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Abstract: In this study, three enzyme hydrolysate termed Dur-A, Dur-B, and Dur-C, were produced
from Durvillaea antarctica biomass using viscozyme, cellulase, and α-amylase, respectively. Dur-A,
Dur-B, and Dur-C, exhibited fucose-containing sulfated polysaccharide from chemical composition
determination and characterization by FTIR analyses. In addition, Dur-A, Dur-B, and Dur-C, had high
extraction yields and low molecular weights. All extracts determined to have antioxidant activities
by DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,20-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt), and ferrous ion-chelating methods. All extracts were also able to positively
suppress the activities of key enzymes involved in metabolic syndrome: angiotensin I-converting
enzyme (ACE), α-amylase, α-glucosidase, and pancreatic lipase. In general, Dur-B exhibited higher
antioxidant and higher anti-metabolic syndrome effects as compared to the other two extracts. Based
on the above health promoting properties, these extracts (especially Dur-B) can be used as potential
natural antioxidants and natural anti-metabolic syndrome agents in a variety of food, cosmetic, and
nutraceutical products for health applications.

Keywords: antioxidant; Durvillaea antarctica; enzymatic extraction; fucose-containing sulfated polysaccharide;
metabolic syndrome

1. Introduction

Oxidative stress occurs when the net amount of reactive oxygen species (ROS) ex-
ceeds the antioxidant capacity. This may happen as a result of a general increase in ROS
generation, a depression of antioxidant systems, or both [1]. ROS such as superoxide
anion radical (O2−•), hydrogen peroxide (H2O2), hydroxyl radical (•OH), singlet oxygen
(1O2), and nitric oxide (NO•), are metabolic products and may exist in the environment [2].
Excessive production of ROS may damage cellular DNA, proteins, and lipids, resulting in
altered biochemical compounds, corroded cell membranes, and possibly even metabolic
syndrome [1,3]. Thus, antioxidants are needed to delay or prevent the oxidation of cellular
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oxidizable substrates by promoting scavenging of ROS and preventing the production of
ROS [4].

Diabetes mellitus is a chronic disease characterized by hyperglycemia, a condition in
which blood glucose levels are elevated. There are two types of diabetes mellitus, type 1
and type 2, which differ in insulin production and utilization. Type 1 diabetes mellitus
is caused by insufficient insulin production by the pancreas, as a result of autoimmune
disease. The disease is managed by insulin injections. In type 2 diabetes, there is sufficient
insulin but the body’s cells are insulin resistant, a condition which is thought to be caused
by multiple factors such as overweight, high cholesterol, and physical inactivity. The
vast majority (95%) of diabetic patients have type 2, and strong associations with dietary
intake and reduced physical activity have been reported [5]. Metabolic syndrome is
a constellation of abnormalities, which include abdominal obesity, dyslipidemia, high
blood glucose/impaired glucose tolerance, and high blood pressure. It has been well
established that metabolic syndrome increases the risk of overt diabetes mellitus [6]. The
prevalence of cardiovascular disease (CVD) is rising rapidly, regardless of age and gender,
and the mortality rate of CVD is high. CVD kills more than 18 million people worldwide
annually [7]. In fact, CVD is not a single disease; rather it is a group of disorders related to
the heart and blood vessels, and includes coronary heart disease, rheumatic heart disease,
and cerebrovascular disease, as well as other conditions. Approximately 80% of CVD-
related deaths are due to cardiac arrest and strokes, which involve the deposition of fat in
blood vessels. A number of other factors are also thought to play a role in CVDs, such as a
poor diet, high intake of oils, alcohol consumption, hereditary factors, and low physical
activity [8]. Obesity is a metabolic condition in which the body has gained excess weight,
primarily as a consequence of the deposition of excess fat. It is considered a gateway for
various other metabolic syndromes, such as insulin resistance, dyslipidemia, hypertension,
hyperthyroidism, impaired glucose metabolism, and stroke [9], which have been shown to
be associated with CVD. Increased oxidative stress has been identified as a key factor in
metabolic syndrome and its related pathologies, and it has been postulated that oxidative
stress is mechanistically involved in the progression of this disease. ROS play an important
role in the development and progression of CVDs [10]. Furthermore, oxidative stress has
been shown to play an important role in the mechanism of micro- and macrovascular
complications in metabolic syndrome [11]. Hence, it is crucially important to identify and
develop antioxidants (particularly those from naturally occurring sources) that are capable
of eliminating ROS. Antioxidant-containing nutraceuticals could be useful in treating or
preventing metabolic syndrome-related disorders.

In recent decades, there has been a growing awareness that traditional foods and
naturally occurring compounds could be hugely beneficial to digestion and other aspects
of human health. Indeed, the importance of consuming complete and nutritious food is
increasingly being recognized [12,13]. Marine algae and seaweeds have attracted consider-
able interest due to their nutritional components and highly bioactive properties. Seaweeds
are a part of the traditional diet of coastal-dwelling cultures, particularly in Asia, and
are also used in folk medicines. It has been reported that Japan, North Korea, Taiwan,
and China, are the largest consumers of seaweeds in Asia. Japanese people consume
approximately 5.3 g seaweed per day−1. Interestingly, Japan also has one of the longest
lifespans worldwide, as well as low rates of CVDs [5,8,9]. At the cellular level, seaweed-
derived polysaccharides exhibit high biological activity, such as antioxidant, anti-cancer,
anti-inflammatory, and immunomodulatory properties, although these activities are limited
by various characteristics, including molecular weight, glycosidic bonds, solubility, spatial
configuration, and main-chain configuration [14]. Thus, these biological activities can be
enhanced by applying various molecular modification techniques that can be classified
into physical, chemical, and biological methods. The physical method involves reducing
the molecular weight of polysaccharides by breaking the glucoside chain using ultrasonic
disruption [15], radiation [16], or microwave denaturation [17]. These high energies result
in denaturation of glucoside bonds, reducing them to oligomers and monomers. In the
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chemical method, functional groups such as sulfate, phosphate, selenium, iron, and alkyl
groups, are introduced to the polysaccharides, which improves solubility and bioactiv-
ity [14]. The biological method also makes use of molecular modification, which is achieved
by enzymatic hydrolysis of glycosidic bonds. In comparison with the two aforementioned
methods, the enzymatic method is more accurate, more efficient, highly specific, has a
higher yield-coefficient, releases novel bio-compounds, and has few side effects. Moreover,
a recent study suggested that the enzyme-assisted method promotes the bioactivity of cell
wall polymers during extraction [18].

