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ABSTRACT: Soy isoflavone is the generic name for the isoflavones found in soy. We determined the concentrations of 15 soy
isoflavone species, including 3 succinyl glucosides, in 22 soy foods and isoflavone supplements by high-performance liquid
chromatography (HPLC). The total isoflavone contents in 14 soy foods and 8 supplements ranged from 4S to 735 ug/g and
from 1,304 to 90,224 pg/g, respectively. Higher amounts of succinyl glucosides were detected in natto, a typical fermented soy
product in Japan; these ranged from 30 to 80 yg/g and comprised 4.1—10.9% of the total isoflavone content. In soy powder, 59
ug/g of succinyl glucosides were detected, equivalent to 4.6% of the total isoflavone content. These data suggest that the total
isoflavone contents may be underestimated in the previous studies that have not included succinyl glucosides, especially for

Bacillus subtilis-fermented soy food products.
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B INTRODUCTION

Soy isoflavone is a generic name for the polyphenolic
compounds in soy that have phytoestrogenic effects because
of their structural similarities to 17f-estradiol, which enable
binding to the estrogen receptor."” Epidemiological studies
suggest that the low incidence of osteoporosis and heart disease
caused by estrogen deficiency in Asian women is attributable to
their higher consumption of soy foods compared to American
and European women.’> A number of studies have elucidated
health benefits of soy isoflavones in humans and animals, such
as amelioration of lipid metabolism,* prevention of bone loss,®
and antioxidant actions.” The binding affinities to estrogen
receptors differ with the types of isoflavones.”® Thus,
quantitative determination of each isoflavone molecular species
is required to elucidate the biological effects of isoflavones in
detail.

Isoflavones are contained in soybeans, soy-based foods, and
multiple soy food products worldwide. Daizein, glycitein, and
genistein are the most abundant soy isoflavones, and each
group has corresponding f-glucosides, acetyl-f-glucosides,
malonyl-$-glucosides, and succinyl-f-glucosides. Succinyl-$-
glucosides are isoflavone derivatives found in soybeans
fermented by Bacillus subtilis (natto) and are reported to
have a biological activity.”'® 6"-O-Succinylated isoflavone
glucoside administration prevented bone loss in ovariectomized
rats that were fed a calcium-deficient diet.'® However, several
purification processes are required from soybeans fermented
with B. subtilis, to yield the following succinylated types of
isoflavones: 6"™O-succinyl-daidzin, 6"O-succinyl-glycitin, and
6"-O-succinyl-genistin, for quantitative determinations. To the
best of our knowledge, these compounds were not readily
commercially available. Previous studies have determined total
isoflavone content by summing the contents of the 12
isoflavone isomers or the 3 aglycons (daidzein, glycitein, and
genistein) with hydrolysis and have calculated the contents as
aglycone equivalent in soy foods."'™"* In the case of the total
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isoflavone determined by summing the content of the 12
isoflavone isomers without hydrolysis, it might be under-
estimated if soy foods and supplements contained the succinyl-
P-glucoside forms.

Park et al. reported a method to identify the succinyl
glucoside forms 6"-O-succinyl-genistin and 6"-O-succinyl-
daidzin based on the coeluted retention time from a previous
report of high-performance liquid chromatography (HPLC)
analysis.” Although, in this case, it is certainly possible to
analyze the succinyl glucoside form, without standardization,
there is a risk of misidentifying a peak.

Thus, in the present study, 15 isoflavone isomers, including 3
succinyl glucoside forms provided by Nagara Science Co., Ltd,,
were quantitatively analyzed by HPLC in 14 soy foods and 8
isoflavone supplements obtained from several countries.
Furthermore, we determined the succinyl glucoside content
and its proportion in the total isoflavone content in soy foods
and supplements.

