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Abstract

Background and Objectives: Brown seaweeds, such as Undaria pinnatifida (wakame), contain viscous
dietary fiber sodium alginate, which can affect postprandial blood glucose concentrations. This study aimed to
investigate the effects of wakame ingestion on postprandial blood glucose concentrations.

Methods and Study Design: In this randomized controlled cross-over study, healthy young women were
recruited. The blood glucose concentrations were measured by self-monitoring at 0 min, and 15, 30, 45, 60,
90 and 120 min after consumed 150 g of rice with or without wakame (1.8 g or 4.0 g dried wakame).Glucose
release rate of wakame extracts was measures using a cell-free artificial digestion test.

Results: The blood glucose concentrationat 15 min was significantly lower after consuming rice with 1.8 g
of wakame than that of control (5.66+0.13vs 5.99+0.11 mmol/L, p=0.021, mean+SEM). Moreover, the blood
glucose concentrations at 15 min (5.2740.13 vs 5.63+0.12 mmol/L, p<0.001), 30 min (7.45+0.16 vs 7.95+0.18
mmol/L, p=0.002), and 45 min (7.75+0.22 vs 8.234+0.24 mmol/L, p=0.018) in consuming 4.0 g of wakame were
all significantly lower than those of control. In the artificial digestion test, the glucose concentrations at 20 min
and glucose release rate of all wakame extracts were significantly lower than those of the control (»<0.001).
The soluble fraction, which contained sodium alginate, significantly inhibited the release of glucose.

Conclusions: These results suggest that the highly viscous soluble fraction of wakame might increases the
viscosity of the gastrointestinal contents and delays glucose absorption.

Keywords: Undaria pinnatifida, wakame, postprandial blood glucose, soluble dietary fiber, glucose release
rate

1. Introduction alginate, may improve the glycaemic response.’
High viscosity induces delayed gastric emptying
and absorption of glucose from the lumen ofthe
small intestine.**Inhibitors of key enzymes such as
a-amylase and o-glucosidase decrease the rate of
glucose absorption from the small intestine. Someof
these inhibitors are derived from seaweeds.**One
meta-analysis reported that dietary fiber improved

The traditional Japanese diet is rich in plant-based
foods that are often high in dietary fiber, which is
not digestible in the upper gastrointestinal tract
and has numerous health benefits.'Dietary fiber is
a heterogeneous food compound with a variety of
structures and physical properties. Water-soluble
viscous fibers such as P-glucan, guar gum, and
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fasting blood glucose concentrations in patients with
type 2 diabetes.”However, the reported effects on
fasting blood glucose concentrations have differed
depending on the type of dietary fiber.

Seaweeds are a good source of water-soluble viscous
dietary fibers, which may influence glucose uptake.
Wakame, (i.e., the Japanese name for brown seaweed
Undaria pinnatifida), is an edible seaweed that is
popular in Japan. Alginates are present in brown
seaweeds, generally as sodium and calcium salts.
Sodium alginate forms a gel within the gastrointestinal
tract, and may suppress both appetite and glucose
absorption by reducing gastric emptying.> '°Some
studies have shown that ingestion of seaweed or
seaweed extract influences postprandial glycaemic
control, which is related to slower gastric emptying
and delayed glucose absorption.!""*However, different
effects have been reported based on different seaweed
species, locations, and extraction methods.

Our previous clinical trialsindicated that, compared
to rice intake alone, blood glucose and insulin
concentrations in the early postprandial stage were
effectively reduced when wakame was consumed
before rice.!"That study demonstrated that the acute
consumption of wakame containing 1.4 g of fiber
reduced glycaemic and insulinemic responses;
however,the effect of consuming wakame along with
rice, and the underlying mechanism behind the effect,
are still unclear. Therefore, we aimed to investigate
the effects of ingesting wakame with rice on the
postprandial blood glucose response. Although the
cell wall of wakame contains fucoidan, alginate, and
cellulose, viscous dietary fibers such as alginate, which
is particularly abundant in wakame,may represent
an important tool for controlling postprandial blood
glucose.'®This study conducted both clinical trials to
determine the acute dose-response effects of wakame
on postprandial blood glucose concentrations among
young Japanese women, and in vitro cell-free studies
to determine the inhibitory activity of wakame
extracton the glucose release rate and a-glucosidase
activity.

