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This study was to purify an R-glucosidase inhibitor from okara (soy pulp) fermented by Bacillus

subtilis B2 and to identify its chemical structure. Membrane dialysis, active charcoal, CM-Sepharose

chromatography, and preparative thin-layer chromatography (TLC) were used in the purification,

while positive mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectrometry were

used in the identification. The MS and NMR data showed that the purified R-glucosidase inhibitor

was 1-deoxynojirimycin (DNJ) with a molecular weight of 163 Da. This is the first time that DNJ was

isolated from foods fermented with Bacillus species. Okara fermentation with B. subtilis B2 might be

used to produce a food-derived DNJ product as a functional food for diabetic patients.
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INTRODUCTION

1-Deoxynojirimycin (DNJ), a typical naturally occurring aza-
sugar, is a D-glucose analogue with an NH-group substituting for
the oxygen atom of the pyranose ring (1). Substituting with an
alkaloid component is one of the therapeutic approaches for reduc-
ing postprandial hyperglycemia by inhibiting R-glucosidase acti-
vity and thereby reducing the absorption of dietary carbohy-
drates (2-4). DNJ and some of its derivatives have been demon-
strated to be effective R-glucosidase inhibitors, with promising
biological activities, such as potential antidiabetic, antitumor, and
anti-HIV activities (5). For example, miglitol, a DNJ derivative,
was introduced onto the market by the U.S. Food and Drug
Administration (FDA) in 1999as amore potent second-generation
R-glucosidase inhibitor with fewer gastrointestinal side effects.

DNJ was first obtained from the antibiotic nojirimycin by
catalytic hydrogenation (6) and later isolated from the roots of
mulberry trees (2). DNJ is also produced by several Bacillus and
Streptomyces species (7) isolated from the soil. In recent years,
scientific evidence has demonstrated that the morbidity and
mortality of diabetes can be reduced by aggressive treatment
with diet and exercise to achieve better control of blood glucose
levels, which gave rise to increased interest in foods containing the
active compound DNJ (8). Mulberry leaves have been known to

be rich in DNJ, which is believed to be beneficial for suppressing
abnormally high blood glucose levels as a dietary food (9,10). At
present, various food grade mulberry products (such as teas,
powders, and tablets) have been made commercially available in
Japan and many other countries. This evidence shows that the
intake of food-derived DNJ in our foods may be an attractive
therapeutic approach for treating postprandial hyperglycemia
with an improved safety profile.

Nevertheless, the production of food-derived DNJ products
from mulberry usually is limited by several factors. The DNJ
content in commercial preparations of natural mulberry leaf is as
low as 0.1% (10), which may be too low to show an effect (11).
Furthermore, the DNJ content in mulberry generally depends
on a variety of factors such as the growth season, the age of
the leaves, and the cultivated areas, which affect the amount of
DNJ in different batches of the same product. The variation in
the DNJ content of mulberry stuff will increase the difficulty of
controlling the constantDNJ levels in the final products although
the fluctuation of the DNJ levels might be minimized by qua-
lity assurance. Third, the cost of mulberry products is high due to
the length of their growth period and the cultivation. Food
derived from fast-growing microorganisms represents an attrac-
tive alternative to the mulberry products. Although several
researchers have reported that species of Bacillus and Strepto-
myces (7, 12) were able to synthesize DNJ, all of these micro-
organisms were isolated from soil, which was difficult to be
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directly used in the productionof the food-derivedDNJproducts.
Thus, there is much interest in identifying a microorganism of
suitable origin for the production of foods capable of produc-
ing DNJ.

In the previous study, we isolated food origin B. subtilis B2
capable of enhancing the antioxidative activity and the R-gluco-
sidase inhibitory activity of fermented okara (13-15). However,
the active compounds inhibiting theR-glucosidase activity are not
yet clear. In this paper, we tried to identify the active component
from Chinese traditional fermented okara (soy pulp).

MATERIALS AND METHODS

Microorganism. B. subtilis B2 was isolated fromMeitauza (a Chinese
traditional fermented okara) in a previous study and identified by the
Institute of Microbiology of the Chinese Academy of Sciences (Beijing,
China) using 16S rDNA polymerase chain reaction-restriction fragment
length polymorphism (PCR-RFLP). The bacteria culture was maintained
on a nutrient agar slant (Oxoid) and stored at 4 �C. The culture was
inoculated into 30 mL of Luria-Bertani (LB) medium (Oxoid) and
allowed to grow at 40 �C for 16 h. The enriched culture was diluted with
sterile distilled water containing 0.9%NaCl and 0.1% peptone to prepare
a culture suspension of approximately 106 colony forming units (cfu)/mL
and served as inocula culture for the fermentation of okara.