B MATERIALS AND METHODS

The method described below is based on a guideline for use of Foods
for Specified Health Use containing soy isoflavones from the Ministry
of Health, Labour and Welfare, japan.15

Chemicals. The isoflavone glucosides [daidzin (purity of >99%),
glycitin (purity of >99%), and genistin (purity of >99%)] and their
corresponding aglycones (daidzein, glycitein, and genistein), malonyl
glucosides (6"-O-malonyl-daidzin, 6"-O-malonyl-glycitine, and 6"-O-
malonyl-genistin), and acetyl glucosides (6"-O-acetyl-daidzin, 6"-O-
acetyl-glycitin, and 6"-O-acetyl-genistin) (all of them had a purity level
of >90%) were purchased from Nagara Science Co., Ltd. (Gifu, Japan).
The 3 succinyl glucoside isoflavone compounds (6"-O-succinyl-
daidzin, 6"-O-succinyl-glycitin, and 6"-O-succinyl-genistin) (purity

Received: August 16, 2011
Revised: ~ March 9, 2012

Accepted: March 21, 2012
Published: March 21, 2012

dx.doi.org/10.1021/jf205154x | J. Agric. Food Chem. 2012, 60, 4012—4016



Article

Journal of Agricultural and Food Chemistry

70
00
Tl
S0
80

00
00

00
00

00
90
00

00
00
9

00
o
0
v
601
601
'S

(%) wog aprsooni3 [furons

‘uRystuad o0 pue ‘urnA[3 ‘Orn ‘urezprep ‘e ‘unsiuad-[Aupdons-0-,9 ‘DS unpAS-[Kunons-0-,9 DS ‘uzprep-[{umons-0-,9 ‘s ‘unstuad-[{uofew-0-,9 ‘DN QUNDAS
-[Auofew-0-,9 O ‘wzprep-[fuoew-0-,9 ‘qQAl ‘unstuad-[{19e-0-,9 ‘DY ‘unwAS-[f190e-0-,9 1OV ‘uzprep-1£190e-0-,9 ‘qQV ‘unstuad ‘o un4h[S o ‘urzprep ‘q -oyeordin ur pamsesw axom sajdures [y,

0vSLY
9866

7€00¢
9L¥6S
L€T0T

67¢
€T

N4
98

659
981
STy

706
1191
0€T

8L
6¥9
S
T€L
SEL
L8S
99

3

/31) T30y

L9T 91T  OFF 0 L/ U 4/ T 14 S1L 8L LL $ET  ¥S9TT  8L6E  SOSLI q yuewoddns
9866 0 0 0 0 0 0 0 0 0 0 0 0 0 0 @ yuowapddns
0L 68y Tl I 0  ¥6 0ST 0SS st 0 T 6T S68T 168S  SE00T D juoweddns .
944 0 0 e 0 0 S 0 98T 0€8  OLT S8t  TOLWT  S96S  LI09T g juowoddns vsh
865 LT 0T L9 0 8 9T O 197 P EL 6LT  SL89  96LT €708 v Juourajddns
syuawarddns
¥ € € 0 0o o0 9 S Lg 0 0 0 99 (A €5 g anjo0d
€ LS € 0 o o0 T 8 9¢ 0 4 0 65 8 4y V ap[o0d
aSperaalq v
91 € 8 0 0 0 0 0 0 T ! S 14 0 8 1°qy pooj
81T S L8 0 0 0 9 61 0 8ST L 08 15 8 €C y[rufos parepmod
spooj £os
LS€ 0 891 0 0 0 S L 0 0 0 0 86 0 L4 njoy passaxd
! 0 0 1 0 0 € 0 (4 (4 1 1 SL LT €8 o3 puerey,
SYT 0 80T 0 0 0 T € 0 € 0 8 0T 0 ¥ upfs pInd ueaq
spooj £os
w8k 0 ¥8L0F 0 0 0 0 0 0 0 0 0 YL 0 €8 v juswalddns
i1 €1 €11 0 0 0 134 4 01 6£9 9 61¢ 791 T €8 g 19pmod £os
PLT 1 871 0 6 0 S€ 0 Sot 0 L Y61 86 1T 6L v 1opmod Los
syuawa[ddns
€ 0 ¥ 0 0 0 € I T €€ T €T 6S 4 6 [rwkos
vLT 1T LET 0 0 ! L1 (8 L 1491 8 8¢S €8 8 0c yaduray wedef
99 (4% 08 0 0 (4 ST T 9 0 0 0 661 6 ST osrur
15 € (44 ST 0 ST (8 0 0 0 €9 0 +0€ 1€ 81¢ d oneu
61 0 8 LY 0 €€ 9T 0 6 (1) 8 LT 88¢C 8¢ (V44 D opeu
184 € 81 9t €1 T 61 0 8 14 9 ! [4Y4 6T 181 d oneu
ot 0 L1 1T 0 ST 0 0 0 6 88 L LLT 4t 061 V opeu
spooj £os
° 9P g DS PSS das OV OV av SN W dN D D a 1npoid Anunoo
suod4[Je sprsoon(3-[fuons sprsoon3-[£1a0e sprsooni3-[Luorewr apisoon|3

