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The anti-glycation activities of phlorotannins contained in the Japanese Lessoniaceae (Ecklonia cava, Eck. kurome, Eck. stolonifera, Eisenia arborea, and Eis.
bicyclis) were tested using serum albumin-glyceraldehyde (GA) models. In the human serum albumin (HSA)-GA model and the bovine serum albumin (BSA)-
GA model, the concentrations of crude phlorotannins at 50% inhibition (ICs) of fluorescent advanced glycation end products (AGEs) formation was in the
range of 0.48 to 0.70 mg/mL and 0.52 to 0.75 mg/mL, respectively. In tests using phloroglucinol and purified phlorotannins (eckol, fucofuroeckol A,
phlorofucofuroeckol A, dieckol, and 8,8 -bieckol), dieckol had the highest inhibitory activity (ICsp: 5.5 x 10* uM) against fluorescent AGEs formation in HSA-
GA model and showed about 18 times inhibition compared with aminoguanidine hydrochloride of positive control. In the BSA albumin model, 8,8 -bieckol
had about 27 times AGEs formation inhibitory activity (ICsp: 6.2 x 10> pM) against aminoguanidine hydrochloride. In tests on GA scavenging activity, it was
shown that compounds with phloroglucinol tetramer or higher had a scavenging rate of 70%, or more, with a reaction time of 120 minutes. These results
suggest that among the phlorotannins, in particular the dimers of eckol (dieckol and 8,8 -bieckol), there are effective compounds for inhibiting the formation of
AGE:s derived from GA.

Keywords: Advanced glycation end products, Anti-glycation, 8,8 -Bieckol, Glyceraldehyde, Dieckol, Phlorotannins, Lessoniaceae.

Advanced glycation end products (AGEs) are a general term for
structures generated by nonenzymatic reactions between proteins
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products of glucose, have higher blood concentrations in diabetic o v ol e o
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diseases has been drawing attention. In recent years, according to o T
Takeuchi et al’s report [9], it was revealed that a-hydroxy Figure 1: Chemical structures of phlorotannins isolated from the Japanese Lessoniaceae. a:

aldehydes such as glyceraldehyde (GA) and glycolaldehyde are eckol, b: fucofuroeckol A, c: phlorofucofuroeckol A, d: dieckol, e: 8,8 -bieckol.
more reactive with proteins than dicarbonyl compounds. Among
AGEs generated in vivo, it has been reported that AGEs derived
from GA (GA-AGEs) accelerate intracellular oxidative stress
through its binding to its receptor, and can cause strong cytotoxicity
[10-12]. It is also pointed out that the GA-AGEs are involved in the
onset and progression of diabetic vascular complications [9,13,14],
Alzheimer’s disease [9,15,16], nonalcoholic steatohepatitis
[9,17,18], hypertension [9,14], and cancer [9,19]. Therefore,
suppression of GA-AGEs formation and scavenging of GA can be
regarded as effective for prevention and treatment of these diseases.

In a preceding report [20], we isolated phlorotannins (eckol,
fucofuroeckol A, phlorofucofuroeckol A, dieckol, and 8,8 -bieckol)
(Figure 1) from Japanese Lessoniaceae (Ecklonia cava, Eck.
kurome, Eck. stolonifera, Eisenia arborea, and Eis. bicyclis) and
evaluated their anti-glycation properties in the serum albumin-
methylglyoxal models. In the report [20], we clarified the following
two facts: (1) phlorofucofuroeckol A and fucofuroeckol A with a
benzobisbenzofuran skeleton have inhibitory activities far superior
to aminoguanidine hydrochloride against the formation of
fluorescent AGEs, and (2) eckols (eckol, dieckol, and 8,8 -bieckol)
have higher methylglyoxal scavenging activity than aminoguanidine
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hydrochloride. Phlorotannins are polyphenols that are specifically
contained in brown algae and have a structure in which
phloroglucinol (1,3,5-trihydroxybenzen) is polymerized [21]. In this
study, to further evaluate the effectiveness of phlorotannins as a
novel anti-glycation substance derived from natural plants, their
inhibitory activity against the formation of fluorescent AGEs in the
serum albumin-GA models and the GA scavenging activity of
phlorotannins were examined.