Preparation of Okara. Soybeans (2000 g) harvested in 2006 at the
Center of Soybean Research, Agricultural Academy of Jilin Province
(Jilin, China),were soaked indistilledwater (1:3w/w) at room temperature
for 12 h, which brought the soaked soybeans to approximately 2.2 times
their original weight. The soaked soybeans were used to produce fresh
okara according to the modified method of Shih, Hou, and Chang (16).
Hydrated soybeans were ground and filtered in a high-speed grinder with
distilled water (1:7 w/w). Fresh okara (85% moisture) was obtained after
removal of the liquid containing thewater-soluble components fromsoybean.

Fermentation of Okara.Distilled water was added to the fresh okara
until the concentration of okara in the growthmedium reached 4.5%. The
growthmedium (30mL) containing 4.5%of okarawas placed in a 150-mL
Erlenmeyer flask and sterilized at 121 �C for 20 min in an autoclave.
Sterilized growth medium was inoculated with 1% (v/v) of the B. subtilis
culture suspension and incubated at 40 �C with shaking at 150 rpm for
96 h. Four milliliters of the culture broth was taken from the flask after
incubating for 4, 12, 24, 48, 72, and 96 h. For analysis of R-glucosidase
inhibitor activity, the culture broth was centrifuged at 3000g for 15 min at
4 �C and the supernatant was filtered through a 0.45-μmmembrane under
vacuum (Millex-HX, Millipore, MA). The filtrate was collected as
fermentation broth and analyzed for R-glucosidase inhibitory activity.

In order to prepare a large amount of sample for the purification and
identification of the R-glucosidase inhibitor, one liter of sterilized growth
medium containing 4.5% okara was prepared and fermented for 72 h at
40 �C with shaking at 150 rpm. After that, the fermented liquid was
centrifuged at 3000g for 15 min at 4 �C and the supernatant was filtered
through a 0.45-μmmembrane under vacuum (Millex-HX,Millipore, MA).
The filtrate was immediately dried in a freeze-dryer (FDU-54, Tokyo
Rikakikai Co., Ltd., Tokyo, Japan) for further purification and analysis.

Determination of r-Glucosidase Inhibitory Activity. The inhibi-
tory activity of the fermentation broth against R-glucosidase was deter-
mined by reaction between R-glucosidase and 4-nitrophenyl R-D-gluco-
pyranoside (4-NPG, Sigma Chemical Co., St. Louis, MO) according
to the protocol using a multiwell plate (96 wells flat bottom, Sumitomo
Bakelite Co., Ltd., Tokyo, Japan) as described by Yamaki andMori (17).
The fermentation broth was serially diluted with an equal volume of
distilled water and dispensed into wells of the plates (20 μL per well)
followed by the addition of 50 μL of suspension of rat intestine acetone
powder (25mg/mL, SigmaChemicalCo., St. Louis,MO), 50 μLof 4-NPG
(3 mM) as substrate, and 120 μL of 0.5 M phosphate buffer (pH 6.7). The
mixture was incubated at 37 �C for 45 min to allow R-glucosidase to react
with 4-NPGand produce 4-nitrophenol. The reactionwas terminatedwith
the addition of sodium carbonate (50 μL, 0.67 M). Formation of
4-nitrophenol in each well was measured by the intensity of absorbance
at 405nmusing amicroplate reader (BIO-RADLab.Model 550, CA). The
R-glucosidase inhibitory activity of the fermentation broth was then
calculated as the slope of the curve of absorbance versus concentration

of the fermentation broth. A higher slope indicates stronger R-glucosidase
inhibitory activity of the fermentation broth.

Purification of the r-Glucosidase Inhibitor. Ethanol Precipita-
tion.The lyophilized powder of fermented liquidwas dissolved in 10mLof
distilled water, adjusting the ethanol concentration to 80% with ethanol.
In order to precipitate the polysaccharide and protein sufficiently, the 80%
ethanol solution of the sample was placed in a refrigerator at 4 �C for 1 h.
After centrifugation, the corresponding supernatant was concentrated to 5
mL by vacuum evaporation and then immediately freeze-dried (FDU-54,
Tokyo Rikakikai Co., Ltd.) to obtain the lyophilized powder of sample
after ethanol precipitation for the next purification step.