»(8/3useamby su0d4[3y jo 8r) syuswsyddng pue spooq Log jo syusju0) duoARPOST T SqeL,

dx.doi.org/10.1021/jf205154x | J. Agric. Food Chem. 2012, 60, 4012—4016

4013



Journal of Agricultural and Food Chemistry

level of >90%), were standardized by Nagara Science Co., Ltd.
Acetonitrile (HPLC grade), acetic acid, and ethanol were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

Food Samples and Extraction. Soy foods and isoflavone
supplements were purchased at random from local markets in Japan,
Thailand, China, and the U.S.A. Solid foods were crushed or pasted in
a mortar before samples were weighed. If the isoflavone contents were
listed on the labels, food samples were weighed to contain 1—10 mg of
the total isoflavones, and if not, S—8 g of food samples was weighed.
The samples were added to 25 mL of 70% ethanol in water. After
stirring for 30 min at room temperature, the sample was centrifuged
(1,942¢ at 4 °C for 15 min) (Himac CF7D2, Hitachi, Tokyo, Japan)
and the supernatant was collected. Then, 25 mL of 70% ethanol in
water was added to the residue. The residue was stirred and
centrifuged twice in the same manner. The collected supernatants
were combined and made up to a volume of 100 mL with 70% ethanol
in water. Rather than being stirred, tofu from Thailand was processed
by continuous shaking at 2g at room temperature for 30 min using the
shaker (SR-2DS, Taitec, Saitama, Japan). Soymilk was extracted by
mixing with 70 mL of 70% ethanol in water for 2 min. The range of
the isoflavone concentration was adjusted to 1—10 mg/100 mL. All
sample extracts were prepared in triplicate from the same lots of the
soy foods and supplements (Table 1). The extracts were centrifuged
(1,942¢ at 4 °C for 1S5 min) and filtered through 0.45 um cellulose
acetate filters prior to HPLC analysis. To evaluate accuracy, we had
estimated recoveries of external standards, including 12 isoflavone
standards daizein, glycitin, and genistin, and corresponding agrycones,
malonyl glucosides, and acetyl glucosides in different food matrix,
powder or liquid. The recovery of the 12 isoflavone isomers was 97.2—
108.0% in powder matrix and 98.5—99.7% in liquid matrix (data not
shown). The extraction and analysis methods were the same as above.

HPLC Conditions. A Shimadzu HPLC system was used with a
SCL-10A system controller, a DGU-14A degasser, 2 LC 10AD liquid
chromatography pumps, a SIL-10A auto injector, a CTO-10A column
oven, and a SPD-10A UV detector set at a wavelength of 254 nm. The
column used was 250 X 4.6 mm, S-S5 ym, YMC pack ODS AM-303
C,s reverse-phase column (YMC Co., Ltd.), with a guard cartridge
column (23.0 X 4.0 mm, S-S um, YMC Co., Ltd.) and eluted with a
linear gradient from solvent A [15:85 (v/v) acetonitrile/water,
containing 0.1% acetic acid] to solvent B [35:65 (v/v) acetonitrile/
water, containing 0.1% acetic acid] for 50 min. The column was then
re-equilibrated to the initial conditions for 20 min. To identify 15
isoflavone isomers in soy foods, all of the 15 isoflavone standards were
injected with every analysis, prior to food sample injections. All
samples were analyzed using 10 uL injections under ambient
temperature. The flow rate was 1.0 mL/min. The column temperature
was maintained at 35 °C.