In the present study, various hydrolysates of D. antarctica were produced using the
enzyme-assisted extraction (EAE) method, and their antioxidant and inhibitory activities
against key metabolic syndrome-related enzymes (ACE, α-amylase, α-glucosidase, and
pancreatic lipase) were investigated. The EAE method has attracted a lot of attention in the
past decade as it exhibits high selectivity and it allows a large amount of biological active
compounds to be recovered [19]. Kulshreshtha et al. (2015) employed commercial protease
and carbohydrases to extract bioactive materials from Codium fragile and Chondrus crispus
and achieved an extraction yield of 40–70% (dry basis) [19]. Nguyen et al. (2020) applied
combined commercial enzymes, cellulase (Cellic® CTec2) and alginate lyase, which were
derived from Sphingomonas sp. in a single-step process, to extract fucoidan from brown
seaweeds, Fucus distichus subsp. evanescens and Saccharina latissimi [20], and reported
an extraction yield of 29–40%. Moreover, Olivares-Molina and Fernández (2016) used
an enzymatic method (cellulase and α-amylase) to extract compounds from three brown
seaweeds, Lessonia nigrescens, D. antarctica, and Macrocystis pyrifera, and found the extraction
yields ranged from 9–38% [18]. Herein, we used viscozyme, cellulose, and α-amylase to
extract bioactive substances from D. antarctica. Viscozyme® L (Novozyme Corp.) is a blend
of β-glucanases, hemicellulases, pectinases, and xylanases, which is a cell wall-degrading
enzyme complex produced by Aspergillus sp. Cellulase is a member of the glycoside
hydrolase family, and is secreted by a number of cellulolytic microorganisms. Cellulase
produced by Aspergillus niger catalyzes the hydrolysis of endo-1,4-β-D-glycosidic linkages
in cellulose, cereal beta-D-glucans, lichenin, and the cellooligosaccharides cellotriose to
cellohexaose. As cellulose molecules are strongly bound to one another, it is more difficult
to break it down by cellulolysis compared with polysaccharides such as starch. Microbial
amylases are exoenzymes that are utilized in various industrial applications, such as
bread making, maltose syrups, and the fermentation of soya sauce, miso, and so on. The
α-amylase derived from Aspergillus oryzae acts as a catalyst in the hydrolysis of α-1,4
glycosidic bonds in soluble starches and other related substrates. These substrates are then
further broken down, releasing short oligosaccharides and α-limit dextrins.

Different enzymes exert different degrees of action on target polysaccharides, and the
activities of these enzymes have been analyzed to determine the optimum conditions [14,21].
In the present study, Durvillaea antarctica, a type of brown seaweed, was investigated in an
experimental model. Seaweed samples were hydrolyzed using three different enzymes,
viscozyme, cellulase, and α-amylase, while maintaining a uniform condition in order to
compare the physicochemical properties of the hydrolysates and their biological activities.
As this study was specifically concerned with investigating antioxidants and their potential
role in metabolic syndrome-related enzyme inhibition, various antioxidant assays such
as DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,20-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt), and ferrous ion-chelating ability, were employed. The
physiochemical characterization of hydrolyzed products was performed using FTIR and
NMR techniques to analyze functional groups. Chemical composition, monosaccharide
composition, and molecular weight analyses, were performed by various assays and
HPLC techniques. Finally, the metabolic syndrome-related enzyme inhibition studies
were conducted by evaluating the inhibition of angiotensin I-converting enzyme (ACE),
α-glucosidase, α-amylase, and pancreatic lipase enzymes. The overall aim of these experi-
ments was to explore the potential of enzymatic hydrolysates from D. antarctica to serve as
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a natural antioxidant for use in the food, cosmetic, and nutraceutical industries and which
may be beneficial in the prevention or treatment of metabolic syndrome.

2. Results
2.1. Preparation of Enzymatic Extracts (Dur-A, Dur-B, and Dur-C) from D. antarctica, and
Physicochemical Characteristics of Dur-A, Dur-B, and Dur-C

In the current study, D. antarctica was utilized for hydrolysis using viscozyme, cellu-
lase, or α-amylase in order to obtain hydrolysis products, namely Dur-A, Dur-B, and Dur-C.
Table 1 shows the hydrolysis variables of Dur-A, Dur-B, and Dur-C, and the extraction
yields of Dur-A, Dur-B, and Dur-C were 38.4% ± 1.1%, 43.0% ± 0.2%, and 41.4% ± 0.6%,
respectively, suggesting that Dur-B and Dur-C have higher extraction yields than that of
Dur-A. However, the difference was not remarkable. Table 2 shows the results of the physic-
ochemical properties of Dur-A, Dur-B, and Dur-C. The size exclusion chromatographic
method revealed the MW distribution in Dur-A, Dur-B, and Dur-C (Table 2). Among these
three hydrolysis products, two peaks were observed. For Dur-A, the peak for higher MW
was 171.4 kDa, with a peak area of approximately 99.5% and the peak for lower MW was
8.61 kDa, with a peak area of approximately 0.5%. For Dur-B, the peak for higher MW
was 215.9 kDa with a peak area approximately 99.5%, and the peak for lower MW was
10.0 kDa, with a peak area of approximately 0.5%. For Dur-C, the peak for higher MW
was 183.3 kDa, with a peak area of approximately 51.6%, and the peak for lower MW was
2.19 kDa, with a peak area approximately 48.4%. These data indicate that Dur-C had more
oligosaccharides (the molecular weight was about 2.19 kDa) as compared to Dur-A and
Dur-B. Total sugar, fucose, sulfate, uronic acid, alginic acid, polyphenols, and proteins
contents, as well as the monosaccharide composition of Dur-A, Dur-B, and Dur-C, are pre-
sented in Table 2. The total sugar contents of Dur-A, Dur-B, and Dur-C were 44.4% ± 0.2%,
40.4% ± 0.3%, and 72.3% ± 0.6%, respectively. The fucose contents of Dur-A, Dur-B, and
Dur-C were 13.5%± 0.5%, 18.2%± 0.3%, and 19.9%± 0.3%, respectively. In general, Dur-C
had the highest total sugar content and fucose content as compared to Dur-A and Dur-B.
The sulfate contents of Dur-A, Dur-B, and Dur-C were 38.5% ± 0.0%, 41.2% ± 0.0%, and
24.7% ± 0.1%, respectively. The percentage contents of uronic acid in Dur-A, Dur-B, and
Dur-C were 16.9% ± 0.3% 16.7% ± 0.6%, and 16.8% ± 0.2%, respectively. The alginic acid
content percentages of Dur-A, Dur-B, and Dur-C were 6.99% ± 0.20%, 6.50% ± 0.20%, and
7.27% ± 0.54%, respectively. The percentage contents of polyphenols in Dur-A, Dur-B,
and Dur-C were 0.46% ± 0.02%, 0.39% ± 0.02%, and 0.42% ± 0.04%, respectively. More-
over, the percentage contents of protein in Dur-A, Dur-B, and Dur-C were 1.08% ± 0.02%,
0.93% ± 0.03%, and 0.97% ± 0.03%, respectively. Generally, Dur-B had the highest sulfate
content, and the uronic acid content, alginic acid content, polyphenols content, and proteins
content in Dur-A, Dur-B, and Dur-C were similar. Table 2 also shows the monosaccharide
compositions of Dur-A, Dur-B, and Dur-C. In brief, fucose, rhamnose, and glucuronic
acid were the most prevalent sugar units in Dur-A. Fucose, rhamnose, and galacturonic
acid were the most prevalent sugar units in Dur-B; fucose, rhamnose, galacturonic acid,
glucose, and xylose were the most prevalent sugar units in Dur-C. Taken together, the
monosaccharide compositions of Dur-A, Dur-B, and Dur-C varied. In summary, Dur-A,
Dur-B, and Dur-C, had low molecular weights and showed the characteristic compositions
of fucose-containing sulfated polysaccharides.