Dialysis. Two types of dialysis membranes were used for the purifica-
tion: 100 Da (Da) and 1000 Da molecular weight cutoffs (MWCO)

(Spectra/Por* Biotech Cellulose Ester (CE) Dialysis Membrane Tubing,

Spectrum Laboratories., Inc., USA). The lyophilized powder of sample

after ethanol precipitation was dissolved in 5 mL of distilled water and

filtered under a vacuum with a 0.45-μm membrane (Millex-HX, Milli-

pore). The filtrate was dialyzed using the membrane with 100 DaMWCO,

and the outside solution of themembranewas replaced at regular intervals

of 2 h, 6 h, and 12 h. All the outside solution containing the compounds

with molecular weight below 100 Da was collected and mixed and then

concentrated to a lyophilized powder for analysis of the R-glucosidase
inhibitory activity. The inside part of the dialysis membrane was trans-

ferred to the dialysis membrane with 1000 Da MWCO. The dialysis

process was the same as above. All the outside solution and the inside

solution of the membrane were collected separately and freeze-dried for

further analysis and purification.

Active Charcoal Chromatography. The active charcoal (WAKO Pure
Chemical Industries Ltd., Japan) was packed in a column (2.8 cm� 45 cm)
with a final column volume of 240 mL. Before the sample was applied, the
column was balanced with distilled water for 180 min at a flow rate of
1.5 mL/min. After the sample was applied, 5%-30% of ethanol solu-
tion-distilled water was used for the gradient wash at a flow rate of
1.5 mL/min. The flow-out solution was collected at 5-min intervals, and
the R-glucosidase inhibitory activity of each collected part was analyzed.
The parts with high R-glucosidase inhibitory activity were combined and
freeze-dried for further CM-Sepharose chromatography.

CM-Sepharose Chromatography.CM-Sepharose chromatographywas
used for the further purification. Before the samplewas applied to the large
scale column (5 cm� 20 cm, Sigma-Aldrich Co.), the mini-CM-Sepharose
column (5 mL) (HiTrap SP, GE Healthcare UK Ltd., England) was used
to determine the elution conditions. The sample was dissolved in the
formic acid solution (pH 3.7) in order to become positively charged. After
applied the sample, the formic acid solutions with various pH values were
used to elute the active compound.The elutionwas collected at regular inter-
vals and dried using a vacuum freezing centrifugation dryer. The R-gluco-
sidase inhibitory activity of each collected part was determined to identify
the optimumpHof the formic acid solution for eluting the active compound.

After that, CM-Sepharose chromatography (5 cm � 20 cm, GE
Healthcare UK Ltd.) was used to purify a larger amount of sample using
the formic acid solution with fixed pH value at a flow rate of 5 mL/min.
The elution with strong R-glucosidase inhibitory activity was combined
and dried for further purification.

Preparative Thin-Layer Chromatography. The active sample was
dissolved in a small amount ofmethanol-water solution (1:1) and spotted
on the preparative thin-layer plates (Silica gel 60 F254, 2 mm,Merck Ltd.,
German). The plate was developed with three runs of chloroform-
methanol-5.6% ammonium (30:30:10). The silica in the area with
R-glucosidase inhibitory activity was collected, and the water was used
to extract the active compound bond on the silica. The extracting water
with active compound was immediately freeze-dried for further analysis.

Purity Determination. The purity of the active compound was deter-
mined by a high-performance liquid chromatography (HPLC) method.

HPLC analysis was modified based on a method with an amide type

column and an evaporative light-scattering detector (ELSD) (9). The

TSK-Gel-amide-80 column (4.6 mm � 250 mm, 4 μm, Tosoh, Tokyo,

Japan) was used in the Shimadzu LC-10A HPLC system. The separation

was performed using a mixture of acetonitrile and distilled water (81:19,

v/v, containing 6.5 mM ammonium acetate; pH 5.5). The flow rate was

adjusted to 1 mL/min, and the column temperature was maintained at
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70 �C. The eluent was split at the postcolumn. One of the split eluents was

sent to a SEDEX 55 ELSD detector (Sedere, Alfortville, France). The
conditions were optimized to achieve maximum sensitivity; the tempera-
ture of the drift tubewas set at 80 �C, the nebulizing gaswas at a pressure of
2.3 bar, and the gain was set at 8. The DNJ standard and the purified sam-
ple were weighed accurately and dissolved in a mixture of acetonitrile and
water (50:50; containing 6.5 mM ammonium acetate; pH 5.5), and 20 μL
samples of these solutions were subjected to the HPLC-ELSD system.