Determination of the Isoflavone Content. Each isoflavone
standard was dissolved in 70% ethanol in water to the concentration of
200 mg/mL and stored at —30 °C in the dark under a nitrogen
atmosphere. The qualitative standard solution was prepared to contain
all 15 molecular species of isoflavone at the concentration of
approximately 10 mg/mL in 70% ethanol in water. The quantitative
standard solution was prepared to contain 3 isoflavone glucoside
species (daidzin, glycitin, and genistin) at the concentration of 200
mg/mL in 70% ethanol in water, because the availability of high-
quality standards (>99% pure) was limited to these 3 glucosides. The
exact concentrations of the stock solutions for these 3 isoflavones were
calculated by using molar extinction coefficients (daidzin, 26 830 M™"
cm™, 249 nm; glycitin, 26 713 M em™), 259 nm; and genistin, 41
700 M~! em™, 254 nm'®). Each peak in the sample was identified by
the retention time of the qualitative standard solution. The individual
isoflavones were quantified by comparing the peak area of each
isoflavone in the sample to that of the corresponding isoflavone
glucoside in the quantitative standard solution. For example, the peak
areas of daidzein, daidzin, 6”-O-malonyl-daidzin, 6"-O-acetyl-daidzin,
and 6"-O-succinyl-daidzin in the sample were compared to that of
daidzin in the quantitative standard solution.

Assuming that molar extinction coefficients of the isoflavones
possessing the same aglycone moiety are identical, the isoflavone

concentration (mg of aglycone equivalent/mL) in the sample extract
could be calculated using the following formula:

isoflavone concentration (mg of aglycone equiv/L)

sample

= —MCsthagl
std

where, Agple is the peak area of each isoflavone detected in the sample
extract, Ayq is the peak area of the corresponding glucoside in the
standard solution, MCy4 is the molar concentration of the
corresponding glucoside in the standard solution (mmol/L), and
M,g is the molecular weight of the corresponding aglycone.

Then, the content of total isoflavone in the original food samples
was calculated using the following formula:

isoflavone aglycone content (pg/g)

100
= isoflavone concentration (mg of aglycone equiv/ L)W

1

—————dilution factor X 1000
sample wt (g)

The isoflavone contents in the foods and supplements were shown as
aglycone equivalents (ug of aglycone equivalent/mL or g). The total
isoflavone content was calculated as the sum of the contents of 15
individual isoflavone molecular species.

B RESULTS AND DISCUSSION

Of the 22 varieties of soy foods and dietary supplements, natto
as well as several other soy foods and supplements were
determined by HPLC analysis to contain the succinyl glucoside
form of isoflavone. Isoflavone analysis had previously been
performed to evaluate the total isoflavone content as aglycones
by summing the amounts of 12 isoflavone spices or 3 aglycones
(daidzein, glycitein, and genistein) with hydrolysis, and this
quantization was used to estimate the daily intake of total
isoflavones (Figure 1)."'7™ However, it is possible to evaluate
the total isoflavone content, including the succinyl glucoside
form with hydrolysis, but difficult to estimate the composition
of individual isoflavone conjugates.'" The bioavailability of soy

aglycone

Compound R R
Daidzein H H
Glycitein OCH, H
Genistein H O

B -glucoside

Compound R, R.
Daidzin H H
Glycitin OCH, H
Genistin H o]
Malonyl- 8 -glucoside

Acetyl- B -glucoside

Succinyl- 8 -glucoside

%1

I I I(D

CH,COOH

3
CH,CH,COOH

Figure 1. Chemical structures of the isoflavones.
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Figure 2. HPLC chromatograms of a sample containing 15 isoflavones, as recorded at 254 nm. Column: YMC pack ODS AM-303 C,; reverse phase
(250 X 4.6 mm, S-S um). Elution (1.0 mL/min) performed using a linear gradient of acetonitrile in water, containing 0.1% acetic acid, from 15 to
35% for 50 min. (A) 1S isoflavone standards prepared in 70% ethanol in water. (B) Ethanolic (70%) extract of natto. Numbers of the peaks are as
follows: 1, daidzin; 2, glycitin; 3, genistin; 4, 6"-O-malonyl-daidzin; S, 6"-O-malonyl-glycitin; 6, 6"-O-succinyl-daidzin; 7, 6"-O-succinyl-glycitin; 8, 6"
O-acetyl-daidzin; 9, 6"-O-acetyl-glycitin; 10, 6"-O-malonyl-genistin; 11, 6" -O-succinyl-genistin; 12, daidzein; 13, glycitein; 14, 6"-O-acetyl-genistin;

and 15, genistein.

isoflavones differs based on the isoflavone isomer,’”"*° and 6"
O-succinyl daidzin and 6"O-succinyl genistin administration
can prevent bone loss in ovariectomized rats.'® There were a
limited number of the studies that have reported the
bioavailabilites of 6™O-succinylated isoflavone glucosides, and
the difference in bioavailabilities between the succinyl glucoside
form and other isoflavone glucoside forms is not clear. Thus, to
understand the health benefits of 15 individual isoflavone
isomers in more detail, it is important to determine the total
isoflavone content, including the 3 succinyl glucoside forms in
soy products.