FTIR and NMR techniques were used to perform structural analyses of Dur-A, Dur-B,
and Dur-C. Figure 1 shows the IR bands at 3401 cm−1 and 2940 cm−1 which correspond to
OH and H2O stretching vibration and C–H stretching of the pyranoid ring or the C-6 group
of the fucose and galactose units [22,23]. Absorption bands were detected at 1621 cm−1 and
1421 cm−1 indicating the scissoring vibration of H2O and vibrations of the in-plane ring
CCH, COH, and OCH, which is a known absorption pattern of polysaccharides [22–24].
The peaks at 1230 cm−1 and 1055 cm−1 can be attributed to the presence of asymmetric
stretching of S=O and C–O–C stretching vibrations in the ring or C–O–H of the glucosidal
bond [22,23]. Bands at 900 cm−1 corresponded to C1–H bending vibration in β-anomeric
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units (probably galactose) [25]. The peak at 820 cm−1 corresponded to the bending vibra-
tions of C-O-S of sulfate [26]. The bands at 620 cm−1 may correspond to symmetric O=S=O
deformations [25]. Figure 1 provides evidence that Dur-A, Dur-B, and Dur-C exhibited
the characteristic IR absorptions of fucose-containing sulfated polysaccharides, but the
differences in their FTIR results are not obvious. Figure S1A depicts the 1H-NMR spectra of
Dur-A, Dur-B, and Dur-C. The signals at 4.57 ppm and 4.46 ppm indicate the presence of H-
2 in a 2-sulfated fucopyranose residue [27], and the signal at 4.13 ppm (4[H]) is suggestive
of the presence of 3-linked α-L-fucose [24]. Signals with a ppm of 4.07/3.95 (6[H]/6′[H])
denote the presence of a (1-6)-β-D-linked galacton [28]. The signals detected at 3.78 ppm
and 3.72 ppm may be indicative of the existence of (3[H]) 4-linked β-D-galactose and (4[H])
2,3-linked α-β-mannose, respectively [24]. In addition, the signal at 1.32 ppm indicates
the presence of C6 methyl protons of L-fucopyranose [29]. Due to the dissimilarity of the
1H-NMR spectra, it can thus be deduced that Dur-A, Dur-B, and Dur-C may have different
structures. In addition, Figure S1B shows the 13C-NMR spectra of Dur-A, Dur-B, and Dur-C.
The signals at 75.86 ppm attributes to the presence of C-5 of M-block in a mannuronate
homo-oligomer [30], indicating the mannuronic acid of alginic acid is probably detectable
in Dur-A, Dur-B, and Dur-C.

Table 1. Hydrolysis variables and extraction yields of enzymatic hydrolysis products (Dur-A, Dur-B,
and Dur-C) from D. antarctica.

Variables of Hydrolysis Dur-A Dur-B Dur-C

Enzyme used Viscozyme Cellulase α-Amylase
Hydrolysis conditions pH 6.0, 40 ◦C, 17 h pH 6.0, 40 ◦C, 17 h pH 6.0, 40 ◦C, 17 h

Extraction Yield Dur-A Dur-B Dur-C

Extraction yield (%) 38.4 ± 1.1 1,a 43.0 ± 0.2 b 41.4 ± 0.6 b

1 Values are mean ± SD (n = 3); values in the same row with different letters (in a and b) are significantly different
(p < 0.05).
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Table 2. Physicochemical analyses for Dur-A, Dur-B, and Dur-C.

Molecular Weight Dur-A Dur-B Dur-C

Peak 1 (MW (kDa)/Peak area (%)) 171.4/99.5 215.9/99.5 183.3/51.6
Peak 2 (MW (kDa)/Peak area (%)) 8.61/0.5 10.0/0.5 2.19/48.4

Chemical Composition Dur-A Dur-B Dur-C

Total sugar (%) 1 44.4 ± 0.2 b 40.4 ± 0.3 a 72.3 ± 0.6 c

Fucose (%) 1 13.5 ± 0.5 a 18.2 ± 0.3 b 19.9 ± 0.3 c

Sulfate (%) 1 38.5 ± 0.0 b 41.2 ± 0.0 c 24.7 ± 0.1 a

Uronic acid (%) 1 16.9 ± 0.3 a 16.7 ± 0.6 a 16.8 ± 0.2 a

Alginic acid (%) 1 6.99 ± 0.20 a 6.50 ± 0.20 a 7.27 ± 0.54 a

Polyphenols (%) 1 0.46 ± 0.02 a 0.39 ± 0.02 a 0.42 ± 0.04 a

Proteins (%) 1 1.08 ± 0.02 b 0.93 ± 0.03 a 0.97 ± 0.03 a

Monosaccharide Composition
(Molar Ratio) Dur-A Dur-B Dur-C

Fucose 1 1 1

Rhamnose 0.16 1.71 1.69

Glucuronic acid 0.12 0.02 0.05

Galacturonic acid 0.08 0.19 0.23

Glucose 0.05 0.05 0.79

Galactose 0.03 0.01 0.01

Xylose 0.02 0.05 0.16
1 Total sugars (%), fucose (%), sulfate (%), uronic acid (%), alginic acid (%), polyphenols (%), and protein
(%), = (g/gsample, dry basis) × 100; Values are mean ± SD (n = 3); values in the same row with different letters (in a,
b, and c) are significantly different (p < 0.05).

