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Abstract

Vascular dysfunction and injurious stimuli such as oxidative stress is closely related

to the risk of cardiovascular diseases (CVD). Dietary polyphenols is reported to exert

the beneficial effects on reducing the risk of CVD. Black soybean is rich in

polyphenols, including isoflavones, anthocyanidins and flavan-3-ols, and its prevention

effects on CVD risk were reported in the animal experiments. In this study, we

investigated the effect of black soybean consumption on the vascular function and

oxidative stress associating with the polyphenol concentrations in healthy women.

Lowered vascular age was observed in 33 out of 44 volunteers who completed the 8-

week trial. It was observed that improvement of the vascular stiffness, increasing in the

urinary NO> and NOjs level, and decreasing in the oxidative stress markers, 8-hydroxy-

2'-deoxyguanosine, hexanoyl-lysine and myeloperoxidase. In addition, concentration of

12 polyphenols in black soybean increased in the plasma and urine. Increased

concentration of polyphenols would be involved in the decreased oxidative stress. Thus,

black soybean consumption improved the vascular function through an increase in nitric

oxide and a decrease in oxidative stress accompanied by increasing the polyphenol

concentrations in healthy women.
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1. Introduction

Vascular function is closely related to the risk of cardiovascular diseases (CVD) [1].

Aging process is related to the vascular dysfunction as the dominant risk factor [2, 3]. It

causes functional and structural changes of the vascular wall. An increase in the

vascular stiffness is the major symptom, and it compromises vascular adaption to blood

flow and pressure changes. Oxidative stress is another important trigger of vascular

dysfunction, because it is widely accepted that oxidative stress is closely related to the

aging process [4], indicating that decline in the vascular function is an inevitable result
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of aging. Alteration of nitric oxide (NO) is a key molecular event for the underlying

mechanism of vascular function [5]: Releasing of NO from endothelial cells decreases

the intracellular concentration of calcium, causes relaxation of vascular smooth muscle

as a potential vasodilator. However, aging and oxidative stress quenches the production

of NO and hampers the NO-mediated responses and eventually leads to the vascular

dysfunction [6].

Black soybean (Glycine max) is originated from Asia and has been consumed as a

health food and folk medicine for these centuries [7]. Grain of black soybean is rich in

proteins, lipids, minerals and isoflavones as the same as that of yellow soybean.

However, it has black pigments in the seed coat consisting of polyphenols such as

anthocyanidins and flavan-3-ols [8-9]. These polyphenols contribute to the total

antioxidant capacity of whole black soybean [10]. Polyphenols in the seed coat

distinguish black soybean from the yellow one, and black soybean shows higher

antioxidant capacity than other legumes including yellow soybean [11]. Previous study

demonstrated that consumption of black soybean (35% of experiment diet) for 10 weeks

in ovariectomized rats inhibited oxidative stress by increasing antioxidant activity and

improving lipid profiles, resulting in the risk factors associated with CVD were greatly

improved [12]. Results from another study demonstrated that an oral administration of
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black soybean extract at 50 and 100 mg/kg body weight to rats for 14 days reduced the

risk of CVD by improving blood circulation through inhibiting platelet aggregation and

thrombus formation [13]. For human trial, it was reported that supplementation of black

soybean test extract (2.5 g/day) for 8 weeks improved visceral fat accumulation and

plasma lipid profiles in overweight Korean adults [14]. However, there is no human trial

on the beneficial effects of black soybean consumption on reducing the risk of CVD.

Moreover, these previous studies did not measure the physiological concentration of

each polyphenol after the consumption of test materials and analyze the correlation

between the observed effects and polyphenol concentrations in the body, although

polyphenols are considered to responsible for these beneficial effects. Therefore, in this

study, we investigated that the effect of black soybean consumption on the vascular

function and oxidative stress associating with polyphenol concentrations in healthy

women by an open-label study.

2. Materials and Methods

2.1 Design of human study

This study was approved and conducted by the Institutional Review Board of

Fujicco Co., Ltd. (Trial registration: #5702) in accordance with the Declaration of

Helsinki. To perform the study, informed consent was obtained from all volunteers.
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Volunteers were excluded if they fulfilled any of the following criteria: (1) having a
clinical history of severe gastrointestinal disease, liver disease, kidney disease or heart
disease; (2) currently undergoing treatment for metabolic syndrome or its associated
diseases; (3) using medication for blood flow and/or pressure, such as Warfarin and
Captopril; and (4) whose physical condition were considered inappropriate for this
study by a physician. The main inclusion criterion was that the vascular age of volunteer
was higher than her chronological age. Forty-seven female volunteers aged 20 to 70
were finally enrolled for this study. Volunteers ingested 30 g/day of roasted black
soybeans for 8 weeks without strict restrictions on the intake patterns. Test material was
produced from Fujicco Co., Ltd (Kobe, Japan) and composition of which was shown in
Table 1. Dose of roasted black soybeans was decided by a one portion of commercially
available soybean products with energy less than 150 cal. This dose is easily ingested
with a meal or snack. During the 8-week trial, volunteers were asked to return to the
facility at the 4™ and the 8" week for the measurements of anthropometrics, accelerated
plethysmogram (APG), blood pressure and assessments of health-related quality of life
(HRQOL), as well as blood and urine collection under the fasting condition before
breakfast. These measurements and collection were also conducted at starting day of the

trial (0 week).
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2.2. Measurements of body composition

Body weight, body mass index (BMI), body fat percentage, visceral fat percentage,

biological age, basal metabolic rate, estimated bone mass, and muscle mass was

measured using a body composition meter (BC-610-PB, TANITA. Co., Ltd. Tokyo,

Japan).

2.3. Measurements of vascular function

Vascular function was estimated by acceleration plethysmogram (APG) using a

“Pulse Analyzer” device (Pulse Analyzer Plus View, YKC Corporation, Tokyo, Japan).

