishige okamurae

Phloroglucinol

[27]Diphlorethohydroxycarmalol

6,6′-bieckol

Fucus vesiculosus Phlorotannins extract [28]

3. Antifungal Activity of Phlorotannins

The antifungal activity of phlorotannins has been evaluated by Kim et al. [29],
Lopes et al. [30], Lee et al. [31], and Corato et al. [32]. These studies have reported the
antifungal activity of phlorotannins against dermal fungi, such as Candida albicans, Epider-
mophyton floccosum, Trichophyton rubrum, and Trichophyton mentagrophytes, and plant fungi,
such as Botrytis cinerea and Monilinia laxa, as summarized in Table 2.

Table 2. Antifungal activities of phlorotannins extracted from brown seaweeds.

Fungi Extract/Chemical Source Activities Ref.

Dermal fungi

Candida albicans Fucofuroeckol-A Eisenia bicyclis MIC a of 512 μg/mL [29]

Candida albicans

Phlorotannins extract

Cystoseira nodicaulis MIC of 15.6 mg/mL

[30]

Candida albicans Crassiphycus usneoides MIC of 31.3 mg/mL

Candida albicans Fucus spiralis MIC of 31.3 mg/mL

Epidermophyton floccosum Cystoseira nodicaulis MIC of 3.9 mg/mL

Epidermophyton floccosum Crassiphycus usneoides MIC of 15.6 mg/mL

Epidermophyton floccosum Fucus spiralis MIC of 7.8 mg/mL

Trichophyton rubrum Cystoseira nodicaulis MIC of 3.9 mg/mL

Trichophyton rubrum Crassiphycus usneoides MIC of 15.6 mg/mL

Trichophyton rubrum Fucus spiralis MIC of 3.9 mg/mL

Trichophyton mentagrophytes Cystoseira nodicaulis MIC of 7.8 mg/mL

Trichophyton mentagrophytes Crassiphycus usneoides MIC of 31.3 mg/mL

Trichophyton mentagrophytes Fucus spiralis MIC of 15.6 mg/mL

Trichophyton rubrum Dieckol Ecklonia cava MIC of 200 μM [31]
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Table 2. Cont.

Fungi Extract/Chemical Source Activities Ref.

Plant fungi

Botrytis cinerea
Phlorethols

Laminaria digitata MGI b of 100% [32]
Fucophloretols

Monilinia laxa
Phlorethols

Fucophloretols
a MIC: Minimum inhibitory concentration. b MGI: Mycelia growth inhibition.

The effects of phlorotannins against dermal fungal pathogens have been evaluated.
Lopes et al. [30] extracted phlorotannins from Cystoseira nodicaulis, Crassiphycus usneoides,
and Fucus spiralis using n-hexane and then extracted using acetone:water (7:3). These
phlorotannins exhibit antifungal activity against C. albicans, E. floccosum, and T. mentagro-
phytes. The MIC values of phlorotannins against these fungi range from 3.9 to 31.3 mg/mL.
Fucofuroeckol-A, isolated from Eisenia bicyclis, and dieckol, isolated from Ecklonia cava,
have antifungal activities [29,31]. Fucofuroeckol-A shows an MIC of 512 μg/mL against C.
albicans [29], whereas dieckol exhibits a MIC of 200 μM against Trichophyton rubrum [31].
Although dieckol has shown antifungal activity, the concentration was extremely high.
A general lack of selectivity of new drugs candidate should have >50% inhibition at a
concentration less than 30 μM [33]. Corato et al. [32] have shown that phlorethols and
fucophloretols extracted from Laminaria digitata are effective against plant fungal pathogens,
such as B. cinerea and M. laxa, with 100% mycelial growth inhibition.

In fungal cell, phlorotannins block dimorphic complexes, resulting in the appearance
of pseudohyphae with decreasing surface adhesive properties. The virulence and capac-
ity to invade fungal host cells are also decreased by phlorotannins. On the other hand,
phlorotannins induced reactive oxygen species (ROS) production and triggered early apop-
tosis, resulting in the activation of the CaMCA1 gene (Metacaspase 1) and membrane dis-
ruption. These inhibitory effects promote phlorotannins as new antifungal agents [29,30,32].

The effectiveness of phlorotannins as antifungal agents depends on numerous factors,
such as the complex interactions between chemical compounds and the host and rates
of degradation, hydrolysis, and polymerization. In the first step of nature compound
discovery as new drug candidate, MICs are usually the starting point for larger preclinical
evaluations of novel drug agents, and to ensure that compounds efficiently increase the
success of treatment [31,32].

Increased rates of fungal infections in humans, animals, and plants necessitate the
development of new antifungal agents. The antifungal effects of phlorotannin extracts,
phlorethols, fucophloretols, fucofuroeckol-A, and dieckol have been evaluated. However,
other subclasses of phlorotannins remain to be explored and should be a focus of further
research aimed at the identification of novel antifungals.

4. Larvicidal Activity of Phlorotannins

The larvicidal activity of phlorotannins has been reported by Thangam and Kathire-
san [34], Ravikumar et al. [35], Manilal et al. [36], Birrell et al. [37], Brock et al. [38], Lau
and Qian [39], and Tsukamoto et al. [40]. These studies evaluated effects against mosquito
larvae, such as Aedes aegypti and Culex quinquefasciatus, and against marine invertebrate
larvae, such as Acropora millepora, Balanus improvises, Hydroides elegans, Halocynthia roretzi,
and Ciona savignyi, as summarized in Table 3.
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Table 3. Larvicidal activities of phlorotannins extracted from brown seaweeds.

Larvae Extract/Chemical Sources Activities Ref.

Mosquitos

Aedes aegypti Phlorotannins extract Dictyota dichotoma LC50
a of 61.66 mg/L [34]

Aedes aegypti Phlorotannins extract Dictyota dichotoma LC50 of 0.0683 μg/mL [35]

Aedes aegypti

Phlorotannins extract

Lobophora variegata LC50 of 70.38 μg/mL

[36]

Aedesaegypti Stoechospermum marginatum LC50 of 82.95 μg/mL

Aedesaegypti Sargassum wightii LC50 of 84.82 μg/mL

Culex quinquefasciatus Lobophora variegata LC50 of 79.43 μg/mL

Culex quinquefasciatus Stoechospermum marginatum LC50 of 85.11 μg/mL

Culex quinquefasciatus Sargassum wightii LC50 of 87.09 μg/mL

Marine invertebrate

Acropora millepora Phlorotannins extract Padina sp. 30% of coral settlement
was reduced [37]

Balanus improvisus Phlorotannins extract Fucus vesiculosus
Larvae settlement was
deterred at 31.5 μg/mL

of concentration
[38]

Hydroides elegans Phlorotannins extract Sargassum tenerrimum LC50 of 13.98 μg/mL [39]

Ciona savignyi

Phlorotannins extract Sargassum thunbergii

33% of larval
metamorphosis were

inhibited at 25 μg/mL
[40]

Halocynthia roretzi
27% of larval

metamorphosis were
inhibited at 25 μg/mL

a LC50: Lethal concentration.

Phlorotannins show potential activity against mosquito larvae. Thangam and Kathire-
san [34], Ravikumar et al. [35], and Manilal et al. [36] have reported that phlorotannins
extracted from brown seaweeds, such as Dictyota dichotoma, Lobophora variegata, Stoechos-
permum marginatum, and Sargassum wightii, exhibit LC50 values ranging from 0.0683 to
85.11 μg/mL against mosquito larvae—namely, A. aegypti and C. quinquefasciatus.

Birrell et al. [37] reported that phlorotannins from Padina sp. reduce the settlement of
Acropora millepora larvae by 30%. Furthermore, phlorotannins from Fucus vesiculosus inhibit
the larval settlement of Balanus improvises [38].

Study by Lau and Qian [39] reported that phlorotannins extract from Sargassum
tenerrimum showed larvicidal activity in Hydroides elegans with an LC50 of 13.98 μg/mL.
Tsukamoto et al. [40] demonstrated that phlorotannins extract inhibit 33% and 27% larval
metamorphosis of Ciona savignyi and Halocynthia roretzi at low concentrations (25 μg/mL).

In mosquito larvae, acute mortality and sublethality are the two main effects ob-
served. With respect to sublethal effects, morphogenetic and external structural changes
occur during the exposure period [41]. Other toxic effects, such as effects on growth,
development, fecundity, fertility, and adult longevity in mosquitoes, have also been
recorded [42,43]. Moreover, inhibitory effects on the cholinesterase enzymes choliner-
gic and gamma-aminobutyric acid (GABA) as well as mitochondrial and octopaminergic
systems have also been recorded [44,45].

As larvae settlement inhibition agents, phlorotannins can influence the coral larval set-
tlement process. In nature, phlorotannins delay the settlement process before larvae attach
to substrates, even in areas free of macroalgae or with suitable substrates [37]. Furthermore,
phlorotannins can inhibit settlement process of cyprids larvae. These findings indicate that
phlorotannins from brown seaweeds might serve an essential ecological role as inhibitors of
fouling. The larvicidal effects of phlorotannins might be mediated by various mechanisms,
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including the direct inhibition of the settlement and/or survival of larvae and regulation
of the growth of bacterial microfoulers, affecting larval settlement. On the other hand,
phlorotannins can quicken the metamorphosis of Ciona savignyi and Halocynthia roretzi
compared to sulfoquinovosyl diacylglycerol at the same concentrations [40]. These findings
suggest that phlorotannins can act as an antifouling agent without causing disruption to
other organisms.

However, most studies of the larvicidal activity of phlorotannins have focused on
crude phlorotannins. To the best of our knowledge, other subclasses of phlorotannins,
such as fuhalols, phlorethols, fucols, and fucophloroethols, have not been tested. These
phlorotannins have a wide range of biological activities and further studies should evaluate
their larvicidal effects and underlying mechanisms.

5. Extraction of Phlorotannins from Brown Seaweeds

Solid–liquid extraction using organic solvents is the most common method for ob-
taining phlorotannins from brown seaweeds. Phlorotannins can be extracted using polar
solvents, including acetone, ethanol, and methanol. A mixture of polar solvents and water
is often used to extract phlorotannins [46–51]. During the extraction procedure, the temper-
ature is set to no more than 52 ◦C (and commonly to room temperature) to minimize the
degradation of polyphenolic compounds [46,47]. The amount of phlorotannins extracted de-
pends on the type of seaweed and the solvent used. Table 4 show phlorotannin yields obtained
using organic solvents. Extraction of phlorotannins using both methanol:water (60%:40%)
and methanol yielded phlorotannins ranging from 2 to 370 mg/g. Methanol solvent yielded
the most phlorotannins but needs further processing to purify the compounds.

Table 4. Yield of phlorotannins extracted from brown seaweeds using organic solvent.

Sources Solvent Yield Ref.

Ascophyllum nodosum

Methanol:Water (60%:40%)

2 mg/g

[52]

Fucus serratus 2.6 mg/g

Fucus vesiculosus 2.92 mg/g

Laminaria hyperborean 2.46 mg/g

Pelvetia canaliculata 2.2 mg/g

Ascophyllum nodosum
Methanol:Water (60%:40%)

6.66 mg/g
[53]

Himanthalia elongata 2.79 mg/g

Ecklonia kurome Methanol 370 mg/g [54]

Ishige okamurae Methanol 190 mg/g [55]

Naturally, concentration of phlorotannins in brown seaweeds is affected by biological
factors, such as the species, tissue type, size, and age, as well as environmental condi-
tions, such as nutrient levels, water temperature, season, herbivore intensity, and light
intensity [46,47]. The extraction method also affects the yield.

Although solid–liquid extraction has been used to obtain phlorotannins from brown
seaweeds, this method has a number of weaknesses, such as long extraction times for high
yields, a lack of specificity, and the need to purify the extract [46–48]. Supercritical fluid
extraction, microwave extraction, liquid extraction under pressure, ultrasonic extraction,
and enzymatic extraction are alternative methods for phlorotannins extraction. These
methods can increase yield, increase purity, and reduce extraction times [47–49,51,56].

Enzymatic extraction offers high yield values by the destruction of the cell wall.
Puspita et al. [51] obtained a higher phlorotannins yield from Sargassum polycystum by the
enzymatic method (21–38% phlorotannins) than by the solid solid–liquid method (3–15%).
Similar to the enzymatic extraction method, the ultrasonic extraction method enables a high
yield by destroying cell walls using mass transfer during the process [48]. Furthermore,
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the low time requirement is the greatest advantage of high-pressure liquid extraction and
microwave methods [46–49,51].

6. Future Prospects for Phlorotannins

Since phlorotannins possess many biological activities, these compounds have at-
tracted substantial research attention. The high effectiveness and low toxicity of these
compounds support their utilization as components of pharmaceuticals, cosmetics, and
food products (Figure 3).

Figure 3. Application of phlorotannins as pharmaceutical, food, pesticide, antifouling, and repellent agents.

According to Paradis et al. [57], Baldrick et al. [58], and Shin et al. [59], no side effects
of phlorotannins have been recorded after testing in humans. Negara et al. [60] further
reported that phlorotannins exhibit biological activities with low toxic effects on humans
and animals. Phlorotannins successfully decrease the incremental areas under the curve in
plasma insulin, cholesterol (both low-density and high-density lipoprotein levels), DNA
damage, body fat ratio, and waist/hip ratio. Um et al. [61] reported no serious side effects,
such as nausea, mild fatigue, abdominal distension, and dizziness. Thus, phlorotannins
are new candidates for applications as pharmaceutical, food, pesticide, antibiofouling, and
repellent agents.

Kim et al. [29], Lopes et al. [30], and Lee et al. [31] have shown that phlorotannins
exhibit antifungal activities against dermatophytic fungi, such as Candida albicans, Epider-
mophyton floccosum, Trichophyton rubrum, and Trichophyton mentagrophytes, which cause skin
infections. Accordingly, phlorotannins are promising compounds for the development
of dermal creams with antifungal effects. In addition, Corato et al. [32] reported that
phlorotannins successfully inhibit the mycelia of plant fungal pathogens, suggesting that
they are potentially new natural pesticides. In food, antifungal activities exhibited by
phlorotannins could be developed as food preservatives.

The larvicidal activity of phlorotannins in mosquitos reported by Thangam and
Kathiresan [34], Ravikumar et al. [35], and Manilal et al. [36] suggests that they may be
effective mosquito repellent agents. Phlorotannins have shown effects against marine
invertebrate larvae [37–40], suggesting that they are natural antifouling agents. Unlike
heavy metals, which act as broad-spectrum toxins to both targeted and nontargeted marine
organisms [62], the natural antifouling effects of phlorotannins showed specificity to the
target organism.

Therefore, recent research clearly supports the use of phlorotannins as pharmaceu-
tical, cosmetic, antifouling, and food preservation agents. However, in-depth studies of
phlorotannins are needed to determine their precise effects.
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7. Method

Following Systematic Reviews and Meta-Analyses (PRISMA) guidelines, various
online databases (Web of Science, ScienceDirect, MEDLINE, and PubMed) were used
for literature searches [63]. “Phlorotannins OR antifungal OR larvicidal OR activity OR
biological OR in vitro” was used as the search strategy. English language and effectiveness
were applied as filters. In total, 85 articles were collected. After filtering, 11 articles
were reviewed.

8. Conclusions

Our review revealed that phlorotannins from brown seaweeds exhibit activities against
dermal and plant fungi, and mosquito and marine organism larvae. These findings provide
a basis for the development of phlorotannins as new functional foods, feeds, pharma-
ceuticals, and larvicidal agents. To the best of our knowledge, their effects against viral,
microbial, and parasitic infections have not been evaluated in fish, livestock, and compan-
ion animals; further studies on the biological activities of phlorotannins in these organisms
are needed.
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Abstract: Sargassum brown seaweed is reported to exhibit several biological activities which promote
human health, such as anticancer, antimicrobial, antidiabetic, anti-inflammatory, and antioxidant
activity. This study aimed to investigate the anti-inflammatory and antioxidant activity of crude
lipid extracts of Sargassum ilicifolium obtained from four different coastal areas in Indonesia, namely
Awur Bay–Jepara (AB), Pari Island–Seribu Islands (PI), Sayang Heulang Beach–Garut (SHB), and
Ujung Genteng Beach–Sukabumi (UGB). Results showed that treatment of RAW 264.7 macrophage
cells with UGB and AB crude lipid extracts (12.5–50 μg/mL) significantly suppressed the nitric oxide
production after lipopolysaccharide stimulation, both in pre-incubated and co-incubated cell culture
model. The anti-inflammatory effect was most marked in the pre-incubated cell culture model. Both
two crude lipid extracts showed 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity and high
ferric reducing antioxidant power, which were amounted to 36.93–37.87 μmol Trolox equivalent/g
lipid extract and 681.58–969.81 μmol FeSO4/g lipid extract, respectively. From this study, we can
conclude that crude lipid extract of tropical S. ilicifolium can be further developed as a source of
anti-inflammatory and antioxidant agent.

Keywords: anti-inflammatory; antioxidant; coastal area; crude lipid extract; Sargassum ilicifolium

1. Introduction

As one of the countries with the longest coastline in the world, Indonesia’s seaweed-
producing potential is very high. Indonesia was able to produce up to 10.4 million tons of
fresh seaweed in 2017. In international trade, Indonesia is one of the main players, with an
export volume reaching 212,962 tons in 2018 [1]. Of the global production of cultured sea-
weed, Indonesia contributed almost 38% to the total production, which made Indonesia the
second-largest seaweed producer in the world after China [2]. Among hundreds of seaweed
species found in Indonesian waters, only a few species have been optimally cultivated,
especially from agar- and carrageen-producing groups such as Gracilaria sp., Kappaphycus
alvarezii, and E. denticulatum. The utilization of brown seaweed in Indonesia is still limited,
even though its health benefits have been empirically and scientifically recognized [3].

Brown seaweed, especially Sargassum species, has become one of the important ingre-
dients in the traditional medicine of East Asian communities. Some Sargassum species have
been utilized for generations by Chinese and Korean people to treat several inflammation-
associated health problems, such as the painful scrotum, edema, liver organ swelling, chronic
bronchitis, etc. [4,5]. Several studies on Sargassum summarized by Saraswati et al. [6] indi-
cated the promising anti-inflammatory effect of this seaweed genus, for both acute and
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chronic conditions. Although several screening studies demonstrated the predominance of
Sargassum lipid-soluble fractions which are responsible for inflammatory activity [7–10],
the potency of the lipid-soluble compounds of tropical Sargassum has not been fully ex-
plored. To date of our knowledge, the sulfated polysaccharides of tropical Sargassum are
the most studied compounds for their anti-inflammatory activity [5]. The utilization of
tropical Sargassum lipid-soluble fractions/compounds as a source of anti-inflammatory
and antioxidant agents can be one of the valorization efforts of seaweed metabolites [11].

One of the Sargassum species which is widely distributed in Indonesian waters with
promising biomass is S. ilicifolium. Together with other species from Sargassum subgenus,
this seaweed is included as one of the most abundant species distributed in the Pacific
basin, primarily southwestern Pacific regions such as North Australia, Fiji, Guam, Indone-
sia, Malaysia, Micronesia, New Caledonia, Papua New Guinea, Philippines, Singapore,
Solomon Islands, and Taiwan [12,13]. S. ilicifolium was first described by Agardh in 1820,
and this seaweed is known from not only the tropical Pacific region, but also the Indian
ocean region [14]. In addition, S. cristaefolium, S. duplicatum, S. berberifolium, and Fucus
latifolius are all recognized as synonyms of S. ilicifolium, according to Guiry and Guiry [12].
Wu et al. [15] have reported the anti-inflammatory effect of crude sulfated polysaccha-
rides derived from S. ilicifolium (as S. cristaefolium) in lipopolysaccharide (LPS)-induced
murine macrophage RAW 264.7 cells. The anti-inflammatory studies of S. ilicifolium and
S. duplicatum have been previously investigated by several research groups on different
models, such as carrageenan-induced rat paw edema [16], 12-O-techanoyl-13-myristate-
induced polymorphonuclear leukocyte [17], LPS-induced RAW 264.7 cells [18,19], and
indomethacin-induced rat inflammatory bowel disease [20].

In the present study, we aimed to investigate the anti-inflammatory and antioxidant
activity of crude lipid extracts of S. ilicifolium obtained from four different coastal ar-
eas around Java Island–Indonesia, namely Sayang Heulang Beach/SHB, Ujung Genteng
Beach/UGB, Pari Island/PI, and Awur Bay/AB-Jepara. SHB and UGB are located at
the southern waters of Java Island, while PI and AB are in the northern waters of Java.
The anti-inflammatory effect of brown seaweed crude lipid extracts was assayed on LPS-
induced RAW 264.7 cells under two different experimental models, i.e., pre-incubated and
co-incubated model. While the antioxidant activity was examined through 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radical scavenging method and ferric reducing antioxidant power
(FRAP) method. These study results are expected to provide baseline information for
further development of Indonesian S. ilicifolium as a source of anti-inflammatory and
antioxidant ingredients.