2.2. Effect of Enzymatic Extracts (Dur-A, Dur-B, and Dur-C) on Antioxidant Activities

The antioxidant activities of Dur-A, Dur-B, and Dur-C, were examined by DPPH, ABTS,
and ferrous ion-chelating analyses, and the data are presented in Figure 2. The scavenging
effects of Dur-A, Dur-B, and Dur-C on DPPH free radicals are shown in Figure 2A. These
extracts exhibited DPPH scavenging properties in a dose-dependent manner. The observed
results also suggest that Dur-B has the most potent effect on DPPH scavenging ability,
followed by Dur-A, and then Dur-C. The scavenging effects of Dur-A, Dur-B, and Dur-C on
ABTS•+ free radicals are shown in Figure 2B. These extracts exhibited ABTS•+ scavenging
properties in a dose-dependent manner. The observed results suggest that Dur-A has
the most potent effect on ABTS•+ radical scavenging ability, followed by Dur-B, and then
Dur-C. The scavenging effects of Dur-A, Dur-B, and Dur-C on ferrous ion-chelating are
shown in Figure 2C. These extracts exhibited ferrous ion-chelating activities in a dose-
dependent manner. The observed results suggest that Dur-B has the most potent effect on
ferrous ion-chelating activity, followed by Dur-A, and then Dur-C. All of these extracts
showed antioxidant activities and thus further investigations are warranted to explore their
anti-metabolic syndrome capacities.
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Figure 2. Antioxidant activities of Dur-A, Dur-B, and Dur-C. (A) DPPH radical-scavenging activity
for Dur-A, Dur-B, Dur-C, and BHA. (B) ABTS radical-scavenging activity for Dur-A, Dur-B, Dur-C,
and BHA. (C) Ferrous ion-chelating activity for Dur-A, Dur-B, Dur-C, and EDTA.
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2.3. Effect of Enzymatic Extracts (Dur-A, Dur-B, and Dur-C) on the Inhibition against Key
Metabolic Syndrome-Related Enzymes

The inhibitory activities against key metabolic syndrome-related enzymes of Dur-
A, Dur-B, and Dur-C were investigated, and the results are shown in Table 3. For the
inhibition of ACE, the concentration of Dur-A, Dur-B, and Dur-C used was 1 mg/mL,
and the inhibitory rates for Dur-A, Dur-B, and Dur-C were 72.5% ± 1.4%, 80.7% ± 1.6%,
and 62.9% ± 0.6%, respectively. The observed results suggest that Dur-B had the most
ACE inhibitory activity, followed by Dur-A, and then Dur-C. For the inhibition of α-
amylase, the concentration of Dur-A, Dur-B, and Dur-C used was 3 mg/mL, and the
inhibitory rates for Dur-A, Dur-B, and Dur-C were 53.3% ± 0.4%, 69.8% ± 0.5%, and
61.6% ± 1.0%, respectively. The observed results suggest that Dur-B had the most α-
amylase inhibitory activity, followed by Dur-C, and then Dur-A. For the inhibition of
α-glucosidase, the concentration of Dur-A, Dur-B, and Dur-C used was 3 mg/mL, and
the inhibitory rates for Dur-A, Dur-B, and Dur-C were 26.9% ± 0.6%, 30.1% ± 4.8%,
and 60.6% ± 0.9%, respectively. The observed results suggest that Dur-C has the most
α-glucosidase inhibitory activity, followed by Dur-A and Dur-B. For the inhibition of
pancreatic lipase, the concentration of Dur-A, Dur-B, and Dur-C used was 0.3 mg/mL, and
the inhibitory rates for Dur-A, Dur-B, and Dur-C were 38.1% ± 5.0%, 33.6% ± 6.0%, and
17.1% ± 3.0%, respectively. The observed results suggest that Dur-A and Dur-B have better
pancreatic lipase inhibitory activity than Dur-C. In summary, all extracts showed inhibitory
effects on metabolic syndrome-related enzymes.

Table 3. Inhibitory activities against key metabolic syndrome-related enzymes of Dur-A, Dur-B,
and Dur-C.

Inhibitory Activities Relative Inhibitors 1 Dur-A Dur-B Dur-C

Angiotensin
I-converting

enzyme (ACE) 2
93.6 ± 0.9 2,3,d 72.5 ± 1.4 b 80.7 ± 1.6 c 62.9 ± 0.6 a

α-Amylase 2 81.7 ± 0.4 2,d 53.3 ± 0.4 a 69.8 ± 0.5 c 61.6 ± 1.0 b

α-Glucosidase 2 97.7 ± 0.2 2,c 26.9 ± 0.6 a 30.1 ± 4.8 a 60.6 ± 0.9 b

Pancreatic lipase 2 95.8 ± 2.5 2,c 38.1 ± 5.0 b 33.6 ± 6.0 b 17.1 ± 3.0 a

1 Inhibitor for Angiotensin I-Converting Enzyme: captopril (1.10 µg/mL); inhibitor for α-amylase: acarbose
(0.25 mg/mL); inhibitor for α-glucosidase: acarbose (0.60 mg/mL); inhibitor for lipase: orlistat (20 µg/mL).
2 For the inhibition of angiotensin I-converting enzyme, the concentration of Dur-A, Dur-B, and Dur-C used was
1 mg/mL; for the inhibition of α-amylase, the concentration of Dur-A, Dur-B, and Dur-C used was 3 mg/mL;
for the inhibition of α-glucosidase, the concentration of Dur-A, Dur-B, and Dur-C used was 3 mg/mL; for the
inhibition of pancreatic lipase, the concentration of Dur-A, Dur-B, and Dur-C used was 0.3 mg/mL. 3 Values
are mean ± SD (n = 3); values in the same row with different letters (in a, b, c, and d) are significantly different
(p < 0.05).

3. Discussion

In this study, we investigated the antioxidant and inhibitory activities of enzymatic
extract of D. antarctica biomass against key metabolic syndrome-related enzymes (ACE, α-
amylase, α-glucosidase, and pancreatic lipase), which were extracted using the EAE method.
The extraction yields of D. antarctica obtained with viscozyme (Dur-A), cellulase (Dur-B),
and α-amylase (Dur-C), were 38.4%, 43.0%, and 41.4%, respectively (Table 1), indicating that
Dur-B and Dur-C had higher extraction yields than that of Dur-A. However, the difference
in yield was not significant. Hammed et al. (2017) investigated viscozyme, cellulase, and
amyloglucosidase, as potential enzymes for the extraction of sulfated polysaccharides from
the brown seaweed Turbinaria turbinate under different extraction conditions. This study
obtained a maximum extraction yield of about 24–25% [21]. In short, the present study
used an extraction model that produced remarkable extraction yields that were similar or
superior to previously reported findings.

