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Abstract To clarify the anti-oxidant and anti-glycation prop-
erties of traditional edible algae, aqueous extract solutions
(AESs) from eight dried algal products that were commercial-
ly available in the Miura Peninsula of Japan were prepared.
AESs of the red alga, Pyropia sp. (nori), demonstrated strong
Fe-reducing power with a high total phenolic compound con-
tent. On the other hand, the sporophyll of the brown alga
Undaria pinnatifida (mekabu) exhibited high superoxide an-
ion radical-scavenging capacity. Anti-glycation activity in bo-
vine serum albumin (BSA)-fructose (Fru) and in BSA-
methylglyoxal (MGO) was high for nori and the stem of
Sargassum fusiforme (naga-hijiki). The results of the BSA-
MGO model agreed with those of the phenolic content and
Fe-reducing power. Anti-glycation activities of mekabu,
Sargassum horneri (akamoku), naga-hijiki, the frond of U.
pinnatifida (wakame), and Gelidium elegans (tengusa) in the
BSA-Fru model were clearly increased by fermentation with
Lactobacillus plantarum Miura-SU1 isolated from the Miura
Peninsula. The results of the present study suggest that, once
fermented with lactic acid bacteria (LAB), akamoku and other
edible algae will have a potential role in preventing diabetes-
and aging-related glycation.
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Introduction

In recent years, anti-glycation properties have attracted atten-
tion as having food function (Yoon and Shim 2015; Alam et
al. 2015; Sri Harsha et al. 2014). Glycation is a nonenzymatic
reaction of reducing sugars with amino acids and/or proteins
in processed food and in vivo (Raghav and Ahmad 2014;
Scheijen et al. 2016). Advanced glycation end products
(AGEs), such as carboxymethyl lysine and carboxyethyl ly-
sine, are generated after various intermediates such as glyoxal,
methylglyoxal (MGO), and 3-deoxyglucosone (Gaens et al.
2013; Vistoli et al. 2013). AGE formation is irreversible.
AGE: are thought to induce diabetes and other diabetes- and
aging-related illnesses such as retinopathy, cataracts, arterio-
sclerosis, and renal dysfunction (Kandarakis et al. 2014; Roca
et al. 2014). Because there are oxidation reactions in several
parts in the glycation reactions for AGE generation, anti-
oxidants are considered inhibitory materials for medicines
and treatment diets that prevent AGE formation
(Shankaraiah et al. 2013; Ahmad et al. 2014). In the case of
food materials, various foodstuffs are reported to be anti-
glycative materials with anti-oxidant properties
(Premakumara et al. 2013).

Since ancient times, the inhabitants of coastal regions of
Far Eastern countries, such as Korea and Japan, have discov-
ered and collected edible algae from beach cast (Kuda and
Ikemori 2009; Murata and Nakazoe 2001). The Ministry of
the Environment, Government of Japan, defines a Satoumi as
a coastal area where biological productivity and biodiversity
have increased as a consequence of human activity (Berque
and Matsuda 2013). The traditional eating habit of various
algae is considered one of the features of the Satoumi region.
In the Tokyo Bay, located in the capital and largest metropolis
of Japan, some marine algae, such as Pyropia sp. (nori),
Undaria pinnatifida (wakame), and Saccharina japonica
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(kombu), have been cultured and used for human consump-
tion. In the Miura Peninsula, located on the west side of the
entrance to the Tokyo Bay and characterized by typical
Satoumi areas, some wild algae such as Sargassum fusiforme
(hijiki), Sargassum horneri (akamoku), and Gelidium elegans
(tengusa) are harvested and used as food. Most of these edible
algae are distributed after drying.

Among these algae, hijiki and akamoku have been reported
to have high phenolic content (phlorotannins) and anti-
oxidant properties (Shao et al. 2014; Wu et al. 2016). Some
lactic acid bacteria (LABs) including probiotics also have
anti-oxidant and anti-inflammatory activities in vitro and in
mice (Kanno et al. 2012; Kuda et al. 2014a). Some LABs
can increase the anti-oxidant capacities of vegetables, milk,
and soy milk during the fermentation (Kuda et al. 2010;
Kanno et al. 2012; Kawahara et al. 2015). Moreover, during
fermentation, some LABs have been reported to increase the
superoxide anion radical-scavenging capacity of a red alga,
Gloiopeltis furcata (funori) (Kuda et al. 2015). However,
anti-glycation properties of these algae and the fermented al-
gae are still not clear.