2. Methods
2.1 Subject of Clinical Trial Study

Healthy young Japanese women were recruited from
April 21, 2016 to Jun 26, 2019.The exclusion criteria
were as follows: fasting blood glucose concentrations
>6.9 mmol/L, excessive alcohol intake, possible

allergy to seaweed, use of any medicine for any
clinical treatment of disease, and taking oral drugs
or supplements that could affect blood glucose
concentrations.This study was conducted in
accordance with the Declaration of Helsinki, and with
the approval of the Fuji Women’s University Ethics
Committee (registration; April 19, 2016 and May30,
2018).The protocol was registered with the University
Hospital Medical Information Network Clinical
Trials Registry (UMIN000047854). Written consent
was obtained from all subjects after explanation of
the study purpose, design, and risks of the study. All
subjects finished the study.

2.2 Clinical Trial Study Method

An open-label, randomised, two-period, crossover
design was used. Subjects were randomly allocated
(1:1) to one of two sequences using a computer-
generated randomisation list.The subjects consumed
150 g of boiled white rice(Sato Foods Co.,
Ltd., Niigata, Japan) and wakame soup or soup
without wakame at breakfast. The wakame soup
was a commercial product (WAKAME SOUP)
manufactured by Riken Food Co., Ltd., (Tokyo,
Japan). This soup contained 1.8 g of dried wakame,
0.7 g of fiber, 0.9 g of protein, 0.7 g of lipids, and
2.2 g of carbohydrates.The soup without wakame was
made using the same soup, only omitting the wakame.
Each subject attended two breakfast sessions, which
were set at least two days apart from each other.
In the second study, the subjects ingested 150 g of
boiled white rice, with or without a wakame salad at
breakfast. We used 4.0 g of dried wakame (FUERU
WAKAME-CHAN® Sanriku), manufactured by
Riken Food Co., Ltd., by soaking it in water, draining
it, and squeezing out excess water. The 4.0 g of dried
wakame contained 1.4 g of fiber, 0.8 g of protein, 0.2
g of lipids, and1.6 g of carbohydrates. All meals were
prepared and served by the research group at Fuji
Women’s University. In all studies, breakfast stared
at 9:00 am and all food had to be finished in15 min.
Blood glucose concentrations were measuredat 0, 15,
30, 45, 60, 90, and 120 min after consuming the test
meal using a simple blood glucose meter (Freestyle-
freedom-lite, Abbott Japan LLC, Tokyo, Japan).
Incremental area-under-the-curve for glucose (IAUC)
was calculated.

2.3 Preparation of Wakame Extracts in Vitro Cell-
Free Experiments

The alginate extraction process from wakame is based
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on the conversion of alginic acid from the cell wall
into alginate salts.!” "*Dried wakame, manufactured
by Riken Food Co., Ltd. (Tokyo, Japan), was
extraction in ethanol (20% w/w) and powdered,
which yielded a low-sodium wakame powder. Low-
sodium and low-fat wakame powder was prepared
from dry wakame powder using acetone extraction.
The soluble and insoluble fractions were obtained
from the low-sodium and low-fat wakame powder
as follows: the powdered samplewith 0.4%w/w
trisodium citrate dihydrate was stirred for 60 min.
After centrifugation (Avanti HP-20XP, Beckman
Coulter Co., Ltd., Tokyo, Japan) for 20 min at
12,000xg, the supernatants were washed with ethanol
and acetone, and dried to obtain the water-soluble
fraction containing alginate. After solubilizing the
alginic acid in the wakame powder, the precipitate was
used as an insoluble fraction. Extraction yieldswere as
follow; 75% low-sodium powder, 68% low-sodium
and low-fat powder, 22% insoluble fraction, and 35%
soluble fraction. Commercial alginate (Kikkoman
BiochemifaCompany, Japan) was used as a reference.

2.4 Measurement of Glucose Release Rate

The glucose release rate was determined using in
vitro cell-free artificial digestion. Cooked white rice
was used as a control. This rice was digested by
several enzymes, so the free glucose concentration
could be measured. The wakame extracts were
added to the cooked rice, to final concentration of
6 g/L. Briefly, 0.3%pepsin with IN hydrochloric
acid was added to simulate gastric digestion for 30
min, and 0.3% pancreatin with 0.5% invertase were
added to simulate intraluminal digestion for either
20 min or 16 hours. The supernatant obtained from
each sample was analysed using the crude enzyme
a-glucosidase obtained from rat intestinal acetone
powder (Sigma-Aldrich, St Louis, MO,USA). The
glucose concentration of each sample was measured
using a commercial kit (glucose C-II test Wako,
FUJIFILM Wako Pure Chemical Co., Osaka, Japan).
The glucose release rate was calculated as follows: %
glucose release = (20 min glucose concentration / 16
h glucose concentration) x100.