With respect to bioactive polysaccharides, the molecular structures, sulfate content,
type of sugar, and molecular weight, play important roles in their biological functions.
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Among these variables, the molecular weight of polysaccharides appears to be the most
important factor that determines the biological characteristics [31]. High molecular weight
polysaccharides do not exhibit good solubility and cannot be processed easily, thereby
limiting their capacity to penetrate cells. However, polysaccharides that have a low molec-
ular weight possess more biological functions, such as immunostimulation, anticancer,
antioxidant activities, and anticoagulation [2,32,33]. The EAE method has been successfully
used to obtain LMW polysaccharides with superior biological functions as compared to
compounds obtained using conventional hot-water extraction [34]. In the current study,
among the three extracts, higher molecular weight distribution was between 171.4 kDa and
215.9 kDa, and the lower molecular weight distribution was found between 2.19 kDa and
10.0 kDa (Table 2). It has been reported that the molecular weight of a fucose-containing
sulfated polysaccharide extracted by hot water was approximately 690.8 kDa (higher molec-
ular weight) and 327.1 kDa (lower molecular weight) [35], and therefore the EAE method
applied herein facilitated the production of polysaccharides with lower molecular weights.
Furthermore, Dur-C contained more short oligosaccharides (approx. 2.19 kDa) in com-
parison with those of Dur-A and Dur-B (Table 2), suggesting that α-amylase was more
effective for releasing short oligosaccharides compared to the other two enzymes. Whether
the oligosaccharides content of extracts is related to their biological functions remains to
be elucidated.

Table 2 depicts the chemical compositions of Dur-A, Dur-B, and Dur-C. It can be seen
that Dur-C has the highest total sugar content and fucose content, but has the lowest sulfate
content, in comparison with Dur-A and Dur-B. Other compounds, such as uronic acid
content, polyphenols content, and alginic acid content, showed similar amounts among
Dur-A, Dur-B, and Dur-C. Regarding monosaccharide compounds (Table 2), the sugars
in Dur-A were largely fucose, rhamnose, and glucuronic acid; the sugars in Dur-B were
predominantly fucose, rhamnose, and galacturonic acid; in Dur-C, the predominant sugars
were fucose, rhamnose, galacturonic acid, xylose, and glucose. The results imply that these
extracts are largely fucose-containing sulfated polysaccharides. FTIR is a powerful tool that
is used for the detection of a range of functional groups. It can also provide information
on the chemical composition of compounds [36]. The data shown in Figure 1 indicate
that Dur-A, Dur-B, and Dur-C, exhibit the characteristic IR peaks of fucose-containing
sulfated polysaccharide. We then assessed the 1H-NMR spectra of Dur-A, Dur-B, and
Dur-C (Figure S1A), and the results showed notable differences among Dur-A, Dur-B,
and Dur-C. As there were differences in total sugar content, fucose content, sulfate con-
tent, monosaccharide composition, and structure among Dur-A, Dur-B, and Dur-C, we
were interested in further characterizing their biological activities, particularly with re-
spect to their antioxidant properties and their potential to exert mitigating effects against
metabolic syndrome.

We evaluated the antioxidant activities of Dur-A, Dur-B, and Dur-C, using DPPH,
ABTS, and ferrous ion-chelating analyses. DPPH is a widely used technique for evaluating
antioxidant activity within a relatively short duration [37]. Figure 2A shows the DPPH
radical-scavenging activities of Dur-A, Dur-B, and Dur-C, and BHA (as a reference). The
results reveal that all extracts exhibited DPPH radical-scavenging activity dose-dependently.
The IC50 values (the concentration of a sample capable of scavenging 50% of DPPH radicals)
of the extracted samples (Dur-A, Dur-B, and Dur-C) on DPPH radical-scavenging activity
were 5.60, 3.78, and 7.52 mg/mL, respectively (Figure 2A). Hence, Dur-B showed the
highest DPPH radical-scavenging activity, followed by Dur-A, and then Dur-C. The key
mechanism of the ABTS radical decolorization assay involves the decolorization of ABTS•+

when it reacts with a hydrogen-donating antioxidant [38]. Figure 2B shows the ABTS•+

scavenging properties of Dur-A, Dur-B, and Dur-C, and BHA (as a reference). In all extracts,
the ABTS•+ scavenging activity was found to have occurred dose-dependently. The IC50
values (the concentration of a sample capable of scavenging 50% of ABTS•+) of the extracted
samples (Dur-A, Dur-B, and Dur-C) on ABTS•+ scavenging activity were found to be 0.36,
0.38, and 0.66 mg/mL, respectively (Figure 2B). Therefore, Dur-A showed the highest
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ABTS•+ scavenging activity, followed by Dur-B, and then Dur-C. However, there was no
notable difference between Dur-A and Dur-B. Ferrozine is capable of quantitatively forming
complexes with Fe2+, and absorbance is seen at 562 nm. In the presence of a chelating
agent, the complexes are disrupted resulting in a decrease in the red color of the complexes.
Hence, measuring the color reduction is an indicator of the ferrous ion-chelating effect [39].
Ferrous ions have been shown to stimulate lipid peroxidation and are known to be an
effective pro-oxidant in food systems [40]. Figure 2C depicts the ferrous ion-chelating
characteristics of Dur-A, Dur-B, and Dur-C, and EDTA (as a reference). The results reveal
that all of the extracts demonstrated ferrous ion-chelating activity in a dose-dependent
manner. The IC50 values (the concentration of a sample capable of chelating 50% of ferrous
ion) of the extracted samples (Dur-A, Dur-B, and Dur-C) on ferrous ion-chelating activity
were found to be 2.40, 1.55, and 2.78 mg/mL, respectively (Figure 2C). Thus, Dur-B showed
the highest ferrous ion-chelating activity, followed by Dur-A, and then Dur-C. These results,
taken together, demonstrate that all three of the tested extracts (Dur-A, Dur-B, and Dur-
C) possessed antioxidant capabilities. Overall, the antioxidant activities of Dur-B were
superior in comparison with the other extracts. The high antioxidant activities of Dur-B
may be related to its high sulfate content (Table 2). Further studies on oversulfation or
desulfation of polysaccharides are required to better understand the antioxidant properties
of Dur-B.