In this study, to clarify and apply the anti-glycation effect of
traditional edible algae, we determined the inhibitory effect of
aqueous extract solutions of dried algae products obtained
from the Miura Satoumi region on glycation in bovine serum
albumin-fructose (BSA-Fru) and BSA-methylglyoxal (BSA-
MGO) models. Furthermore, to examine the additive or syn-
ergistic effect of the food materials and LAB or lactic acid
fermentation, the effect of the Lactobacillus plantarum isolat-
ed from the Miura Satoumi region on the anti-glycation ca-
pacities of the selected algae samples was also investigated.

Materials and methods
Chemicals

Folin-Ciocalteu’s phenol reagent, the stable 1,1-diphenyl-2-
picrylhydrazyl (DPPH) radical phenazine methosulfate
(PMS), 3-(2-pyridyl)-5,6-di(p-sulfophenyl)1,2,4-triazine
disodium salt (ferrozine), (3-nicotinamide adenine dinucleo-
tide (NADH), nitroblue tetrazolium salt (NBT), and MGO
were from Sigma-Aldrich (USA). Phloroglucinol dihydrate
(PG), potassium ferricyanide, trichloroacetic acid (TCA), bo-
vine serum albumin (BSA), and p-fructose (Fru) were from
Wako Chemicals (Japan), while 1,10-phenanthroline was
from Nacalai Tesque (Kyoto, Japan). The other reagents were
of analytical grade.

Preparation of aqueous extract solutions from dried algae
solutions

A total of eight dried products (Table 1) from three species of
Phaeophyta, Undaria pinnatifida (wakame, Up and mekabu,
Up’), Sargassum horneri (akamoku, Sh), and Sargassum

fusiforme (hijiki, Sf1 and naga-hijiki, Sf2), as well as two

species of Rhodophyta, Gelidium elegans (tengusa, G1 and
G2) and Pyropia sp. (nori, P), were purchased from retail
shops in the Miura Peninsula region. Tengusa G1 and G2 were
obtained from different manufacturers.

The dried samples were milled using a blender (Oster 16
Speed Blender; Osaka Chemical Co., Japan) and sieved
through 1-mm? mesh. The algae powder (5 g) was added to
200 mL of distilled water and heated at 105 °C for 15 min

Table1 Dried algal samples used in this study and values of pH in the aqueous solution of algae fermented lactic acid bacteria isolated from the Miura
Peninsula
Algae Processing Market name Abbreviation pH of AES pH after fermentation
(Japanese)
SU-1* Su-2*

Undaria pinnatifida

Frond Drying Wakame Up 6.1 4.1 49

Sporophyll Drying Mekabu Up’ 6.2 4.1 49
Sargassum fusiforme

Leaf Boiling and drying Hikji Sfl 5.7 44 5.0

Stem Boiling and drying Naga-hikiji Sf2 5.8 44 5.1
Sargassum horneri Drying Akamoku Sh 6.0 43 4.7
Leaf and upper branch
Pyropia sp. Roasting Nori P 6.4 4.8 54
Gelidiaceae sp. Drying Tengusa Gl 6.9 59 6.3
Gelidiaceae sp. Drying Tengusa G2 6.2 4.8 4.7

pH values represent the means of duplicate measurements. G1 and G2 were obtained from different manufacturers

AESs aqueous extract solutions
#Fermented AESs by L. plantarum Miura-SU1 and L. lactis Miura-SU2
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using an autoclave. After cooling with tap water, the algae
suspension was centrifuged at 3000xg for 10 min at 4 °C.
The collected supernatant was used in the algal aqueous ex-
tract solutions (AESs) and stored at —20 °C. In our previous
study, the AES of some brown algal products contained sub-
stances rich in minerals, phenolic compounds, and water-
soluble polysaccharides, such as alginate, fucoidan, and
laminaran (Kuda et al., 2005; 2009).