2. Results

2.1. Cell Viability after Treatment of S. ilicifolium Crude Lipid Extract

Cell viability assay was carried out to determine doses of samples for anti-inflammatory
activity assay. Figure 1 shows RAW 264.7 cells viability after brown seaweed lipid extract
treatment for 24 h. Because decreased viability was most marked at 100 μg/mL, doses of
samples ranging from 12.5–50 μg/mL were chosen for further anti-inflammatory assay.
Treatment of RAW 264.7 cells with crude lipid extract from Pari Island (PI) samples ex-
hibited the highest cytotoxicity. PI extract yielded 63.9% viability at 12.5 μg/mL, while
100 μg/mL of PI extract caused a significant cytotoxic effect with viability value at 22.6%.
The weakest cytotoxic effect was found in Awur Bay (AB) sample treatment with cell
viability at 12.5, 25, and 50 μg/mL were 90.0, 88.8, and 74.6%, respectively. When excluding
PI treatment due to its highest cytotoxic effect, UGB treatment showed a sharp decrease
in viability at a dose range of 12.5–50 μg/mL. At 50 μg/mL, viability of the UGB-treated
group only reached 48.22%, while the viability of SHB and AB treatment group at a dose
of 50 μg/mL were 69.01 and 74.64%, respectively. Determination of cell viability becomes
important, so the observed anti-inflammatory effect is deemed not to be attributable to
cytotoxic effects [21,22].
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Figure 1. Viability of RAW 264.7 cells after incubated by Sargassum ilicifolium crude lipid extracts
(12.5–1000 μg/mL) for 24 h. Note: SHB = Sayang Heulang Beach, UGB = Ujung Genteng Beach,
PI = Pari Island, AB = Awur Bay. Means with at least one same letter are not significantly different
based on Duncan’s test (p > 0.05). Error bars indicate the value of standard deviation.

2.2. Anti-Inflammatory Activity of S. ilicifolium Crude Lipid Extract

In this study, lipopolysaccharide (LPS) from Escherichia coli O111:B4 was used to stim-
ulate an inflammatory response in RAW 264.7 macrophage cells. It was proven by the
significant increase of nitric oxide (NO) production in the LPS-treated group (control +)
if compared to the non-LPS treatment group (control-). Nitric oxide (NO) is a signaling
molecule that plays a key role in the pathogenesis of inflammation. The impaired pro-
duction of NO is associated with tissue damage, neurodegeneration, and inflammatory
disorders in joint, gut, and lung since it acts as pro-inflammatory mediator which can am-
plify the inflammatory response. Hence, an effort to find selective NO inhibitors becomes a
therapeutic advance in the management of inflammatory diseases [23].

Effects of brown seaweed lipid extract treatment on NO production of LPS-induced
RAW 264.7 macrophage cells are shown in Figures 2 and 3. UGB sample provided the
strongest NO inhibition activity. In the pre-incubated cell culture model, level of NO inhi-
bition by UGB treatment reached 83.21% at a dose of 50 μg/mL and 26.10% at 12.5 μg/mL.
While NO inhibition level by UGB treatment in the co-incubation model ranged from
28.07–61.81%. Treatment of RAW 264.7 cells by SHB samples in the pre-incubated cell
culture model exhibited no significant reversion of LPS-induced NO production. In the
co-incubation model, SHB treatment gave lowest NO inhibition activity, only ranging
from 10.15–25.38%. AB treatment showed a promising NO inhibition activity with a more
acceptable cytotoxic effect. Level of NO inhibition by AB treatment was ranging from
11.29–65.76% in pre-incubated cell culture model and 13.44–41.80% in co-incubation model.
Jaswir et al. [18] found that treatment of RAW 264.7 cells with water extracts (50 μg/mL)
of three different Malaysian Sargassum species could inhibit LPS-induced NO produc-
tion around 40–52%. A study by Jayawardena et al. [9] reported that LPS-induced NO
production in RAW 264.7 cells was inhibited by treatment of Korean S. horneri ethanolic
extract through suppression of nuclear factor (NF)-kappa B transactivation, decreased
mitogen-activated protein kinases (MAPKs) phosphorylation, and increased expression
of nuclear factor E2-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1). The activa-
tion of NF-kB transcription factor and MAPKs (i.e., extracellular-signal regulated kinase
(ERK), Jun N-terminal kinase (JNK), and p38) are known to play a critical role in the
regulation of inflammatory response, whilst the activation Nrf2/HO-1 pathway induce the
cytoprotective effect against oxidative stress due to inflammatory stimulation.

113



Mar. Drugs 2021, 19, 252

Figure 2. Effect of Sargassum ilicifolium crude lipid extracts (12.5–50 μg/mL) on LPS-induced NO
production in pre-incubated cell culture model. RAW 264.7 cells (104 cells/well in 96-well culture
plates) were incubated by sample for 24 h before LPS stimulation. Note: SHB = Sayang Heulang
Beach, UGB = Ujung Genteng Beach, PI = Pari Island, AB = Awur Bay. Means with at least one same
letter are not significantly different based on Duncan’s test (p > 0.05). Error bars indicate the value of
standard deviation.

Figure 3. Effect of Sargassum ilicifolium crude lipid extracts (12.5–50 μg/mL) on LPS-induced NO
production in co-incubated cell culture model. RAW 264.7 cells (104 cells/well in 96-well culture
plates) were incubated by sample and LPS for 24 h simultaneously. Note: SHB = Sayang Heulang
Beach, UGB = Ujung Genteng Beach, PI = Pari Island, AB = Awur Bay. Means with at least one same
letter are not significantly different based on Duncan’s test (p > 0.05). Error bars indicate the value of
standard deviation.

Pre-incubation of RAW 264.7 cells with S. ilicifolium lipid extracts before LPS stimula-
tion exerted a stronger anti-inflammatory effect than in co-incubation mode. This indicated
that bioactive compounds contained in the tested extracts could counter the inflammatory
response through intracellular actions due to their capability in permeating cell membranes.
Thus, the outcome of pre-incubation may reflect a preventive action [24]. Gany et al. [25]
revealed that pre-incubation of C8B4 microglia cells for 3 h with lipid-soluble extract
(0.4 mg/mL) of Padina australis was able to significantly reduce LPS-induced NO produc-
tion up to 75.67%. Moreover, LPS-induced pro-inflammatory cytokines production (e.g.,
tumor necrosis factor (TNF)-α, interleukin (IL)-6, and IL-1β) of those cells were also re-
versed by the aforementioned treatment. On the contrary of our results, Hidalgo et al. [26]
found that co-incubation of RAW 264.7 macrophages cells with protocatechuic acid (phe-
nolic compound) and inflammatory stimulant (LPS and/or IFN-γ) gave stronger NO
inhibition than in the pre-incubation model. The anti-inflammatory effect of phenolic
compounds might be generated from their radicals scavenging activity in the surrounding
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environment of inflamed cells [27] and direct interaction of phenolic compounds with
inflammatory stimulants [26].

2.3. DPPH Radical Scavenging and Ferric Reducing Ability of S. ilicifolium Crude Lipid Extract

Since oxidative stress and inflammation are closely linked and affecting each other,
exploring anti-inflammatory and antioxidant properties of natural compounds becomes
an interesting research topic [28]. Anti-inflammatory and antioxidant activity of natural
compounds may contribute to the prevention of chronic diseases, e.g., cardiovascular
diseases, cancer, diabetes, Alzheimer’s, etc. [29]. In the present study, the antioxidant
activity of brown seaweed lipid extract was assessed through the DPPH radical scavenging
and FRAP assay (Table 1).

Table 1. Total lipid and antioxidant activity of Sargassum ilicifolium from different coastal areas.

Observed Parameters
Sample Origin

SHB UGB PI AB

Total lipid (g/100 g seaweed db) 1 3.55 ± 0.29 b 2 2.76 ± 0.28 a 2.73 ± 0.19 a 4.32 ± 0.09 c

Antioxidant activity (μmol TE/g seaweed db) 1 1.27 ± 0.01 c 1.01 ± 0.00 b 0.96 ± 0.03 a 1.58 ± 0.001 d

Antioxidant activity (μmol TE/g lipid extract) 1 34.61 ± 0.17 a 37.87 ± 0.08 b 37.24 ± 1.15 b 36.93 ± 0.18 b

DPPH scavenging effect (%) with extract
concentration of 500 ppm 1 39.6 ± 0.15 a 42.57 ± 0.08 b 42.00 ± 1.05 b 41.71 ± 0.17 b

FRAP (μmol FeSO4/g seaweed db) 1 23.44 ± 0.41 d 25.98 ± 1.28 b 16.32 ± 0.04 c 29.24 ± 0.32 a

FRAP (μmol FeSO4/g lipid extract) 1 637.06 ± 11.12 a 969.31 ± 47.88 c 634.88 ± 1.50 a 681.58 ± 7.48 b

1 All observed parameters values are given as mean ± SD. 2 Means in the same row with different superscripts differ significantly by
Duncan’s test (p < 0.05). Note: SHB = Sayang Heulang Beach, UGB = Ujung Genteng Beach, PI = Pari Island, AB = Awur Bay, db = dry basis.

SHB sample showed the lowest DPPH scavenging activity, while PI and SHB sample
exhibited the lowest ferric reducing antioxidant power per gram dry lipid extract. On
the other hand, AB and SHB samples had the higher DPPH scavenging activity per gram
seaweed (dry basis) as those samples had higher yield of dry lipid extract than UGB and PI
samples. Fu et al. [30] found that the DPPH scavenging activities of Malaysian S. polycys-
tum ethanolic extracts derived from different extraction parameters (solvent percentage,
solid to solvent ratio, temperature, and time) were around 0.1–0.9 μmol Trolox equivalent
(TE)/g dry weight of seaweed. Those were still lower than the DPPH scavenging activities
observed in this study (0.96–1.58 μmol TE/g seaweed on a dry basis). Moreover, Ummat
et al. [31] reported that the DPPH radical scavenging activities of the ethanolic extracts
derived from 11 different brown seaweed species through conventional extraction process
ranged from 9.98–82.70 μmol TE/g extract. They also found that ultrasound-assisted extrac-
tion could enhance the DPPH scavenging activities which reached 20.78–116.26 μmol TE/g
extract. According to the reports of Budhiyanti et al. [32], different extracts (membrane-
bound and cytoplasmic extracts) from Sargassum sp. (450 ppm) provided DPPH radical
scavenging effects in the range of 0.17–48.71%, similar to data found in this work. Nev-
ertheless, the antioxidant effects of the Sargassum sp. extracts were much lower than that
of the synthetic BHT (butylated hydroxytoluene) since a lower concentration (100 ppm)
provided a 90% DPPH scavenging effect. Synthetic antioxidants have been widely used
because of their higher stability, performance, and wide availability, but their safety issues
have been raised over timer. Synthetic antioxidants, including BHT and BHA, are reported
to be responsible for several side effects such as carcinogenesis and liver damage [33,34].
In addition, the worldwide trend toward the usage of natural compounds encourages mas-
sive exploration of natural antioxidants as replacements for synthetic ones. In this regard,
seaweed has been largely studied as one of the richest sources of natural antioxidants [34].

The differences in DPPH scavenging activities shown by various studies could be
due to differences in species, extraction methods, and environmental conditions [30–32].
A study by Silva et al. [35] showed that ferric reducing antioxidant power of different
lipid-soluble fractions derived from brown seaweed Bifurcaria bifurcata were ranging from
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7.64–1128.20 μmol FeSO4/g fraction, while the FRAP values found in this study were about
634.88–969.31 μmol FeSO4/g lipid extract. Those observed values were still within the
range found in the aforementioned study.

According to Pearson’s correlation analysis (Table 2), there is a positive correlation
between antioxidant activity (DPPH and FRAP assay) and anti-inflammatory activity
(both pre-incubated and co-incubated cell culture model). The antioxidant capacity of
the bioactive compounds in Sargassum extract might contribute to suppressing oxidative
stress status in the inflamed cells [36], so the positive reciprocal feedback loop between
inflammation and oxidative stress could be interrupted. UGB was found to show the
strongest NO-inhibition capacity in the two indicated models. Moreover, UGB also gave
the highest ferric reducing antioxidant power which reached 969.31 ± 47.88 μmol FeSO4/g
lipid extract, while its DPPH radical scavenging activity per tested lipid extract was not
significantly different (p > 0.05) from PI and AB samples. It could indicate that the reducing
power of the tested extract might greatly contribute to interfere with inflammatory response
in LPS-induced RAW 264.7 cells.

Table 2. Relationship between antioxidant and anti-inflammatory activity of crude lipid extract of S. ilicifolium.

Treatment Pearson’s Correlation Coefficient

DPPH vs. FRAP 0.484
DPPH vs. NO Inhibition in Pre-incubated Model 0.758 **
FRAP vs. NO Inhibition in Pre-incubated Model 0.749 **
DPPH vs. NO Inhibition in Co-incubated Model 0.794 **
FRAP vs. NO Inhibition in Co-incubated Model 0.819 **

NO Inhibition in Pre-incubated Model vs NO Inhibition in Co-incubated Model 0.865 **

Note: Data were statistically analyzed using Pearson’s correlation coefficient test. ** indicate correlation is significant at 0.01 level (2-
tailed). DPPH means 2,2-diphenyl-1-picrylhydrazyl radical scavenging activity of crude lipid extract, while FRAP means ferric reducing
antioxidant power.

The FRAP method is known as the most putative method which reflects the electron-
donating capacity of the bioactive compounds or food components. The transferred elec-
tron will then reduce any compound, including metals, carbonyl groups, and radicals [37].
Although the ability of bioactive compounds to reduce iron has little relationship to the
radical quenching processes (hydrogen atom transfer) mediated by most antioxidants, the
oxidation or reduction of radicals into ions still stops radical chains. Furthermore, DPPH
radical scavenging activity of bioactive compound delineates the electron-donating capacity
as the main reaction and hydrogen-atom abstraction as a marginal reaction [38]. Rajau-
ria [39] reported that the ferric reducing antioxidant power and DPPH radical scavenging
activity of brown seaweeds (Himanthalia elongata, Saccharina latissima-formerly Laminaria
saccharina and Laminaria digitata) lipophilic extracts were positively correlated with their
total phenol, flavonoid, carotenoid, and chlorophyll contents. Syad et al. [40] found that the
presence of a high amount of terpenoid compounds in non-polar extract of brown seaweed
S. wightii could be the possible reason for its potential antioxidant activity, characterized by
its strong DPPH, OH·, and H2O2 radical scavenging activity, and the high ferric reducing
antioxidant power.

Several compounds that are potentially responsible for the anti-inflammatory activity
of Sargassum non-polar fraction include fucosterol or other steroid compounds, fucoxanthin
and its derivatives, fatty acids and simple organic compounds such as hexadecanoic acid,
neophytadiene, tetradecanoic, 8-heptadecene, and 3,7,11,15-tetramethyl-2-hexadecen-1-
ol, omega-3 fatty acids (C20:5n3 and C18:4n3), some phenolic compounds, and other
pigment compounds contained in Sargassum [6]. According to our study results, UGB
and AB samples exhibited the most promising anti-inflammatory and antioxidant effects.
Although PI sample also showed a strong NO-inhibition effect on RAW 264.7 cells after
LPS stimulation, this sample was not considered as potential anti-inflammatory sources
because it gave the highest cytotoxicity to the cells. Both cytotoxic and biological activities
of bioactive components need to be considered because they provide an overview of the
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safety and efficacy of the tested compound [41–43]. In the anti-inflammatory screening
studies, Adebayo et al. [41] and Somchit et al. [42] used the selectivity index (SI) to ascertain
that the observed anti-inflammatory effect of the tested compound was not due to a general
metabolic toxic effect on the RAW 264.7 cell lines. A higher SI value is indicative of
selective anti-inflammatory activity while a low SI value indicates higher cellular toxicity.
SI is calculated by dividing the half-maximal cytotoxic concentration (CC50) by the half-
maximal inhibitory concentration (IC50). When comparing between AB and UGB treatment
(Table S1), AB treatment was found to have higher selectivity index (3.19 in pre-incubated
model and 2.03 in co-incubated model) than UGB (2.17 in pre-incubated model and 1.54 in
co-incubated model).

The biological activity of tested samples will be strongly influenced by their bioactive
content. Furthermore, the bioactive content of seaweed, especially lipid-soluble component,
is affected by several factors, such as genetic, algal life stage, physiological status, light
intensity, season, hydrodynamic condition, and other environmental parameters like tem-
perature, pH, salinity, dissolved oxygen, total nitrogen, total phosphorus, etc [44,45]. Our
previous preliminary study on chemical profiling of S. ilicifolium (as S. cristaefolium) from
different coastal areas showed that all tested samples have distinct lipid-soluble profiles
with different morphological characteristics [46]. According to the principal component
analysis (PCA) results on lipid-soluble components in that study, SHB and AB samples
were clustered together at close proximity, whilst PI and UGB samples are located in the
opposite F1 score range (positive factor score). SHB and AB were characterized by larger
blade size, higher content of chlorophyll, fucoxanthin, carotenoid, polyunsaturated fatty
acids (PUFA), total n-3 fatty acids, total n-6 fatty acids, and also a lower ratio of n-6 to
n-3. While PI and UGB were characterized by smaller blade size, higher content of sat-
urated fatty acids/SFA (C14:0, C15:0, C16:0, C18:0, C20:0), some monounsaturated fatty
acids/MUFA (C16:1, C17:1, C18:1n9, C22:1n9), C20:2, and C22:6n3. When comparing PI
and UGB samples, UGB were found to have higher content of C12:0, C18:2n6, C18:3n6,
C20:1n9, C20:5n3, and total PUFA than PI. The results of gas chromatography-flame ion-
ization detector (GC-FID) analysis on samples’ FAME are attached in the supplementary
materials (Figures S1–S5).

In the present study, we found that differences in water groups (southern or northern
water of Java) did not appear to affect the tendency of anti-inflammatory and antioxidant
activity. UGB and AB samples, which represented two distinctive water groups, exhibited
a promising anti-inflammatory and antioxidant effects. Both of them have a distinct lipid-
soluble profile as previously described. Based on morphological observation of fresh
seaweeds, UGB had a narrow blade size (0.7 ± 0.2 cm width and 1.6 ± 0.3 cm length) with
green color, while AB had a wide blade size (1.8 ± 0.2 cm width and 4.5 ± 0.3 length) with
a dark-brown color [46]. The different morphological appearances might indicate different
developmental stages [47]. However, the thallus size and morphological appearance can
also be greatly influenced by the natural environmental condition [12,14]. Koivikko [48]
stated that the degree of polymerization of phlorotannins, a typical phenolic compound
in brown seaweed, will be different among developmental stages, young thallus tends
to contain a high amount of short oligomers, while adult thallus will accumulate longer
and more complex forms of phlorotannins, which are more difficult to degrade or exude.
Actually, data regarding the content and composition of lipid-soluble phenolic compounds
were not available in this study, but this group of compounds may also be responsible
for the anti-inflammatory and antioxidant activity of the lipid-soluble/non-polar fraction
of Sargassum as summarized by Saraswati et al. [6]. Although lipid class composition
(neutral lipid, glycolipid, and phospholipid) of UGB and AB samples were not significantly
different [46], their qualitative composition would strongly influence their bioactivity.
Tasende [49] revealed that the distribution of sterols composition (part of neutral lipid
fraction) was greatly affected by the algal life cycle and this would have an implication to
the bioactivity of algal lipid.
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Based on the facts found in this study, the single compound responsible for providing
anti-inflammatory and antioxidant effects could not be well defined. According to the
results of Pearson’s correlation analysis on lipid-soluble components from our previous
study [46] and the bioactivities (anti-inflammatory and antioxidant) from our present study
(Table S2), the lipid-soluble components which were found to be positively correlated with
anti-inflammatory activity (both models), DPPH scavenging activity, and ferric reducing
antioxidant power in a consistent manner were only chlorophyll a, neutral lipid content,
total SFA, and total MUFA content. However, this is not sufficient to draw conclusions,
because the metabolite information contained in the crude lipid extract was not compre-
hensive enough. For example, the qualitative composition of neutral lipid which could
influence the observed bioactivity was not available in this study.

A high-throughput approach using mass spectroscopy (MS) or nuclear magnetic reso-
nance (NMR) methods may provide a clearer picture of the responsible compounds for
bioactivity. The study of Saraswati et al. [50] reported that there were several putative
compounds in the lipid-soluble fraction of S. ilicoflium (as S. cristaefolium) that had a strong
correlation with NO inhibition activity in LPS-induced RAW 264.7, DPPH scavenging
activity, and ferric reducing antioxidant power. These compounds included porphyrin
derivatives (pheophytin a, 132-hydroxypheophytin a, pheophorbide a), all-trans fucox-
anthin, and some monogalactosyldiacylglycerols (MGDG), such as MGDG (16:0/18:1),
MGDG (20:5/18:3), and MGDG (18:3/18:4). That study used a metabolomic approach to
determine the responsible compounds for bioactivity. Metabolite profiling in that study was
performed using ultra-high performance liquid chromatography-electrospray ionization
orbitrap tandem mass spectrometry (UHPLC-MS/MS).