In previous studies, it has been suggested that the predominant external sources of
oxidative stress, i.e., cigarette smoke and air pollution, are associated with the development
of metabolic syndrome and CAD. There is also evidence that the antioxidant characteris-
tics of pharmacological agents, such as statins, metformin, angiotensin II type I receptor
blockers (ARBs), and ACE inhibitors, are helpful in preventing and treating cardiovascular
complications of metabolic syndrome [10]. As Dur-A, Dur-B, and Dur-C, demonstrated
antioxidant capabilities, we conducted additional experiments to explore their potential to
combat metabolic syndrome.

Metabolic syndrome is a pathological condition that is characterized by dysfunctional
metabolism of fats, proteins, carbohydrates, and other substances in the body. It is thought
that metabolic syndrome is a precursor to cardiovascular and cerebrovascular diseases
and diabetes. The preventive and therapeutic strategies that are applied in the manage-
ment of these life-threatening ailments typically involve the use of synthetic drugs, which
often cause adverse side effects. Therefore, nutritional modalities have been explored as
alternative approaches aimed at preventing or managing metabolic syndrome [41]. Fucose-
containing sulfated polysaccharide has been reported to ameliorate metabolic syndrome-
related disorders, such as hypertension, obesity, hyperglycemia, and hyperlipidemia, via
various regulatory mechanisms [41]. Hence, we investigated the inhibitory effects of Dur-A,
Dur-B, and Dur-C, on metabolic syndrome-related enzymes, including ACE, α-glucosidase,
α-amylase, and pancreatic lipase. ACE plays a vital role in blood pressure regulation and
normal cardiovascular function. It catalyzes the conversion of angiotensin I to angiotensin
II, which raises blood pressure. Therefore, inhibiting ACE could be useful in the control of
hypertension [42]. The findings displayed in Table 3 indicate that for captopril, a positive
control, the ACE inhibitory activity was 93.6% at a concentration of 1.10 µg/mL. Previous
studies suggested that the IC50 values of crude extracts obtained from Sargassum siliquosum
and Sargassum polycystum biomass ranged between 0.03–1.53 mg/mL for ACE inhibitory
activity [43]. Thus, a concentration of 1 mg/mL for Dur-A, Dur-B, and Dur-C was used for
ACE inhibitory experiments. The ACE inhibitory activity of our extracted samples (Dur-A,
Dur-B, and Dur-C) were 72.5%, 80.7%, and 62.9%, at a concentration of 1 mg/mL (Table 3).
Among the studied samples, Dur-B displayed the most potent ACE inhibitory activity,
which was consistent with its antioxidant activities (Figure 2) and sulfate content (Table 2),
both of which were highest in Dur-B. The most widely applied therapeutic approach in
the treatment of type 2 diabetes mellitus is to reduce postprandial hyperglycemia. The
role of α-amylase is to break up large polysaccharides into sugars. Naturally occurring
α-amylase inhibitors, therefore, could be a useful therapeutic tool for treating postprandial



Catalysts 2022, 12, 1284 11 of 17

hyperglycemia, as they could decrease the release of glucose from starch [44]. α-glucosidase
is an enzyme that hydrolyses starch and disaccharides to glucose. The inhibition of α-
glucosidase has been applied in the management of type 2 diabetes [45]. α -glucosidase
inhibitors could blunt the rapid hydrolysis of dietary carbohydrates, thereby suppressing
postprandial hyperglycemia. The inhibitory effects of Dur-A, Dur-B, Dur-C, and acarbose
(a commercial inhibitor of α-amylase and α-glucosidase) on digestive enzymes (α-amylase
and α-glucosidase), are displayed in Table 3. Regarding the inhibition of α-amylase by
acarbose, at a concentration of 0.25 mg/mL, the inhibitory activity was 81.7%. Previous
studies suggested that the IC50 values of fucoidan obtained from Ascophyllum nodosum
ranged between 0.12–4.64 mg/mL [46]. Thus, a concentration of 3 mg/mL for Dur-A, Dur-
B, and Dur-C, was used for α-amylase inhibitory experiments. The α-amylase inhibitory
activity of the extracted samples in this study (Dur-A, Dur-B, and Dur-C) were 53.3%,
69.8%, and 61.6%, at a concentration of 3 mg/mL (Table 3). Among the tested samples,
Dur-B showed the strongest α-amylase inhibitory activity, which was in the line with its
antioxidant activities (Figure 2) and sulfate content (Table 2), both of which were highest for
Dur-B. For the inhibition of α-glucosidase by acarbose, at a concentration of 0.60 mg/mL,
the inhibitory activity was 97.7%. For the ease of comparison with α-amylase, 3 mg/mL
concentration of Dur-A, Dur-B, and Dur-C, was applied for α-glucosidase inhibitory exper-
iments. The α-glucosidase inhibitory activity of the extracted samples (Dur-A, Dur-B, and
Dur-C) were 26.9%, 30.1%, and 60.6%, at a concentration of 3 mg/mL (Table 3). Among
the tested samples, Dur-C displayed the most potent α- glucosidase inhibitory activity,
followed by Dur-B and Dur-A. Lipase, which is predominantly produced in the pancreas,
hydrolyses lipids to form fatty acids, which are then absorbed in the digestive tract [45].
In order for fat to be absorbed it must first be digested, and therefore, the inhibition of
pancreatic lipase, the most important enzyme in the digestion of dietary triglycerides,
is one of the various methods that can be employed to reduce the uptake of fat. This
inhibitory approach can be utilized to manage weight and potentially reduce the severity
of obesity [47]. Fucose-containing sulfated polysaccharide has been shown to have an
excellent attenuating effect on lipid accumulation in 3T3-L1 adipocytes [48]. As shown
in Table 3, orlistat, which was used as a positive control, at a concentration of 20 µg/mL,
had a pancreatic lipase inhibitory activity of 95.8%. Previous studies suggested that the
IC50 values of extracts obtained from Ascophyllum nodosum, Fucus vesiculosus, and Pelvetia
canaliculata ranged between 0.119–0.969 mg/mL for lipase inhibitory activity [49]. Thus, a
concentration of 0.3 mg/mL for Dur-A, Dur-B, and Dur-C, was used for lipase inhibitory
experiments. The pancreatic lipase inhibitory activity of the extracted samples (Dur-A,
Dur-B, and Dur-C) were 38.1%, 33.6%, and 17.1%, at a concentration of 0.3 mg/mL (Table 3).
Among the tested samples, Dur-A and Dur-B had the strongest pancreatic lipase inhibitory
activity, followed by Dur-C. Thus, these data suggest that Dur-A, Dur-B, and Dur-C, can
suppress the activities of some of the key enzymes involved in metabolic syndrome, i.e.,
ACE, α-glucosidase, α-amylase, and pancreatic lipase.