Miura Satoumi LAB strains

Two Miura Satoumi LAB strains, Lactobacillus plantarum
Miura-SUT1 (accession no. LC125266) and Lactococcus lactis
subsp. lactis Miura-SU2 (accession no. LC125267), were
used in this study. Both strains were isolated from algal beach
casts in the Miura Satoumi region (Kuda et al. 2016) and
stored using ceramic beads (Microbank, Iwaki Co., Ltd.,
Tokyo, Japan) at =80 °C. A bead of the each strain was inoc-
ulated into 5 mL of de Man, Rogosa, and Sharpe (MRS) broth
(Oxoid, UK). After 48 h incubation at 30 °C, these cultures
were used for algal fermentation.

Total phenolic content

Total phenolic content as polyphenol content level was deter-
mined as described previously (Kuda et al. 2006) with slight
modifications. Briefly, 0.03 mL of a diluted sample solution
and 0.06 mL of 10 % Folin-Ciocalteu solution were placed in
a 96-well microplate. After 3 min, 0.12 mL of 10 % sodium
carbonate was added. The mixture was allowed to stand for
60 min at ambient temperature, and the absorbance was mea-
sured at 750 nm using a grating microplate reader (SH-1000
Lab; Corona Electric, Japan). The phenolic content is
expressed as PG equivalents PGEq mL™".

The experiments to determine phenolic content, anti-
oxidant properties, and anti-glycation properties were con-
ducted in triplicate.

DPPH radical-scavenging capacity

DPPH radical-scavenging capacity was determined as de-
scribed previously (Kuda and Yano 2014) with slight modifi-
cation. Briefly, sample diluted solution (0.1 mL) and ethanol
(0.1 mL) were put into a 96-well microplate, and absorbance
at 517 nm (Absl) was measured using a microplate reader
(SH-1000 Lab). Next, 1 mmol L' DPPH radical was added
and incubated at 37 °C for 30 min and the absorbance (Abs2)
was measured again. The DPPH radical-scavenging capacity
was calculated using the following formula:

_Abszsample - AbSlsamp[e) % 100

Radical scavenging capacity(%) = (l
%) ADbS2 conror = AbSconrol

Superoxide anion radical-scavenging activity

Superoxide anion radical-scavenging activity was measured
using a nonenzymatic method (Kuda et al. 2014a). The sample
solution (0.01 mL) was treated with 0.05 mL of 250 mmol L™
phosphate buffer (pH 7.2), 2 mmol L' NADH (0.025 mL),
and 0.5 mmol L' NBT (0.025 mL), while absorbance at
560 nm was measured as a blank value. After a 5 min incuba-
tion at ambient temperature with 0.025 mL of 0.03 mmol L™
PMS, the absorbance was measured again. The radical-
scavenging capacity was calculated using the above formula.

Ferrous reducing power

The reducing power was determined as described in our pre-
vious report (Kuda and Yano 2009) with slight modification.
Briefly, each 0.05 mL of the sample solution, 0.025 mL of
0.1 mol L™" phosphate buffer (pH 7.2), and 0.025 mL of
10 g L™" potassium ferricyanide were placed in a 96-well
microplate. After incubation at 37 °C for 60 min, 0.025 mL
0f 10 % TCA and 0.1 mL of distilled water were added and the
absorbance was measured at 700 nm (Abs/). Next, 0.025 mL
of 0.1 % FeCl; was added to the mixture and the absorbance
was measured again (Abs2). Ferrous reducing power was cal-
culated using the following formula:

Reducing power (OD 700 nm) = (Abs2 of sample — Abs1 of sample)

— (Abs2 of control — Abs1 of control)

Anti-glycation properties of the AESs in BSA-Fru
glycation model

The anti-glycation assay in the BSA-Fru model was determined
using the method of Wang et al. (2011) with slight modification.
This model evaluates all stages of protein glycation. Fru
(1.5 mol L'", 0.5 mL) was mixed with 0.5 mL of AES and
0.5 mL of sodium phosphate buffer (50 mmol, pH 7.4, with
0.02 % sodium azide) in screw-capped test tubes and kept at
37 °C for 2 h. BSA (30 mg mL ™!, 0.5 mL) was added to each
test tube, and the mixtures were incubated at 37 °C for 5 days.
Fluorescent AGEs were monitored on a multiple microplate
reader (SH-9000; Corona Electric) using 340 and 420 nm as
the excitation and emission wavelengths. Percentage of the
AGE inhibition was calculated by the following equation:

Flsqsample = Floa sampie
Anti — glycation capacity (%) = (1 - M) x 100

F1sq plank = 1o blank

Fl,; and FIs, represent fluorescent intensity after the reac-
tion for 0 and 5 days, respectively.

