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Mass and Prevents Obesity in High Fat Diet-Induced C57BL/6)J
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ABSTRACT: Obesity is a growing health problem that many countries face, mostly due to the consumption of a Wester-
nized diet. In this present study we observed the effects of a soybean extract fermented by Bacillus subtilis MORI (BTD-1)
containing 1-deoxynojirimycin against high fat diet-induced obesity. The results obtained from this study indicated that
BTD-1 reduced body weight, regulated hepatic lipid content and adipose tissue, and also affected liver antioxidant en-
zymes and glucose metabolism. These results suggest that administration of BTD-1 affects obesity by inhibiting hypergly-
cemia and free radical-mediated stress; it also reduces lipid accumulation. Therefore, BTD-1 may be potentially useful for

the prevention of obesity and its related secondary complications.
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INTRODUCTION

Diets high in fats, sugars, and calories decreased physi-
cal activity and exercise can lead to metabolic and inflam-
matory diseases such as obesity, hypertension, diabetes,
cancers, and other chronic pathologies. Obesity is the
most significant risk factor for chronic liver disease, cor-
onary heart disease, atherosclerosis, fatty liver, diabetes
mellitus (DM), and hypertension (1,2). More than 80%
of diabetic deaths occur in low- to middle-income coun-
tries each year (3). Over the past decade, there has been
a global increase in obesity and type 2 diabetes. In 2012,
it was estimated that about 1.5 million deaths were di-
rectly caused by diabetes (3). The WHO has projected
that in 2030, diabetes will be the 7th leading cause of
death worldwide (4). However, many plant-derived pro-
ducts exhibit pharmacological properties without any as-
sociated side effects (6). Recent studies on obesity in the
field of food science have concentrated on the search for
functional ingredients in foods or herbal extracts that
could reduce body weight and body fat (7,8).

Soybean (Glycine max Merr) has several positive effects
due to the presence of proteins, isoflavonone, and dietary

fiber. Soybean has been reported to possess antiobesity
(9), anti-inflammatory (10), and antidiabetic (11) prop-
erties as well as having an association with decreased
adipose deposition (12). Antioxidants are considered the
best treatment for DM (11). 1-Deoxynojirimycin (DN]),
a polyhydroxylated alkaloid, has been reported to be a
strong intestinal a-glucosidase inhibitor (AGI) (13). DNJ
is a naturally occurring azasugar, a characteristic compo-
nent of mulberry (Moraceae) leaves and dietary mulber-
ry, and it is also produced by several Bacillus and Strepto-
myces strains isolated from the soil (14,15). a-Gluco-
sidase in the small intestine is potentially inhibited by
DN]J, thereby binding to the active center of o-glucosi-
dase (16). AGIs are used as therapeutic agents to prevent
or treat DM worldwide (17). Fermented Korean soybean
has peculiar characteristics compared to other available
fermented soybean products, because during the fer-
mentation process, isoflavonoids are converted from gly-
cosides into aglycones. The amount of daidzein in fer-
mented soybean increases 44-fold when compared to
that of unfermented soybean (18). Above all things,
AGIs were considered to be the first therapeutic targets
for the treatment of diabetes. Meanwhile, the DNJ com-
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pound found in mulberry and soybean extract has been
reported to mimic a sugar molecule (19,20) and con-
sequently bind to the a-glucosidase enzyme that hydro-
lyzes starches into sugars in the small intestine (19,21).
When DNJ binds to a-glucosidase, disaccharides such as
maltose and sucrose present in the small intestine can-
not be processed; hence, these non-digested disaccha-
rides pass through the small intestine instead of being
absorbed into the blood (22). DNJ was also reported to
function similarly to the antidiabetic drug metformin by
reducing the production of excess glucose in the liver
(23).

Taken together, it is worthwhile to develop safe and
effective anti-obesity agents from plant materials. In the
present study, we investigated the anti-obesity effects of
Bacillus subtilis MORI-fermented soybean extracts (BTD-
1) in high fat diet (HFD)-induced C57BL/6] obese mice.

MATERIALS AND METHODS

Chemicals used

All of the reagents used in this study were of analytical
grade and were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA).