4. Materials and Methods
4.1. Materials

A sample of D. antarctica was purchased from a local grocery market in Kaohsiung
City, Taiwan. It was oven-dried, and then kept in plastic bags at 4 ◦C until use. L-fucose, L-
rhamnose, D-glucose, D-glucuronic acid, D-galactose, D-xylose, D-galacturonic acid, gallic
acid, sodium carbonate, potassium sulfate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2-azino-
bis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS), 3-(2-pyridyl)-5,6-
bis (4-phenylsulfonic acid)-1,2,4-triazine (ferrozine), 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ),
sodium acetate trihydrate, thioglycolic acid solution, bovine serum albumin (BSA), potas-
sium bromide (KBr), potassium persulfate, sodium sulphite, ferrous chloride, hippuryl-
histidyl-leucine (HHL), hyppuric acid (HA), and purified angiotensin I-converting enzyme
(ACE) (EC 3.4.15.1) from rabbit lung, 2,2,2-trifluoroacetic acid (TFA), captopril, α-amylase,
acarbose, α-glucosidase, lipase, orlistat, and Bradford reagent, were obtained from Sigma-
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Aldrich (St. Louis, MO, USA). All other reagents were of analytical grade or the best
grade available.

4.2. Seaweed Extraction by Enzymes

The enzymatic extraction was conducted using a hydrolytic reaction of viscozyme
(≥100 FBGU/g), cellulase (~0.8 units/mg solid), or α-amylase (≥5 units/mg solid) with
the seaweeds according to previously published methods [18,50], with minor modifications.
One hundred mL of the ddH2O (adjust to pH 6.0) was added to 1 g of the dried algal sample,
and 100 µL of viscozyme or 100 mg of cellulase or α-amylase were mixed in. The conditions
for the enzymatic reactions were 40 ◦C for 17 h with continuous shaking (250 rpm). The
samples were centrifuged at 8000 rpm at 4 ◦C for 30 min and then vacuum-filtered through
0.45-µm PVDF filters to remove the unhydrolyzed residues. The extracts were frozen and
freeze dried, and the resulting powder was stored at −20 ◦C for subsequent analysis. The
extraction yield was calculated using the following equation:

Extraction yield (%) = (gA/gB) × 100 (1)

where gA represents the weight of the extracted solid on a dry basis, and gB is the weight of
the sample on a dry basis.

4.3. Chemical Methods

The phenol-sulfuric acid colorimetric method was used to determine the total sugar
content, and galactose was used as the standard. The fucose content was determined by the
previous method [51], and L-fucose was used as the standard. Protein in the extract was
quantified by the Bradford method using BSA as the standard. Uronic acids were estimated
by the colorimetric method using D-galacturonic acid as the standard [37]. Alginate content
was measured according to the previous method [38]. Polyphenols were analyzed by the
Folin-Ciocalteu method and gallic acid was used as the standard. Sulfate content was
determined by first hydrolyzing the sample with 1 N HCl solution for 5 h at 105 ◦C. The
hydrolysate was then quantified based on the percentage of sulfate composition using
Dionex ICS-1500 Ion Chromatography (Sunnyvale, CA, USA) with an IonPac AS9-HC
column (4 × 250 mm) 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 the standard.

4.4. Analysis of Monosaccharide Composition

The monosaccharide composition was analyzed according to our previously de-
scribed method [52], using L-fucose, D-xylose, D-galactose, D-glucose, D-glucuronic acid,
L-rhamnose, and D-galacturonic acid, as the standards.

4.5. NMR Spectroscopy

A 20 mg sample was dissolved in 550 µL of 99.9% deuterium oxide (D2O) in a NMR
tube and 1H NMR spectrum was recorded at 60 ◦C on a Varian 400-MR (400 MHz) spec-
trometer (Agilent Technologies, Santa Clara, CA, USA) for proton detection. The proton
chemical shift was expressed in ppm.

4.6. Molecular Weight Analysis

The molecular weight analysis of the polysaccharides was conducted according to the
method of Yang [37]. The standards used to calibrate the column were various dextrans
with different molecular weights (1, 12, 50, 150, and 670 kDa), which were obtained from
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA).
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4.7. FTIR Spectroscopy

The FTIR analysis was performed according to the method of Huang [53]. In brief,
sample and KBr (w/w, 1:50) were mixed and ground evenly until particles measured less
than 2.5 µm in size. The transparent KBr pellets were made at 500 kg/cm2 under vacuum.
The FTIR spectra were obtained using a FT-730 spectrometer (Horiba, Kyoto, Japan), and
the absorbance was read between 400 and 4000 cm−1. Pellet of KBr alone was used as
a background.

4.8. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity was determined according to a method de-
scribed elsewhere [54]. Briefly, 50 µL of sample was added to 150 µL 0.1 mM freshly
prepared DPPH solution (in methanol). The mixture was shaken vigorously for 1 min,
left to stand for 30 min in the dark at room temperature, and the absorbance of all sample
solutions was measured at 517 nm using a microplate reader (SPECTROstar Nano; BMG
Labtech, Ortenberg, Germany). The radical-scavenging activity was calculated using the
following equation:

DPPHradical-scavenging (%) =

[
1−

Asample

Acontrol

]
× 100 (2)

where Asample is the absorbance of the methanol solution of DPPH with tested samples, and
Acontrol represents the absorbance of the methanol solution of DPPH without the sample.

4.9. ABTS Radical Cation Scavenging Activity

The scavenging activity of the samples against ABTS radical cation was measured
according to a method described elsewhere [35]. In brief, the ABTS•+ solution was prepared
by reacting 5 mL of ABTS solution (7 mM) with 88 µL of potassium persulfate (140 mM),
and the mixture was kept in the dark at room temperature for 16 h. The solution was
diluted with 95% ethanol to obtain an absorbance of 0.70 ± 0.05 at 734 nm. To start the
assay, 100 µL diluted ABTS•+ solution was mixed with 100 µL of various sample solutions.
The mixture was allowed to react at room temperature for 6 min, and the absorbance of
all sample solutions at 734 nm was measured using a microplate reader (SPECTROstar
Nano; BMG Labtech, Germany). The blank was prepared in the same manner, except that
distilled water was used instead of the sample. The activity of scavenging ABTS•+ was
calculated according to the following equation:

ABTScation radical-scavenging (%) =

[
1−

Asample

Acontrol

]
× 100 (3)

where Asample is the absorbance of ABTS with tested samples, and Acontrol represents the
absorbance of ABTS without the sample.