Identification of the Structure of the r-Glucosidase Inhibitor.

Positive Mass-Mass Spectrometry (MS-MS). Mass detection and MSn
experiments were performed on a ThermoFinnigan LCQclassic mass spectro-
meter (ThermoFisher Scientific,Waltham,MA) equippedwith anESI source
and an ion trapmass analyzer. The mass range ofm/z is from 50 to 2000. The
whole systemwas controlled withXcalibur software. The purified sample was
dissolved in an acetonitrile/water solution (1:1, v/v). 20 μL of the sample
solutionwas directly injected for themultiple stage (MS-MS) analyses. In the
full scan mode, the mass spectrometer was operated over a range of m/z
50-500 in the positive mode. MS2 was performed in 37% of the collision
energy of the parent ion (m/z 164), and MS3 was performed in 37% of the
collision energy of the daughter ion (m/z 146). The standard DNJ was also
analyzed by MSn under similar conditions with the sample.

NuclearMagnetic Resonance (NMR)Spectrometry.TheTLC fraction
(1 mg) was dissolved in D2O (0.75 mL), and nuclear magnetic resonance
(NMR) spectra were measured at 298 K on an Avance 800 spectrometer
(Bruker Biospin, Karlsruhe, Germany). To find the center position offsets
for hydrogen and carbon to incorporate during processing of the sample
spectra, the spectrum of 2,2-dimethylsilapentane-5-sulfonic acid (DSS) as
an internal standard was performed at 298 K. The hydrogen offset was
measured directly. The carbon offset was calculated indirectly from the
hydrogen result. The active component of this fraction was identified using
1HNMRand 13CNMR. In order to compare, 1HNMRand 13CNMRof
the standard DNJ were also performed. Furthermore, two-dimensional
NMR experiments including double-quantum-filtered correlation spec-
troscopy (DQF-COSY), heteronuclear single-quantum coherence
(HSQC), and heteronuclear multiple-bond correlation (HMBC) were also
performed to obtain the structure of the sample.

RESULTS AND DISCUSSION

r-Glucosidase Inhibitory Activity of Fermented Okara. Our
previous study showed that the fermentation broth of B. subtilils

B2 in Luria-Bertani (LB) with okara as the additional nitrogen
source exhibited strong R-glucosidase inhibitory activity, which
might be considered as a strategy for preparing functional foods
for diabetic patients (15). Nevertheless, the higher cost of the LB
culture than okara led us to pursue a more cost-effective culture
with similarly high R-glucosidase inhibitory activity. As the
content of protein, oligosaccharide, and fiber in okara is rich,
okara was used as a unique culture to cultivate the B. subtilils B2
to produce R-glucosidase inhibitory activity in our current study.
The R-glucosidase inhibitory activity of the fermented okara
broth under various fermentation times is shown in Figure 1.
The initial unfermented okara exhibited a very low R-glucosidase
inhibitory activity of 0.33 (slope value), while the activity of the
fermented okara broth increased gradually with longer fermenta-
tion time. The R-glucosidase inhibitory activity increased drasti-
cally from 0.33 up to 22.8 (slope value) during the first 48 h of
fermentation and thereafter increased slightly from 48 to 96 h
(end of the fermentation) when it reached 24.3 (slope value).
Taking both the cost of fermentation and the R-glucosidase
inhibitory activity into account, 48 h of fermentation time was
selected for the further large-scale preparation of the R-glucosi-
dase inhibitor. These data indicate okara appears to be a poten-
tial candidate for the production of R-glucosidase inhibitor by
B. subtilis B2.