The subject rested quietly and attached a device to the left middle finger to measure the

APG. APG is the second derivative wave of the photoplethysmogram. APG consisted of

a, b, c and d waves, namely, early systolic positive wave, early systolic negative wave,

late systolic re-increasing wave and late systolic re-decreasing wave, respectively. Their

magnitudes and the height ratios of b/a, ¢/a and d/a were measured. Vascular age,

vascular waveform, waveform score, and peripheral vascular health were calculated

from a wave pattern and the ratios of these 4 waves using a software for the Pulse

Analyzer. Systolic and diastolic blood pressure were measured in the right upper arm



131  using automated sphygmomanometer (HEM-9000AI, OMRON Corporation, Kyoto,

132 Japan).

133

134 2.4. Assessments of HRQOL

135 HRQOL was assessed using the Japanese version of the 36-item Short-Form Health

136 Survey (SF-36) questionnaire developed by iHope International Co., Ltd. (Kyoto,

137  Japan) [15].

138

139  2.5. Measurements of biomarkers in the blood and urine

140 Plasma, which was prepared from the blood, and urine was used for the

141  measurements of NO2/NOs3, 8-hydroxy-2'-deoxyguanosine (8-OHdG), hexanoyl-lysine

142 (HEL) and myeloperoxidase (MPO) by using corresponding commercial kit [NO:

143  NO2/NOs Assay Kit-C II (DOJINDO LABORATORIES, Kumamoto, Japan); 8-OHdG:

144  New 8-OHdG Check ELISA (Japan Institute for the Control of Aging, NIKKEN SEIL

145  Co., Ltd (JaICA) Shizuoka, Japan); HEL: HEL ELISA kits (JaICA); MPO: Human

146 serum MPO and urine MPO ELISA kits (JaICA)]. Urinary NO was calculated by

147  creatinine equivalent. Urinary creatinine level was measured by Creatinine (urinary)

148  Colorimetric Assay Kit (Cayman CHEMICAL, Ann Arbor, MI, USA).
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In addition, hematologic parameters including creatinine, total protein, blood urea

nitrogen, glucose, lactate dehydrogenase, alkaline phosphatase, y-

glutamyltranspeptidase, aspartate aminotransferase, alanine aminotransferase,

triglycerides, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol,

Na“, CI', K*, white blood cells, red blood cells, hemoglobin, hematocrit, mean

corpuscular volume, mean corpuscular hemoglobin, mean hemoglobin concentration,

and platelet were analyzed by LSI Medience Co. (Tokyo, Japan).

2.6. Extraction of polyphenols from the plasma and urine.

An aliquot of 10 ml urine was concentrated to 2 ml before analysis using a

centrifugal separator in vacuo. Concentrated urine or 500 pl of plasma were mixed with

2% (w/v) ascorbic acid (200 pl for urine and 50 pl for plasma) to prevent oxidation

during extraction and were transferred to a polypropylene centrifuge tube (15 ml, BD

Biosciences, San Jose, CA, USA) which were siliconized using Sigmacote® (Sigma-

Aldrich, St. Louis, MO, USA). These plasma and urine samples were hydrolyzed with

500 U of B-glucuronidase from E. coli., (type IX-A, Sigma-Aldrich) and10 U of

sulfatase from Abalone entrails (type VIII, Sigma-Aldrich) for deconjugation according

to our previous reports [16].
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A solid phase extraction method was used to extract polyphenols from the

mixture: C18 Sep-Pak cartridge (50 mg resin, Waters Co., Milford, MA, USA) was

conditioned with 5 ml of methanol and 5 ml of ultrapure water. Plasma and urine

samples were centrifuged at 3000 x g for 15 min to remove precipitated protein and

applied to the cartridge. After the cartridge was washed with 5 ml of 10% methanol,

polyphenols were eluted by 2 ml of 95% methanol and evaporated to dryness using the

centrifugal separator. Obtained precipitate was dissolved in 50 pl of 50% methanol for

analysis of polyphenols using a high-performance liquid chromatography (HPLC).

2.7. HPLC analysis

Quantification of polyphenols was conducted using the HPLC system as described

previously [16] with modifications. HPLC was performed using a system equipped with

a DGU-20A 3R degassing unit, LC-20AD XR binary pump, SIL-20AC XR auto

sampler, RF-20A XS fluorescence detector, SPD-M20A diode array detector, CTO-

20AC column oven and CBM-20A communications bus module connected to an LC

work station (Shimadzu Corporation, Kyoto, Japan). The analytical column was a

Cadenza CL-C18 column (¢ 250 mm x 4.6 mm, 3 um, Imtakt, Kyoto, Japan), protected

by a guard column (Cadenza CL-C18, ¢ 5 mm % 2 mm, 3 pm, Imtak).
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For the analysis of cyanidin-3-O-glucoside, 10% (v/v) formic acid was mobile

phase A and formic acid: acetonitrile (10:90, v/v) was mobile phase B. Elution of

cyanidin-3-O-glucoside was achieved using these linear gradients: 15% B over 0—10

min; 80% B over 10-25 min; and 15% B, over 25-40 min. The flow rate was 0.8

ml/min, the injection volume was 10 ul and temperature of the column oven was set to

40°C. Absorbance of cyanidin-3-O-glucoside was measured at a wavelength of 513 nm.

For the analysis of flavan-3-ols and isoflavones, 0.1% (v/v) formic acid was mobile

phase A and acetonitrile was mobile phase B. Separation was achieved using these

linear gradients: 5-10% (v/v) B over 0-5 min; 10-85% (v/v) B over 5-65 min; 30-45%

(v/v) B, over 65-110 min; 80% (v/v) B, over 110—120 min; and 5% (v/v) B over 120-

140 min. The flow rate was 0.7 ml/min, the injection volume was 10 pl and temperature

of the column oven was set to 40°C. Fluorescence of the flavan-3-ols was measured

with the excitation and emission wavelengths at 276 and 316 nm, respectively.

Absorbance of isoflavones was measured with a wavelength at 254 nm and that of equol

was at 280 nm.