In both human serum albumin (HSA)-GA and bovine serum
albumin (BSA)-GA models, all the crude phlorotannins tested in
this study inhibited the formation of fluorescent AGEs in a dose-
dependent manner. Table 1 shows the concentration (ICsy) of the
crude phlorotannins at 50% inhibition of fluorescent AGEs
formation. The ICs, values of crude phlorotannins were in the range
of 0.48 to 0.70 mg/mL in the HSA-GA model and 0.52 to 0.75
mg/mL in the BSA-GA model, respectively (Table 1). In both
models, crude phlorotannins prepared from Eis. bicyclis showed the
highest inhibitory activity against fluorescent AGEs formation
among the tested samples (Table 1). Aminoguanidine is a synthetic
glycation inhibitor that inhibits the formation of AGEs and
suppresses crosslinking and polymerization of proteins in vitro [22].
Aminoguanidine is not clinically applied because it has several
adverse side effects on humans, but it is frequently used as a
positive control in studies in the search for compounds having anti-
glycation activity. Since the ICsy values of aminoguanidine
hydrochloride obtained in this study were 1.10 mg/mL in HSA-GA
model and 1.93 mg/mL in BSA-GA model, it was found that the
crude phlorotannins of Eis. bicyclis has anti-glycation activity of
about 2.3 times and 3.7 times with respect to aminoguanidine
hydrochloride. Currently, Eck. kurome is cultivated as a supply
source of phlorotannins in Kumamoto prefecture, Japan [23]. The
crude phlorotannins were prepared from both naturally occurring
and cultured versions of Eck. kurome, and their inhibitory activities
on the formation of fluorescent AGEs were evaluated. As shown in
Table 1, ICsy values of crude phlorotannins from cultured Eck.
kurome in each model were almost the same as those of the natural
plants of Eck. kurome. Therefore, as with the natural plants of
Lessoniaceae, it was confirmed that crude phlorotannins of cultured
Eck. kurome can be utilized as a natural product having an
inhibitory effect against AGEs formation.

Table 1: ICs, values of crude phlorotannins from Lessoniaceae against fluorescent
AGE:s formation.

Algae Specific area of origin _ HSA-GA (mg/mL)  BSA-GA (mg/mL)
Eck. cava Mie 0.70 0.75
Eck. kurome Fukuoka 0.58 0.55
Eck. kurome Kumamoto 0.61 0.59
Cultured Eck. kurome  Kumamoto 0.52 0.58
Eck. stolonifera Yamaguchi 0.54 0.56
Eis. arborea Mie 0.51 0.61
Eis. bicyclis Fukuoka 0.48 0.52

All the data are expressed as the mean of three independent measurements. The ICs, values of
aminoguanidine hydrochloride were 1.10 mg/mL in the HSA-GA model and 1.93 mg/mL in
the BSA-GA model.

Table 2: ICs, values of phloroglucinol and isolated phlorotannins against fluorescent
AGE:s formation

Compounds HSA-GA (uM) BSA-GA (uM)
Phloroglucinol 3.8x10° 3.8x10°
Eckol 1.1x10° 13x 10°
Fucofuroeckol A 7.4x 10 1.4x10°
Phlorofucofuroeckol A 7.3 x 10 1.4x10°
Dieckol 55x 10° 8.7x 10°
8,8"-Bieckol 5.7 x 107 6.2 x 10°

All the data are expressed as the mean of three independent measurements. The ICs, values of
aminoguanidine hydrochloride were 1.0 x 10* uM in the HSA-GA model and 1.7 x 10* pM in
the BSA-GA model.

In order to further analyze the inhibitory activity of phlorotannins
against fluorescent AGEs formation in the albumin-GA models,
tests were carried out using phloroglucinol and five kinds of

Sugiura et al.

isolated compounds (eckol, fucofuroeckol A, phlorofucofuroeckol
A, dieckol, and 8,8 -bieckol). Similar to the results in the albumin-
methylglyoxal models obtained in the preceding report [20],
phloroglucinol and the isolated eckols inhibited the formation of
fluorescent AGEs in a concentration-dependent manner in both
serum albumin-GA models (data not shown). As a result of
calculating the ICsy value, dieckol and 8,8 -bieckol showed the
effective activities in both models (Table 2). In the HSA-GA model,
the ICs, value of dieckol was 5.5 x 10 uM (Table 2), which was
found to have about 18 times activity compared with
aminoguanidine hydrochloride. The ICsy value of 8,8 -bieckol
obtained in the BSA-GA model was 6.2 x 10> uM (Table 2), and it
had about 27 times inhibitory activity with respect to
aminoguanidine hydrochloride. Even compounds with the lowest
inhibition of AGEs also had activity about 9.1 times (eckol) in the
HSA-GA model and about 12 times (fucofuroeckol A and
phlorofucofuroeckol A) in the BSA-GA model as compared with
aminoguanidine hydrochloride. Therefore, it was strongly suggested
that the phlorotannins contained in Lessoniaceae, in particular
dimers of eckol (dieckol and 8,8 -bieckol) have very excellent
inhibitory activity on the formation of AGEs derived from GA.