It has been suggested that the R-glucosidase inhibitors can be
synthesized by chemicalmethods (18-20) or be isolated naturally
from plants or food products (21-23). Nevertheless, these
chemically synthesized R-glucosidase inhibitors normally cause
hepatic disorders and other negative gastrointestinal symptoms
due to their strong inhibitory effect, metabolism patterns, or

Figure 1. R-Glucosidase inhibitory activity of fermented okara broth.
Values represent the meansþ standard deviation (SD) of n = 3 duplicate
assays of one fermentation.

Table 1. Summary of the Purification of the R-Glucosidase Inhibitor

purified fraction weight (mg) IC50
a (μg/mL) DNJ eqb (mg) recoveryc (%)

freeze-dried broth 3000 73.5 2.20 100

ethanol precipitation (Supernatant) 1500 40.9 1.83 83.3

dialysis (part II) 400 13 1.54 69.9

activated charcoal fraction 200 8 1.25 56.8

CM sepharose fraction 5 0.24 1.04 47.3

preparative TLC fraction 3.55 0.2 0.89 40.3

a IC50 = concentration at which 50% inhibition occurs. bDNJ eq = (weight of the sample/IC50 of the sample)� IC50 of DNJ.
cRecovery (%): Taking the recovery of the freeze-

dried powder of fermentation broth as 100, the recovery of each step is calculated as: DNJ eq of each step/DNJ eq of the freeze-dried powder of the fermentation broth.

Figure 2. HPLC chromatograph using ELSD detection.
(A) HPLC chromatogram of DNJ reference standard. Peak 1 is the

solvent peak; peak 2 is standard DNJ. (B) HPLC chromatogram of active
component. Peak 1 is the solvent peak; peak 2 is unknown compound;
peak 3 is the major compound in the sample.
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nonspecificity (24, 25) while the natural R-glucosidase inhibitors
are not easily produced in large scale (22,23,26). Comparatively,
production of R-glucosidase inhibitor by B. subtilis B2 using
okara as the only culture exhibited two characteristics: first, the
relatively low cost of okara and its effectiveness in enhancing
production of R-glucosidase inhibitor; second, the fast-growing
characteristic of B. subtilis B2 and its originality from the food

source. This result indicated okara could be a potential culture for
producing R-glucosidase inhibitor by B. subtilis B2.

Purification of the r-Glucosidase Inhibitor. The lyophilized
powder of the supernatant and the precipitation after ethanol
precipitation were dissolved in 5 mL of distilled water, respec-
tively, to determine their R-glucosidase inhibitory activity. The
supernatant contained about 83% of the active activity (Table 1)

Figure 3. Full scan MS-MS spectrum of the active compound. RT means retention time; AV 10 means the spectrum we see is the average spectrum of 10
times; NL means the maximum signal strength. MS2 was the fraction of the parent ion (m/z 164), and MS3 was the fraction of the daughter ion (m/z 146).

Figure 4. DQFCOSY of the purified content.
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while the inhibitory activity in the protein and polysaccharide
precipitationwas very low (data not shown), which indicated that
most of the active compound was contained in the supernatant
and was not a protein or polysaccharide.

After dialysis using the dialysis membranes with 100 and 1000
Da, the sample was separated into three parts: part I contained
the compounds with molecular weight lower than 100 Da; part II
contained the compounds with MW from 100 to 1000 Da; and
part III contained the compoundswithMWhigher than 1000Da.
All three parts exhibited R-glucosidase inhibitory activity: part
II showed the lowest R-glucosidase IC50 value of 13 μg/mL

(Table 1), while part I and part III showed 250 μg/mL and
64 μg/mL, respectively (data were not shown in the table). Thus,
part II was used for the further purification to obtain the
R-glucosidase inhibitor.

With active charcoal chromatography, the R-glucosidase in-
hibitory activity of the eluent began to be detected on the ethanol
gradient at a concentration of 10% (calculated based on the
gradient curve). In the following 200 min, the active compounds
were washed off continuously (data were not shown). The eluents
with high activity were concentrated and applied to the CM-
sepharose ion exchanger chromatograph. Most of the active
compounds were washed off using the formic acid solution at
pH 3.7 (data were not shown).

A summary of the purification of theR-glucosidase inhibitor in
the fermented okara broth is shown in Table 1. After preparative
TLC separation, the IC50 of the sample decreased to 0.2 μg/mL
and the final recovery was 40.3%.