2.8. Polyphenols and solvents used for HPLC analysis

Following authentic compounds were used for HPLC analyses. (—)-Epicatechin
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was purchased from Kurita Analysis Service Co. Ltd (Ibaraki, Japan). Procyanidin B2,

procyanidin C1 and cinnamtannin A2 were prepared by Fujicco Co., Ltd. [17]. Cyandin-

3-O-glucoside, daidzein, daidzin and genistein were from FUJIFILM Wako Pure

Chemical Co. (Osaka, Japan), glycitein, glycitin and genistin were from Extrasynthese

(Genay, France), and S-equol was from Cayman Chemicals (MI, USA). Chemical

structures of polyphenols analyzed in this study are shown in Fig. 1. As an internal

standard used for the measurement of flavan-3-ols, procyanidin B3-OAc was kindly

provided from Professor Akiko Saito (Osaka Electro-communication University, Osaka,

Japan). Flavone (FUJIFILM Wako Pure Chemical Co.) was used as the internal standard

for the measurement of isoflavones. HPLC grade methanol, acetonitrile and formic acid

were obtained from FUJIFILM Wako Pure Chemical Co.

2.9. Statistical analysis

Data are expressed as the means + standard deviation. Statistical analysis was

performed with Dunnett’s test, Wilcoxon signed-rank test, or paired #-test using JMP

statistical software version 11.2.0 (SAS Institute, Cary, NC, USA). Pearson correlation

coefficient was applied to determine the association between the concentration of

polyphenols and corresponding factors, including anthropometric measurements,
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biomarkers of vascular function and oxidative stress, and hematologic parameters.
Statistical analysis of correlation efficient was performed using #-tests. The level of

significance was set as p<0.05.

3. Results
3.1. General characteristics of volunteers

Before the trial, an average vascular age of volunteers was 39.2 + 10.2 years old
with the average BMI of 20.8 + 0.42 kg/m?. The vascular age was significantly higher
than the chronological age which was 33.5 & 10.0 years old (»<0.01). At the end of the
trial, 3 volunteers dropped out for non-health related reasons and 44 volunteers
completed the 8-week trial with no report on poor health or any abnormality. No
significant changes in anthropometric and hematologic parameters were observed
throughout the trial (Supplementary Tables 1 and 2). HRQOL was assessed by SF-36,

but there is no significant change (data not shown).

3.2. Vascular function
During the 8-week trial, vascular function was significantly improved (Table 2).

The vascular age became about 2 years younger at the end of the trial compared to that
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at the 0 week. Indicators of APG that reflect the vascular function were significantly
improved: a, ¢, d wave magnitude and the height ratios of ¢/a and d/a were increased; b
wave magnitude and height ratio of b/a were decreased. The significant change was
observed at both 4" and 8" week. In addition, significant improved vascular waveform,
waveform score and peripheral vascular health were also observed. Systolic and
diastolic blood pressure tended to decrease at the 4" and/or the 8" week without
statistical significance. In detail, 25 and 26 volunteers showed lowered vascular age at
the 4™ week and 8" week, respectively (Fig. 2). In total, 33 volunteers showed lowered
vascular age during the trial. As to the remaining 11 volunteers, the vascular age of 8
volunteers did not change throughout the trial, and that of 3 volunteers was slightly
higher at the end of the trial compared to that at the 0 week. Based on the timing of
lowered vascular age being observed, the results of 25 volunteers whose lowered
vascular age was observed at the 4 week were extracted and denoted as an ‘Improved
at the 4™ week’ group and the results of 26 volunteers whose lowered vascular age was
observed at the 8™ week were extracted and denoted as an ‘Improved at the 8th week’
group in this study. For following results, cluster analysis was performed in these two
groups (‘Improved at the 4™ week’ and ‘Improved at the 8" week’ groups) in addition to

an ‘All’ group (the results of 44 volunteers).
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3.3. NO concentration in the plasma and urine

Since NO is involved in the regulation of vascular function, including blood
pressure and blood flow [18], we measured the NO concentration in the urine and
plasma (Fig. 3). In the urine, NO2/NOj of the ‘All’ group increased significantly at the
4™ and 8" week compared to that of 0 week. More clear results were observed in the
urine of ‘Improved at the 4" week’ and ‘Improved at the 8" week’ groups compared to
that of the ‘All’ group. In the plasma, NO2/NO; concentration did not changed, though

slight increasing trend was observed.

3.4. Oxidative stress markers in the plasma and urine

In this study, three oxidative stress markers, namely 8-OHdG, HEL and MPO, were
selected and measured (Fig. 4). In the plasma, 8-OHdG in the ‘All’ group significantly
decreased at the 4™ and 8" week (Fig. 4A). After cluster analysis, significant decrease in
8-OHdG was observed in both ‘Improved at the 4™ week’ and ‘Improved at the 8™
week’ groups. In the urine, 8-OHAG also decreased without significant difference,

because the results vary widely in 0-week. HEL in the plasma also significantly
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decreased at both the 4™ and the 8" week, and after cluster analysis, significant decrease
was observed in both ‘Improved at the 4™ week’ and ‘Improved at the 8" week’ groups
(Fig. 4B). In the urine, HEL did not alter after consumption of black soybeans. In the
case of MPO, this marker also showed decreasing tendency in both plasma and urine in

all groups, but significant difference was not observed (Fig. 4C).

3.5. Polyphenol concentrations in the plasma and urine

Polyphenol concentrations were measured in the plasma and urine after
consumption of black soybeans. Results of the ‘All’ group in the plasma and urine were
shown in Table 3A and 3B, respectively. Polyphenols detected with and without
enzymatic hydrolysis were denoted as ‘Total’ and ‘Free’, respectively. Although there is
no significant difference was observed in the concentration of each polyphenol, but the
sum of four flavan-3-ols, the sum of seven isoflavones and the sum of 12 polyphenols
significantly increased in both plasma and urine. Cyanidin-3-O-glucoside was only
detected in the urine.

After cluster analysis, besides the sum of polyphenols, the significant increases
were also observed in certain polyphenols (Tables 4 and 5). In the ‘Improved at the 4"

week’ group, procyanidin B2, daidzin, daidzein, glycitin and glycitein significantly
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increased in the plasma (Table 4A), and cyandin-3-O-glucoside, (—)-epicatechin,
procyanidin C1, cinnamtannin A2, daidzin, daidzein and genistein significantly
increased in the urine (Table 4B) after consumption of black soybeans. In the ‘Improved
at the 8™ week’ group, procyandin B2, procyanidin C1, cinnamtannin A2 significantly
increased in the plasma (Table 5A), and cinnamtannin A2, daidzein, genistin and
genistein significantly increased in the urine (Table 5B). Overall, procyanidin B2,
procyanidin C1, cinnamtannin A2, daidzein and genistein were typically increased

polyphenols (to 2- and 3-fold) after consumption of black soybeans.