@ Springer



3620

J Appl Phycol (2016) 28:3617-3624

Anti-glycation properties of the AESs in BSA-MGO
glycation model

The anti-glycation assay in the BSA-MGO model was per-
formed also using the method of Wang et al. (2011) with slight
modification. This model evaluates the middle stage of protein
glycation. MGO (60 mmol L™, 0.5 mL) was mixed with
0.5 mL of AES and 0.5 mL of the sodium phosphate buffer
and kept at 37 °C for 2 h. BSA (30 mg mLfl, 0.5 mL) was
added to each test tube and incubated at 37 °C for 5 days.
Fluorescent AGEs were monitored on the multiple microplate
reader using 340 and 380 nm as the excitation and emission
wavelengths. The percentage of AGE inhibition was calculat-
ed using the same equation as that in the BSA-Fru model.

Algal fermentation properties of Miura Satoumi LABs

The pre-cultured strains (0.03 mL) were inoculated in 3 mL of
the AESs and incubated at 30 °C for 2 days. If turbidity could
be observed by the naked eye, the pH was determined using a
pH meter (Twin pH; Horiba; Japan). The anti-glycation assays
in the BSA-Fru and BSA-MGO models were measured as
described above.

Statistical analysis
Data of the anti-oxidant and anti-glycation activities and phe-

nolic content of the algal AESs are presented as means and
standard errors. Data pertaining to the anti-glycation
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Fig. 1 Total phenolic compound content (a), 1,1-diphenyl-2-
picrylhydrazyl (DPPH) and superoxide anion radical-scavenging capac-
ity (b and d), and Fe-reducing power (¢) of aqueous solutions of dried
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capacities before versus after fermentation were subjected to
Student’s ¢ test.

Results and discussion
Total phenolic content

The total phenolic content in the AESs of the eight dried
algae products is shown in Fig. la. The phenolic concen-
trations in the AES sample of nori Pyropia sp. (P) were
high, at approximately 3.5 pmol PGEq mL ™' of AES cor-
responding to 140 pmol PGEq g ' of the dried products.
AES from akamoku S. horneri (Sh), hijiki, naga-hijiki
S. fusiforme (Sf1, Sf2), and mekabu from the sporophyll
of the U. pinnatifida (Up’) had phenolic contents
of that ranged approximately between 0.9 and
1.2 umol PGEq mL™". The phenolic compound contents
of the other AESs were <0.4 pmol PGEq mL™". The high
total phenolic contents in the AES of nori were consistent
with those of our previous reports (Kuda et al. 2005;
2016b). On the other hand, the phenolic contents of the
AESs of mekabu (Up’) and wakame, from the frond of
U. pinnatifida (Up), were different. There are some reports
on higher polyphenol content in mekabu (Kuda et al.
2015), although the contents of various compounds, in-
cluding polysaccharides and polyphenols, in mekabu were
thought to change drastically during the annual stages
(Holdt and Kraan 2011).
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algae products. See Table 1. Values are the mean + standard error of the
mean (n=3)



J Appl Phycol (2016) 28:3617-3624

3621

DPPH radical-scavenging capacity

DPPH has been used extensively as a free radical to evaluate
the reduction of substances in various foods including edible
algae (Hermund et al. 2015). The percentage of DPPH-
scavenging activities is shown in Fig. 1b. Among the eight
algal AES samples, the scavenging activity was high in AESs
of nori (P). Although this order appeared to agree with the
results of the phenolic content (Fig. 1a), the scavenging activ-
ity of nori (P) was not high compared with that of some
Ecklonia-derived products reported previously (Kuda et al.
2007).

Ferrous reducing power

As shown in Fig. 1c, the highest amount of the reducing pow-
er was obtained in AES of nori (P), followed by akamoku
(Sh), hijiki (Sf1, Sf2), and mekabu Up’, which supported the
phenolic content and DPPH radical-scavenging results. Most
nonenzymatic anti-oxidant activities such as the scavenging of
free radicals and the inhibition of peroxidation are mediated
by redox reactions (Zhuet al 2002). Compounds with reducing
power are electron donors that can reduce the oxidized inter-
mediates of lipid peroxidation processes and thereby act as
primary and secondary anti-oxidants (Yen and Chen, 1995).