Purity Determination. The comparison of DNJ reference
standard and the sample on theHPLC chromatography is shown
in Figure 2. On the chromatogram (B), except the solvent peak
with the retention time of 5.5 min and the unknown minor peak
with the retention time of 10 min, the retention time of the main
peak was 17.2 min, which was similar to that of the DNJ
standard. In the further analyses, MS and NMRwere performed
to identify the structure of the active compound.

Identification of the Structure of the r-Glucosidase Inhibitor. In
the full-scan MS spectrum, a peak at m/z 164.1 (Mþ þ 1) was
shown in Figure 3. The fragment ions (daughter ions) of the

Figure 5. HSQC of the purified content.

Table 2. Chemical Shifts of 1H and 13C (ppm) in NMR Spectrometry

active compound in sample 1-deoxynojimycin (DNJ)

13C 1H J (Hz) 13C 1H J (Hz)

78.894 3.530ta 9.3 79.008 C-3 3.515t 9.9

70.454 3.611t 10 70.650 C-4 3.592t 9.9

69.632 3.796mb 69.837 C-2 3.782m

62.614 3.208 62.642 C-5 3.184m

60.35 3.955ddc 12.8, 3.1 60.547 C-6 3.953dd 12.7, 2.9

3.895dd 12.7, 5.2 3.878dd 12.6, 5.3

57.089 2.922DSSd ISe

49.403 3.195

48.533 3.505t 12.4 48.676 C-1 3.508t 12.7

2.982t 12.1 2.959t 12.0

a t means triplet peak. bmmeans multiple peak. c dd means double double peak.
dDSS (2,2-dimethylsilapentane-5-sulfonic acid) is the internal standard in 1H NMR
spectrometry. e IS means indirect standard.
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parent ions (m/z 164.1) were shown inMS2, and the further frag-
ment ions of the daughter ion (m/z 145.9) were shown in MS3. By
comparison to theMS-MSspectrumof the standardDNJ, the frag-
ment ion information of the MS2 and MS3 of the purified sample
was almost the same with the standard DNJ, which indicates that
the major compound in the current sample should be DNJ.

The chemical shifts of 1H NMR and 13C NMR are shown in
Table 2 in comparison with those of DNJ standard. These data
show that the major content of the purified active sample is DNJ.
From the spectrum of the DQF-COSY (Figure 4), HSQC
(Figure 5), andHMBC(Figure 6), the three-dimensional structure
of the content has been determined (Figure 7).

As Table 1 showed, the concentration of DNJ in the freeze-dried
fermentation broth is about 0.74 mg/g in the current research. The
concentration of the DNJ is similar to the average concentration of
DNJ in mulberry leaves collected from whole branches of the

different cultivar (10), while it is lower than the DNJ concentration
of 0.75 g/L produced by B. subtilis S10, which was isolated from
soil (27).Actually, the amountofDNJusually highlydependson the
carbon source (28) and might be improved by optimization of the
culture media by mutagenic treatments (ultravilolet irradiation or
N-methyl-N

0
-nitro-N-nitrosoguanidine treatment) (29). Although

the current concentration of DNJ produced by B.subtilis B2 is not
as much as that produced by B. subtilis S10, improvement of the
DNJ concentration will be performed in our future work.

Several reports have investigated the efficacious dose ofDNJ in
vivo (10, 27). The food-grade mulberry powder enriched with
DNJ (15 mg/g) could significantly suppress the elevation of
postprandial blood glucose in humans. In the current study, the
concentration of DNJ purified by activated charcoal chromatog-
raphy reached 12.5 mg/g, which might be the efficacious con-
centration for maintaining the blood glucose level. In our future
study, the bioavailability of the DNJ-derived products fermented
by B. subtilis B2 in animals will be investigated.

Although a few researchers have reported that DNJ was
synthesized by Bacillus species isolated from soil (7, 11), we first
reported the Bacillus capable of producing DNJ isolated from
food sources. Therefore, B. subtilis B2 might be used as the start
strain for production of the food-derived DNJ products as
functional foods for diabetic patients.

LITERATURE CITED

(1) Schmidt, D. D.; Frommer, W.; Junge, B.; M€uller, L.; Wingender,
W.; Truscheit, E.; Sch€afer, D. Alpha-Glucosidase inhibitors, new

Figure 6. HMBC of the purified content.

Figure 7. Three-dimensional chemical structure of the purified content.
Numbers show the location of carbons.