2.5 Measurement of a-Glucosidase Activity

Measurement of a-glucosidase was determined by
glucose production from amaltose solution. The
crude a-glucosidase enzyme was obtained from rat
intestinal acetone powder (Sigma-Aldrich, St Louis,
MO,USA).The maltose solution with added wakame
extracts at a final concentration of 3g/L, were added

to the a-glucosidase and incubated at 37 °C for 40
min. For the positive control, 1 mg/mL of acarbose
was used instead of wakame extract. The amount
of glucose was measured in the same manner as the
glucose-release rate.

Analytical grade chemical reagents were used in the in
vitro experiments. Ethanol, acetone, trisodium citrate
dihydrate, hydrochloric acid, sodium carbonate,
pepsin, pancreatin, maltose, and acarbose were
obtained from FUJIFILM Wako Pure Chemical Co.,
(Osaka, Japan).

2.6 Statistical Analysis

Data are shown as the means + standard error of the
mean (SEM). Statistical differences were determined
using Wilcoxon signed-rank test for all glycaemic
parametersin the clinical trial study, and by Duncan’s
multiple range test for the in vitro study. All analyses
were performed with SPSS Statistics version 25
software (IBM Corp., Armonk, NY, USA).Statistically
significant differences were determined at p<0.05.

3. Result
3.1 Clinical Trial Study

All subjects completed the study. Treatment
compliance was complete and no side effects were
reported from the test meal during the study. The
first study included 12 healthy women aged 24.8
+2.22 years with body mass index of 19.4+0.50 kg/
m?% The subjects ingested 150 g of white rice with
wakame soup, which contained 0.7 g of fiber, or
soup without wakame (control). The blood glucose
profiles and IAUC are shown in Figure 1. Compared to
the control group, ingestion of wakame soup resulted
in significantly lower (5.66 £ 0.13 vs 5.99 £ 0.11 mmol/L,
p=0.021) postprandial glucose concentrations after 15
min. In the second study, the subjects were 16 healthy
women, aged 21.9 £ 0.68 years with body mass index
of 20.2 £ 0.36 kg/m?, who ingested white rice with or
without wakame salad which contained 1.4 g of fiber.
The blood glucose profiles, shown in Figure 2, at 15
min (5.27+0.13 vs 5.63 £ 0.12 mmol/L, p<0.001), 30
min (7.45 £ 0.16 vs 7.95 = 0.18 mmol/L, p=0.002),
and 45 min (7.75 £ 0.22 vs 8.23 + 0.24 mmol/L,
p=0.018) in the group that consumed wakame salad
were all significantly lower than those of the control
group.The TAUC did not change in either of these
studies.
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Figure 1. Reduction of postprandial blood glucose response in healthy young women after consuming rice with or without wakame
soup (the first study) (a). Change in blood glucose concentration from baseline over 120 min. (b). The incremental area under
the blood concentration-time curve for glycaemia over 0 to 120 min. Values are shown as means * standard error of the mean.

Significant difference by inter-group comparison: *p<0.05 (Wilcoxon signed-rank test).
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Figure 2. Reduction of postprandial blood glucose response in healthy young women after consuming rice with or without wakame
salad (the second study) (a). Change in blood glucose concentration from baseline over 120 min. (b). The incremental area under
the blood concentration-time curve for glycaemia over 0 to 120 min. Values are shown as means + standard error of the mean.

Significant difference by inter-group comparison: *p<0.05 (Wilcoxon signed-rank test).

3.2 Measurement of Glucose Release Rate and sodium alginate, and its viscosity was measured using
a-Glucosidase Activity commercial alginate as a reference. It was confirmed
that the viscosity of the soluble fraction (86.3 mPa/s,
0.2%) was much higher than that of commercial
alginate (8.50mPa/s, 0.2%). However, inhibition of
a-glucosidase activity was not observed in any of the
wakame extracts (data not shown).

Asshownin Table 1, wakame extracts and commercial
sodium alginate lowered glucose concentrations at 20
min and glucose release rate compared to the control.
In particular, the soluble fraction showed stronger
inhibition of glucose release than the other fractions.
The water-soluble fraction was presumed to contain

Table 1. Glucose release rate of wakame extracts in a cell-free artificial digestion test (n=38)

Glucose (mmol/L) 20 min | Glucose (mmol/L) < 16 hours | Glucose release rate (%)
Rice (control) 3.25+0.06a 4.74 £0.03 685+1.18a
Rice + low-sodium powder 2.59+0.08 b 4.68+0.10 553+096b
Rice + low-sodium and low-fat powder 2.58+0.05b 4.86 +0.08 533+1.08b
Rice + insoluble fraction 2.67+0.07b 4.83+0.10 554+0.65b
Rice + soluble fraction 2.12+£0.07 ¢ 4.70 £0.02 45.1+1.49¢
Rice + commercial alginate 2.58+£0.03b 4.90 +0.09 52.8+1.70b

Values are shown as means + standard error of the mean. The glucose release rate was calculated as follows: % glucose release =
(20 min glucose concentration / 16 h glucose concentration) x100.