3.6. Correlation between each polyphenol concentration and biomarker

The correlation between each polyphenol concentration and measured biomarker
was analyzed using Pearson correlation coefficient and heatmap data was shown in Fig.
5. All 12 polyphenols were found significantly correlated to at least one biomarker that
related to vascular function. Among these polyphenols, total procyanidin B2 in the
plasma and total cinnamtannin A2 in the urine of the ‘Improved at the 4" week’ group
were correlated to the vascular function markers (Fig 5). Negative correlation was
observed between total procyanidin B2 and the vascular age (r=—0.323, p=0.032), b

wave (r=—0.448, p=0.002), height ratio of b/a (r=—0.424, p=0.004), systolic blood
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pressure (r=—0.418, p=0.005) and diastolic blood pressure (r=—0.379, p=0.011). On the

contrary, positive correlation was observed between total cinnamtannin A2 and the

biological age (+=0.570, p<0.001), vascular age (+=0.348, p=0.021), b wave (r=0.311,

p=0.040), height ratio of b/a (r=0.292, p=0.040) and systolic blood pressure (=0.317,

1=0.036).

Negative correlation between each polyphenol concentration and oxidative stress

marker was also observed (Fig. 5). 8-OHdG was the most negatively correlated to free

daidzin (r=—0.310, p=0.041), free glycitin (=—0.329, p=0.029), total glycitein

(=—0.302, p=0.046), free equol (=—0.325, p=0.031) and total procyanidin

C1(=—0.333, p=0.027). Significant negative correlation was also found between HEL

or MPO and other polyphenols, but strong positive correlation was observed between

HEL and free (—)-epicatechin (+=0.596, p<0.001) as well as total (—)-epicatechin

(=0.697, p<0.001).

4. Discussion

Vascular function is closely related to the high risk of CVD [1-4]. Recently, many

researchers are focusing on the effect of dietary intake of polyphenols, especially

flavonoids on the prevention of CVD [19, 20]. Black soybeans are rich in flavonoids
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and its amelioration and preventive effects on CVD was reported in the animal

experiments [12, 13, 21, 22]. In our best knowledge, this is the first report showing the

improvement of vascular function after consumption of black soybeans in human trial,

though the design is the open-label study. In this study, the significant improvement of

vascular function, including lowered vascular age and improved APG, were observed in

women during the 8-week trial (Table 2). The vascular age is one of the common

indicators that predict the risk of CVD by age, and it performs better than the

chronological age [23]. In this study, lowered vascular age was observed in 33

volunteers who had higher vascular age than their chronological age before the trial.

The intake of black soybean for 4 weeks improved vascular function and further slight

improvement of the function was observed after the intake for 8 weeks (Table 2).

However, the vascular age of volunteers was still higher than their chronological age at

the end of the trial. Therefore, further continuous consumption of black soybeans might

reduce the vascular age lower than their chronological age. Compared to the vascular

age, APG provides more detailed information about the health condition of blood

vessels, including cardiac output intensity (b wave), residual blood volume (¢ wave) and

vascular compliance (d wave). In addition, the height ratios of each wave to a wave

(b/a, c/a and d/a) are the typical indicators used in APG for assessing the arterial
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stiffness [24, 25]. In this study, significantly increased cardiac output intensity, reduced
residual blood volume and improved vascular compliance were observed during the trial
(Table 2). Improvement in the vascular stiffness was also reported in healthy adults after
6-week supplementation of isoflavones (genistein and daidzein) [26], in patients with
coronary artery disease after 4-week consumption of cranberry juice [27], and in healthy
males after 1-week consumption of black tea [28]. These results indicated that
consumption of polyphenol-rich food materials are possible to improve the vascular
stiffness.

NO is another indicator to evaluate the vascular function: It contributes to the
relaxation of blood vessels and eventually leads to improvement in the vascular stiffness
[29]. In this study, we found that urinary-NO2/NOs concentration significantly increased
after consumption of black soybeans in both ‘Improved at the 4" week’ and ‘Improved
at the 8" week’ groups (Fig. 3), though the NO level in the plasma remained unchanged.
These findings indicated that consumption of black soybeans improved vascular
function through increasing NO concentration in human. It was presumed that produced
NO in the plasma was excreted to urine during the fasting period, indicating that plasma
NO was a basal level, while urinary NO (sum of NO2 + NO3) was an accumulated

level. This is a reason why NO2/NOj increased only in urine but not in the plasma.
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Coincide results were reported by a previous study showing that NO concentration

increased in the plasma and urine of healthy human after the ingestion of a cocoa drink

accompanied by improvement of the vascular stiffness [30]. Therefore, increased NO

concentration is involved in the underlying mechanism by which consumption of

polyphenol-rich food materials improve the vascular function.

Oxidative stress is closely related to the underlying mechanism of vascular

dysfunction, because it quenches the production of NO, hampers the NO-mediated

responses and eventually leads to the vascular dysfunction [31]. In this study,

biomarkers for oxidative stress, 8-OHdG, HEL and MPO, decreased in the plasma

and/or urine (Fig. 4), suggesting that oxidative stress was ameliorated after consumption

of black soybeans. These biomarkers reflected the different aspects of the oxidative

stress. Decreased 8-OHdG (Fig. 4A) reflects the amelioration of DNA damage which is

a trigger of the development of CVD and type II diabetes [32]. Decreased 8-OHdG was

also reported in human after a drinking of red wine with a high-fat diet during 3 months

[33]. Decreased HEL (Fig. 4B) suggested the reduction of lipid peroxidation [34], and

similar result was reported in human ingested cocoa powder for 12 weeks [35]. MPO is

another biomarker for lipid peroxidation and inflammation [36]. Although decreasing of

MPO (Fig. 4C) was not significant, decreasing tendency was observed in this study.
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Observed decreasing tendency of MPO may suggest to reduce lipid peroxidation and

inflammation in volunteers. Therefore, consumption of black soybeans improved

vascular function through ameliorating oxidative stress in human and polyphenols

would be contribute to this effect.