Although the results of the Pearson’s correlation analysis between omega-3 PUFA or
fucoxanthin content and anti-inflammatory activity in this study did not show a positive
association, the high content of omega-3 PUFA and fucoxanthin in AB samples might
contribute to the reported anti-inflammatory activity according to the facts reported by
Saraswati et al. [50]. Ahmad et al. [51] stated that a complex mixture of saturated, monoun-
saturated, and polyunsaturated fatty acids may all impact the anti-inflammatory activity
of marine lipid extracts. Eventually, we can conclude that the observed anti-inflammatory
and antioxidant effect in this study might be generated from the cumulative effect of all
lipid-soluble constituents contained in the brown seaweed lipid extract.

3. Materials and Methods

3.1. Materials

Murine macrophage RAW 264.7 cells (TIB-71™, ATCC, Manassas, VA, USA) were
used as a cell culture model for anti-inflammatory activity screening. Other materials
used in this study included powdered Roswell Park Memorial Institute (RPMI) 1640
medium, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid or Trolox, 2,2-diphenyl-
1-picrylhydrazyl (DPPH), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ), lipopolysaccharides (LPS)
of Escherichia coli O111:B4, sodium nitrite, and Griess reagent from Sigma UK (Gillingham,
UK), penicillin-streptomycin and fetal bovine serum (FBS) (GibcoTM Life Technologies Cor-
poration, Gaithersbug, MD, USA), chloroform and methanol from Merck KGaA (Darmstadt,
Germany), and other reagents used for anti-inflammatory and antioxidant activity assay.

3.2. Brown Seaweed Sampling and Sample Preparation

Brown seaweed samples were harvested from four different coastal areas, i.e., Awur
Bay, Jepara, Central Java (6◦36′54′′ S, 110◦38′55′′ E) and Pari Island, Seribu Islands, DKI
Jakarta (5◦51′48′′ S, 106◦36′29′′ E), Sayang Heulang Beach, Garut, West Java (7◦40′12′′ S,
107◦41′50′′ E) and Ujung Genteng Beach, Sukabumi, West Java (7◦21′39′′ S, 106◦24′10′′ E)
in the same monsoon season (March–April 2017). Awur Bay and Pari Island are located
in the northern waters of Java Island, while Sayang Heulang Beach and Ujung Genteng
Beach are included as southern parts of Java Island. Seaweed identification was conducted
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at Marine Hydrobiology Division, Department of Marine Science and Technology, Bogor
Agricultural University.

Fresh seaweed was firstly cleaned from physical impurities (e.g., sand and gravel) and
dried before the extraction step. Drying was carried out using an oven dryer at 50 ◦C until
seaweed moisture content reached <10%. The dried seaweed was ground to yield seaweed
powder (18 mesh particle size). Dried seaweed powder was then stored at 4 ◦C.

3.3. Preparation of Crude Lipid Extract and The Chemical Characterization

A crude lipid extract was prepared by referring to the method of Bligh and Dyer [52]
with modification as described by Susanto et al. [53]. The modification applied was
rehydration of dried seaweed using distilled water (1:9, w/v) for one hour. Maceration of
rehydrated seaweed was performed at room temperature for two hours using the mixture
of chloroform (C) and methanol (M) at a ratio of 1:2 (v/v). A lipid extract was subsequently
filtered by Buchner funnel with Whatman filter paper No. 1. The resulted filtrate was
added using chloroform and distilled water to get the final ratio of C/M/W at 1:1:0.9.
The chloroform layer containing crude lipid extract was separated and the solvent was
evaporated using a rotary vacuum evaporator (R-300, Büchi, Flawil, Switzerland) with
water bath temperature and vacuum pressure set to 50 ◦C and 332 bar, respectively. The
remaining solvent in crude lipid extract was then evaporated by nitrogen flushing. The
dried crude lipid extract was stored at −20 ◦C until further analysis. Crude lipid extraction
procedure was performed in triplicate. Chemical characterization of crude lipid extract
had been performed in our previous study [46]. The observed chemical characteristic
parameters included total lipid, pigment profile (chlorophyll a, chlorophyll c, fucoxanthin,
β-carotene), lipid class composition (neutral lipid, glycolipid, phospholipid), and fatty
acid profile.

3.4. Bioactivity Examination
3.4.1. Cell Culture and Cell Viability Assay

Murine macrophage RAW 264.7 cells were grown in the RPMI 1640 medium with
inactivated FBS 10%, NaHCO3 2%, and penicillin-streptomycin 100 U/mL in a humidified
incubator (CO2 5%, 37 ◦C). The cells were grown to 80–90% confluence, harvested by
scraping, and diluted in fresh medium to the desired concentration of cells per ml. Cell
viability was determined by methylthiazolyl tetrazolium (MTT) reduction assay [54]. The
medium containing RAW 264.7 cells was cultured in a 96-well plate at a density of 105 cells
per mL. The plate was incubated overnight and then treated by 100 μL medium containing
crude lipid extract at different concentrations (12.5–1000 μg/mL). After 24 h of incubation
and cells rinsing by phosphate buffer saline (PBS), about 50 μg MTT reagent was added
to each well and the plate was incubated for another 4 h at 37 ◦C. Formazan crystal
was dissolved by 100 μL ethanol 96%. Optical density was measured at 595 nm using a
microplate reader (BioRad, Hercules, CA, USA). The optical density of formazan formed
by untreated cells (control) was taken as 100% viability.

3.4.2. Anti-Inflammatory Activity Assay

Anti-inflammatory activity of brown seaweed crude lipid extract was observed
through nitric oxide (NO) inhibition level in lipopolysaccharide (LPS)-induced RAW
264.7 cells. Cells were firstly seeded at a density of 104 cells/well in a 96-microwell
plate overnight. After cell adherence, cells were treated by crude lipid extracts and LPS
under two different models, namely pre-incubated and co-incubated cell culture models as
previously described by Wen et al. [55]. The doses of samples given to the cells were 12.5,
25, and 50 μg/mL. In pre-incubated cell culture model, cells were firstly treated by crude
lipid extract at different concentrations for 24 h and followed by LPS stimulation (1 μg/mL)
for another 24 h. Before LPS stimulation, the culture medium was discarded to remove
samples and cells were rinsed by phosphate buffer saline thrice. In co-incubated cell culture
model, cells were treated by crude lipid extract and LPS (1 μg/mL) simultaneously for
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24 h in a humidified atmosphere (CO2 5%, 37 ◦C). Cell culture supernatant was harvested
and stored at −80 ◦C until further analysis. Anti-inflammatory assay was performed in
triplicate. Medium in the anti-inflammatory assay was similar to the medium used in
the cell culture preparation, i.e., RPMI 1640 with inactivated FBS 10%, NaHCO3 2%, and
penicillin-streptomycin 100 U/mL.

NO detection was performed according to the study of Rao et al. [56]. The amount
of accumulated nitrite was used as an indicator of NO production in the culture medium.
About 50 μL cell culture medium was mixed with 50 μL of the Griess reagent. Subsequently,
the mixture was incubated at room temperature for 15 min in the dim light. The absorbance
was measured at 540 nm using a UV-Vis microplate spectrophotometer (BioTek, Winooski,
VT, USA). The standard calibration curve was prepared using sodium nitrite solution (1.56
to 100 mM). Fresh culture medium was used as a blank in every experiment.

3.4.3. 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Scavenging Assay

The seaweed extract in methanol (1 mL, 500 ppm) was mixed with 2 mL of 0.08 mM
methanolic solution of DPPH in a test tube [32]. Then, the mixture was vortexed and left
for 30 min at room temperature in the dark. The absorbance was measured at 517 nm using
a UV-Vis spectrophotometer. A calibration curve was made using Trolox as a standard.
Antioxidant activity was expressed as μmol Trolox equivalent (TE)/g fraction. A blank was
made by mixing 1 mL of methanol with 2 mL of 0.08 mM methanolic solution of DPPH.
DPPH radical scavenging effect (RSE) was calculated using the following formula:

RSE (%) = 1 − (Absorbance of sample/Absorbance of blank) × 100%.

3.4.4. Ferric Reducing Antioxidant Power (FRAP) Assay

FRAP reagent was prepared from 2.5 mL of 10 mM 2,4,6-tris(2-pyridyl)-s-triazine
(TPTZ) solution in 40 mM hydrochloric acid with 2.5 mL of 20 mM iron (III) chloride and
25 mL of 300 mM acetate buffers at pH 3.6. The FRAP reagent was prepared fresh daily and
warmed to 37 ◦C in a water bath. 200 μL of sample extract (500 ppm) was added to 1.3 mL
of FRAP reagent and was allowed to react for 30 min in a 37 ◦C water bath. The absorbance
of the reaction mixture was recorded at 593 nm using a UV-Vis spectrophotometer. The
standard curve was constructed using ferrous sulfate and the result was expressed in μmol
ferrous equivalent (FE)/g fraction [57].

3.5. Statistical Analysis

Data are presented as mean ± standard deviation (SD). The effects of different samples
to observed parameters were analyzed by one-way analysis of variance (ANOVA) and
followed by Duncan posthoc test by IBM SPSS 20 (IBM, North Castle, NY, USA).

4. Conclusions

Crude lipid extracts of UGB and AB samples gave a promising anti-inflammatory
effect in the in vitro model of LPS-induced RAW 264.7 cells. Intracellular action is thought
to greatly contribute to the anti-inflammatory effect observed in this study, as the stronger
NO-inhibition effect was found in the pre-incubated cell culture model than in co-incubated
model. AB treatment showed a promising NO inhibition activity with a more acceptable
cytotoxic effect at the indicated dose range. The anti-inflammatory activity of brown
seaweed lipid extracts was positively correlated with their antioxidant activity (both DPPH
and FRAP). These reported biological activities can be the basis for further development of
S. ilicifolium as a source of functional ingredient.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19050252/s1, Figure S1: GC-FID chromatogram of fatty acid methyl ester (FAME) mix C4-24
(external standard) according to study of Saraswati et al. [38], Figure S2: GC-FID chromatogram of
SHB’s FAME according to study of Saraswati et al. [38], Figure S3: GC-FID chromatogram of UGB’s
FAME according to study of Saraswati et al. [38], Figure S4: GC-FID chromatogram of PI’s FAME
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according to study of Saraswati et al. [38], Figure S5: GC-FID chromatogram of AB’s FAME according
to study of Saraswati et al. [38]. Table S1: Selectivity index (SI) of UGB and AB treatment on RAW
264.7 cells, Table S2: The results of Pearson’s correlation analysis between lipid-soluble compounds
and bioactivities (anti-inflammatory and antioxidant).
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Abstract: Recent studies indicate that plant polyphenols could be pointed as potential prebiotic
candidates since they may interact with the gut microbiota, stimulating its growth and the production
of metabolites. However, little is known about the fate of brown seaweeds’ phlorotannins during
their passage throughout the gastrointestinal tract. This work aimed to evaluate the stability and
bioaccessibility of Fucus vesiculosus phlorotannins after being submitted to a simulated digestive
process, as well as their possible modulatory effects on gut microbiota and short-chain fatty acids
production following a fermentation procedure using fecal inoculates to mimic the conditions of
the large intestine. The stability of phlorotannins throughout the gastrointestinal tract was reduced,
with a bioaccessibility index between 2 and 14%. Moreover, slight alterations in the growth of
certain commensal bacteria were noticed, with Enterococcus spp. being the most enhanced group.
Likewise, F. vesiculosus phlorotannins displayed striking capacity to enhance the levels of propionate
and butyrate, which are two important short-chain fatty acids known for their role in intestinal
homeostasis. In summary, this work provides valuable information regarding the behavior of
F. vesiculosus phlorotannins along the gastrointestinal tract, presenting clear evidence that these
compounds can positively contribute to the maintenance of a healthy gastrointestinal condition.

Keywords: phlorotannins; brown seaweeds; gut microbiota; bioaccessibility; short-chain fatty acids;
prebiotics; gastrointestinal tract

1. Introduction

The human intestinal tract harbors a complex community of microorganisms, collec-
tively termed as intestinal or gut microbiota. The microbial colonization of the gastrointesti-
nal tract starts right after birth and undergoes a symbiotic co-evolution along with their
host, importantly contributing to the maintenance of intestinal homeostasis, development
and integrity of the mucosal barrier, production of various nutrients, protection against
microbial pathogens, maturation of the immune system and many other functions [1].
Throughout adulthood, the intestinal microbiota is regarded as relatively stable, although
it may be affected by several extrinsic factors including dietary habits, medication (es-
pecially with antibiotics), environmental pollution and exposure to xenobiotics, physical
activity and hygiene [2]. When these factors cause significant changes in the composi-
tion and/or function of the gut microbiota, the whole microbial ecosystem is perturbed
to an extent that exceeds its resistance and resilience capabilities, leading to a condition
known as dysbiosis. Consequently, dysbiosis has been associated with an increasing list
of diseases, which include inflammatory bowel disease (IBD), irritable bowel syndrome
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(IBS), coeliac disease and colorectal cancer (CRC) [3]. Additionally, several extra-intestinal
disorders such as asthma [4], systemic lupus erythematosus [5], cardiovascular disease [6]
or even mental and neurodegenerative diseases including autism, anxiety, depression,
chronic pain, Parkinson’s, Alzheimer’s or Huntington’s can be linked to a dysfunctional
gut microbiota [7–9].

Based on this evidence, it is clear that the manipulation of gut microbiota could be
regarded as a promising strategy to treat disease and improve health. In this context, prebi-
otics appear as important tools capable of manipulating and modifying the gut microbiota
composition and promoting the host’s health status. They were first described in 1995 [10]
and are currently defined as “a substrate that is selectively utilized by host microorganisms
conferring a health benefit” [11]. In other terms, prebiotics are non-digestible dietary
components that act as substrates that selectively stimulate the growth and/or biological
activity of health-promoting bacteria residing in the host’s colon. Common prebiotics
include several non-digestible polysaccharides, such as resistant starch and pectin, as
well as oligosaccharides such as fructo-oligosaccharides (FOSs), galacto-oligosaccharides
(GOSs), lactulose and inulin, which are found mainly in several land-vegetables, fruits
and milk [12]. More recently, increasing evidence has shown that other compounds such
as polyphenols and polyunsaturated fatty acids may also display modulatory effects on
gut microbiota populations through selective prebiotic effects and antimicrobial activities
against gut pathogenic bacteria [13,14]. Indeed, animal studies have demonstrated that the
consumption of polyphenols, especially catechins, anthocyanins and proanthocyanidins,
not only favors the growth of probiotic bacteria, such as Lactobacillus, Bifidobacterium, Akker-
mansia, Roseburia and Faecalibacterium spp., but also increases the production of short-chain
fatty acids (SCFAs), including butyrate, which is the major energy source for the colonic
epithelium and profoundly influences intestinal homeostasis [15]. Likewise, clinical tri-
als have also revealed that the consumption of anthocyanins and ellagic acid promotes
increases in Lactobacillus acidophilus, Bifidobacterium and Faecalibacterium spp. abundance
in the stool and a reduction of the lipopolysaccharide-binding protein in the plasma of
volunteers [16,17].

In contrast, studies regarding the prebiotic potential of seaweeds (particularly brown)
are still scarce and essentially focused on the in vitro effects of their polysaccharides, while
the fate of phlorotannins when crossing the gastrointestinal tract, remains deeply unex-
plored subject [18]. These compounds are specific phenolics biosynthesized only by brown
seaweeds consisting of polymeric structures composed of several phloroglucinol units [18],
and, despite the fact that they have been reported in the literature for their promising
and versatile bioactive health benefits, only a limited number of studies have addressed
their behavior in the gastrointestinal tract. Recent works have shown that an Ecklonia
radiata phlorotannin-enriched extract performed better than inulin as it promoted a higher
increase in Lactobacillus, F. prausnitzii, C. coccoides, Firmicutes and E. coli in fermentations
conducted with human fecal microbiota [19], while the administration of Lessonia turbeculata
polyphenol-rich extract to streptozotocin-induced diabetic rats was found to significantly
restore the relative abundance of the overall bacterial diversity and SCFAs to levels similar
to the negative control [20]. Interestingly, to the authors knowledge, no studies addressing
the stability and bioactivity of phlorotannins throughout the gastrointestinal tract has been
performed yet.

In this context, the aim of this work was to evaluate the stability and bioaccessibility
of F. vesiculosus phlorotannin-rich extracts when crossing the gastrointestinal tract and
ultimately disclose their possible modulatory effects toward the gut microbiota and short-
chain fatty acid production.

2. Results and Discussion

2.1. Stability, Bioaccessibility and Antioxidant Activity of F. vesiculosus Extracts throughout the
Simulated GIT

To evaluate the stability of F. vesiculosus phlorotannins throughout the digestive
tract, both crude (CRD) and ethyl acetate fraction (EtOAc) were submitted to a simulated
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gastrointestinal (GIT) digestion and evaluated for their total phlorotannin content and
antioxidant activity after each gut compartment. The results presented in Table 1 clearly
demonstrate that the total phlorotannin content of the EtOAc fraction progressively de-
creased after each step from the GIT simulation. Interestingly, in the case of CRD, after the
initial decrease in the mouth, an increase in the phlorotannin levels was found after the
stomach digestion, followed by another decrease in the intestine. The reduction in the total
phlorotannin content (TPhC) of the samples after the mouth digestion could be explained
by possible interactions occurring between phlorotannins and the salivary proteins. In
fact, such interactions are very well described for plant tannins and very relevant for the
development of important sensory characteristics of certain foods and beverages such as
wine [21]. The extreme pH conditions in the stomach can also explain why the TPhC of
the EtOAc kept decreasing in this compartment. However, in the case of CRD, because
this sample is more complex and contains other non-phlorotannin compounds, it is possi-
ble that such compounds might be interacting with phlorotannins, protecting them from
reacting with the mouth proteins and degrading with the low stomach pH. In turn, the
stomach pH may also promote the degradation of those non-phlorotannin compounds,
promoting the release of the phlorotannins, making them more available to react with the
2,4-dimethoxybenzaldehyde (DMBA). In fact, similar observations have been previously
reported for plant phenolics [22,23] and are on the basis of the delivery strategies in which
phenolic compounds are encapsulated in order to resist the gastrointestinal conditions and
reach intact for absorption in the intestines [24]. Additionally, it was noticed that even
though undigested EtOAc had higher TPhC compared to the undigested CRD, after the
stomach and intestine digestion, the TPhC of the latter was slightly higher compared with
the EtOAc, which is in agreement with the hypothesis that the EtOAc phlorotannins were
more exposed to the GIT degradation than those of CRD.

Table 1. Total phlorotannin content and antioxidant activity of F. vesiculosus crude and ethyl acetate
fraction through the different stages of gastrointestinal digestion.

Sample GIT Stage
TPhC

(mg PGE/g ext)

(1) NO•
(IC50 μg/mL)

(2) O2
•–

(IC50 μg/mL)

CRD

Undigested 9.93 ± 1.48 a 161 ± 8.8 a 417 ± 164.5 a

Mouth 6.33 ± 2.96 b 309 ± 105.2 b 745 ± 88.2 b

Stomach 8.52 ± 1.16 a,b 171 ± 27.1 a 378 ± 26.6 a

Intestine 5.17 ± 0.70 b 287 ± 27.2 a,b 1105 ± 421.3 b

Retentate * 4.60 ± 0.26 b 141 ± 9.1 a 294 ± 19.3 a

Permeate * 1.40 ± 0.19 c 2551 ± 30.7 c 2580 ± 75.2 c

EtOAc

Undigested 17.39 ± 1.77 a 45 ± 2.5 a 118 ± 17.6 a

Mouth 13.83 ± 0.74 b 73 ± 11.0 a,b 221 ± 1.1 a,b

Stomach 5.67 ± 0.91 c 109 ± 7.1 a,b 244 ± 0.4 a,b

Intestine 3.28 ± 0.55 c 195 ± 38.5 b,c 564 ± 19.9 c

Retentate * 2.97 ± 0.62 c,d 281 ±16.1 c 383 ± 18.2 b,c

Permeate * 0.37 ± 0.10 d 1531 ± 52.2 d 3074 ± 32.3 d

Standard compound - 36 ± 0.9 6 ± 0.5
CRD—crude extract; EtOAc—ethyl acetate fraction; GIT—gastrointestinal tract; TPhC—total phlorotannin content.
(1) Standard compound for NO• is ascorbic acid; (2) standard compound for O2

•− is gallic acid; * results for DMBA
expressed in mg PGE/g intestine digest. Data represent the mean ± SD of at least three independent assays. For
each sample, different letters indicate significant differences within the same column (p < 0.05).