Different superscript letters are significantly different using Duncan’s multiple range test at p<0.05
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4. Discussion

This clinical study showed that the ingestion of wakame
combined with 150 g of white rice significantly reduced
the postprandial blood glucose response in the early
phase (Figure 1&2). The in vitro study also showed
that wakame extract, which contains sodium alginate,
slowed the glucose release rate (Table 1). In particular,
the soluble fraction showed stronger inhibition of
glucose release than the other fractions. The soluble
fraction has a much higher viscosity than commercial
alginate, and this high viscosity may be what inhibits
glucose release. Soluble viscous fibers generally affect
carbohydrate metabolism in the intestine via delays
in gastric emptying.**Alginate derived from wakame
may slow down glucose absorption by increase
digestive fluid viscosity and forming a gel within
the gastrointestinal tract, thus decreasing the gastric
emptying rate. Georg et al reported that an alginate-
based beverage that contained 15.0 g of alginate per
500 ml reduced the blood glucose response in healthy
subjects.®*Compared to that study, the concentration
of alginate in wakame is low, and the effects of
wakame consumption on postprandial glycemia in
our test subjects was limited to the early phase in our
studies. Our previous study demonstrated that in the
early postprandial stage, insulin concentration was
significantly lower following wakame intake than
following intake of rice alone.'’In addition, this study
demonstrated that ingestion of wakame in a dose
dependent manner significantly reduced postprandial
blood glucose levels. Slower gastric emptying and
inhibited glucose diffusion are contributory factors that
may explain lower glucose and insulin concentrations
in the postprandial early stage following ingestion
of wakame. On the other hand, in our in vitro study,
wakame extracts did not inhibit a-glucosidase
and did not change glucose concentrations at 16
h compared to controls, which may explain why
TAUC was not affected in our clinical study. Phenolic
compounds and fucoidans are characterised as
a-glucosidase inhibitors.®!'>""However, compared
with other seaweeds, wakame has low polyphenols
and fucoidans; therefore, its a-glucosidase inhibitory
activity is likely weak.

One prospective cohort study showed that Japanese
dietary patterns, which are highly correlated with
seaweed, soybean products, fish, vegetables, fruit,
and green tea consumption, are associated with a low
risk of cardiovascular disease mortality.’However,
recently, there have been changes in the diet of the
Japanese population. The intake of plant-based foods

has declined, and the Western-style diet, which is
rich in lipids, has increased.”’’Obesity, metabolic
syndrome, and type 2 diabetes have become major
health problems in Japan, owing of this dietary
trend. Seaweeds are an important component of the
daily diet in Japan, and there is substantial evidence
regarding the health benefits of seaweed-derived
food products, including a decreased risk of diabetes
mellitus.”>*In a previous report, we demonstrated
that wakame ingestion reduces postprandial glucose
and insulin concentrations in healthy adults. In
the early postprandial stage (0—30 min), blood
glucose and insulin levels were significantly lower
following wakame intake compared to after rice
intake alone."”The brown algae of seaweed are rich
in soluble viscous fibers such as alginates. Torsdottir
et al*showed that acute ingestion of 5 g sodium
alginate with a lipid meal reduced postprandial
glucose and insulin concentrations in patients with
type 2 diabetes, and that this correlated with delayed
gastric emptying on scintigraphy. Our results are also
consistent with those of previous studies, and show
that wakame may represent a functional food with
specific anti-hyperglycaemic properties in humans.

The effect of wakame consumption on postprandial
glycemia may to be due to alginate in the water-soluble
fraction. However, it is still unclear whether wakame
actually delays the gastric emptying rate. Further in
vitro Caco cell studies and/or in vivo studies will be
needed to determine the physiological mechanisms of
wakame.

Our findings showed that ingestion of wakame with
white rice effectively reduced postprandial glucose
concentrations in healthy young women. This effect
was observed in a dose dependent manner. The
viscosity of water-soluble wakame extract may reduce
postprandial glucose concentrations by inhibiting the
release rate of glucose.
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