Polyphenols are usually considered responsible for the beneficial effects exerted by

food materials [26-28, 30, 33, 35], but it is not fully understood yet that the correlation

between physiological concentration of polyphenols after the consumption of test

material and observed beneficial functions in human. In this study, increased plasma and

urinary concentrations of 11 black soybean polyphenols, and 1 intestinal bacterial

metabolite of daidzein, namely equol, were observed after consumption of roasted black

soybeans (Table 3). Although significant increase was only observed in their sum

amounts, these results strongly suggested that consumption of black soybeans increased

physiological concentration of total polyphenols in human, resulting in improved

vascular function. From our results, volunteers with higher physiological concentration

of polyphenols revealed more improved vascular function and more ameliorated

oxidative stress after consumption of black soybeans. Schroeter et al. reported that (—)-

epicatechin, (+)-catechin, their related metabolites and the sum flavanols in the plasma

increased after ingestion of flavanol-rich cocoa [30]; Urquiaga et al. reported that total
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plasma and urinary polyphenols increased during the supplementation with red wine

[33]. These results indicate that dietary intake of polyphenol-rich food materials is an

effective way to increase the physiological concentration of polyphenols, but to prove

the direct relation between consumed polyphenols and observed beneficial effects, more

detailed evidence is needed. In this study, after the cluster analysis, significant increases

were observed not only in the sum amounts of polypehnols but also in several

polyphenol compounds (Tables 4 and 5), i.e., procyanidin B2, procyanidin C1,

cinnamtannin A2, daidzein and genistein increased to 2- and 3-fold after consumption of

black soybeans. Moreover, heatmap data indicated that plasma procyanidin B2 was well

correlated to the improvement of vascular function (Fig. 5). This result suggest that

procyanidin B2 is one of the candidates for the active compound in black soybean to

improve the vascular function. On the other hand, urinary cinnamtannin A2 revealed

negative effect on the vascular function. Although absolute amount of urinary

cinnamtannin A2 was the lowest among the polyphenols measured in this study, further

careful experiment is needed to clarify this phenomenon. Although concentration of

some isoflavones related to the suppression of oxidative stress markers, concentration of

isoflavones in neither plasma nor urine correlated to the vascular function (Fig. 5).

These result suggested that contribution of isoflavones to the improvement in vascular
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function might be low.

It is usually considered more accurate to assess the beneficial effects of food

consumption with restrictions on the diet, but some of the restrictions in the previous

studies were not usually achieved in daily life, such as abstaining from coffee and green

tea before and during 7-week trial in the study of coffee consumption [37], and

forbidden consumption of berries, wine and all related products in the study of

strawberry and cranberry polyphenols [38]. Volunteers in this study were asked to keep

their usual diet before and during the trial period, and consume the 30 g/day of roasted

black soybeans at any time. This instruction is easy for consumption of the test material

in daily life. Indeed, the consumption of the roasted black soybeans leached around

90%. Even with the possible interference from the daily diet, beneficial effects of the

intake of black soybeans on the vascular function and oxidative stress correlated to the

increased physiological concentration of polyphenols.

Other components in the black soybeans may also contribute to the observed

effects. Soy protein, accounting for approximately 36% of dry soybeans by weight, was

reported to lower the risk of CVD through regulating the lipid profile, including

lowering total cholesterol, low-density lipoprotein and triglycerides without affecting

high-density lipoprotein [39]. Another previous study also demonstrated that soy protein
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itself reduced oxidative stress in rats [40]. Therefore, black soybean is a nutritious and

functional food that should be recommended for daily consumption. The intake of black

soybeans in this study was 30 g/day. According to the Annual Health, Labor and

Welfare Report 2016 by the Japanese Government, the average dietary intake of soy

products of Japanese female reached 57.7 g/day [41], which was approximately 2-fold

higher than the intake of this study, indicating that 30 g/day is a dietary intake that can

be achieved by daily diet. It is an important finding that the dietary intake, but not

supplementary intake, of black soybeans can exert beneficial effects to human.

5. Conclusions

The intake of 30 g/day of roasted black soybeans for 8 weeks significantly

improved the vascular function and reduced oxidative stress. The intake of black

soybeans also increased the physiological concentration of polyphenols in the plasma

and urine, which contributed to the improvement of vascular function and reduction of

oxidative stress leading to lowering the risk of CVD in human.
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Figure legends

Figure 1. Chemical structures of 11 major polyphenols in black soybeans and 1

intestinal bacterial metabolite equol.

Figure 2. The effect of black soybean consumption on the vascular age. The results are
represented as the means + standard deviation. *p<0.05 vs. 0 week by paired #-test. The
results of volunteers who showed lowered vascular age at the 4™ or 8" week are denoted

as ‘Improved at the 4™ week’ and ‘Improved at the 8" week’, respectively.

Figure 3. The effect of black soybean consumption on NO concentration in the plasma
and urine. The results are represented as the means + standard deviation. *p<0.05 vs. 0
week by Dunnett’s test. “p<0.05 vs. 0 week by Wilcoxon signed-ranked test. The results
of 44 volunteers are denoted as ‘All’, and the results of volunteers who showed lowered
vascular age at the 4™ or 8" week are denoted as ‘Improved at the 4" week’ and ‘Improved

at the 8™ week’, respectively.