At the end of the simulated GIT, only a small portion of the total phlorotannins loaded
in the system was bioaccessible, which is in line with previous studies carried out on land
plant tannins. At this point, it is important to clarify that the term “bioavailability” ex-
presses the fraction of an ingested compound/nutrient that reaches the systemic circulation
to be distributed to organs and tissues and to manifest its bioactivity. However, before
becoming bioavailable, the target compound/nutrient must be released from the food
matrix and made available for bloodstream absorption, which is what defines the term
“bioaccessibility” [25]. Interestingly, despite the fact that the undigested CRD exhibited
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lower TPhC compared to the undigested EtOAc, the bioaccessibility index of the former
was 14.1%, while the latter was only 2.0%. Once again, this outcome might be in part
explained by the fact that EtOAc experienced higher phlorotannin degradation than CRD,
and, therefore, when the compounds reach the intestine to be absorbed, the TPhC of the
matrix is already lower.

Concerning the antioxidant activity of the samples after each step of the GIT simu-
lation, both NO• and SO•– results were in line with the TPhC of the respective samples,
i.e., the samples with higher phlorotannin concentrations exhibited the lowest IC50 values
and vice versa. Indeed, strong negative correlations were found between the TPhC and the
antioxidant assays with CRD showing R2 of −0.82 and −0.94 and EtOAc showing R2 of
−0.91 and −0.82 in NO• and SO•–, respectively, thus indicating a clear association between
the phlorotannin content after each step of the simulated digestion and the antioxidant
activities observed.

2.2. Prebiotic Effect

The prebiotic activity of digested F. vesiculosus CRD and EtOAc was studied on
four strains in basal Man–Rogosa–Sharpe (MRS) broth without glucose, at concentrations
of 1–2% (w/v). Figure 1 presents the growth curves of the evaluated Lactobacillus and
Bifidobacteria strains over 24 h, as no further alterations were observed between 24 and 48 h.
All the probiotic microorganisms were affected by the presence of the F. vesiculosus samples
in different manners. Lactobacillus casei exhibited a growth behavior identical for almost all
the conditions tested, with no differences observed on the maximum optical density (OD),
although the seaweed samples seemed to slightly delay their growth during the first 10 h.
The only notable exception was EtOAc at 1%, which caused a slight decrease of the growth
curve of this strain. In turn, the incubation of L. acidophilus with either CRD or EtOAc
presented a growth curve considerably higher than that of FOS, for all the concentrations
tested, thus indicating that both CRD and EtOAc stimulate the growth of this strain.

In contrast, B. animalis growth was the least pronounced of all the strains tested, in
the presence of either CRD or EtOAc, suggesting that they might exert a bacteriostatic
effect on this strain. The results for B. animalis spp. lactis demonstrated that the CRD
at 1% displayed better stimulatory effects than FOS, although the bacterial growth was
completely abolished for higher concentrations, indicating that, in such conditions, this
extract impairs the growth of this strain. Positive stimulatory effects were noticed for
EtOAc at 1 and 1.5% as well, which demonstrated growth curves identical to that of FOS.
However, for the concentration of 2%, this sample also exhibited inhibitory effects toward
this strain.

The potential prebiotic effect of seaweeds is a subject barely studied so far. Nevertheless,
Martelli et al. [26] recently showed that four strains of probiotic bacteria (L. casei, L. paracasei,
L. rhamnosus and B. subtilis) all exhibited good capacity to grow in a broth medium con-
taining Himanthalia elongata flour (5%), which is in line with previous works that demon-
strated the capacity of different brown algae species (Sargassum siliquanstrum, Laminaria digitata,
Laminaria saccharina) to stimulate the growth of several probiotic bacteria including Weissella spp.,
Lactobacillus spp., Leuconostoc spp., L. plantarum and L. rhamnosus [27–29]. However, seaweeds
have a very complex matrix and the contribution of phlorotannins for the effects observed
by these authors are likely to be negligible. In fact, current knowledge regarding the
fate of seaweed polyphenols in the human gastrointestinal tract is scarce. In the work
developed by Corona et al. [30], after submitting a polyphenol-rich extract from A. nodosum
to a simulated gastrointestinal digestion followed by fecal fermentation, they were able to
find seven phlorotannin-derived metabolites, and, although the microbiota composition
was not assessed, the presence of these metabolites suggests that phlorotannins might
have been used by the colonic bacteria. In turn, in a 24 h in vitro fermentation carried
out using Ecklonia radiata phlorotannin extract, a significant increase in the populations of
Bacteroidetes, Clostridium coccoides, E. coli and Faecalibacterium prausnitzii was observed,
although the levels of Bifidobacterium and Lactobacillus populations were found to be de-

128



Mar. Drugs 2021, 19, 375

creased [19]. With these results, we demonstrate for the first time that F. vesiculosus extract
and phlorotannin-enriched fraction can stimulate the growth of some probiotic strains in a
similar way to that of FOS.

Figure 1. Growth curves of L. casei, L. acidophilus, B. animalis and B. animalis spp. lactis in the presence
of different concentrations of digested crude extract (CRD) and ethyl acetate fraction (EtOAc). Data
represent the mean ± SD of at least three independent assays.

2.3. Evolution of the Gut Microbiota Profile Groups

After GIT simulation, the digested F. vesiculosus CRD and EtOAc were submitted to
human feces fermentation during 48 h, and aliquots were taken at 0, 12, 24 and 48 h to study
their effect upon the human microbiota. Three of the four dominant phyla in the human
gut were evaluated, namely Firmicutes (represented by Clostridium leptum, Enterococcus spp.
and Lactobacillus spp.), Bacteroidetes (represented by Bacteroides spp.) and Actinobacteria
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(represented by Bifidobacterium spp.), and the compositional averages of the copy numbers
obtained by real-time PCR of these main groups are depicted in the Table 2.

Table 2. Fecal microbiota composition of volunteer participants.

Division (Genus) Number of Copies (n = 5) a

Universal 7.52 ± 0.38
Firmicutes 4.76 ± 0.20

Clostridium leptum 4.97 ± 0.26
Enterococcus spp. 2.07 ± 0.63
Lactobacillus spp. 3.27 ± 0.72

Bacteroidetes 5.46 ± 0.63
Bacteroides spp. 3.76 ± 0.55

Bifidobacterium spp. 4.42 ± 0.45
F:B ratio 0.97 ± 0.23

a Values are presented as mean ± SD of five independent assays and expressed as log10 16S rRNA gene copies
per 20 ng of DNA.

The numbers were in agreement with those found in healthy volunteers’ feces,
with Clostridium, Bacteroides and Bifidobacterium comprising the dominant genera while
Lactobacillus spp. and Enterococcus appeared as the subdominant genera [31–33]. Figure 2
depicts the relative differences (in %) between the microbiota groups of the tested samples
and control feces, along 12, 24 and 48 h of fermentation. Overall, both CRD and EtOAc
promoted a modest positive effect on gut microbiota growth, as noticed by the increment
in the universal microorganisms compared to the control over time, while FOS exerted a
positive effect on the initial 12 h that reversed for the following 24 and 48 h.

The EtOAc fraction caused a positive effect over time on the phyla Firmicutes and
Bacteroidetes, which are representative of a healthy microbiota [34], while CRD and FOS
exhibited a null or negative effect on these two groups. In turn, as expected, FOS exerted a
very positive effect on Lactobacillus spp. and Bifidobacterium spp., two genera that are the
markers of prebiosis par excellence. Likewise, despite not having an effect as sharp as FOS,
EtOAc fraction also positively stimulated the growth of these two probiotic groups over
time, although in the case of Lactobacillus spp., the effect lasted only until 24 h, becoming
null at the end of the fermentation (48 h). Identical behavior was noticed for CRD on
Bifidobacterium spp., promoting their growth only during the first 24 h. Curiously, no
effect was observed on Lactobacillus spp., contrarily to what was expected since L. casei
and L. acidophilus responded with a very positive growth behavior in the presence of this
sample on the prebiotic studies (Section 2.2).

Interestingly, the group of Enterococcus spp. was the most beneficiated by CRD and
EtOAc, although the levels of these organisms progressively decreased over time, contrarily
to FOS which promoted their growth at each time point. Poor gut health outcomes have
generally been linked to this genus [35], although this is a controversial subject since
not all enterococcal strains cause health problems. In fact, strains such as E. faecium
SF68® and E. faecalis Symbio-flor® have been marketed as probiotics for two decades
without incidence and with very few reported adverse events [36]. Moreover, enterococcal
probiotics have been shown to be effective in limiting gastrointestinal infectious burden
and in the treatment of gastrointestinal infections and diarrhea [37].

On the contrary, Clostridium leptum, an important butyrate-producing strain, was the
least affected by the studied samples, with only CRD causing a slight negative effect on its
growth over time.
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Figure 2. Evolution of the gut microbiota groups (relative differences to negative control in %) along the fermentation. Data
represent the mean ± SD of five independent assays.

Regarding Bacteroides spp., the results demonstrated that even though all the samples
promoted an increment in this group during the first 12 h, only EtOAc maintained this
positive effect throughout the fermentation course. Instead, FOS and CRD turned out to
negatively affect the growth of these bacteria after 24 h and until the end of the fermentation.
Similar to Enterococcus spp., there is some controversy around the probiotic potential of the
genus Bacteroides. On one hand, this group has been associated with the development of
intestinal dysfunctions such as diarrhea, inflammatory bowel disease and colorectal cancer,
and, on the other hand, it has been recently considered as a next generation probiotic
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candidate due to its potential role in promoting host health through the regulation of
intestinal redox levels or the production of important short-chain fatty acids such as
acetate, propionate and butyrate, which in turn can contribute to the regulation of toxin
transport from the gut lumen to blood, the prevention of colon cancer and the prevention
of inflammatory conditions [38].

Another important aspect to consider is the ratio between Firmicutes and Bacteroidetes
(F:B), the most predominant phyla in the human colon. Together they comprise 90% of the
total gut microbiota and, thus, their proportion can give us a global idea of the total effect
of F. vesiculosus samples on the intestinal flora. Commonly, healthy individuals display a
nearly 1:1 ratio of Firmicutes to Bacteroidetes, and significant alterations of this ratio have
been associated with pathological states [39]. For instance, increased F:B ratios have been
linked to the pathophysiology of obesity [40], while patients of type II diabetes mellitus
were found to have their levels of Firmicutes significantly reduced compared to their
non-diabetic counterparts and consequently had decreased F:B ratios [41]. In this work, a
slight increase of the F:B ratio was noticed for FOS and EtOAc (1.36 ± 0.10 and 1.24 ± 0.14,
respectively) compared to the control (1.09 ± 0.05) during the first 12 h of fermentation,
which then returned to normal levels over the next 24 and 48 h (Figure 3A). On the contrary,
CRD did not cause any significant alterations of this parameter maintaining the F:B ratio
values stable and close to one over the course of the fermentation.

Figure 3. Firmicutes:Bacteroidetes (F:B) ratio (A) and variation of the pH (B) throughout the fermentation of digested FOS,
CRD and EtOAC with human microbiota. Data represent the mean ± SD of five independent assays.

Very few studies focusing on the prebiotic potential of phlorotannin-rich extracts
have been conducted so far, although there are already some insights on this matter.
Interestingly, Charoensiddhi et al. [19] reported that, after the 24 h fermentation period
of a phlorotannin-rich extract of E. radiata with human fecal samples, only the group
of Bacteroidetes showed an increased growth compared to the negative control, while
Firmicutes and Bifidobacterium spp. remained unchanged and Lactobacillus spp. and
Enterococcus spp. actually decreased. However, these authors also observed a stimulation of
the growth of Faecalibacterium prausnitzii and Clostridium coccoides, which were not analyzed
in this study but are two important groups associated to SCFA production (particularly
butyrate) and health-promoting effects [42,43]. In a different work, the administration of a
polyphenol-rich extract from the brown algae Lessonia trabeculata to streptozotocin-induced
diabetic rats under a high-fat diet significantly restored the levels of the three dominant
phyla, i.e., Firmicutes, Bacteroidetes and Proteobacteria, as well as the F:B ratio to values
identical of the negative control [20]. To the authors knowledge, this work was the first
assessing the potential modulatory effects of F. vesiculosus phlorotannin extracts on human
gut microbiota and allowed the disclosure of valuable information on how F. vesiculosus
phlorotannins may impact on the human gastrointestinal microflora.
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2.4. Organic Acids Profile and pH Variation

The changes in the concentration of short-chain fatty acids along the fermentation of
FOS, CRD and EtOAc with human feces in basal media were analyzed by HPLC and are
presented in Table 3. SCFAs such as acetate, propionate and butyrate are volatile fatty acids
that are produced by the gut microbiota in the colon as a result of the fermentation and
metabolization of food components that are undigested/unabsorbed in the upper GIT.

Table 3. Concentration of organic acids (succinic, lactic, acetic, propionic and butyric) throughout fermentation of digested
FOS, CRD and EtOAC with human microbiota (mg/mL).

Organic Acids Time (h) Ctrl FOS CRD EtOAc

Total

0 2.38 ± 0.63 a;A 2.38 ± 0.63 a;A 2.38 ± 0.63 a;A 2.38 ± 0.63 a;A

12 5.24 ± 1.98 a;A 10.89 ± 2.79 b;B 7.43 ± 2.09 b;A 7.76 ± 1.92 b;A,B

24 4.90 ± 1.59 a;A 12.63 ± 2.37 b,c;B 7.08 ± 2.45 b;A 7.55 ± 1.75 b;A

48 4.10 ± 2.01 a;A 14.78 ± 4.00 c;B 5.04 ± 1.57 a,b;A 6.38 ± 1.98 b;A

Succinic acid

0 0.45 ± 0.20 a;A 0.45 ± 0.20 a;A 0.45 ± 0.20 a;A 0.45 ± 0.20 a;A

12 0.77 ± 0.75 a;A 1.85 ± 0.92 b;B 2.29 ± 1.39 c;B 2.15 ± 1.15 b;B

24 1.12 ± 0.53 a;A 1.97 ± 0.58 b;B 2.02 ± 0.93 b,c;A,B 1.35 ± 0.50 a,b;A,B

48 0.74 ± 0.71 a;A 2.03 ± 0.85 b;B 1.12 ± 0.20 a,b;A,B 1.40 ± 0.89 a,b;A,B

Lactic acid

0 ND ND ND ND
12 1.21 ± 0.93 a;A 3.91 ± 1.94 a;B 0.87 ± 0.22 a;A 0.87 ± 0.23 a;A

24 0.34 ± 0.14 a;A 4.81 ± 0.75 a,b;B 0.76 ± 0.58 a;A 0.26 ± 0.16 a;A

48 ND 5.49 ± 2.14 b ND ND

Acetic acid

0 0.16 ± 0.04 a;A 0.16 ± 0.04 a;A 0.16 ± 0.04 a;A 0.16 ± 0.04 a;A

12 0.81 ± 0.10 b;A 1.36 ± 0.75 b;A 1.03 ±0.09 b;A 1.02 ± 0.19 b;A

24 0.82 ± 0.17 b;A 1.65 ± 0.52 b;B 0.92 ± 0.22 b;A 0.96 ± 0.30 b;A

48 0.78 ± 0.20 b;A 2.77 ± 1.21 c;B 0.78 ± 0.20 b;A 0.93 ± 0.28 b;A

Propionic acid

0 0.34 ± 0.09 a;A 0.34 ± 0.09 a;A 0.34 ± 0.09 a;A 0.34 ± 0.09 a;A

12 0.53 ± 0.23 a;A 1.48 ± 0.32 b;B 1.14 ± 0.49 b;B 1.43 ± 0.87 b;B

24 0.65 ± 0.35 a;A 1.89 ± 0.75 b;C 1.25 ± 0.58 b;B 0.85 ± 0.27 a,b;A,B

48 0.50 ± 0.24 a;A 1.64 ± 0.60 b;B 0.77 ± 0.20 a,b;A 0.90 ± 0.24 a,b;A

Butyric acid

0 1.41 ± 0.25 a;A 1.41 ± 0.25 a;A 1.41 ± 0.25 a;A 1.41 ± 0.25 a;A

12 1.92 ± 0.69 a;A 2.29 ± 0.99 a;A 2.10 ± 0.79 a;A 2.71 ± 0.94 a;A

24 2.24 ± 0.67 a;A 2.23 ± 0.86 a;A 2.54 ± 1.05 a;A 4.12 ± 0.37 b;B

48 2.23 ± 1.35 a;A 2.70 ± 1.43 a;A 2.31 ± 0.85 a;A 4.31 ± 0.62 b;B

Ctrl—negative control; FOS—fructo-oligosaccharides; CRD—crude extract; EtOAc—ethyl acetate fraction; ND—not detected. Different
letters indicate significant differences (p < 0.05). The capital letters indicate the differences among the Ctrl, FOS, CRD and EtOAc for organic
acid concentration at the same time (same row), and the lowercase letters indicate the differences for the same sample over time for each
organic acid concentration (same column within an organic acid). Data represent the mean ± SD of five independent assays.

In this study, fermentation with FOS caused a remarkable increase in the production
of total organic acids, while in the fermentations carried out with F. vesiculosus samples, a
tendential increase in the total organic acid levels was noticed despite not being statistically
significant when compared with the negative control. These results are also reflected in
the pH changes registered during the fermentation (Figure 3B), with FOS producing a
significant decrease in the pH values, while the pH registered for CRD and EtOAc remained
similar to that of the control, at least for the time window tested. Differences in the SCFA
profiles, however, were detected between samples. One of the most evident differences was
noticed for lactate, which was the main metabolite produced over the entire fermentation
of FOS. This outcome also relates with the high stimulatory effects that FOS produced on
Lactobacillus spp. and Bifidobacterium spp. validated above with the 16S rRNA gene analysis
(Section 2.3). On the other hand, similar to the negative control, the lactate production in
fermentations carried out with CRD and EtOAc were nearly null, and even undetectable,
at 48 h. An identical pattern was found for acetate production, which was remarkably
stimulated in the presence of FOS but not affected by CRD or EtOAc. Under normal
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conditions this acid together with propionic and butyric acids comprise the three major
SCFAs normally produced in the gut, which are important for the maintenance of intestinal
homeostasis [44]. In particular, acetate plays a very important role in energy homeostasis,
contributing to appetite regulation, promoting fat oxidation, improving insulin sensitivity
and glucose homeostasis, and enhancing the inflammatory status [45].

Interestingly, all three samples promoted an increase in the succinate level, which
reached its maximum at 12 h and was kept constant for FOS until the end of the fermen-
tation, while for CRD and EtOAc it decreased over time. On one hand, the accumulation
of this organic acid in the gut lumen is usually associated with microbiota disturbances
commonly linked to poor gut health states such as antibiotic-induced dysbiosis, motility
disturbances and specifically IBD [46]. On the other hand, succinate is also a key intermedi-
ate in the production of propionate, which in turn is responsible for modulating lipogenesis,
controlling appetite and preventing colon cancer [47]. In fact, the levels of propionate
production herein noted seem to follow an identical behavior compared with that of succi-
nate, showing an accentuated increase during the initial phase of the fermentation and a
decrease at the end, only for CRD and EtOAc. Indeed, high correlation coefficients between
these two organic acids were obtained (R2 = 0.99, 0.88 and 0.97 for FOS, CRD and EtOAc,
respectively), which confirms that the production of propionate is indeed associated with
the production of succinate.

One of the most important SCFAs produced in the gut is butyrate, which has been
repeatedly reported for its positive health-promoting effects. In addition to its function
as the primary energy source for colonocytes, butyrate also importantly contributes to
the improvement of the gut barrier function, exerts anti-inflammatory and regenerative
effects, prevents the formation of colon cancer and helps reduce both type II diabetes and
obesity [39]. Therefore, stimulating the production of high levels of this SCFA is of great
interest for promoting the healthy function of the gut. The results herein obtained revealed
that only the EtOAc led to a significant increase in butyric acid, while, in CRD and FOS,
the levels of this SCFA did not differ much from the negative control.

The main butyrate-producing bacteria are Faecalibacterium prausnitzii, Clostridium spp.,
Eubacterium spp., Roseburia spp. and Anaerostipes spp., which belong to the Firmicutes
phylum [44], and, despite the fact that the C. leptum did not show significant positive
growth in the presence of EtOAc, an increase in the group Firmicutes was noticed on the
EtOAc-fermented samples, which might explain the increased levels of butyrate registered.
In turn, the lack of production of butyrate, which was not expected, in the FOS fermentation
could be possibly explained by the absence of the common cross-feeding effect among
intestinal bacteria that produce acetate, propionate or butyrate as the final product of lactate
metabolization [48]. Indeed, the fact that lactate has accumulated so much throughout
the fermentation of FOS indicates that it has not been utilized as a substrate by other
bacteria. Nevertheless, it must be considered that this experiment was performed without
pH control, and, thus, it is likely that the sharp decrease in the pH may have impaired the
growth of certain lactate-utilizing bacteria and favored the growth of the lactate-producing
ones, therefore contributing to the increasing accumulation of this organic acid at the
expense of other SCFAs [49].