Article J. Agric. Food Chem., Vol. 58, No. 7, 2010 4103

complex oligosaccharides of microbial origin. Naturwissenschaften
1977, 64, 535–536.

(2) Yagi, M.; Kouno, T.; Aoyagi, Y.; Murai, H. The structure of
moraoline, a piperidine alkaloid fromMorus species.Nippon Nougei
kagaku kaishi 1976, 50, 571–572.

(3) Miyahara, C.; Miyazawa, M.; Satoh, S.; Sakai, A.; Mizusaki, S.
Inhibitory effects of mulberry leaf extract on postprandial hypergly-
cemia in normal rats. J. Nutr. Sci. Vitaminol. 2004, 50, 161–164.

(4) Singab, A. N. B.; EI-beshbishy, H. A.; Yonekawa,M.; Nornurac, T.;
Fukai, T. Hypoglycemic effect of Egyptian Morus alba root bark
extract: effect on diabetes and lipid peroxidation of streptozotocin-
induced diabetic rats. J. Ethnopharmacol. 2005, 100, 333–338.

(5) Romaniouk, A. V.; Silva, A.; Feng, J.; Vijay, I. K. Synthesis of a
novel photoaffinity derivative of 1-deoxynojirimycin for active site-
directed labeling of glucosidase I. Glycobiology 2004, 14, 301–310.

(6) Inoue, S.; Tsuruoka, T.; Niida, T. The structure of nojirimycin, a
piperidinose sugar antibiotic. J. Antibiotechnol. 1966, 19, 288–292.

(7) Schmidt, D. D.; Frommer, W.; M€uller, L.; Truscheit, E.; Sch€afer, D.
Glucosidase-Inhibitoren from Bacillus. Naturwissenschaften 1979,
66, 584–585.

(8) Asano, N. Glycosidase inhibitors: update and perspectives on
practical use. Glycobiology 2003, 13, 93–104.

(9) Kimura, T.; Nakagawa, K.; Saito, Y.; Yamagishi, K.; Suzuki, M.;
Yamaki,K.; Shinmoto,H.;Miyazawa,T. Simple and rapiddetermination
of 1-deoxynojirimycin inmulberry leaves. Biofactors 2004, 27, 341–345.

(10) Kimura, T.; Nakagawa, K.; Kubota, H.; Kojima, Y.; Goto, Y.;
Yamagishi, K.; Oita, S.; Oikawa, S.; Miyazawa, T. Food-grade
mulberry powder enriched with 1-deoxynojirimycin suppresses the
elevation of postprandial blood glucose in humans. J. Agric. Food
Chem. 2007, 55, 5869–5874.

(11) Miyahara, C.; Miyazawa, M.; Sakai, A.; Mizusaki, S. Inhibitory
effects of mulberry leaf extract on postprandial hyperglycemia in
normal rats. J. Nutr. Sci. Vitaminol. 2004, 50, 161–164.

(12) Stein, D. C.; Kopec, L. K.; Yasbin, R. E.; Young, F. E. Character-
ization of Bacillus subtilis DSM704 and its production of 1-deox-
ynojirimycin. Appl. Environ. Microbiol. 1984, 280–284.

(13) Zhu, Y. P.; Fan, J. F.; Cheng, Y. Q.; Li, L. T. Improvement of the
antioxidative activity of okara fermented with Bacillus subtilis B2.
Food Control 2008, 19, 654–661.

(14) Zhu, Y. P.; Cheng, Y. Q.; Wang, L. J.; Li, L. T. Enhanced
antioxidative activity of Chinese traditionally fermented okara
(Meitauza) prepared with various microorganism. Int. J. Food Prop.
2008, 11 (3), 519–529.

(15) Zhu, Y. P.; Yin, L. J.; Cheng, Y. Q.; Yamaki, K.;Mori, Y.; Su, Y. C.;
Li, L. T. Effects of sources of carbon and nitrogen on production of
R-glucosidase inhibitor by a newly isolated strain of Bacillus subtilis
B2. Food Chem. 2008, 109 (4), 737–742.

(16) Shih, M. C.; Hou, H. J.; Chang, K. C. Process optimization for soft
tofu. J. Food Sci. 1997, 62, 833–837.