Figure 4. The effect of black soybean consumption on biomarkers related to the
oxidative stress. (A) 8-OHdG, (B) HEL and (C) MPO were measured using
corresponding ELISA kit. The results are represented as the means + standard deviation.
*p<0.05 vs. 0 week by Dunnett’s test. *p<0.05 vs. 0 week by Wilcoxon signed-ranked
test. The results of 44 volunteers are denoted as ‘All’, and the results of volunteers who
showed lowered vascular age at the 4" or 8™ week are denoted as ‘Improved at the 4™

week’ and ‘Improved at the 8" week’, respectively.
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Figure 5. Correlation between concentrations of polyphenols and the vascular function
and oxidative stress by heatmap. Each square indicates the Pearson correlation
coefficient vales of corresponding factors. Positive correlations are shown in blue,
negative ones are shown in red and significant results are marked with ‘+” and ‘—’,

respectively, p<0.05 by Student's #-test.
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Table 1. Composition of roasted black soybean

Nutrition component

Calories

Protein

Fat

Carbohydrate

Dietary fiber

Sodium

NaCl

Calcium

Polyphenol content

Anthocyanidin
Cyanidin-3-O-glucoside

Flavan-3-ols
(—)-Epicatechin
Procyanidin B2
Procyanidin C1
Cinnamtannin A2

Isoflavones
Daizein
Daidzin
Glycitein
Glycitin

Genistein

(per 30 g)
132 keal

106 g
65¢g
50¢g
56¢g
1.8 mg

4.75 mg

50.7 mg

(per 30 g)

12.4 mg

0.3 mg
0.5 mg
1.2 mg
1.6 mg

0.5 mg
78.1 mg
0.1 mg
0.5 mg
48.4 mg
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Table 2. The effect of black soybean consumption on the vascular function.

Vascular function 0 week 4th week 8™ week

APG
Vascular age 39.27£10.2 37.36£9.69* 37.07£9.61%*
a wave 107.07+£9.27 107.39+11.8 110.80+9.15%*
b wave —59.07+14.6 —65.32+15.9* —67.98+13.9*
¢ wave —23.48+10.8 —18.52+10.6* —17.89+11.1*
d wave —35.43+£13.4 —29.91+12.2% —30.02+13.5*
b/a —0.554+0.13 —0.61+0.14* -0.614£0.11*
c/a —0.2240.10 —0.17+0.10* —0.16+0.10*
d/a —0.334+0.13 —0.28+0.12* —0.274+0.12*
Vascular waveform 2.84+1.26 2.43+0.94* 2.27+0.84*
Waveform score 53.34«£11.9 58.41£10.8%* 59.95+10.0%*
Peripheral vascular health 64.93+12.8 70.59+10.1* 72.41+8.69*

Blood pressure
Systolic blood pressure 112.09+14.4 109.59+14.0 111.73£10.9
Diastolic blood pressure 67.66+10.9 66.30+11.5 67.39+8.32

Means + standard deviation are shown. * p<0.05 vs. 0 week, Dunnett s Test.
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Table 3A. The effect of black soybean consumption on polyphenol concentrations in the plasma of the ‘All’ group.

Plasma
Polyphenols 0 week 4™ week 8™ week
Free Total Free Total Free Total
Cyanidin-3-O-glucoside =~ N.D. N.D. N.D. N.D. N.D. N.D.
(—)-Epicatechin 0.048+0.033 0.066+0.059 0.049+0.033 0.072+0.060 0.061+0.053 0.085+0.087
Procyanidin B2 0.013+0.009 0.015+0.009 0.023+0.015 0.022+0.016 0.027+0.016 0.028+0.017
Procyanidin C1 0.001+0.001 0.001+0.001 0.001+0.002 0.002+0.002 0.002+0.002 0.003+0.003
Cinnamtannin A2 0.002+0.002 0.002+0.002 0.003+0.003 0.004+0.003 0.004+0.004 0.004+0.003
Sum of flavan-3-ols 0.063+0.038 0.079+0.052 0.073+0.040 0.099+0.064 0.091+0.062*  0.127+0.08977
Daidzin 0.012+0.006 0.013+0.011 0.018+0.010 0.020-+0.009 0.018+0.012 0.018+0.007
Daidzein 0.010+0.005 0.011£0.007 0.013+0.007 0.016+0.010 0.012+0.008 0.013+0.010
Glycitin 0.014+0.007 0.016+0.010 0.021+0.014 0.029+0.022 0.020+0.015 0.021+0.017
Glycitein 0.024+0.007 0.027+0.008 0.026+0.009 0.029+0.009 0.026+0.009 0.028+0.009
Genistin 0.007+0.010 0.008+0.011 0.008+0.010 0.010+0.010 0.008+0.010 0.012+0.013
Genistein 0.034+0.021 0.038+0.025 0.041+0.019 0.047+0.025 0.039+0.017 0.040+0.026
Equol 0.008+0.006 0.011£0.012 0.010+0.009 0.016+0.012 0.008+0.008 0.013+0.014
Sum of isoflavones 0.101+0.035 0.116+0.042 0.136£0.041** 0.162+0.054™"  0.119+0.042 0.142+0.0517
Sum of 12 polyphenols 0.164+0.059 0.195+0.064 0.209+0.066%* 0.261+0.092""  0.210+0.073**  0.268+0.1047"

Means =+ standard deviation are shown, pmol/L. *, Tp<0.05, **_ 7p<0.01. * and ** represent for significant differences from free compound

of 0 week. "and ' represent for that from total compound of 0 week. Dunnett s test.
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Table 3B. The effect of black soybean consumption on polyphenol concentrations in the urine of the ‘All’ group.