Superoxide anion radical-scavenging capacity

The percentage of superoxide anion radical-scavenging activ-
ities at a concentration of 1.56 uL mL™" AES is shown in
Fig. 1d. The scavenging capacity of mekabu (Up’) was high,
followed by those of akamoku (Sh) and naga-hijiki (Sf2). In
our previous report, the correlation between superoxide anion
radical-scavenging activity and phenolic compound content
was moderate (Kuda and Ikemori 2009; Kuda et al. 2016b).
There are several reports on the superoxide anion radical-
scavenging capacity of fucoidan, one of the water-soluble
polysaccharides in brown algae (Kuda et al. 2005). The super-
oxide anion radical-scavenging activity of the AESs was

a
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Fig. 2 Effects of aqueous solutions of dried algae products on glycation
of bovine serum albumin (BSA) with fructose (Fru; a) and methylglyoxal

caused not only by the phenolic compounds but also by other
water-soluble compounds such as polysaccharides.

In most organisms, superoxide anion radicals are converted
to hydrogen peroxide by superoxide dismutase. In the absence
of transition metal ions, hydrogen peroxide is stable.
However, hydroxyl radicals can be formed by the reaction of
superoxide with hydrogen peroxide in the presence of metal
ions, usually ferrous or copper (Macdonald and Galley 2003).
Hydroxyl free radicals are much more reactive (toxic) than
superoxide anions. The superoxide anion-scavenging activity
of AESs of the edible algae is shown in Fig. 1d.

Anti-glycation property in the BSA-Fru model

We used BSA in this study to determine the anti-glycation
property. Serum albumin is abundant in the serum, and it
can be glycated at multiple sites (Anguizola et al. 2013). The
BSA-Fru model system was used to simulate the protein
glycation that occurs at an accelerated rate in vivo under
nonphysiological conditions, accounting for some of the com-
plications of hyperglycemia and diabetes (Wang et al. 2011).

In the BSA-Fru model (Fig. 2a), the AESs of nori (P) and
naga-hiziki (S£2), followed by akamoku (Sh), had high DPPH
radical-scavenging capacity (Fig. 1b). However, no clear anti-
glycation effect was observed in hijiki (Sf1), wakame (Up),
and tengusa (G2). This finding is not consistent with the re-
sults of DPPH radical-scavenging capacity, ferrous reducing
power, and the content of total phenolic compounds.

Anti-glycation property in the BSA-MGO model

This model evaluates the middle stage of protein glycation
(Wang et al. 2011). MGO is a well-known intermediator for
AGE formation. MGO can react with serum albumin as well
as other extracellular (e.g., BSA) and intracellular proteins
within the tissues. Furthermore, some MGO-modified pro-
teins can be toxic to cells (Chondrogianni et al. 2014). In the
BSA-MGO model (Fig. 2b), the AES of nori (P) showed high
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(MGO; b). See Table 1. Values are the mean + standard error of the mean
(n=3)
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anti-glycation capacity. The inhibitory effects of the other
AESs were not as high.

Fermentation properties

We determined the growth of L. plantarum Miura-SU1 and L.
lactis subsp. lactis Miura-SU2 in the eight AES samples.
Among them, seven dried algae, except for tengusa (G1),
could be fermented by both the Safoumi LABs (Table 1).
The fermentation activity, estimated by the reduction in pH,
of L. plantarum Miura-SU1 was stronger than that of L. lactis
subsp. lactis Miura-SU2. Each AES of wakame (Up), mekabu
(Up’), and akamoku (Sh) was easily fermented by L.
plantarum Miura-SU1 from pH 6.1, 6.2, and 6.0 to pH 4.1,
4.1, and 4.3, respectively.

Anti-glycation properties of the fermented aqueous
solutions and suspensions

The AES samples showed fermentation by the Satoumi
LABs, particularly by L. plantarum Miura-SUI.
Therefore, we determined the anti-glycation activities of
the AESs fermented by L. plantarum Miura-SU1. In the
BSA-MGO model, no effect of fermentation by
L. plantarum Miura-SU1 was observed (data are not
shown). As shown in Fig. 3, in the BSA-Fru model, the
anti-glycation capacities of the AESs of akamoku (Sh),
naga-hijiki (Sf2), wakame (Up), and tengusa (G2) were
increased by the fermentation. Although the increase of
anti-glycation activity in the BSA-Fru model of mekabu
was previously reported (Kuda et al. 2016b), that of hijiki,
akamoku, and tengusa represents new findings.