GA is thought to be caused by three pathways: the glycolytic
pathway, the polyol pathway, and the fructose metabolic pathway in
vivo [24]. Tt has also been shown that GA-AGEs are produced more
rapidly in vivo than other AGEs such as AGEs derived from glucose
and AGEs derived from methylglyoxal [4,25,26]. Therefore, it is
considered that the scavenging of GA may contribute to the
reduction of glycation stress. As a result of experiments at a
concentration of 5 mg/mL, each type of crude phlorotannins
prepared from the five kinds of Lessoniaceae scavenged GA over
time (data not shown). The GA scavenging rate at the reaction time
of 120 minutes was in the range of 62.3% (Eck. stolonifera) to
78.2% (Eck. cava). Furthermore, GA scavenging activity was
measured for phloroglucinol and five kinds of eckols, and the data
obtained are shown in Figure 2. Except for eckol, the tested
compounds scavenged GA is a roughly linear manner over time
(Figure 2). The GA scavenging rate at a reaction time of 120
minutes was 63.8% for phloroglucinol, 58.1% for eckol, 77.3% for
fucofuroeckol A, 70.0% for phlorofucofuroeckol A, 73.9% for
dieckol, 75.0% for 8,8 -bieckol, and that of aminoguanidine
hydrochloride was 86.2% (Figure 2). Although the GA scavenging
activity of tested compounds was lower than aminoguanidine
hydrochloride, it was revealed that compounds having
phloroglucinol tetramer or higher had a scavenging activity of
approximately 70%, or more.

—— phloroglucinol

-+-M-- eckol

4— fucofuroeckol A

—— phlorofucofuroeckol A
80 -
see¥-+ dieckol
—e— 8,8"bieckol
60 -
<-4+ aminoguanidine
hydrochloride

40 A

20 A

Remaining amount of GA (%)

Reaction time (min)
Figure 2: GA scavenging activity of phloroglucinol, isolated phlorotannins, and
aminoguanidine hydrochloride. All the data are expressed as the mean of three independent
measurements.

In comparison with polyphenols of terrestrial plants such as
catechins, there are few reports on the toxicity evaluation
of phlorotannins to animal cultured cell lines, the influence on cell
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Figure 3: Cytotoxicity assay of phloroglucinol and isolated phlorotannins using MTT assay.
Each value is the average of triplicate cultures.

proliferation, and bioavailability. Using phloroglucinol and the
isolated compounds, their effect on the growth of HeLa (cancer cell
line) and 3T3-L1 (normal cell line) cells was evaluated by 3-[4,5-
dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide (MTT)
assay (Figure 3). As a result of adding each compound to the
medium at a concentration of 1 to 100 pug/mL, the survival rate of
both cell lines was approximately 85%, or more (Figure 3). As a
result of testing at concentrations of 50 and 100 pg/mL, each
compound showed inhibitory activity in the range of about 10 to
20% against formation of fluorescent AGEs. Therefore, it was
suggested that phloroglucinol and phlorotannins may not exhibit
cytotoxicity at concentrations that exert anti-glycation properties.
To our knowledge, there is no report on the evaluation of the anti-
glycation properties of plant extracts or natural products in the
serum albumin-GA models. The Lessoniaceae used in this study are
the same algae used as a foodstuff in Japan and Korea. The results
obtained in the preceding [20] and present studies strongly suggest
that phlorotannins are superior anti-glycation substances derived
from natural plants and that they may contribute to both alleviation
of symptoms and prevention of onset of diseases caused by AGEs
generated in vivo.

Experimental

Materials: For samples of brown algae (Ecklonia cava Kjellman,
Eck. kurome Okamura, Eck. stolonifera Okamura, Eisenia arborea
Areschoug, and Eis. bicyclis Kjellman), the algal plants used in the
preceding report [20] were used. The cultured Eck. kurome was
purchased from the Fisheries Cooperative Association of Amakusa
in Kumamoto Prefecture, Japan, in 2015. The algae used for the
extraction of phlorotannins were washed with filtered seawater, air-
dried, and pulverized via pulverizing mill (ABS-W, Osaka
Chemical). The algal powders were stored at -30°C until use.
Aminoguanidine hydrochloride, HSA, and GA were purchased
from Wako Pure Chemical Industries. BSA was obtained from
Sigma-Aldrich. 1,3-Cyclohexanedione was purchased from Tokyo
Chemical Industry. All other reagents used in this study were of
analytical grade.