Urine
Polyphenols 0 week 4th week 8™ week
Free Total Free Total Free Total
Cyanidin-3-O-glucoside 0.009+0.009 0.011+0.010 0.016+0.012 0.020+0.014 0.013+0.010 0.015+0.011
(—)-Epicatechin 0.038+0.059 0.062+0.049 0.088+0.084 0.165+0.144 0.067+0.063 0.127+0.120
Procyanidin B2 0.118+0.137 0.144+0.124 0.234+0.166 0.262+0.194 0.219+0.154 0.264+0.231
Procyanidin C1 0.008+0.009 0.008+0.010 0.014+0.012 0.019+0.016 0.012+0.011 0.016+0.015
Cinnamtannin A2 0.002+0.003 0.004+0.004 0.009+0.009 0.010+0.008 0.008+0.008 0.008+0.009
Sum of flavan-3-ols 0.161+£0.201 0.267+0.243 0.477+0.632 0.495+£0.576'"  0.425+0.697** 0.458+0.679'"
Daidzin 0.055+0.062 0.071+0.125 0.107+0.122 0.147+0.163 0.122+0.323 0.175+0.243
Daidzein 0.596+0.770 4.74143.595 1.718+1.994 8.387+4.574 1.992+2.180 9.961+6.744
Glycitin 0.041+0.041 0.057+0.123 0.048+0.041 0.083+0.086 0.061+0.055 0.093+0.125
Glycitein 0.263+0.391 1.034+1.380 0.394+0.507 2.152+1.703 0.487+0.463 2.468+2.624
Genistin 0.078+0.112 0.172+0.231 0.124+0.169 0.327+0.396 0.180+0.252 0.450+0.460
Genistein 0.397+0.451 5.319+6.086 1.100£1.172  11.891+9.831 1.443£2.066  14.949+11.34
Equol 0.146+0.116 0.443+0.905 0.374+1.433 3.439+6.942 1.439+7.390 5.418+14.54
Sum of isoflavones 2.279+2.552  10.638+9.989 3.893+3.942  29.898+24.25%"  5.083+5.544%* 28.579+29.8271
Sum of 12 polyphenols 2.59742.579  10.978+9.954 4.470+3.897  30.770+24.57TT  5.685+5.618** 29.237+26.737"

Means =+ standard deviation are shown, pmol/L. *, Tp<0.05, **_ 7p<0.01. * and ** represent for significant differences from free compound

of 0 week. "and T represent for that from total compound of 0 week. Dunnett s test.
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Table 4A. The effect of black soybean consumption on polyphenol concentrations in the plasma of the ‘Improved at the 4" week’ group.

Polyphenols 0 week 4th week
Free Total Free Total
Cyanidin-3-O-glucoside N.D. N.D. N.D. N.D.
(—)-Epicatechin 0.048+0.032 0.077+0.070 0.052+0.037 0.082+0.062
Procyanidin B2 0.013+0.010 0.014+0.008 0.021+0.016 0.023+0.019%
Procyanidin C1 0.001+0.001 0.001+0.001 0.001+0.001 0.002+0.002
Cinnamtannin A2 0.001+0.002 0.002+0.002 0.001+0.002 0.003+0.003
Sum of flavan-3-ols 0.063+0.037 0.083+0.059 0.073+0.044 0.109+0.065
Daidzin 0.012+0.006 0.013+0.011 0.017+0.009 0.021+0.009%
Daidzein 0.009+0.005 0.010+0.007 0.014+0.007*  0.017+0.011%
Glycitin 0.014+0.006 0.014+0.009 0.021+0.014*  0.026+0.021%
Glycitein 0.024+0.007 0.024+0.009 0.025+0.009 0.030+0.009%
Genistin 0.004+0.006 0.008+0.012 0.006+0.006 0.011+£0.012
Genistein 0.037+0.023 0.044+0.031 0.046+0.016 0.054+0.027
Equol 0.007+0.006 0.011£0.011 0.010+0.009 0.016+0.013
Sum of isoflavones 0.105+0.038 0.119+0.049 0.139+0.034%  0.170+0.064*
Sum of 12 polyphenols 0.168+0.060 0.203+0.070 0.211£0.064 0.279+0.102*

Means + standard deviation are shown, umol/L. #, #p<0.05, # *p < 0.01. # and * represent for significant differences from free compound

of 0 week. * and * represent for that from total compound of 0 week. Wilcoxon signed-rank test.
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Table 4B. The effect of black soybean consumption on polyphenol concentrations in the urine of the ‘Improved at the 4™ week’ group.

POlypheIlOIS 0 week 4™ week
Free Total Free Total
Cyanidin-3-O-glucoside 0.009+0.007 0.012+0.009 0.015+0.010  0.019+0.013%
(—)-Epicatechin 0.024+0.042 0.136+0.242 0.175+0.253" 0.460+0.472%
Procyanidin B2 0.217+0.294 0.191+0.229 0.505+0.576 0.587+1.120
Procyanidin C1 0.008+0.009 0.010+0.010 0.019+0.017%  0.029+0.027%
Cinnamtannin A2 0.005+0.009 0.005+0.009 0.012+£0.013*  0.018+0.017%
Sum of flavan-3-ols 0.318+0.594 0.313+0.357 0.698+0.688 1.099+1.218%
Daidzin 0.043+0.030 0.052+0.065 0.105+£0.120"  0.142+0.190
Daidzein 1.396+2.373 3.741+3.360 3.033+6.957  11.375+8.408%
Glycitin 0.041+0.035 0.070+0.058 0.045+0.030 0.083+0.092
Glycitein 0.329+0.505 1.124+1.479 0.446+0.612 3.006+3.226
Genistin 0.047+0.053 0.127+0.153 0.119+£0.176 0.267+0.186
Genistein 0.522+0.516 5.202+4.765 1.104+1.109  16.973+£15.99%
Equol 0.163+0.120 0.590+1.128 0.160+0.217 2.386+4.763
Sum of isoflavaones 2.165+£2.239  10.613+8.538 3.391+3.401  30.7744+20.97%
Sum of 12 polyphenols 2.482+2.225 10.926+8.558 4.080+3.400 31.761+20.98%

Means =+ standard deviation are shown, pmol/L. #, ¥p<0.05, # #p<0.01. # and # represent for significant differences from free compound

of 0 week. * and * represent for that from total compound of 0 week. Wilcoxon signed-rank test.
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767  Table 5A. The effect of black soybean consumption on polyphenol concentrations in the plasma of the ‘Improved at the 8" week’ group.