When comparing these results with those previously reported by Charoensiddhi et al. [19],
the stimulatory effects of F. vesiculosus phlorotannin samples herein tested on the production
of SCFAs were much more promising than those of the E. radiata phlorotannin-rich extract
used in their study. In fact, the authors reported that the fermentation of the phlorotan-
nin extract caused a reduction on the levels of total SCFAs with a remarkable decrease
in the concentration of acetic acid in comparison with the negative control. Contrarily,
Yuan et al. [20] found that the administration of a polyphenol-rich extract from the brown
algae Lessonia trabeculata to streptozotocin-induced diabetic rats, under a high-fat diet,
significantly restored the levels of acetate and butyrate that were depleted in the diabetic
control groups. Notably, the levels of butyrate in the treated rats were even higher than
those of the control group, i.e., healthy rats. In our study, despite the fact that the total SCFA
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production was much lower than that observed for FOS, both CRD and EtOAc exhibited
interesting alterations in the SCFA profiles stimulating the production of propionate and, in
the case of EtOAc, butyrate as well. These SCFAs could exert interesting beneficial health
properties not only in the colon and gut microbiota but also in other organs, which could
partly explain the health benefits attributed to phlorotannins.

3. Materials and Methods

3.1. Chemicals

Grounded Fucus vesiculosus harvested in July 2017 was purchased from Algaplus
Lda. Acetone, methanol, n-hexane, ethyl acetate, DMSO, glacial acetic acid, hydrochloric
acid and sodium hydroxide were acquired from Fisher (Pittsburgh, PA, USA). Sodium
nitroprusside and sulfanilamide were ordered from Acros Organics (Hampton, NH, USA).
Ascorbic acid, gallic acid, NADH, NBT, PMS, FOS, DMBA, α-amylase, paraffin, bile
salts, pancreatin, pepsin, sodium hydrogen carbonate, D-glucose, organic acids (succi-
nate, lactate, propionate, butyrate and acetate) and sulfuric acid were obtained from
Sigma (St. Louis, MO, USA). Man–Rogosa–Sharpe (MRS) medium and L-cysteine-HCl
were purchased from Biokar (Allonne, France) and Merck (Darmstadt, Germany), re-
spectively, while trypticase soya broth (TSB) without dextrose and bactopeptone were
acquired from BBL (Cockeysville, Maryland, MD, USA) and Amersham (Buckinghamshire,
UK), respectively. Salt solution A (100.0 g/L NH4Cl, 10.0 g/L MgCl2·6H2O, 10.0 g/L
CaCl2·2H2O), salt solution B (200.0 g/L K2HPO4·3H2O) and resazurin solution were or-
dered from ATCC (Manassas, VA, USA). Sodium di-hydrogen phosphate and potassium
di-hydrogen phosphate were purchased from Panreac (Barcelona, Spain). Dinitrosalicylic
acid and acarbose were purchased from Acros Organics (Hampton, NH, USA), calcium
chloride from ChemLab (Eernegem, Belgium) and orlistat from AlfaAesar (Ward Hill,
MA, USA). Finally, the Bifidobacterium animalis BB0 were acquired from CSK (Ede, The
Netherlands), Bifidobacterium animalis spp. lactis Bb12 and Lactobacillus casei 01 from Chr.
Hansen (Hørsholm, Denmark) and Lactobacillus acidophilus La-5 from Lallemand (MontReal,
QC, Canada).

3.2. Extraction Procedure

The extracts were prepared following the optimal conditions determined through
the response surface method as previously described [50]. For this, 30 g of dried algal
powder was dispersed in 2100 mL of 70% acetone solution and incubated for 3 h at room
temperature under constant agitation. The mixture was filtered through cotton to remove
the solid residues and then through a G4 glass filter. Afterward the extract was concentrated
in a rotary evaporator to about 250 mL. The concentrated extract was defatted using n-
hexane (1:1, v/v) for several times (until a colorless non-polar fraction was obtained), and
the aqueous phase was further submitted to liquid–liquid extraction with ethyl acetate (1:1,
v/v) for three times to obtain a phlorotannin-purified fraction (EtOAc). Finally, the solvent
was removed from the EtOAc fraction by rotary evaporation. Both CRD and EtOAc were
then freeze dried and stored at −20 ◦C until further use.

3.3. Gastrointestinal Digestion Simulation

The simulation of the gastrointestinal digestion of the F. vesiculosus sample extracts
was performed according to the method described by Campos et al. [33]. Oral digestion
was started by suspending 1 g of dried sample (CRD or EtOAc) in 20 mL of distilled water
followed by the adjustment of the pH between 5.6 and 6.9 with NaHCO3 prior to the
addition of 0.6 mL/min of α-amylase at 100 U/mL. Enzymatic digestion was carried out
during 2 min of mastication, at 37 ◦C and 200 rpm. Before moving to the next compartment,
the pH of mouth digest was adjusted to 2.0 using 1M HCl and then mixed with a simulated
gastric juice consisting of pepsin 25 mg/mL added at a ratio of 0.05 mL/mL of mouth
digest. Incubation was carried out over 60 min at 37 ◦C and 130 rpm. Finally, for intestinal
digestion the pH of gastric digest was adjusted to 6.0 using 1M NaHCO3 prior to the
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addition of a simulated intestinal juice consisting of 2 g/L of pancreatin and 12 g/L bile
salts at a ratio of 0.25 mL/mL of gastric digest. The samples were then incubated during
120 min, at 37 ◦C and 45 rpm, to mimic a long intestine digestion process. In the final
step of intestinal digestion, samples were submitted to a dialysis process during 48 h at
room temperature using a membrane with a molecular pore size of 3 kDa to reproduce
the natural absorption step in the small intestine. At the end of this process, the permeate
represented the bioaccessible fraction, while the retentate represented the non-absorbable
fraction, both of which were then used for the fermentation experiments. An aliquot of
2 mL was collected before the digestion simulation and after each step of digestion, i.e.,
mouth digest, gastric digest, intestinal digest, permeate and retentate, and stored at −80 ◦C
until further use for phlorotannin quantification and antioxidant experiments.

3.4. Determination of the Phlorotannin Content and Antioxidant Activities

Quantification of the TPhC was carried out according to the 2,4-dimethoxybenzaldehyde
(DMBA) colorimetric method [51]. For this, equal volumes of the stock solutions of DMBA
(2%, m/v) and HCl (6%, v/v), both prepared in glacial acetic acid, were mixed prior to use
(work solution). Afterwards, 250 μL of this solution was added to 50 μL of each extract in a
96-well plate and the reaction was incubated in the dark, at room temperature. After 60 min,
the absorbance was read at 515 nm and the phlorotannin content was determined by using
a regression equation of the phloroglucinol linear calibration curve (0.06–0.1 mg/mL). The
results were expressed as mg phloroglucinol equivalents/g dry seaweed (mg PGE/g DW).

The NO• scavenging method was adapted from Pereira et al. [52]. For this, 100 μL
of six different sample concentrations (0–1 mg/mL) was mixed with 100 μL of sodium
nitroprusside (3.33 mM in 100 mM sodium phosphate buffer pH 7.4) and incubated for
15 min under a fluorescent lamp (Tryun 26 W). Next, 100 μL of Griess reagent (0.5%
sulfanilamide and 0.05% N-(1-naphthyl)ethylenediamine dihydrochloride in 2.5% H3PO4)
was added to the mixture, which was incubated for another 10 min at RT in the dark. The
absorbance was then measured at 562 nm, and the NO• scavenging capacity was calculated
as the concentration of the sample capable of scavenging 50% of the radical. Ascorbic acid
was used as the reference compound.

The O2
•– scavenging method was carried out according to the method described

by Pereira et al. [53]. In a 96-well plate, 75 μL of six different sample concentrations
(0.0–2.0 mg/mL) was mixed with 100 μL of β-NADH (300 μM), 75 μL of NBT (200 μM)
and 50 μL of PMS (15 μM). After 5 min, the absorbances at 560 nm were recorded and the
inhibition calculated as the concentration capable of scavenging 50% of O2

•− (IC50). Gallic
acid was used as the reference compound.

3.5. Determination of the Phlorotannin Content and Antioxidant Activities

Potential prebiotic effects of F. vesiculosus phlorotannin-rich samples were determined
for Bifidobacterium animalis B0, Bifidobacterium animalis spp. lactis BB12, Lactobacillus casei 01
and Lactobacillus acidophilus LA-5. Strains were stored at −80 ◦C in MRS broth with 30%
(v/v) glycerol. L. casei 01 and L. acidophilus LA-5 inocula were prepared by suspending
each bacterial colony into MRS broth, achieving a turbidity equivalent to 0.5 McFarland
standard, and then diluting to reach the recommended concentration of probiotic bacteria
in the wells, 5 × 105 CFU/mL. Twenty microliters of each inoculum were transferred to
a 96-well microplate and every well was fulfilled (to the final volume of 200 μL) with
each F. vesiculosus sample, diluted in basal MRS broth without glucose at concentrations
of 1, 1.5 and 2% (w/v). The microplate was incubated at 37 ◦C for 48 h with agitation.
Similarly, B. animalis B0 and B. lactis BB12 inocula were prepared under an anaerobic
atmosphere, by suspending each bacterial colony into MRS broth supplemented with 0.05%
(v/v) L-cysteine-HCl, achieving a final turbidity equivalent to 0.5 McFarland standard,
and then diluted to reach the recommended concentration of probiotic bacteria in the
wells, 5 × 105 CFU/mL. Twenty microliters of each inoculum were transferred to a 96-
well microplate and every well was fulfilled (to the final volume of 200 μL) with each
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F. vesiculosus sample, diluted in basal MRS broth without glucose at concentrations of 1,
1.5 and 2% (w/v). The microplate was sealed with paraffin and incubated at 37 ◦C for
48 h with agitation. In all plates, OD measurements at 620 nm were registered every hour.
Three controls were also performed: the first one containing inoculum and MRS broth
with glucose (positive control), the second one containing inoculum and FOS in MRS broth
without glucose (FOS control) and the third one containing only inoculum and MRS broth
(negative control).

3.6. In Vitro Fermentation Assays

The human feces were collected into sterile plastic vases and kept under anaerobic con-
ditions, until further notice (maximum of 2 h after collection). The samples were obtained
fresh, from healthy human donors, with the premises of not having any known metabolic
or gastrointestinal disorder. Moreover, the donors confirmed that they were not taking
any probiotic or prebiotic supplements, as well as any form of antibiotics for the previous
3 months. The basal medium was prepared as described previously [33], consisting of a
nutrient base medium containing 5.0 g/L trypticase soya broth (TSB) without dextrose
(BBL, Cockeysville, Maryland, MD, USA), 5.0 g/L bactopeptone (Amersham, Bucking-
hamshire, UK), 0.5 g/L L-cysteine-HCl (Merck, Germany), 1.0% (v/v) of salt solution A
(100.0 g/L NH4Cl, 10.0 g/L MgCl26H2O, 10.0 g/L CaCl22H2O), 0.2% (v/v) of salt solution
B (200.0 g/L K2HPO43H2O) and 0.2% (v/v) of 0.5 g/L resazurin solution, prepared in
distilled water and with pH adjustment at 6.8. The basal medium was dispensed into
airtight glass anaerobic bottles, sealed with aluminum caps before sterilization by auto-
clave. Stock solutions of yeast nitrogen base (YNB) were sterilized with 0.2 μm syringe
filters (Chromafils, Macherey-Nagel, Düren, Germany) and inserted into the bottles. The
serum bottles were incorporated with CRD and EtOAc extract retentate from the in vitro
GIT simulation at a final concentration of 2% (w/v) and inoculated with fecal slurries of
2% (v/v) at 37 ◦C for 48 h without shaking nor pH control. Samples were taken at 0, 12,
24 and 48 h of fermentation. All the experiments were carried out inside an anaerobic
cabinet with 5% of H2, 10% of CO2 and 85% of N2 and performed in compliance with the
institutional guidelines.

3.7. Gut Microbiota Evaluation
3.7.1. DNA Extraction

Genomic DNA was extracted and purified from stool samples as previously de-
scribed [33] using NZY Tissue gDNA Isolation Kit (Nzytech, Lisbon, Portugal) with some
modifications. Samples were centrifuged at 11,000 g during 10 min to separate the super-
natant from the pellet. Around 170–200 mg of pellet was taken from the control and test
samples for all times. After, the pellets were homogenized in TE buffer (10 mM Tris/HCl;
1 mM EDTA, pH 8.0) and centrifuged again at 4000 g for 15 min. The supernatant was
discarded, and the pellet was resuspended in 350 μL of buffer NT1. After an incubation
step at 95 ◦C for 10 min, the samples were centrifuged at 11,000 g for 1 min. Then, 25 μL of
proteinase K was added to 200 μL of supernatant and incubated at 70 ◦C for 10 min. The
remaining steps followed the manufacturer’s instructions. The DNA purity and quantifica-
tion were assessed with a NanoDrop spectrophotometer (ThermoScientific, Wilmington,
DE, USA).

3.7.2. Real-Time PCR for Microbial Analysis of Stool

Real-time PCR was performed as described before in [33] in sealed 96-well microplates
using a LightCycler FastStart DNA Master SYBR Green kit and a LightCycler instrument
(Roche Applied Science, Indianapolis, ID, USA). PCR reaction mixtures (total of 10 μL)
contained 5 μL of 2 × Faststart SYBRGreen (Roche Diagnostics Ltd., Burgess Hill, UK),
0.2 μL of each primer (final concentration of 0.2 μM), 3.6 μL of water and 1 μL of DNA
(equilibrated to 20 mg). Primer sequences (Sigma-Aldrich, St. Louis, MO, USA) used to
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target the 16S rRNA gene of the bacteria and the conditions for PCR amplification reactions
are reported in Table 4.

Table 4. Primer sequences and real-time PCR conditions used for gut microbiota analysis.

Target Group
Maximum Growth Rate (μmax.h−1)

Primer Sequence (5′–3′) Genomic DNA Standard PCR Product Size (bp) AT (◦C)

Universal AAA CTC AAA GGA ATT GAC GG
ACT TCA CGA GCT GAC

Bacteroides vulgatus
ATCC 8482 (DSMZ 1447) 180 45

Firmicutes ATG TGG TTT AAT TCG AAG CA
AGC TGA CGA CAA CCA TGC AC

Lactobacillus gasseri
ATCC 33323 (DSMZ 20243) 126 45

Enterococcus spp. CCC TTA TTG TTA GTT GCC ATC ATT
ACT CGT TGT ACT TCC CT TGT

Enterococcus gilvus
ATCC BAA-350 (DSMZ 15689) 144 45

Lactobacillus spp. GAG GCA GCA GTA GGG AAT CTT C
GGC CAG TTA CTA CCT CTA TCC TTC TTC

Lactobacillus gasseri
ATCC 33323 (DSMZ 20243) 126 55

Bacteroidetes CAT GTG GTT TAA TTC GAT GAT
AGC TGA CGA CAA CCA TGC AG

Bacteroides vulgatus
ATCC 8482 (DSMZ 1447) 126 45

Bacteroides spp. ATA GCC TTT CGA AAG RAA GAT
CCA GTA TCA ACT GCA ATT TTA

Bacteroides vulgatus
ATCC 8482 (DSMZ 1447) 495 45

Bifidobacterium spp. CGC GTC TGG TGT GAA AG
CCC CAC ATC CAG CAT CCA

Bifidobacterium longum subsp.
infantis

ATCC 15697 (DSMZ 20088)
244 50

AT—annealing temperature; bp—base pairs; PCR—polymerase chain reaction.

To verify the specificity of the amplicon, a melting curve analysis was performed via
monitoring SYBR Green fluorescence in the temperature ramp from 60 to 97 ◦C. Data were
processed and analyzed using the LightCycler software (Roche Applied Science, Penzberg,
Germany). Standard curves were constructed using serial tenfold dilutions of bacterial
genomic DNA, according to the following webpage http://cels.uri.edu/gsc/cbdna.html
(accessed at 31 March 2021). Bacterial genomic DNA used as a standard (Table 4) was
obtained from DSMZ (Braunschweig, Germany). Genome size and the copy number of
the 16S rRNA gene for each bacterial strain used as a standard was obtained from the
NCBI Genome database (http://www.ncbi.nlm.nih.gov, accessed at 31 March 2021). Data
are presented as the mean values of duplicate PCR analyses. The F:B ratio was obtained
by dividing the number of copies of Firmicutes divisions by the number of copies of
Bacteroidetes divisions. Moreover, the relative differences to negative control percentage
(only feces fermentation) were calculated using the following equation:

Relative di f f erence to control % =
SMC − CMC

CMC
× 100

where SMC is the mean copy number of the sample at a certain time (12, 24 or 48 h) and
CMC is the mean copy number of the control sample at the same time as SMC. Positive %
values mean the occurrence of an increase in the number of copies relative to the control
sample at that certain time. The higher the value, the higher increase.

3.7.3. Determination of Organic Acids

Supernatants from the batch cultures were filtered through 0.2 μm cellulose acetate
membranes. The chromatographic analysis was performed using a Beckman & Coulter
168 series HPLC system with refractive index-RI detector (Knauer, Berlin, Germany). The
separation was performed using Aminex HPX-87H column (BioRad, Hercules, CA, USA)
operated at 50 ◦C; mobile phase, 0.003 mol/L H2SO4; flow, 0.6 mL/min. Aliquots of
the filtered samples were assayed for organic acids (lactic, acetic, succinic, propionic and
butyric) using an Agilent 1200 series HPLC system with an RI detector (Agilent, Germany)
and a UV detector.

3.8. Statistical Analysis

Data are expressed as mean ± SD of three similar and independent experiments and
analyzed using a one-way ANOVA followed by Tukey’s post hoc test. The statistical tests
were applied using GraphPad Prism, version 7.00 (GraphPad Software, San Diego, CA,
USA) and the significance level was p < 0.05.
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4. Conclusions

Overall, this work provides a great contribution for the understanding of the stability
of the phlorotannins of F. vesiculosus along the digestive tract, as well as their bioaccessibility
and stimulatory effects toward gut microbiota and SCFA production. Similar to plant
polyphenols, phlorotannins seem to be susceptible to gut environmental conditions leading
to a decrease in their concentration and antioxidant activity along the digestive tract.
Moreover, from the portion of phlorotannins that can reach the intestinal lumen intact, only
a small fraction of less than 15% will become bioaccessible and available for absorption,
which indicates that the majority of these compounds will accumulate in the large intestine
where they will be exposed to the metabolic activity of the gut microbiota. Meanwhile,
the fermentation of the digested CRD and EtOAc revealed a slight positive effect on
the growth of certain commensal bacteria from the human gut, with Enterococcus spp.
showing the most relevant growth. Moreover, both samples demonstrated an interesting
capacity to enhance the production of propionate, while EtOAc caused a notable increase
in butyrate levels, both representing important short-chain fatty acids known for their
health-promoting status.

In summary, the data gathered herein provide valuable information regarding the
behavior of F. vesiculosus phlorotannins along their passage through the gastrointestinal
tract, and even though the results obtained do not allow to claim F. vesiculosus phlorotannin
extracts as prebiotics they present clear evidence that these compounds can still positively
contribute to the maintenance of a healthy gastrointestinal condition. From here, it would
be important to address whether fermentation with human colonic bacteria could affect
the antioxidant and other bioactive properties of F. vesiculosus CRD and EtOAc. More-
over, it would be particularly relevant to disclose the possible formation of phlorotannin
metabolites resultant from the biotransformation and bacterial metabolization in the colon.
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Abstract: One of the well-known causes of hearing loss is noise. Approximately 31.1% of Americans
between the ages of 20 and 69 years (61.1 million people) have high-frequency hearing loss associated
with noise exposure. In addition, recurrent noise exposure can accelerate age-related hearing loss.
Phlorofucofuroeckol A (PFF-A) and dieckol, polyphenols extracted from the brown alga Ecklonia cava,
are potent antioxidant agents. In this study, we investigated the effect of PFF-A and dieckol on the
consequences of noise exposure in mice. In 1,1-diphenyl-2-picrylhydrazyl assay, dieckol and PFF-A
both showed significant radical-scavenging activity. The mice were exposed to 115 dB SPL of noise
one single time for 2 h. Auditory brainstem response(ABR) threshold shifts 4 h after 4 kHz noise
exposure in mice that received dieckol were significantly lower than those in the saline with noise
group. The high-PFF-A group showed a lower threshold shift at click and 16 kHz 1 day after noise
exposure than the control group. The high-PFF-A group also showed higher hair cell survival than
in the control at 3 days after exposure in the apical turn. These results suggest that noise-induced
hair cell damage in cochlear and the ABR threshold shift can be alleviated by dieckol and PFF-A
in the mouse. Derivatives of these compounds may be applied to individuals who are inevitably
exposed to noise, contributing to the prevention of noise-induced hearing loss with a low probability
of adverse effects.