Natural Product Communications Vol. 13 (8) 2018 1009

Extraction and purification of phlorotannins: Extraction of
phlorotannins from algal powder was prepared according to the
method described in the previous report [23]. Phlorotannins were
purified by column chromatography and preparative HPLC using
the same conditions described in the previous reports [27,28]. Each
of the obtained phlorotannins (eckol, fucofuroeckol A,
phlorofucofuroeckol A, dieckol, and 8,8 -bieckol) was confirmed to
have a purity of 98% or more by three-dimensional HPLC (SPD-
M10AYV, Shimadzu) with an Inertsil ODS-3 column (4.6 mm i.d. x
250 mm, GL Science) [28]. The identification of the purified
phlorotannins was carried out using LC/ESI/MS with the analysis
condition reported in the preceding study [23]. The purified
phlorotannins were stored at -30°C until used as samples.

Serum albumin-GA assay: Sample, GA (400 mM), and albumin
(HSA or BSA, 20 mg/mL) solutions were prepared separately by
dissolving in a 100 mM phosphate buffer (pH 7.4). The
measurement was carried out using a 96-well black plate
(FLUOTRAC600, Greiner) and a microplate reader (Infinite 200,
Tecan). The sample solution (40 pL), GA solution (10 pL), and
albumin solution (50 pL) were added to the well in the plate.
Measurement was carried out with fluorescence intensity at an
excitation of 370 nm and an emission of 440 nm, and the obtained
value was taken as a control value. After incubation at 37°C for 24
hours, the fluorescence intensities of each well were measured
under the same measurement conditions. For blank wells, a 100 mM
phosphate buffer was used instead of a sample solution.
Aminoguanidine hydrochloride was used as a positive control. The
inhibition rate (%) of fluorescent AGEs formation was calculated
using the following formula:

Inhibition rate (%) = {1 — [(fluorescence intensity of sample after incubation for 24
hours — fluorescence intensity of control of sample) / (fluorescence intensity of blank
after incubation for 24 hours — fluorescence intensity of control of blank)]} x 100.

The ICs, value was calculated from the logarithmic function
obtained by plotting the inhibitory rate of fluorescent AGEs
formation against the sample concentration.

GA-scavenging assay: The GA-scavenging activity of
phlorotannins was measured using a modification of the
derivatization method of GA by Usui et a/ [29]. Twenty-five mM
GA was prepared using a 200 mM phosphate buffer (pH 7.4). The
crude phlorotannins extracted from each brown algae were
dissolved in the phosphate buffer to a concentration of 5 mg/mL.
Purified phlorotannins, phloroglucinol, and aminoguanidine
hydrochloride were dissolved in the phosphate buffer to a
concentration of 25 mM each. 1,3-Cyclohexanedione (0.25 g) was
dissolved in a mixture consisting of ammonium acetate (10 g),
acetic acid (5 mL), and ultrapure water (50 mL), and it was used as
a derivatization reagent. Each sample solution (50 puL) and a GA
solution (50 pL) were mixed in well of a 96-well microplate
(BioLite, Thermo Scientific) and incubated at 37°C for 30, 60, 90,
and 120 minutes, respectively. After incubation, the derivatization
reagent (100 pL) was added to the mixture and maintained at 60°C
for 30 minutes. The amount of GA remaining in the reaction
solution was measured at 370 nm using a microplate reader (Infinite
200, Tecan). For the blank test, the phosphate buffer was used
instead of a GA solution. Aminoguanidine hydrochloride was used
as a positive control. The scavenging rate of GA was calculated
using the following formula:

Scavenging rate of GA (%) = {1 — [concentration of GA remaining in the reaction
solution (mM) / 251} x 100.

Cytotoxicity assay: MTT (Dojindo) was used as an indicator of cell
viability. Briefly, cell lines (HeLa or 3T3-L1) were cultured in 96-
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well microplates (BioLite, Thermo Scientific) at a density of 5 x 10°
cells per well. After 24 hours cultivation in a CO, incubator (CPE-
2601, Hirasawa) with 5% CO, at 37°C, the cell lines were washed
with fresh medium (Dulbecco’s modified Eagle’s medium with
glucose and pyruvate, containing 10% fetal bovine serum and 1%
antibiotic-antimycotic, Gibco) and then treated with each sample
solution (10 puL) for 24 hours in the incubator. Sample solutions
were prepared by dissolving in Dulbecco’s phosphate buffered
saline (DPBS) without calcium and magnesium (Gibco). For blank
and control wells, DPBS was used instead of a sample solution. The
cell lines were then rewashed with the medium, treated with 10 uL.
of MTT solution, and cultured for 4 hours in the incubator at 37°C.
MTT solution was prepared by dissolving MTT (25 mg) in the
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