768 Plasma

769 Polyphenols 0 week 8™ week

770 Free Total Free Total

771 Cyanidin-3-O-glucoside N.D. N.D. N.D. N.D.

772 (—)-Epicatechin 0.042+0.022 0.063+0.053 0.058+0.048 0.104+0.097
773 Procyanidin B2 0.014+0.008 0.013+0.008 0.028+0.013"  0.029+0.015%
774 Procyanidin C1 0.001+0.001 0.001+0.001 0.002+0.002*  0.003+0.003%
775 Cinnamtannin A2 0.002+0.002 0.002+0.002 0.004+0.005 0.005+0.003#
776 Sum of flavan-3-ols 0.059+0.026 0.080+0.051 0.100=£0.067"%  0.151+0.099%
777 Daidzin 0.012+0.006 0.015+0.013 0.020+0.014 0.020+0.007
778 Daidzein 0.010+0.005 0.011+0.007 0.012+0.006 0.013+0.008
779 Glycitin 0.016+0.006 0.018+0.010 0.018+0.007 0.019+0.017
780 Glycitein 0.026+0.006 0.026+0.007 0.027+0.009 0.030+0.008
781 Genistin 0.006x0.007 0.006+0.007 0.005+0.006 0.010+0.014
782 Genistein 0.037+0.023 0.039+0.030 0.038+0.018 0.039+0.025
783 Equol 0.009+0.006 0.013+0.012 0.010+0.004 0.014+0.013
784 Sum of isoflavones 0.111£0.032 0.127+0.043 0.124+0.045 0.142+0.048
785 Sum of 12 polyphneols 0.170+0.050 0.207+0.068 0.225+0.070"  0.293+0.103%
786  Means + standard deviation are shown, umol/L. *, p<0.05, # #p<0.01. # and * represent for significant differences from free compound
787  of 0 week. * and ** represent for that from total compound of 0 week. Wilcoxon signed-rank test.

788

789
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Table 5B. The effect of black soybean consumption on polyphenol concentrations in the urine of the ‘Improved at the 8" week’ group.

Polyphenols 0 week 8™ week
Free Total Free Total
Cyanidin-3-O-glucoside 0.010+0.008 0.012+0.009 0.012+0.008 0.015+0.009
(—)-Epicatechin 0.076+0.151 0.110+0.158 0.096+0.129 0.125+0.120
Procyanidin B2 0.197+0.269 0.179+0.194 0.473+0.408 0.494+0.466
Procyanidin C1 0.010+0.015 0.012+0.016 0.014+0.010 0.016:0.014
Cinnamtannin A2 0.002+0.003 0.003+0.004 0.008+0.007*  0.008+0.008*
Sum of flavan-3-ols 0.287+0.556 0.260+0.283 0.522+0.448 0.623+0.555
Daidzin 0.044+0.023 0.0460.055 0.057+0.056 0.107£0.122
Daidzein 1.410+2.396 3.344+3.499 3.627+4.832 8.360+7.339%
Glycitin 0.035+0.034 0.065+0.059 0.058+0.064 0.092+0.144
Glycitein 0.371+0.517 1.034+1.486 0.787+1.261 2.5734+3.003
Genistin 0.057+0.083 0.103+0.150 0.252+0.359%  0.419+0.427%
Genistein 0.419+0.444 5.268+6.528 1.600+£2.564%  11.414+10.37
Equol 0.157+0.116 0.481+1.113 2.411£9.691 6.597+17.07
Sum of isoflavones 1.565+1.511 8.950+9.434 5.030+5.848"  27.629+29.58%
Sum of 12 polyphenols 1.852+1.510 9.210+9.467 5.552+5.804"  28.2734+29.46%

Means + standard deviation are shown, umol/L. #, ¥p<0.05, # #p<0.01. # and ** represent for significant differences from free compound

of 0 week. * and * represent for that from total compound of 0 week. Wilcoxon signed-rank test.
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Supplementary Table 1. Anthropometric parameters of 44 volunteers during the 8-week trial.

Anthropometric parameters 0 week 4t week 8th week

Body weight (kg) 52.6+1.03 52.71+1.04 52.78+1.02
BMI 20.82+0.42 20.87+0.42 20.89+0.42
Body fat(%) 26.80+0.82 27.46+0.79 27.64+0.82
Visceral fat (%) 3.45+0.30 3.50+0.31 3.55+0.31
Biological age 27.93+1.66 29.02+1.67 29.32+1.72
Basal metabolic rate (kcal/day) 1140£15 1134+14 1133+14

Estimated bone mass (kg) 2.20+0.04 2.17+£0.04 2.17+£0.04
Muscle mass (%) 36.03+0.42 35.78+0.43 35.50+0.49
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Supplementary Table 2. Hematologic parameters of 44 volunteers during the 8-week trial.

Hematologic 0 week 4™ week 8™ week
parameters

TP 7.37+0.35 7.38+0.31 7.33+0.32
BUN 11.35+£2.88 12.98+3.07 12.04+2.42
CRE 0.69+0.08 0.67+0.08 0.66+0.07
GLU 88.214+5.86 89.74+6.01 86.63+6.36
LDH 164.74+19.34  165.37+21.28  163.04+21.10
ALP 157.494+38.93  164.72+42.78  165.84+45.81
v-GTP 17.05+11.03 18.26+11.94 17.88+13.20
AST 17.63+5.37 19.02+4.29 18.28+5.05
ALT 13.53+6.87 14.60+6.21 14.28+6.49
TG 61.37+34.32 63.28+35.00 60.30+29.58
LDL-C 102.72430.02  101.51+£28.71  101.02+29.03
HDL-C 68.74+11.41 68.60+13.47 71.16+12.48
Na 138.53+1.69 137.65+1.40 138.21+1.42
Cl 104.60+1.59 103.63+1.49 103.23+1.91
K 4.32+0.29 4.39+0.24 4.48+0.32
WBC 5582+1633 5441+1477 5698+1457
RBC 440429 452426 449427

Hb 13.04+0.91 13.19+0.87 13.28+0.98
Ht 39.78+2.16 40.59+2.06 41.06+2.42
MCV 90.77+4.65 90.59+4.55 91.63+4.63
MCH 29.72+1.95 29.21+1.82 19.64+1.92
MCHC 32.75+0.93 32.47+0.80 32.31+0.82
PLT 25.21+6.24 25.93+7.10 25.89+6.21

43

TP, total protein; BUN, blood urea nitrogen; CRE, creatinine; GLU, glucose; LDH, lactate dehydrogenase; ALP, alkaline phosphatase; y-
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GTP, y- glutamyltranspeptidase; AST, aspartate aminotransferase; ALT, alanine aminotransferase; TG, triglycerides; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol, WBC, white blood cells; RBC, red blood cells; Hb,
hemoglobin; Ht, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean hemoglobin

concentration; PLT, platelet.
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