Keywords: noise; hearing loss; dieckol; PFF-A; antioxidant

1. Introduction

Hearing loss impairs individuals’ communication, comprehension, and quality of
life. One of the well-known causes of hearing loss is noise [1]. Noise-induced hearing
loss (NIHL) is one of the most common occupational diseases worldwide [2]. Based on
the national health and nutrition examination surveys, approximately 12.8% of Ameri-
cans between the ages of 20 and 69 years have noise-induced hearing threshold shift. [3].
Furthermore, NIHL in teenagers has gathered increasing attention [4]. Considering the
substantial medical costs, NIHL is an important social, clinical, and economical issue [5].
Two types of NIHL are known: permanent threshold shift (PTS) and temporary threshold
shift (TTS). Because of the reversibility of hearing after TTS, previous studies have con-
sidered it less important than PTS. However, a recent study has suggested that TTS can
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induce synaptopathy, thus accelerating age-related hearing loss [6]. As a result of these
considerations, the prevention of TTS has been gaining increased attention [7].

Conventionally, mechanical trauma was thought to be the main cause of NIHL. The
total amount of noise is determined by the sound pressure of noise and the duration of
exposure over time. Therefore, a low level of noise over a long period of time may have
the same damage as a higher level of noise over a short period of time. Recommended
precautions for NIHL include avoiding or minimizing exposure to prolonged or loud
noise [8]. However, these preventive measures are not applicable to populations that
cannot avoid or reduce noise exposure, such as construction workers and soldiers. Recent
studies revealed that NIHL is caused by reactive oxygen species (ROS) evoked by excessive
noise stimulation. Various studies on the use of antioxidants to prevent NIHL are in
progress [8,9]. Although preventive treatments must be applied before the development
of NIHL, prescribing preventive medication without any certainty about whether NIHL
will develop is risky considering the probable adverse effects of drugs. However, food
components can be used with lower risk.

Brown algae are commonly used as dietary supplements and herbal remedies in
Asian countries. Among the brown algal species, Ecklonia cava produces unique polyphe-
nols named eckols. Although E. cava produces various potentially medicinal compounds,
such as common sterols (fucosterol, cholesterol, and ergosterols) and phlorotannins (eckol,
dieckol, and phlorofucofuroeckol A (PFF-A); Figure 1), eckol and its derivatives are report-
edly responsible for the major medicinal properties of this brown alga [10,11]. Recently,
various in vitro and in vivo studies indicated that eckols possess a wide spectrum of bioac-
tivities including matrix metalloproteinase inhibitory, protease inhibitory, cytoprotective,
anti-inflammatory, and antioxidant effects [12–14]. A previous study has shown a consid-
erable protective effect of a purified polyphenolic extract from E. cava against TTS. This
extract consists of eckols including dieckol and PFF-A [15]. In this study, we investigated
the protective effect of dieckol and PFF-A against TTS in a mouse model of NIHL.

Figure 1. The chemical structures of phlorofucofuroeckol A and dieckol.

2. Results

2.1. Radical Scavenging Activity of Dieckol and PFF-A

The radical-scavenging activity of PFF-A and dieckol increased in a dose-dependent
manner (Figure 2). These results suggest that dieckol and PFF-A lowered ROS levels.
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Figure 2. Antioxidant effect of dieckol and phlorofucofuroeckol A (PFF-A), measured as 1,1-diphenyl-
2-picrylhydrazyl (DPPH) radical-scavenging activity. Bars represent the mean ± SD.

2.2. ABR Threshold Shifts after Noise Exposure

Saline control showed that ABR thresholds at click and 4 and 16 KHz increased sharply
after noise exposure and then gradually decreased at 1 and 3 days. However, the hearing
did not return to normal 1 or 3 days after noise exposure. The threshold shift was larger in
16 kHz than click and 4 kHz.

PFF-A (10 mg/kg) showed a lower threshold shift than saline at click 1 day after noise
exposure. However, it was not statistically significant. The ABR threshold shifts 1 day after
noise exposure were significantly smaller in the high-dose PFF-A (100 mg/kg) with noise
group than in the saline with noise group at click stimuli (p = 0.035, t = 2.329 df = 14). The
ABR threshold shifts 1 day after noise exposure were significantly smaller in the high-dose
PFF-A (100 mg/kg) with noise group than in the saline with noise group at 16 kHz stimuli
(p = 0.018, t = 2.687 df = 14). Dieckol (10 mg/kg) and high-dieckol (100 mg/kg) groups
had lower threshold shifts than the Saline + Noise group at click and 16 kHz, but it was
not statistically significant. The ABR threshold shifts in the dieckol with the noise group
were significantly smaller than those in the saline with noise group immediately after noise
exposure at 4 kHz (p = 0.042, t = 2.250 df = 13) (Figure 3). ABR amplitudes and latencies
after dieckol or PFF-A treatment were not significantly different from those after saline
treatment in all waves at 90 dB stimulation (data not shown).
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(A)  

(B)  

Figure 3. Hearing changes after noise exposure in phlorofucofuroeckol A (PFF-A) and dieckol treatment. Hearing was
measured at 4 h and 1 and 3 days after noise exposure at click and 4 and 16 kHz. (A) PFFA and High PFF-A treatment; the
high-PFF-A group had a significantly lower threshold shift than the Saline + Noise group at click stimuli (p = 0.015) and
16 kHz (p = 0.018) 1 day after noise exposure. (B) Dieckol and High-Dieckol treatment. The Dieckol group showed less
threshold shift than the Saline + Noise group at immediately after noise exposure at 4 kHz (p = 0.042) (* p < 0.05).

2.3. Hair Cell Phalloidin Staining and Counts

Survival at 1 and 3 days after noise exposure was measured. Significant outer hair cell
(HC) survival was observed only in the apical turn sections on day 1 of the High-PFF-A
group (p = 0.019, t = −2.793 df = 10). In the basal turn, the High-PFFA group showed better
survival than the PFF-A group at 3 days after noise exposure (p = 0.032 t = −2.276 df = 24)
(Figure 4). All three rows of outer HCs from control mice showed no missing hair cells.
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(A)  

(B)  

(C)  

Figure 4. Hair cell (HC) survival and phalloidin staining of outer hair cells. (A) Survival rates of outer HCs in each turn
section. The surviving HCs per 200 μm along the length of the cochlea in the basal, middle, and apical turn sections were
counted. (* p < 0.05) (B) Fluorescence staining of outer HCs after phlorofucofuroeckol A (PFF A) treatment. (C) Fluorescence
staining of outer HCs after dieckol treatment. Scale bars are 50 μm. Asterisks indicate the positions of lost HCs. The blue
line along the HC line indicates the length of 200 μm.

3. Discussion

This study suggests that PFF-A and dieckol may alleviate the noise-induced temporary
threshold shift and HC damage in a mouse model.

The hearing threshold shift was greatest between 1 and 3 days, but OHC loss was
observed on days 1 and 3. Therefore, the animal model in this experiment is likely to be a
combined threshold shift model rather than a pure TTS model. Broadband (0.2–70 kHz)
white noise, which had its peak at 10 kHz, was used to induced hearing loss. Therefore,
hearing threshold shifts at 4 and 16 kHz were measured in this study. Click stimulation for
hearing threshold shift was used because click stimulation includes the wide frequency on
the cochlea. Therefore, the waveform by click stimulation shows the bigger and clearer
than other tone burst stimulation. High-frequency stimulation, including 32 kHz, could
be more correlated with hair cell loss in basal turn. In a previous study, we used purified
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polyphenolic extract from Ecklonia cava (100 mg/kg) and observed protective effect on
noise-induced hearing loss [15]. Purified polyphenolic extract from Ecklonia cava includes
the 16.85% of dieckol and 3.5% of PFF-A. Therefore, the same (100 mg/kg) and lower
dosage (10 mg/kg) of dieckol and PFF-A for this experiment were used.

PFF-A could be a more potent candidate for preventive medication than dieckol
because PPF-A shows a stronger radical scavenging activity than dieckol at the same
concentration. Dieckol showed a lower threshold shift and hair cell survivable than PFF-
A. In addition, high dieckol (100 mg/kg) did not show a greater threshold shift than
dieckol (10 mg/kg) at 4 kHz after noise. Paudel et al. reported that PPF-A (phloroglucinol
pentamer) could be a more potent antioxidant than dieckol (phloroglucinol hexamer) [16].
The functional effect of PFF-A at tested G-protein coupled receptors is higher than that of
dieckol. Dieckol has a higher number of hydroxyl groups, but the structure or orientation
of PFF-A could reach the core active site cavity of receptors.

Noise generates ROS in the inner ear, which produce several compounds by perox-
idation of polyunsaturated fatty acids [17]. 8-Isoprostaglandin F2a (8-iso-PGF2a), one
of these compounds, is a powerful vasoconstrictor that reduces cochlear blood flow and
induces cochlear ischemia [18,19]. Subsequently, cochlear ischemia causes excessive release
and accumulation of glutamate from the inner hair cells, leading to glutamate excitotoxic-
ity [20,21]. Cochlear ischemia also reduces energy supply to the stria vascularis, leading to
decreased endocochlear potential and to HC swelling [22,23]. These processes ultimately
lead to dysfunction of HCs and cochlear afferent neurons, resulting in TTS.

Antioxidants protect against NIHL [24,25]. Diverse antioxidants, including N-acetyl-
L-cysteine (NAC), acetyl-L-carnitine (ALCAR), 4-hydroxy alpha-phenyl-tert-butylnitrone
(4-OHPBN), salicylate, 2,4-disulfonyl a-phenyl tertiary butyl nitrone (HPN-07), HK-2, and
others, show protective effect against noise-induced damage in the cochlea [26–30].

PFF-A, a bioactive component of polyphenols extracted from E. cava, has been reported
to have antioxidant, anti-inflammatory, anti-allergic, and anti-cancer effects [31–35]. PFF-A
has an antioxidant effect via scavenging of ROS and eliminating or reducing the ROS
production as such. PFF-A also shows an anti-inflammatory effect via inhibition of nitric
oxide and prostaglandin E2 (PGE2) synthesis via downregulation of the levels of iNOS and
COX-2 proteins [34].

Dieckol, one of the major bioactive components among polyphenols extracted from E.
cava, has well-documented antioxidant, cytoprotective, and anti-inflammatory effects [36–38].
Dieckol is considered to inhibit ROS activity by removing ROS [31,36,39] and suppressing
ROS formation through upregulation of antioxidant enzymes including superoxide dismutase
(SOD) and glutathione peroxidase [37], and downregulation of pro-inflammatory enzymes,
such as nitric oxide synthase and cyclooxygenase-2 (COX-2) [39].

Considering the pathophysiology of TTS, an effective preventative treatment must be
applied before noise exposure. However, potential side effects of drugs make it difficult
to administer medication without any certainty on whether the disease will develop. The
advantage of using PFF-A and dieckol over the use of medications is that these natural
extracts from E. cava are as safe as food ingredients. Furthermore, a representative E. cava
polyphenol extract that contains PFF-A and dieckol was approved by the United States
Food and Drug Administration as a new dietary ingredient in 2008 (FDA-1995-S-0039-0176).
Therefore, PFF-A and dieckol may be administered for the prevention of TTS to those who
are inevitably exposed to noise, with less possibility of adverse effects than in the case
of medications.

In this study, mice were administered dieckol and PFF-A via intraperitoneal injection.
However, for humans, dieckol and PFF-A would be administered via oral intake. According
to our unpublished bioinformatic analysis that was performed during the study, dieckol
and PFF-A have low gastrointestinal absorbability and poor water solubility. Although
they are potent antioxidant agents and safe materials, additional measures are required
before the attempts of oral administration to achieve effective gastrointestinal absorption
and significant bioavailability. A report on nanoencapsulation of various polyphenols,
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including ellagitannins, curcumin, oleuropein, and hydroxytyrosol, has revealed increased
gastrointestinal absorption of these polyphenols [40]. In the bioinformatic analysis using
SwissADME, both dieckol and PFF-A have high values of WLOGP, which represent lipid
solubility, suggesting their high lipid solubility and possible blood–brain barrier (BBB)
permeability. However, both compounds also have high values of topological polar surface
area. Thus, both dieckol and PFF-A likely show minimal BBB permeability, implying that
the effects of both compounds on the inner ear after they enter the systemic circulation
may be negligible. To overcome this second obstacle, extra measures to increase BBB
permeability are necessary. A study with fluorescein isothiocyanate (FITC)-labeled dieckol
and a rhodamine B-labeled dieckol reported effective BBB penetration of these dieckol
forms in rats [41]. Further studies are required to establish an effective delivery method of
orally applied dieckol and PFF-A into the inner ear.

In vivo study of radical-scavenging activity of PFF-A and dieckol would provide
evidence for their antioxidant effects. Further in vivo studies performed in humans would
be helpful to demonstrate the protective effect of PFF-A and dieckol against TTS or PTS.

4. Materials and Methods

4.1. Preparation of PFF-A and Dieckol

Purified dieckol and PFF-A were prepared and kindly supplied by BotaMedi, Inc.
(Jeju, Korea). Briefly, the whole plant of E. cava was collected off the coast of Jeju Island,
Korea. Dried E. cava powder was extracted with 70% aqueous ethanol and then partitioned
between water and ethyl acetate. The ethyl acetate fraction was subjected to octadecylsilyl
(ODS) column chromatography followed by gel filtration in a Sephadex LH-20 column
equilibrated with methanol. Final purification of individual compounds was accomplished
by HPLC (Waters Spherisorb S10 ODS2 column (20 × 250 mm); eluent, 30% methanol; flow
rate, 3.5 mL/min) to isolate dieckol (98.5 wt%) and PFF-A (98.0 wt%).

4.2. 1,1-Diphenyl-2-picrylhydrazyl Assay

Dieckol and PFF-A were diluted in distilled water to obtain the experimental concen-
trations (0, 1, 12.5, 25, 50, 100, and 200 μM). 1,1-Diphenyl-2-picrylhydrazyl (DPPH) powder
(Sigma) was dissolved in 95% methanol to create a 1 M stock. PFF-A, dieckol, and 50%
methanol were aliquoted into individual wells of a 96-well plate. The DPPH solution was
then added to each well. PFF-A and dieckol were allowed to react with DPPH solution in
the dark for 30 min at room temperature. Absorbance was measured at 540 nm using a
microplate reader. Two wells were used for each concentration, and the experiment was
repeated twice.

4.3. Noise Exposure

Six-week-old male C57BL/6 mice weighing 18–20 g were purchased from Koatech
Inc. (Pyeongtaek, Korea). The mice were fed a standard commercial diet and housed in
a facility with an ambient temperature of 20–22 ◦C and a relative humidity of 50 ± 5%
under 12/12 h day/light cycle conditions. All of the animal experiments described here
were approved by the Institutional Animal Care and Use Committee of Seoul National
University Hospital (Seoul, Korea; 18-0025-C1A0), which is endorsed by the Association
for the Assessment and Accreditation of Laboratory Animal Care International.

A total of 46 mice were randomly assigned to the following groups: Saline (n = 6),
Saline + Noise (n = 8), PFF-A (10 mg/kg) + Noise (n = 8), High PFF-A (100 mg/kg) + Noise
(n = 8), Dieckol (10 mg/kg) + Noise (n = 8), and High- dieckol (100 mg/kg) + Noise (n = 8)
(Figure 5). Mice were administered dieckol and PFF-A via intraperitoneal injection. The
mice were treated on 3 consecutive days starting 1 day before the noise exposure. The mice
were exposed to 115 dB SPL of noise one single time for 2 h.
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Figure 5. Noise exposure protocol. Empty box indicates control condition without noise exposure. ABR: auditory brainstem
response; PPF-A: phlorofucofuroeckol A. Purple arrow: intraperitoneal injection.

Mice were anesthetized via an intramuscular injection before noise exposure using a
mixture of 40 mg/kg Zoletil (Zoletil 50; Virbac, Bogotá, Colombia) and 10 mg/kg xylazine
(Rumpun; Bayer-Korea, Seoul, Korea). Each mouse was placed in a separate wire cage to avoid
uneven noise exposure. Experiment was performed in a specially designed acrylic box in a
sound-attenuating laboratory booth with an electromagnetic shield. The mice were exposed
to broadband white noise at 115 dB SPL using a 2446-J compression driver (JBL Professional,
Los Angeles, CA, USA) with an MA-620 power amplifier (Inkel, Incheon, Korea).

4.4. Auditory Brainstem Response Recordings

Audiometry was conducted 4 h after the termination of noise exposure to perform as
stable measurements as possible (Figure 2). Then, mice were divided into 2 equal subgroups
(n = 4 each). Hearing was evaluated in one subgroup at 1 day after the noise exposure (Day 1
group) and in the other subgroup at 3 days after the noise exposure (Day 3 group).

The mice were anesthetized and placed in sound-attenuating booths. The sound
stimuli applied were tone-bursts of clicks (4 and 16 kHz, duration, 1562 μm; CoS shaping,
21 Hz). High-frequency software (ver. 3.30; Intelligent Hearing Systems, Miami, FL, USA)
and high-frequency transducers (HFT9911-20-0035; Intelligent Hearing Systems) were used
to measure the auditory brainstem response (ABR). Before obtaining the electroencephalog-
raphy signal, the impedance between the electrodes was evaluated to determine whether
this was less than 2 kΩ. Responses to the signal were amplified approximately 100,000-fold
and band-pass filtered (100–1500 Hz). The intensity of the stimuli covered from 20 to
90 dB SPL in 5 dB increments; 512 sweeps in total were averaged at each intensity level.
Additional ABRs were measured at 4 h, day 1, and day 3 after noise exposure. The ABR
threshold was defined as the lowest stimulus intensity level that produced an evident
waveform for wave II or IV. Latency of waves II–IV and amplitude of waves II and IV at 90
dB stimuli were also analyzed and compared between experimental groups.

4.5. Outer Hair Cell Staining

All mice were sacrificed under anesthesia on the day of their hearing evaluation. The
cochlea was detached from the temporal bone and fixed in 4% paraformaldehyde solution
for 24 h at 4 ◦C. The thin layer of laminar bone surrounding the cochlea was carefully
decorticated using a 2 mm diameter diamond burr drill (Strong 90; Saeshin Precision,
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Daegu, Korea) and the thinned laminar bone was then removed using a conventional
1 mm syringe needle. Next, the stria vascularis and Reissner’s membrane were removed.
Phalloidin was used to stain F-actin, and the photostable orange fluorescent Alexa Fluor
546 dye was used to visualize the cuticular plate and stereocilia within the hair cells (HCs).
After surface preparation, the isolated spiral structure of the organ of Corti was incubated
in a solution containing 0.3% Triton X-100 and Alexa Fluor 546 phalloidin (1:100 dilution;
Invitrogen, Carlsbad, CA, USA) for 60 min at room temperature in a light-proof box [29].
The sample was separated into three segments using Vannas capsulotomy scissors (E-3386;
Karl Storz SE & Co. KG, Tuttlingen, Germany). The first complete turn from the top of
the organ of Corti was named apical section, the second complete turn was named middle
section, and the final half-turn was named basal section. Then, the sections were mounted
on a slide using ProLong Gold Antifade mountant (P36930; Invitrogen). Hair cells were
measured in five different areas of each section with the images obtained using a STED
CW confocal laser scanning system (Leica, Wetzlar, Germany).

4.6. Statistical Analyses

All data were expressed as the mean ± standard error of the mean and analyzed using
SPSS software (ver. 25; IBM, Armonk, NY, USA). An F-test was performed to determine
whether the levels of variation within the groups were equal. After the F-test, the data
were analyzed using Student’s t-tests to identify significant differences between groups. A
p-value of < 0.05 was considered statistically significant.

5. Conclusions

Our investigation of the effect of PFF-A and dieckol against TTS in mice revealed that
these compounds isolated from E. cava prevented TTS through their antioxidant activity.
Since these compounds are dietary ingredients approved by USFDA, they may be used
with less possibility of adverse effects than in the case of medications.
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Abstract: Brown algae (Phaeophyceae) have been consumed by humans for hundreds of years. Cur-
rent studies have shown that brown algae are rich sources of bioactive compounds with excellent
nutritional value, and are considered functional foods with health benefits. Polysaccharides are the
main constituents of brown algae; their diverse structures allow many unique physical and chemical
properties that help to moderate a wide range of biological activities, including immunomodulation,
antibacterial, antioxidant, prebiotic, antihypertensive, antidiabetic, antitumor, and anticoagulant
activities. In this review, we focus on the major polysaccharide components in brown algae: the
alginate, laminarin, and fucoidan. We explore how their structure leads to their health benefits, and
their application prospects in functional foods and pharmaceuticals. Finally, we summarize the latest
developments in applied research on brown algae polysaccharides.