(17) Yamaki, K.; Mori, Y. Evaluation of alpha-glucosidase inhibitory acti-
vity in colored foods:A trial using slope factors of regression curves.Nip-
pon Shokuhin Kagaku Kogaku Kaishi 2006, 53, 229-231 (in Japanese).

(18) Seo, W. D.; Kim, J. H.; Kang, J. E.; Ryu, H.W.; Curtis-Long, M. J.;
Lee, H. S.; Yang, M. S.; Park, K. H. Sulfonamide chalcone as a new

class of R-glucosidase inhibitors. Bioorg. Med. Chem. Lett. 2005, 15,
5514–5516.

(19) Muraoka, O.; Yoshikai, K.; Takahashi, H.; Minematsu, T.; Lu, G.;
Tanabe, G.; Wang, T.; Matsuda, H.; Yoshikawa, M. Synthesis and
biological evaluation of deoxy salacinols, the role of polar substit-
uents in the side chain on the R-glucosidase inhibitory activity.
Bioorg. Med. Chem. 2006, 14, 500–509.

(20) Liu, Y.; Ma, L.; Chen, W. H.; Wang, B.; Xu, Z. L. Synthesis of
xanthone derivatives with extended π-systems as R-glucosidase
inhibitors: insight into the probable binding mode. Bioorg. Med.
Chem. 2007, 15, 2810–2814.

(21) Yoshikawa, M.; Morikawa, T.; Matsuda, H. Absolute stereostruc-
ture of potent R-glucosidase inhibitor, salacinol, with unique thio-
sugar sulfonium sulfate inner salt structure from Salacia reticulata.
Bioorg. Med. Chem. 2002, 10, 1547–1554.

(22) Li, Y.; Wen, S.; Kota, B. P.; Peng, G.; Li, G. Q.; Yamahara,
J.; Roufogalis, B. D. Punica granatum flower extract, a potent
R-glucosidase inhibitor, improves postprandial hyperglycemia in
Zucker diabetic fatty rats. J. Ethnopharmacol. 2005, 99, 239–244.

(23) Chen, J.; Cheng, Y. Q.; Yamaki, K.; Li, L. T. Anti-R-glucosidase
activity of Chinese traditionally fermented soybean (douchi). Food
Chem. 2007, 103, 1091–1096.

(24) Murai, A.; Iwamura, K.; Takada, M.; Ogawa, K.; Usui, T.;
Okumura, J. Control of postprandial hyperglycaemia by galactosyl
maltobionolactone and its novel anti-amylase effect in mice.Life Sci.
2002, 71, 1405–1415.

(25) Fujita, H.; Yamagami, T.; Ohshima, K. Long-term ingestion of
touchi-extract, an R-glucosidase inhibitor, by borderline and mild
type-2 diabetic subjects is safe and significantly reduces blood
glucose levels. Nutr. Res. (N.Y.) 2003, 23, 713–722.

(26) De Melo, E. B.; da Silveira Gomes, A.; Carvalho, I. R- and β-
glucosidase inhibitors: chemical structure and biological activity.
Tetrahedron 2006, 62, 10277–10302.

(27) Cho, Y. S.; Park, Y. S.; Lee, J. Y.; Kang, K. D.; Hwang, K. Y.;
Seong, S. I. Hypoglycemic effect of culture broth of Bacillus subtilis
S10 producing 1-deoxynojirimycin. J. Korean Soc. Food Sci. Nutr.
2008, 37 (11), 1401–1407.

(28) Stein, D. C.; Kopec, L. K.; Yasbin, R. E.; Young, F. E. Character-
ization of Bacillus subtilis DSM704 and its production of 1-deox-
ynojirimycin. Appl. Environ. Microbiol. 1984, 8, 280–284.

(29) Ezure, Y.; Marue, S.; Miyazaki, K.; Kawamata, M. Moranoline
(1-Deoxynojirimycin) fermentation and its improvement. Agric.
Biol. Chem. 1985, 49 (4), 1119–1125.

Received for review September 17, 2009. Revised manuscript received

January 17, 2010.Accepted January 17, 2010. This studywas conducted

within the framework of the collaborative research project between

Japan and China entitled “Development of sustainable production and

utilization of major food resources in China” supported by the Japan

International Research Center for Agricultural Sciences (JIRCAS).

This work was also supported by a fund of the National Key-

Technologies R&D Program (2006BAD27B09) of the 11th 5-year

Plan of the People’s Republic of China.