4.10. Ferrous Ion-Chelating Activity

The ferrous ion-chelating activity of polysaccharides was measured using the previous
method [35]. Briefly, 200 µL of sample, 740 µL of methanol, and 20 µL of FeCl2 solution
(2 mM) were mixed. The mixture was incubated for 30 s followed by the addition of 5 mM
ferrozine (40 µL). After allowing the reaction to continue for 10 min at room temperature, the
absorbance of the mixture was measured at 562 nm using a microplate reader (SPECTROstar
Nano; BMG Labtech, Germany). The chelating activity of ferrous ion was calculated
as follows:

Chelating activity (%) = (1 − Asample/Acontrol) × 100

where Acontrol represents absorbance without the sample, and Asample is absorbance with
tested samples.
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4.11. ACE-Inhibiting Activity

The ACE-inhibiting activities of samples were assayed by measuring the concentration
of hippuric acid liberated from HHL according to a previous method [42], with some
modifications. For each assay, 50 µL of sample solution with 50 µL of ACE solution (a
purified enzyme from rabbit lung) (60 mU in sodium borate buffer, pH 8.3) were pre-
incubated at 37 ◦C for 20 min and then incubated with 200 µL of substrate (0.67 mM HHL
in 0.05 M sodium borate buffer at pH 8.3) at 37 ◦C for 60 min. The reaction was then
stopped by adding 250 µL of 1 N HCl. Hippuric acid concentration was determined using
a Waters HPLC system (Waters Corp., Milford, MA, USA) with an Inspire C18 column
(4.6 mm × 250 mm, 5 µm) (Dikma Technologies Inc., Lake Forest, CA, USA). The column
was operated at 25 ◦C. The mobile phase consisted of 0.1% (v/v) TFA in 50% methanol. The
spectra were monitored at 228 nm and performed at a flow rate of 0.8 mL/min.

4.12. α-Amylase Inhibitory Activity

A volume of 40 µL of sample, positive control (acarbose), or negative control (distilled
water) were added to 20 µL α-amylase solution (2 U/mL in 0.02 M sodium phosphate
buffer pH 6.9). Test tubes were incubated at room temperature for 1 h. Later, 20 µL of 1%
potato soluble starch solution (previously dissolved in 0.02 M sodium phosphate buffer
pH 6.9 and boiled for 15 min) was added to each tube and incubated at 37 ◦C for 10 min.
Finally, 40 µL of dinitrosalicylic acid solution was added, and the tubes were placed in
a 100 ◦C water bath for 8 min. A volume of 780 µL of distilled water was added to the
mixture, after centrifugation at 12,000× g for 5 min, and the absorbance was read at 540 nm
in a microplate reader (SPECTROstar Nano; BMG Labtech, Germany). The percentage
inhibition was calculated relative to the negative control with 100% enzyme activity.

4.13. α-Glucosidase Inhibition

The α-glucosidase inhibition assay was performed following a previous method [55].
A quantity of 72 µL of samples, positive control (acarbose), or negative control (distilled
water) were added to 72 µL of rat intestine α-glucosidase (1 U/mL in 0.1 M maleate buffer
pH 6.9). Test tubes were incubated at 37 ◦C for 30 min. After pre-incubation, 144 µL of
substrate (2 mM maltose or 20 mM sucrose) was added to each tube. The reaction mixtures
were incubated at 37 ◦C for 20 min. Finally, reactions were stopped by adding 576 µL of 1 M
Na2CO3, after centrifugation at 12,000× g for 5 min, and the absorbance was read at 405 nm
in a microplate reader (SPECTROstar Nano; BMG Labtech, Germany). The percentage
inhibition was calculated relative to the negative control with 100% enzyme activity.

4.14. Lipase Inhibition Assay

The inhibition of pancreatic lipase activity was performed using the modified method
with p-nitrophenyl palmitate (p-NPP) as the substrate and porcine pancreatic lipase [56].
A quantity of 330 µL of samples, positive control (orlistat), or negative control (distilled
water) were added to 70 µL of pancreatic lipase (0.4 U). Test tubes were incubated at
37 ◦C for 30 min. After pre-incubation, 300 µL of substrate (0.8 mmol L–1 p-NPP) was
added to each tube. The reaction mixtures were incubated at 37 ◦C for 30 min. After
centrifugation at 12,000× g for 5 min, the absorbance was read at 405 nm in a microplate
reader (SPECTROstar Nano; BMG Labtech, Germany). The percentage inhibition was
calculated relative to the negative control with 100% enzyme activity.

4.15. Statistical Analysis

All experiments were performed in triplicate, and the results were the average of three
independent experiments. Measurements were presented as means ± standard deviation.
Statistical analysis was performed using the Statistical Package for the Social Sciences
(SPSS). The results obtained were analyzed using one-way analysis of variance (ANOVA),
followed by Duncan’s Multiple Range tests. A probability value of p < 0.05 was considered
statistically significant.
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5. Conclusions

All the extracted samples in this study had high extraction yields, low molecular
weights, and the characteristics of fucose-containing sulfated polysaccharides. These
extracts appeared to have different structural qualities as demonstrated by 1H-NMR. Dur-
A, Dur-B, and Dur-C, showed antioxidant activities as determined by DPPH, ABTS, and
ferrous ion-chelating analyses, and were capable of suppressing the activities of some of
the key enzymes involved in metabolic syndrome, i.e., ACE, α-glucosidase, α-amylase, and
pancreatic lipase. Therefore, the three extracts evaluated in this study (particularly Dur-B)
show promise as naturally occurring antioxidants and anti-metabolic syndrome agents that
could be used in various food, cosmetic, and nutraceutical products. Further studies are
thus warranted using an in vivo model to confirm the abilities of Dur-A, Dur-B, and Dur-C,
to prevent metabolic syndrome-related health ailments.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal12101284/s1, Figure S1: NMR analyses of Dur-A, Dur-B, and
Dur-C. (A) 1H-NMR spectra of Dur-A, Dur-B, and Dur-C. (B) 13C-NMR spectra of Dur-A, Dur-B, and
Dur-C. The characteristic peaks are indicated in each graph.
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