Keywords: brown algae; alginate; laminarin; fucoidan; bioactivity

1. Introduction

Algae is an important food source consumed by humans since ancient times. Marine
macroalgae, in particular, are important food sources in the coastal regions of East Asia
such as China, Korea, Japan, and Indonesia [1]. The global commercial seaweed market
was calculated at USD 5.9 billion in 2019 and is anticipated to a compound annual growth
rate of 9.1% [2]. Health benefits of seaweed food and snack products are gaining spotlight
as vegan sources of protein, lipid and carbohydrates, and demand is expected to boost both
for consumption and for further applications. For example, microalgae polysaccharide
extracts are used as thickening and gelling agents in the cosmetic and food industries, and
the demand is growing particularly in North America and Europe [3]. Among their many
uses, the portion directly consumed (excluding thickeners and hydrogels used in food and
beverage processing) alone have reached 24 million tons per year, accounting for about
40% of the annual seaweed production [4]. Indeed, the concept of seaweed as healthy
food is deeply rooted in many people’s minds. While new applications of polysaccharides
derived from marine algae are constantly being discovered, the raising awareness of this
ecofriendly, organic, and environmentally sustainable food source further promotes its
consumption. Macroalgae are also used in biorefineries; the carbohydrates are converted
to high-value byproducts with metabolic engineering approach [5]. The prospects of algae
as green, healthy food, and a bioresource is being actively explored.

Macroalgae are classified into green, red, and brown algae [6]. Brown algae is com-
prised of 20 classes; the class Phaeophyceae alone accounts for over 1800 species and 66%

Mar. Drugs 2021, 19, 620. https://doi.org/10.3390/md19110620 https://www.mdpi.com/journal/marinedrugs

155



Mar. Drugs 2021, 19, 620

of the total algae consumption [7]. The most common species are the kelps Laminaria
(kombu), Undaria (wakame), and Macrocystis [8]. The polysaccharides alginate, laminarin,
and fucoidan (Figure 1) account for more than 50% of the total dry weight of brown algae,
and can reach up to 70% in some species. Cellulose is the only crystalline component
which has been reported in the walls from brown algae so far and it only occurs at 1–8%
of algal dry weight [9].Mannitol exists in 2% of laminarin in M-chains, and can also be
found on its own, out of the M-chains, in a range of 5–25% of dry weight [10]. It is a sugar
alcohol derived from the six carbon sugar D-mannose [11] and appears to be the primary
product of photosynthesis [12]. Mixed-linkage-(1,3)-(1,4)-β-D-glucan (MLG) is common
in brown algal cell walls. MLG may perform a distinct role in strengthening the cell wall
of brown algae [13].The polysaccharides’ proportions and structures vary among species,
with some showing markable difference depending on cultivation conditions and harvest
seasons [14]. Such heterogeneity may reflect in their diverse biological activities, including
anti-inflammatory, antiviral, antioxidant, antitumor, anticoagulant, and hypolipidemic
activities, as reported in the literature. This review examines the current knowledge of
the biological activity of brown algae polysaccharides and their derivatives as functional
foods and bioactive substances. Furthermore, we aim to provide practical strategies and
references for developing brown algae-based functional foods and dietary supplements.

Figure 1. Schematic diagram of the dry matter and carbohydrate composition of brown algae; data
summarized from references [9,15–17].

2. Alginate and Alginate Lyase

Alginate is the predominant polysaccharide component found in the cell walls and
intercellular matrix of brown macroalgae. It is a linear polysaccharide composed of two
conformational isomer residues: β-D-mannuronic acid (M) and α-L-guluronic acid (G)
connected through 1,4-glycosidic linkages [18]. Therefore, the polymer may consist of
three types of blocks: homopolymeric sections of consecutive Ms, consecutive Gs, or
heteropolymeric sections of randomly arranged M and G units (Figure 2). The ratio of M
to G is generally 1:1. Nevertheless, the relative proportions of M and G, as well as their
arrangement in the polymer chain, vary according to numerous factors such as the algae
species, growth conditions, season, and part of the algae [19]. The M/G ratio of alginate
from Ascophyllum nodosum, for instance, is about 2:1 [20]. Alginates rich in G residues
have higher water solubility than those rich in M residues [21] which also exhibit stronger
stiffness and gelling properties due to the presence of metal ions such as Ca2+ [22].
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Figure 2. The structure of alginate and the potential applications of alginate oligosaccharides.

Alginate oligosaccharides (AOS) are oligomers with a degree of polymerization of
2 to 25, commonly obtained by chemical degradation (such as acid hydrolysis, alkali hy-
drolysis), physical degradation (such as microwave degradation), enzymatic degradation
(alginate lyase), or chemical synthesis. Compared with physicochemical methods, enzy-
matic degradation of alginate is eco-friendly, energy-saving, selective, and the products
are biologically more active [23]. Alginate lyase degrade alginate through β-elimination
and produce unsaturated oligosaccharides with double bonds at the non-reducing end [24].
Endolytic alginate lyase have been widely used to produce AOSs with various DPs. For
instance, Li et al. found a high activity endo-type alginate lyase from Pseudomonas sp.
HZJ216 and efficiently produced AOSs with DP of 2–7 [25]. Kim et al. reported an endo-
type alginate lyase Alg7D from a marine bacterium Saccharophagus degradans 2-40T, which
produces AOSs DP3–5 [26]. Endo-type alginate lyase Algb from Vibrio sp. W13 mainly
released oligosaccharides DP of 2–5 [27]. Zhu et al. prepared series of AOSs with DP of 2-5
by using a new alginate lyase Cel32 from Cellulophaga sp. NJ-1 [28]. Alginate lyase have
the advantage of controlling the predominant DP of AOS products between two and nine
without significant amounts of monomers or larger oligomers (DP > 10).

AOSs have been reported to modulate a variety of biological activities and are benefi-
cial to health. Studies have shown that AOSs with different degrees of polymerization have
differential biological activity. Therefore, they can be used as antimicrobial, antioxidant,
prebiotic, antihypertensive, antidiabetic, antitumor, and anticoagulant agents; their many
applications are further discussed below. [29–35].
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2.1. Antioxidant Activity

AOSs can scavenge free radicals. The AOS produced by the alginate lyase from
Microbulbifer (DP: 2–5) was capable to scavenge free radicals (DPPH (2,2-Diphenyl-1-
picrylhydrazyl), ABTS+ (2,2′-Azinobis-(3-ethylbenzthiazoline-6-sulphonate), and hydroxyl)
and was non-toxic even at high concentrations [36]. Mia et al. found that the AOS prepared
by enzymatic method has good antioxidant properties and can completely inhibit the
formation of thiobarbituric acid-reactive substances (TBARS) during the iron-induced
oxidation of emulsified linoleic acid. In comparison, traditional antioxidant ascorbic
acid has only 89% inhibition. For the free radicals ABTS�, �OH, and O�

2− , polymeric
alginate scavenged up to 23, 46, and <1%, while monomeric alginate (represented by
glucuronic acid) scavenged up to <1, 25, and 99%, respectively [37]. Due to the conjugated
alkenoic acid structure formed during enzymatic depolymerization, AOSs have a higher
scavenging ability than similar carbohydrates [37]. The possible mechanism for free radicals
scavenging may be a combination of hydrogen abstraction (presumably of hydrogen-
bonded hydrogens) and free radical addition to the conjugated olefin acid, resulting in an
adduct that is stable through resonance [38].

Compared to chitosan and fucoidan-derived oligosaccharides, AOSs showed higher
free radical scavenging capacity [39]. Studies have shown AOSs to play a role in preventing
lipid oxidation in skincare emulsions and to scavenge hydroxyl radicals and superoxide
anion radicals [40]. In the neuronal PC12 cell model, it was found that AOS pretreatment
can block caspase-dependent production of endoplasmic reticulum and mitochondria
induced by H2O2 stress [41]. In mice injured by doxorubicin, AOS pretreatment increases
the survival rate through reducing the oxidative stress and inhibiting the expression of
gp91phox and 4-hydroxynonenal in the heart [42]. Furthermore, AOSs are also introduced
as a new additive in livestock and poultry feed formulation which can effectively im-
prove cellular antioxidative capacity [43]. The free radical scavenging activity of AOSs
is tentatively dose-dependent, and that their molecular weight and M/G ratio modulate
antioxidative activities. Studies have shown antioxidative activity is negatively correlated
with the molecular weight of the oligosaccharide [44,45].

2.2. Antimicrobial Activity

Hu et al. found that oligo-G and oligo-M (DP: 1–5) obtained by enzymatic hydrolysis
had in vitro antibacterial activity against 19 bacterial strains. The antibacterial spectrum
of the M oligomer fractions was wider than that of the G oligomers. Within the former,
mannuronic acid oligomers with a molecular weight of 4.2 kDa had the highest antibacterial
activity and a strong inhibitory effect on Escherichia coli, Salmonella paratyphi, Staphylococcus
aureus, and Bacillus subtilis [46].

The drug candidate OligoG CF-5/20 is developed by the Norway-based biotech com-
pany AlgiPharma. It is a G-enriched alginate oligosaccharide composed of G (85%) and
M (15%) blocks. The OligoG CF-5/20 is effective in disrupting and destroying biofilms
in a dose-dependent manner. The number of colony-forming units (CFU) in the lungs
of infected mice was reduced by 2.5 log; furthermore, 5% OligoG CF-5/20 significantly
reduced the minimum biofilm eradication concentration (MBEC) of colistin from 512 to
4 μg/mL after 8 h [47]. OligoG CF-5/20 treatment also reduced Candida albicans mycelial
infiltration in an in vitro epithelial cell model. OligoG CF-5/20 reduced the expression
of C. albicans virulence proteins (phospholipase B (PLB2), SAP4 and SAP6) [35], but the
mechanism is unclear. Powell et al. also reported AOS exposure to cause changes in biofilm
structure, lowering Young’s modulus compared to untreated biofilm. In the untreated con-
trol, surface irregularity was higher and resistance to hydrodynamic shear was lower [48].
The results suggested that the observed effect might be caused by OligoG induced changes
in the structural characteristics of the extracellular polymers in the bacterial biofilm [48].
Similar effects were found with mucociliary clearance, where lower molecular weight nega-
tively charged G oligomers was found to disrupt the intermolecular interactions of mucus,
weakened the viscoelastic properties of mucus, and led to rheological deformation [49].
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OligoG CF-5/20 has been proposed as inhalation therapy for the treatment of chronic
bacterial respiratory diseases [50]. The oligosaccharides can bind to respiratory mucin, al-
tering its surface charge and the porosity of the three-dimensional mucin network in cystic
fibrosis sputum. It has been found that AOSs can act synergistically with the antibiotic
azithromycin on wild-type antibiotic-resistant Pseudomonas aeruginosa. Azithromycin com-
bined with 2 mg/mL enzymatically produced AOS inhibited the growth of Pseudomonas
aeruginosa, virulence factors, and biofilm formation controlled by quorum sensing [51].
Pritchard et al. found OligoG CF-5/20 (2%) treatment to induce the destruction of Pseu-
domonas aeruginosa biofilm and colistin to maintain its antibacterial activity. OligoG CF-5/20
did not change the orientation of the alginate carboxyl groups, while mass spectrometry
analysis showed the oligomers to reduce pseudomonal quorum-sensing signaling [52]. The
gelation of alginate in the presence of divalent cations, such as Ca2+, in homopolyguluronic
acid, is known to induce changes in coordination of the carboxylate groups [53], which
resulting in formation of robust biofilms [54]. However, CD spectra indicated that the
orientation of the carboxy groups monitored at ~210 nm were not changed upon mixing
OligoG CF-5/20 with high-Mw alginate. This shows that OligoG CF-5/20 combines with
Ca2+, avoiding the formation of a strong biofilm, so that the colistin can better play an an-
tibacterial effect [52]. Tøndervik et al. found that OligoG (>0.5%) also showed a significant
inhibitory effect on mycelial growth in embryonic tube analysis. OligoG (≥2%) alone or in
combination with fluconazole significantly hindered fungal biofilm formation. Through
the combined treatment, the surface roughness of the cells also increased significantly
(p < 0.001) [55].

2.3. Immunomodulatory and Antitumor Activity

AOSs can enhance immune activity and regulate the function of the immune sys-
tem in a variety of ways, including regulating the secretion of cytokines and immune-
complement molecules. The AOSs produced by depolymerization with alginate lyase
increased TNF-α-inducing activity compared to untreated alginate, including the expres-
sions of cytokine-induced TNF-α, granulocyte colony-stimulating factor (CSF), single
nuclear cell chemotactic protein-1 (regulated after activating normal T cell expression and
secretion), granulocyte macrophages (GM)-CSF, and eosinophil chemokine [56]. AOSs
can readily activate macrophages and stimulate TLR4/Akt/NF-κB, TLR4/Akt/mTOR,
and MAPK signaling pathways to exert their immune activity [31]. According to the
Bio-Plex analysis in RAW264.7 cells, M-rich AOSs tend to have higher immune activity
than G-rich oligomers [57]. Uno et al. found that AOSs introduced orally can inhibit
the production of IgE and prevent allergic reactions in mice [58]. When administered
intraperitoneally, AOSs stimulated the production of 20 cytokines such as granulocyte
CSF, monocyte chemoattractant protein-1, IL-6, keratinocyte chemotactic factor, IL-12, and
RANTES [59]. AOSs can also induce the production of nitric oxide (NO) by increasing
the expression of NO synthase in cells. NO is a multifunctional molecule that can act
as a vasodilator, neurotransmitter, inflammatory mediator, and specific immunomodula-
tor [60]. The immunomodulatory activity of AOSs is affected by many factors, e.g., degree
of polymerization, purity, M/G ratio, and MG sequence. The unsaturated end-structure
achieved by the enzymatic degradation of alginate plays a key role in determining the
immunomodulatory activity, as saturated AOSs prepared by acid hydrolysis showed much
lower activity. Xu et al. showed that the unsaturated end-structure, molecular size, and
M/G ratio of enzymatically produced AOSs affect the activation of macrophages through
the NF-κB and MAPK signaling pathways [61–63].

Recent studies have also shown AOSs to have antitumor effects. They exert, for
instance, an inhibitory effect on the proliferation of human leukemia U-937 cells and
produced cytotoxins in human monocytes [56]. AOSs themselves, however, have no
direct cytotoxicity to tsFT210 cells. Sulfated AOS derivative with a molecular weight of
3798 Da (sulfation degree of 1.3) has been reported to suppress the growth of solid sarcoma
180 tumor [64]; adding 100 mg/kg AOS, the inhibition rate of solid sarcoma 180 tumor
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reached 70.4%. It is likely that the AOS and other sulfated derivatives may trigger antitumor
effects through organ-mediated immune defense response, especially the immune defense
response of the spleen. The AOS of DP 2–10 showed a significant inhibitory effect on the
growth of prostate cancer cells. Studies on molecular mechanisms have shown AOSs to
attenuate derivatization (α-2,6-sialylation) and reduce ST6Gal-1 promoter activity through
the Hippo/YAP/c-Jun signaling pathway [65]. At present, the molecular mechanisms of
the contribution of various chemical structural modifications to the antitumor activity of
AOSs have not been clarified. Further studies are also needed on the structure-function
relationships of antitumor AOSs in targeted cancer therapy.

3. Laminarin

Laminarin is another major storage carbohydrate of brown macroalgae. It is commonly
found in the fronds of Laminaria and Saccharina macroalgae, although it is also found in
Ascophyllum, Fucus and Undaria [7]. Laminarin is a β-glucan, mainly composed of β-
1,3-D-glucopyranose residues; the majority of glucose is 6-O-branched, while a part of
it has β-1,6-intrachain links [66]. Laminarin linked to D-mannitol at the reducing end
of the chain is called an M chain, while laminarin without mannitol at the reducing
end is a G chain [67] (Figure 3). The ratio of β-1,3- and β-1,6-glycosidic bonds in the
polysaccharide depends on the type of algae. For example, laminarin from Eisenia bicyclis
has a ratio of 2:1 of (1–3) and (1–6) linkage [68]. Laminariales are known to produce high
amounts of laminarins, with contents reaching up to 35% of total dry weight, particularly
in L. saccharina and L. digitata [14]. Other reported values of laminarin contents include
those of A. esculenta, U. pinnatifida, A. nodosum and F. serratus (11.1, 3, 4.5, and up to 19%
of total dry weight, respectively) [69–71]. The molecular weight of laminarin is about
5 kDa, with a degree of polymerization between 20 and 25 [72,73]. Laminarinases are
the enzymes that degrade β-1,3 and β-1,6 glycosidic bonds of laminarin and produce
oligosaccharides and glucose, which were classified into endolytic (EC3.2.1.39) and exolytic
(EC3.2.1.58) enzymes [74]. The endo-β-1,3-glucanases hydrolyze β-1,3 bonds between
adjacent glucose subunits to release oligosaccharides while exo-β-1,3-glucosidase can
hydrolyze laminarin by sequentially cleaving glucose residues from the non-reducing
end and releasing glucose [75]. For debranching of laminarin, β-1,6-glucanases randomly
hydrolyze β-1,6 glycosidic bonds and release gentio-oligosaccharides or glucose [76]. Endo
laminarinases were widely applied to produce oligosaccharides. Recently, Kumar et al.
reported a thermostable laminarinase belongs to GH81 from C. thermocellum which can
hydrolyze laminarin into a series of oligosaccharides (DP2 to DP7) [77]. Badur et al.
reported four laminarinases from Vibrio breoganii 1C10, of which VbGH16C can hydrolyze
laminarin to oligosaccharides of DP8 and DP9, and VbGH17A can hydrolyze laminarin
into a series of laminarin oligosaccharides (DP4 to DP9) [78]. Wang et al. characterized a
bifunctional enzyme from GH5 subfamily 47 (GH5_47) in Saccharophagus degradans 2-40T

and identified as a novel β-1,3-endoglucanase (EC 3.2.1.39) and bacterial β-1,6-glucanase
(EC 3.2.1.75). This bifunctional laminarinase can degrade both the backbone and branch
chain of laminarin, and is also active on hydrolyzing pustulan which is a linear β-1,6-glucan.
This enzyme also showed transglycosylase activity toward β-1,3-oligosaccharides when
laminarioligosaccharides were used as the substrates [79]. The above findings provide
more possibilities for the green preparation of biologically active oligosaccharides.
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Figure 3. Structures of laminarin.

Laminarins and laminarin oligosaccharides are recognized for their various biolog-
ical activities; they have shown to stimulate innate immunity [80], stimulate antitumor
responses [81,82], increase resistance to infections [83], promote wound repair [84], and
enhance the immune response of macrophages [85]. Laminarins can be used to activate
macrophages, leading to immune stimulation, antitumor, and wound-healing activities [86].
Furthermore, they can be partially or fully fermented by endogenous gut microbiota [87].
Consequently, they have good prospects for application in the field of functional foods
and biomedicine.

3.1. Antioxidant and Antimicrobial Activities

Studies have shown of the crude extracts of laminarin from L. hyperborea and A.
nodosum to remove DPPH free radicals effectively, with clearance rates of 87.6 and 93.2%,
respectively. Compared to extracts obtained with water solvents, acid-extracted laminarin
was showed to have higher antioxidant activity [88].

Laminarin-rich seaweed extracts are found to have inhibitory effects against both
Gram-positive (such as Staphylococcus aureus and Listeria monocytogenes) and Gram-negative
(E. coli and Salmonella typhimurium) bacterial strains. Notably, the inhibitory rate of A. no-
dosum extract against Salmonella typhimurium can reach 100%. Laminarin-rich extracts
obtained using ultrasound and acid solvents had minimum inhibitory concentrations
(MIC) of 13.1 mg/mL for E. coli and S. typhimurium and 6.6 and 3.3 mg/mL for S. aureus
and L. monocytogenes, respectively [88]. Therefore, the polysaccharide can be applied in
the preparation of antibacterial products such as edible packaging materials and even
wound dressings.

3.2. Antitumor and Anticoagulant Activity

Several studies have demonstrated the significant antitumor and anticancer activities
of laminarin and laminarin oligosaccharides [89]. The underlying mechanisms include
apoptosis and the inhibition of cancer cell colony formation [90]. Different concentrations
of laminarin have been used to treat human colon cancer LoVo cells and the intracellular
reactive oxygen species (ROS), pH, intracellular calcium ion concentration, mitochondrial
permeability transition pore, mitochondrial membrane potential, and Cyt-C, Caspase-9 and
Caspase-3 expression levels were analyzed. The studies have found kelp polysaccharides
to induce the apoptosis of human colon cancer LoVo cells through the mitochondrial path-
way [91,92]. The polysaccharide did not show direct cytotoxicity, but exhibited significant
antitumor activity on SK-MEL-28 human melanoma cells and it could effectively inhibit
the colony formation of HT-29 cells [93,94].

Laminarin oligosaccharides can inhibit the proliferation of human tissue lymphoma
cell line (U937 cells) by stimulating monocytes to produce cytokines [95]. Specific enzyme
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products with high content of 1,6-linked glucopyranose residues (laminarin oligosaccha-
rides with DP 9–23) have shown significant anticancer activity and can inhibit the colony
formation of melanoma and colon cancer cells [96,97]. Sulfated laminarins (LAMS) with
a sulfate content of 45.92% proved to inhibit the growth of LoVo cells more significantly
than laminarin, suggesting the better antitumor activity of LAMS. Accordingly, enzymatic
hydrolysis and molecular modification provide new ideas for the production of laminarin
derivatives with high antitumor activity [98].