The analytical conditions of HPLC analysis were appropriate
for the 15 independent isoflavone isomer standards and food
extraction samples. Every analysis was performed under
completely separate conditions without acid hydrolysis of
glucosides (panels A and B of Figure 2). In soy foods, the peak
areas corresponding to the retention times of 3 succinyl
glucoside forms were detected in natto (peaks 6 and 11 in
Figure 2B), which is fermented with B. subtilis. The succinyl
glucoside forms were not detected in miso or tempeh, which
are soy foods fermented by another Bacillus species. Differences
in the type of fungus may result in these differences. The
amount of the 2 succinyl glucoside forms was 30—80 ug of
aglycone equivalent/g in natto; this was evaluated to equal 4.1—

4015

10.9% of the total isoflavone content. Higher proportions of 6™
O-succinyl-daidzin and 6™-O-succinyl-genistin were detected in
the succinyl glucoside form, and 6"-O-succinyl-glycitin was
hardly detected in the fermented foods. These data for the
succinyl glucoside form and its proportions were almost
identical to the data from a previous report.'’

As for supplements, 39—327 ug of aglycone equivalent/g in
the succinyl glucoside was detected in S of the 8 kinds of
supplements. Some supplements contained these compounds
at a higher concentration than natto, and the ratio ranged from
0.1 to 4.6% of the total isoflavone content. The highest ratio of
the succinyl glucoside form was observed at 4.6%, and its
content was 59 ug of aglycone equivalent/g in soy powder A.
However, because the volume of the supplement is not so large,
the total intake of succinyl glucoside forms from the
supplement might be lower than that from natto.

It should be noted that there was no indication of whether or
not this product had been produced by fermentation. The
isoflavone contents were shown on the labels of all 8
supplements, but in 5 supplements, it was unclear whether
they were aglycone equivalents. Therefore, it is difficult to
compare the labeled values with the analyzed values in this
experiment. If the labeled values were shown to be those of the
aglycone forms, the ratio of the isoflavone content to the

dx.doi.org/10.1021/jf205154x | J. Agric. Food Chem. 2012, 60, 4012—4016
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labeling value ranged from 39 to 134% in the supplements
(data not shown).

Previous studies calculated the total isoflavone content by
summing the contents of the 12 or 15 individual isoflavone
isomers; we followed the same method. However, the binding
affinities of each isomer to estrogen receptors differ with their
chemical structures,”® suggesting that each isomer might confer
different health effects. Accordingly, in future studies, it may be
preferable to calculate the total isoflavone content by
calculating the weighted sum of the contents of the individual
isoflavone isomers. Further studies are needed to explore the
bioavailability of succinyl glucoside isomers, which have not yet
been completely elucidated.

This study used 70% ethanol in water as the solvent for
extraction, but the efficiencies of solvent extraction for
individual isoflavones from various soy food samples may differ
depending upon the food matrix.”® The evaluation of isoflavone
contents of foods and supplements needs to be further refined
from both biological and methodological points of view.

We have identified individual isoflavone succinyl glucosides
in various soy foods and supplements by using the standardized
reagent purified from soybean. The data presented here
suggested that the total isoflavone content calculated using 12
isoflavone standards without hydrolysis in the previous studies
was underestimated by a maximum value of about 10%.
However, it may not affect the total isoflavone content in most
soy foods, because the succinyl glucoside form was not detected
in any of the soy foods studied, except natto. On the other
hand, in the supplements, the succinyl glucoside form was
detected to constitute 4.6% of the total isoflavone content. It is
considered that the analysis of the 15 isoflavone isomers,
including the succinyl glucoside form, is necessary for
constitutive isoflavone analysis.
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