As shown in Figs. 1 and 2, the anti-glycation capaci-
ties in BSA-Fru model agreed with the superoxide anion
radical-scavenging capacity, rather than the DPPH

100

80

60 T ] —

BSA-Fru inhibition (%)

20 +

0 1 1

radical-scavenging capacity, Fe-reducing power or total
phenolic compound content. We previously reported that
the fermentation by several L. plantarum strains isolated
from the Satoumi region induced the superoxide anion
radical-scavenging and anti-inflammation capacities in
MRS broth, Japanese white radish, milk, soybean milk,
and also a dried alga funori G. furcata (Kuda et al. 2010;
2015; Kawahara et al. 2015).

In this study, we determined the anti-glycation prop-
erties of AESs of eight dried products of edible algae
obtained from the Miura Peninsula. Among the samples,
nori (P) demonstrated high total phenolic content and
anti-glycation activity in the BSA-MGO model. On the
other hand, three brown algal samples, akamoku (Sh),
naga-hijiki (Sf2), and wakame (Up), were fermented by
the LABs. Furthermore, these fermented AESs showed
high anti-glycation activity in the BSA-Fru model.
Although we have not directly investigated the absorp-
tion of algal polyphenols and other compounds from in-
testinal epithelial cells, it had been reported that small
polyphenols such as apigenin and resveratrol could be
absorbed rapidly by human entero-epithelial Caco-2
cells, likely via transporters (Teng et al. 2012).

The receptor for advanced glycation end products is a
multiligand cell surface molecule of the immunoglobulin su-
perfamily (Schmidt et al. 2000). It was originally described as
a receptor for protein adducts formed by AGEs that accumu-
late in diseases such as diabetes and renal failure (Zill et al.
2001). Recently, the inhibitory effect of dietary prebiotic sup-
plementation on advanced glycation was found to be correlat-
ed with intestinal microbiota (Kellow et al. 2014). It can be
considered that, not only low-molecular-weight compounds,
but also high-molecular-weight compounds in the algal AESs,
as well as LAB, ameliorate the AGE-related damages with
some intestinal microbiota. Thus, studies on anti-glycation

T ND

Akamoku Naga-hijiki ~ Nori

Fig. 3 Anti-glycation activity of edible algae when subjected to
fermentation by L. plantarum Miura-SU1. Values are the mean
+standard error of the mean (n=3). *p<0.05, **p<0.01, when the
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fermented aqueous extract solutions (AESs, solid columns) were
compared to the intact AESs (open columns)
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properties in intact and fermented AESs of some edible algae
using human enterocyte cell cultures and in vivo experiments
are now in progress. Further, we consider that the purification
and analysis of active compounds in the intact and fermented
AES:s are needed.

Conclusion

In conclusion, we determined the anti-oxidant and anti-
glycation properties of the AESs of dried algae products com-
mercially available in the Miura Peninsula. The AESs of nori
(P) showed high Fe-reducing ability with high total phenolic
compound content. On the other hand, the superoxide anion
radical-scavenging capacity of mekabu Up’, akamoku (Sh),
and nagahijiki (Sf2) was high. The anti-glycation activities
shown by the BSA-Fru and BSA-MGO models were also
high in nori (P). In the BSA-Fru model, which evaluates all
stages of protein glycation, nori (P) and naga-hijiki (Sf2) sup-
pressed the glycation process. On the other hand, the results of
the BSA-MGO model, which evaluates the middle stage of
protein glycation, agreed with the results of total phenolic
content and Fe-reducing power. The anti-glycation activities
of hijiki (Sf2), akamoku (Sh), mekabu (Up’), and tengusa
(G2) in the BSA-Fru model were clearly increased by fermen-
tation with L. plantarum Santiku-SU1. The results of the pres-
ent study suggest that, once fermented with LAB, akamoku
and other edible algae will have a potential role in preventing
diabetes- and aging-related glycation.
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