The anticoagulant activity of Laminaria sp. extract was first reported in 1941 [99].
Although laminarin is a non-sulfated polysaccharide in seaweed, its sulfated products
showed anticoagulant activity [100]. Many studies have been published on the extraction
and modification of laminarin sulfate from algae in the genus Laminaria. If each glucose
residue has an average of two sulfate groups, the anticoagulant activity of the prepara-
tion reaches 25–30% of that of standard heparin [101], while the activity of sulfonic acid
derivatives appears to be higher than that of sulfate esters [102]. A derivative of laminarin
with 1.83 sulfate groups per glucose unit showed 33% of the potency of heparin in rabbits,
although it was extremely toxic to guinea pigs [103]. This suggests that laminarin sulphate
might be effective in the prevention and treatment of cerebrovascular diseases.

3.3. Anti-Inflammatory and Immunostimulatory Activity

Studies have shown that β-glucans cause reduced recruitment of inflammatory cells
and decreased secretion of inflammatory mediators in liver tissues through direct effects on
immune cells or indirect effects as dietary fibers [104]. Laminarin significantly increases the
release of inflammatory mediators, such as hydrogen peroxide, calcium, nitric oxide, mono-
cyte chemoattractant protein-1, vascular endothelial growth factor, leukemia-inhibitory
factor, and granulocyte colony-stimulating factor, and enhances the expression of signal
transducer and transcriptional activators [86]. Recent studies have found laminarin to
induce positive effect of decreasing mitochondrial activities without cytotoxicity caused by
oxidative stress by regulating the interaction between glycans and receptors on the skin
cell surface [105].

3.4. Prebiotic Activity

The prebiotic properties of algae polysaccharides enable them to play an important
role in regulating human intestinal health [106]. For laminarin, it has been confirmed
in vitro that it cannot be hydrolyzed by hydrochloric acid under physiological conditions,
nor by homogenates of the human digestive system [14,107]. Since laminarin is resistant to
hydrolytic enzymes in the human upper digestive tract, it can reach the intestinal flora [108].
Animal experiments have shown that adding laminarin to the diet of mice can significantly
reduce the Firmicutes to Bacteroidetes ratio in the intestines, indicating that it can enhance
the high-energy metabolism of the intestinal microbiota to reduce the side-effects of high-
fat diets [109]. In addition, laminarin oligosaccharides are beneficial for the growth of
Bifidobacterium animalis and Lactobacillus casei, also increasing the production of short-chain
fatty acids, such as lactic acid and acetic acid [110].

4. Fucoidan

Fucoidan is a sulfated polysaccharide that consists mainly of fucose repeating units
besides several other monosaccharide residues. It is commonly found in brown sea-
weed [111,112], and has also been reported in echinoderms and some lower plants [113].
Fucoidan typically acts as a structural polysaccharide in the cell walls of brown macroalgae,
with its relative amount ranging between 4 and 8% of the total dry weight [114]. Since
fucoidan was first isolated in 1913, the structure of fucoidans from different brown sea-
weeds has been studied. Seaweed fucoidan is a heterogeneous material, with varying
composition of carbohydrate units and non-carbohydrate substituents [115]. Fucoidan
is mainly composed of fucose and sulfate groups (Figure 4). For example, the fucoidan
from bladder wrack (Fucus vesiculosus) has a simple composition and contains only fucose
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and sulfate groups (44.1% fucose, 26.3% sulfate) [116]. In addition, it might also contain
other monosaccharides (mannose, galactose, glucose, xylose, etc.), uronic acid, and even
acetyl groups and proteins. For example, the fucoidan from Fucus vesiculosus contains 84%
fucose, 6% xylose, 7.3% galactose, and 2% mannose [117]. The fucoidan found in Fucus
distichus is composed of 51.6% fucose, 2.7% xylose, 1.5% galactose, 0.7% mannose, and 0.2%
glucose [118]. Comprehensive analysis concluded that the fucose content of fucoidans is in
the range of 4.45–84%, besides 1.44–49% galactose, 0.2–45% glucose, and 0.3% to 16% xy-
lose and mannose. As a heterogeneous polymer, fucoidan exhibits considerable structural
diversity that makes it difficult to draw general conclusions. Moreover, its structure cannot
be described solely based on monosaccharide composition.

Figure 4. Structure and biological effects of fucoidan (A: Ascophyllum nodosum and Fucus vesiculosus;
B: Saccharina japonica, adapted from literature [119–121]).

The structural variety of fucoidans is to a large extent related to the different types
of brown algae they are found in. Generally, α (1→3) and/or (1→4) glycosidic bonds
constitute the main chain of the macromolecules, dominating in most backbone structures.
The presence of sulfate groups at the C-2, C-4 and or C-3 position is another important
feature [94,122–127]. Due to the structural heterogeneity of fucoidans, the degradation
of fucoidan requires a large set of enzymes of different activities and specificities [128].
Fucoidanase are mainly from marine bacteria, invertebrates and sometimes fungi. Similar
to the above mentioned polysaccharide-degrading enzymes, endo-type fucoidanase pro-
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duce fuco-oligosaccharides while exo-type fucosidase leads to the formation of mono- or
oligosaccharides with a small degree of polymerization [129]. Natalie et al. purified a new
fucoidanase and hydrolyzed fucoidan without desulfation to form oligosaccharides rang-
ing from 10 to 2 fucose units plus fucose [130]. Dong et al. discovered a new α-L-fucosidase
from marine bacterium Wenyingzhuangia fucanilytica, and found that Alf1_Wf was capable
of hydrolyzing α-1,4-fucosidic linkage and synthetic substrate. Besides, Alf1_Wf could
act on partially degraded fucoidan [131]. Compared to other brown polysaccharides,
there are few studies on the enzymatic degradation of fucoidan and the function of fuco-
oligosaccharides, whereas the functional investigation of biological activities, such as
anti-obesity, antivirus, antitumor, antidiabetic, and antioxidative effects has been widely
proven. It is generally believed that fucoidan can become an important substance in the
functional food and nutrition and health industries [132,133].

4.1. Antitumor Activity

Fucoidan has significant antitumor activity against liver cancer, stomach cancer, cer-
vical cancer, lung cancer, and breast cancer [113,134–138]. The underlying mechanism
includes the inhibition of tumor cell proliferation, stimulating tumor cell apoptosis, block-
ing tumor cell metastasis, and enhancing various immune responses [136,139–141]. Low
molecular weight fucoidan (LMWF), for instance, triggers G1-block and apoptosis in human
colon cancer cells (HCT116 cells) through ap53-independent mechanisms [142]. Through
the assessment of microtubule-associated proteins and the accumulation of Beclin-1, fu-
coidan is also found to induce autophagy in human gastric cancer cells (AGS cells) [143].
The polysaccharide induces the apoptosis of HTLV-1-infected T-cell lines mediated by cyto-
statics that downregulate apoptosis protein-2. The use of fucoidan in vivo thus severely
inhibits the tumor growth of subcutaneously transplanted HTHT-1-infected T-cell lines
in immunodeficient mice [138]. In addition, fucoidan activates the caspase-independent
apoptotic pathway in MCF-7 cancer cells by activating ROS-mediated MAP kinase and
regulating the mitochondrial pathway mediated by Bcl-2 family proteins [144]. Similarly,
fucoidan has shown antitumor activity against PC-3 (prostate cancer), HeLa (cervical
cancer), A549 (alveolar cancer), and HepG2 (hepatocellular carcinoma) cells [145].

4.2. Antiviral and Anti-Inflammatory Activity

Fucoidans isolated from different seaweed species have potential antiviral activity.
For instance, they can inhibit the replication of enveloped viruses, including the human
immunodeficiency virus (HIV) and the herpes simplex virus (HSV) [146]. According to
Queiroz et al. [147], fucoidans from Dictyota mertensii, Lobophora variegata, Spatoglossum
schroederi, and Fucus vesiculosus inhibit the HIV reverse transcriptase (RT) enzyme, while
other studies have shown that they also reduce the amount of the HIV-1 p24 antigen [148].
Compared with other antiviral drugs currently used in clinical medicine, the inhibitory
effect of fucoidan is accompanied by lower cytotoxicity. According to one potential mecha-
nism, fucoidan prevents viruses from entering the cells by changing the characteristics of
the cell surface. The polysaccharide may also directly interact with viral enzymes or viral
proteins on the surface of the pathogen.

Many studies have reported the blocking effect of fucoidan on HSV infection. Fledman
et al. isolated different fucoidan components from Leathesia difformis and verified the selec-
tive antiviral activity of different components against HSV-1 and HSV-2 [149]. Fucoidan
extracted from Undaria pinnatifida has shown antiviral activity against 32 HSV clinical
strains, including 12 ACV-resistant (4 HSV-1 and 8 HSV-2) and 20 ACV-susceptible ones.
Judging by the survival rate and lesion score, oral fucoidan can protect mice from HSV-1
infection by stimulating cytotoxic T lymphocytes, natural killer activity, and neutralizing
antibodies [150].

The above findings clearly indicate the potential antiviral activity of seaweed fu-
coidans, which can also strengthen the immune response of the host and achieve multi-
channel and multi-level regulation of the immune system [151,152]. The polysaccharide is
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able to prevent virus transmission by directly inhibiting virus replication and stimulating
innate and adaptive immune defense functions. The immunomodulatory activity of fu-
coidan is another hot research topic. Numerous studies have already confirmed fucoidan
to exhibit an anti-inflammatory effect through immune regulation (Table 1). This involves
the polysaccharide binding to different receptors, e.g., the Toll-like receptors (TLRs) of
monocytes, such as dendritic cells (DCs) and macrophages, and thereby initiating the
release of pro-inflammatory factors: cytokines and chemokines. They also suppress the
expression of NO synthase (iNOS) and cyclooxygenase (COX)-2 at the protein level, and
dose-dependently inhibit the production of nitric oxide (NO) and prostaglandin E2 (PGE2).

Table 1. Monosaccharide composition, molecular weight, concentration, sulfation degree and anti-inflammatory mechanism
of different fucoidans.

Brown Seaweed Monosaccharide Composition
Molecular

Weight
Concentration

Sulphate
Content (%)

Mechanisms References

Cladosiphon
novae-caledoniae

Fucose 73 mol%,
Xylose 12 mol%

Mannose 7 mol%
- 19.35 ng/μL;

80.64 ng/μL 14.5% Inhibited COX-1 and COX-2 [153]

Sargassum horneri Polyphenols 3.9% Mw > 30 kDa 25–100 μg/mL 12% Decreased production of
TNF-α, IL-6, NO and PGE2 [154]

Laminaria japonica

Fucose 79.49%
Xylose 1.08%

Mannose 1.84%
Galactose 16.76%
Rhamnose 0.82%

104.3 kDa 25 μg/mL 30.72%

Decreased production of
TNF-α, IL-1β, IL-6, NO,

iNOS, and COX-2
expression; downregulation

of MAPK and NF-κB
signaling pathways

[155]

Turbinaria decurrens

Fucose 59.3%
Xylose 11.4%

Galactose 12.6%
Mannose 9.6%

- 50 mg/kg 23.51%
Reduced the expression of
genes of COX-2, IL-1β, the
NF-κB signaling pathway

[156]

Turbinaria ornata

Fucose 86.4 mol%
Rhamnose 0.4 mol%
Galactose 1.7 mol%
Glucose 0.8 mol%

- 25–100 μg/mL 38.3%

Suppressed the expression of
COX-2 and pro-inflammatory

cytokines in LPS-induced
RAW 264.7 macrophages

[157]

Undaria pinnatifida

Fucose 50.9%
Xylose 4.2%

Galactose 44.6%
Mannose 0.3%

- 50 mg/kg;150
mg/kg

Reduced the COX-2
expression dose dependently [112]

Ecklonia cava

Fucose 77.9 mol%
Rhamnose 2.3 mol%
Galactose 10.1 mol%

Glucose 2.2 mol%
Xylose 7.5 mol%

- 50–100 μg/mL 39.1%
Reduced NO production

and levels of TNF-α, IL-1β,
and IL-6

[158]

Fucus vesiculosus

Molar rate
1:0.03:0.02:0.04:0.2:1.2 for

Fucose, Galactose, Mannose,
Xylose,

Uronic acid, and sulfate

- 30–60 mg/kg 27%
Inhibition of COX,

hyaluronidase, and MAPK
p38 enzymes.

[159]

Cladosiphon
okamuranus

Fucose 30.9%
Xylose 0.7%

Glucose 2.2%
Uronic acid 23.4%

- 4.0 mg/kg 15.1%
Inhibition of neutrophil

extravasation
into peritoneal cavity

[115]

Fucus vesiculosus Fucoidan - 0–100 mg/mL

Inhibited the release of nitric
oxide, IL-1b, TNF-a,

prostaglandin E2 and
monocyte

chemoattractant protein-1 by
inhibiting NF-κB, Akt and
MAPK kinases activation

[160]

Sargassum
hemiphyllum Fucose 210.99 mmol/g - 100 mg/mL 38.99.4%

Inhibition of IL-1b, TNF-a,
and reduction of IL-10, IFN-c

in production LPS treated
cells

[161]

Macrocystis pyrifera

Fucose 25.77%
Galactose 3.93%
Glucose 1.14%

Mannose 1.12%
Xylose 0.84%

Uronic acid 5.54%

- 5-100 μg/mL 27.32%

Delayed the apoptosis and
promote pro-inflammatory

cytokine production in
human neutrophils

[151]

Ascophyllum
nodosum

Fucose 39.8%
Galactose 3.37%
Glucose 0.88%

Mannose 0.72%
Xylose 3.68%

Uronic acid 1.72%

- 50–100 μg/mL 24.07%

Delayed the apoptosis and
promote pro-inflammatory

cytokine production in
human neutrophils

[151]
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Fucoidan can enhance the various beneficial effects of lactic acid bacteria on immune
function by improving Th1/Th2 immune balance [162], and can also treat gastric mucosal
damage caused by oral aspirin through its ability to regulate immune response and reduce
ulcers’ inflammation [163]. During in vivo experiments, Li et al. evaluated the potential
inhibitory activity of fucoidan on the myocardial ischemia-reperfusion (I/R) model in
rats. The results showed a significant effect by modulating the inflammatory response
through the inactivation of high mobility group box 1 (HMGB1) and nuclear factor kappa
B (NF-κB) [164].

It has been reported that the destruction of connective tissue during inflammatory
diseases such as chronic wounds, chronic inflammation, or rheumatoid arthritis is a result
of a continuous supply of inflammatory cells and increased production of inflammatory
cytokines and matrix proteases [165]. Selectins expressed on endothelial cells, leukocytes,
and platelets contribute to the interaction of leukocytes and platelets on the side of vas-
cular injury, thereby enhancing the inflammatory response during the arterial response
to injury [166]. Fucoidan can effectively inhibit the interaction between selectins and
their ligands leading to reduced inflammation at an early stage. Therefore, fucoidan use
seems beneficial for treating certain inflammations accompanied by uncontrolled extracel-
lular matrix degradation. The above studies have laid the preclinical foundation for the
development of fucoidans as a new generation of polysaccharide immunomodulators.

4.3. Antidiabetic Activity

Studies have shown that fucoidan can also exhibit antidiabetic effects by reducing
postprandial hyperglycemia and pancreatic β-cell damage, increasing insulin secretion,
and regulating glucose metabolism to reduce blood sugar [167,168]. Fucoidan has a sig-
nificant inhibitory effect on the three starch-hydrolyzing enzymes; it is a non-competitive
inhibitor of α-amylase and amyloglucosidase, while being a competitive inhibitor of α-
glucosidase [169]. Its inhibitory mechanism lies in the formation of hydrogen bonds [170]:
the hydroxyl groups of fucoidan, especially the ones at the C-terminus that may be con-
nected to fucose, can easily form hydrogen bonds with the amino acids of the two enzymes.
The negatively charged oxygens of the sulfated groups of the polysaccharide (and the ones
connected to C-2 and/or C-3 in particular) further facilitate the formation of hydrogen
bonds or salt bridges with the proteins, resulting in strong interactions, thereby inhibiting
the enzyme. Furthermore, inhibition of dipeptidyl peptidase-IV (DPP-IV) is one of the
possible mechanisms involved in the antihyperglycemic activity of fucoidan. Dipeptidyl
peptidase-IV (DPP-IV) is an enzyme that is involved in the inhibition of the rapid degrada-
tion of incretin hormones, which prevents postprandial hyperglycemia. Inhibiting DPP-IV
prolongs the action of incretins, which reduces glucose production and increases insulin
production [171]. Fucoidan can be used as a dipeptidyl peptidase-IV (DPP-IV) inhibitor
to block DPP-IV action thereby prolonging the half-life and biological activity of incretin
hormones [172], which play a crucial role in glucose homeostasis by promoting α and β

cell function [173]. It also downregulates the gastric emptying and gastric acid secretion to
reduce the postprandial glucose level [174,175]. Olga N. Pozharitskaya et al. have found a
concentration-dependent inhibition of the enzyme DPP-IV by fucoidan at the concentration
range of 0.02–200 μg/mL, The IC50 was 11.1 μg/mL and the maximum inhibition degree
was 60–75% [176].

In addition, fucoidan may have a positive effect on antidiabetics by reducing β cell
damage in the pancreas and increasing insulin secretion. According to a complex mecha-
nism, the polysaccharide enhances the activity of sirtuin 1, thereby inducing deacetylation
and upregulation of FOXA2 and p-FOXO-1 to promote the expression of PDX-1 and its reg-
ulation of insulin synthesis, thereby reducing β cell apoptosis and dysfunction in mice [177].
Furthermore, fucoidan is able to prevent the occurrence of diabetic nephropathy (DN)
associated with spontaneous diabetes by inhibiting the NF-κB signaling pathway and
lowering blood sugar in a non-toxic way [178]. It has also been found that a combination

166



Mar. Drugs 2021, 19, 620

of fucoidan and traditional Chinese medicine has a beneficial effect on hyperglycemia and
DN in rats [179].

4.4. Other Biological Activities

Heparin is a highly sulfated polysaccharide found in mammalian tissues and has been
used as an anticoagulant for more than 50 years [180]. However, the clinical use of heparin
is known to cause various side effects, such as excessive bleeding, thrombocytopenia,
mild transaminase elevation, and hyperkalemia [181]. Therefore, it is necessary to find
alternative drugs with safe and effective anticoagulant properties. It is worth noting that
fucoidan has shown effectiveness for blood clotting, and many studies suggest it as an
alternative to heparin [182,183]. Through studying the anticoagulant activity of fucoidans
isolated from nine species of brown seaweed, the ones from Ecklonia kurome and Hijikia
fusiforme were found to have the strongest effect in terms of thromboplastin time (TT) and
activated partial thromboplastin time (aPTT) [184]. The mechanism of fucoidan action
differs from that of heparin since it can be used in the cases where the application of heparin
itself, for some reason or other, is ineffective. The anticoagulant action of fucoidans (as well
as that of heparin) can be quickly blocked by the intravenous introduction of biocompatible
cationic polymers such as protamine sulfate and VIM-DEMC (a synthetic copolymer of
1-vinylimidazole with diethyl maleate) [185]. Fucoidans may inhibit thrombin activity by
directly acting on the enzyme or through the activation of thrombin inhibitors, including
antithrombin III and heparin cofactor II [186].The position of the sulfate group on the sugar
residues was found to be an important factor, with the concentration of C-2 sulfated and
C-2,3 disulfated residues considerably affecting anticoagulant activity [123].

Fucoidan also has a positive effect in treating and preventing obesity. It has been
shown to suppress the formation of 3T3-L1 adipocytes, thus inhibiting fat accumulation,
by downregulating fatty acid binding proteins, acetyl-CoA carboxylase, and peroxisome
proliferation-activated receptor γ. [187]. Furthermore, Fucus vesiculosus-derived fucoidan
was found to hinder fat accumulation in 3T3-L1 adipocytes by stimulating lipolysis through
increased hormone-sensitive lipase expression and reduced glucose uptake [188].

At present, there is limited information available regarding the antiallergic effect
of fucoidan. Recent studies have shown that the orally administered polysaccharide
suppresses allergic symptoms by promoting the expression of galectin-9 mRNA and serum
galectin-9 levels, thereby preventing immunoglobulin E (IgE) binding to mast cells [189].

5. Conclusions

This review summarized the physicochemical and structural properties of polysac-
charides and oligosaccharides derived from brown algae. Their structure and composition
determine their biological activity and thereby their nutritional and therapeutic potentials.
Although more is now known regarding their biological activities in vitro and significant
advance has been made in their extraction from natural sources and modifications, further
structural-activity investigation is necessary. Sustainable technologies must be established
for the purification of the polysaccharides and the production of oligosaccharides, mini-
mizing energy and chemical consumption while allowing upscaling of consistent quality
and freedom from side-effect causing impurities. Lastly, research on catalytic enzymes,
including alginate lyase, laminarinase, fucoidanase, and fucosidase, with high stability and
desired substrate specificity is needed to enable the production of high-purity oligosac-
charides with uniform structure and degrees of polymerization. Progress in enzyme and
metabolic engineering will further promote the utilization of brown algae polysaccharides
in the food and pharmaceutical industries.
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