Preparation of DNJ using B. subtilis MORI

Defatted (fat-free) soybean meal fermentation was per-
formed according to Lim et al. (20) by isolating B. subtilis
MORI (KCCM 10450P, the Korean Culture Collection of
Microorganisms, Seoul, Korea) from the Korean tradi-
tional fermented soybean Cheonggukjang. Briefly, a sin-
gle loop of seed culture was streaked on the surface of
Difco™ yeast mold agar plates (BD, Franklin Lakes, NJ,
USA) and incubated at 37°C for 24 h. A single colony
from the plates was selected, and it was inoculated into
Bacto™ tryptic soy broth (2.5 L) (BD) dispensed into
four 6-L flasks with constant shaking (180 rpm) at 37°C
for 17 h. Then, 10 L of the seed culture was taken and
inoculated into 500 L of fermentation broth in a 2.5 met-
ric ton fermenter containing 5% (w/v) defatted soybean
meal and incubated at 37°C with constant shaking (80
rpm) for 5 days. After the 5th day, the fermented con-
tents were centrifuged at 15,000 rpm using a high-speed
centrifuge (Kansai Centrifugal Separator Mfg. Co., Ltd.,
Osaka, Japan). The supernatant was collected and con-
centrated to 60 L using a 500-L vacuum evaporator (Bok-
sung Engineering, Incheon, Korea). The concentrated
sample was mixed with corn starch as an excipient for
drying using a spray dryer (Woojin, Anseong, Korea).
The final products containing BTD-1 were stored for fur-
ther analysis.

HPLC analysis of DNJ content in BTD-1

Extraction of the BTD-1 was performed using 1 g of BTD-
1 in 100 mL deionized water at 60°C for 60 min in a wa-
ter bath. Then, the contents were centrifuged at 10,000
g for 15 min using a Combi-514R apparatus (Hanil Sci-
ence Industrial Co., Ltd., Incheon, Korea). The superna-
tant was diluted (1:10,000) with sterile distilled water at
25+2°C, and the diluted sample was used for subse-
quent derivatization. The DNJ content (mg/g) in BTD-1
was determined as described by Kim et al. (24) using 9-
fluorenylmethyl chloroformate (FMOC-CI; Fluka Chemie
AG, St. Gallen, Switzerland) as a derivatizing agent. Ten
uL of DNJ (Sigma-Aldrich Co.) was taken as a standard
solution in a 1.5 mL microtube; 20 pL of 5 mM FMOC-
Cl in CH3;CN was added with immediate mixing, and
then the reaction was allowed to continue for 20 min at
20°C in a water bath (Jeiotech Co., Daejeon, Korea). The
reaction was terminated by adding 0.1 M glycine (Sigma-
Aldrich Co.) to stabilize the DNJ-FMOC, and then the
mixture was filtered using a 0.2 um syringe filter (Min-
isart RC4, Sartorius Stedim Biotech GmbH, G&ttingen,
Germany). High-performance liquid chromatography
(HPLC) analysis was carried out using 10 pL aliquots
from the filtrate using a LC-20A Prominence system (Shi-
madzu, Kyoto, Japan), consisting of a Capcell Pak C18
MG column (250%4.60 mm L.D., 5 um) and a RF-10Axl
fluorescence detector (excitation 254 nm and emission
322 nm, Shimadzu). The data analysis was performed
using the LC solution data processing software. The ana-
lytes were eluted using the mobile phase of acetonitrile/
0.1% aqueous acetic acid (1:1, v/v) at 1.0 mL/min for 40
min, and then the DNJ content was determined. The to-
tal DNJ content present in the BTD-1 was calculated us-
ing the standard DNJ sample by HPLC.

In vivo animal experiments
All experiments were performed in accordance with the
Institutional Animal Care and Use Committee (IACUC)
of Chonbuk National University (CBU 2013-45, Jeonju,
Korea). Sixty male mice (C57BL/6, 23~25 g) were pro-
cured from Koatech (Pyeongtaek, Korea). The mice were
acclimatized for 2 weeks at ambient temperature (25=+
2°C) with alternative 12-h light/dark cycle. During that
period, the mice were given standard food and water ad
libitum for acclimatization. The normal diet (Rodent NIH-
31 AUTO 18-4 diet, formulation no: 413110-12-30; Zei-
gler Bros., Inc., Gardners, PA, USA) and HFD (D12492,
60 kcal%, Research Diets Inc., New Brunswick, NJ, USA)
were used to feed the respective groups. After 2 weeks,
the animals were divided into 5 groups, each group con-
taining 12 animals.

Group I was the normal control, in which the animals
were given a normal diet and water ad libitum through-
out the experiments, while group II was the obesity con-
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trol, in which animals were given a HFD. Group III served
as the shame control treated with non-fermented soy-
bean extracts [NFSE; 500 mg/kg body weight (BW)/d]
along with a HFD. Group IV was administered a HFD
along with BTD-1 (250 mg/kg BW/d) and group V was
given HFD along with BTD-1 (500 mg/kg BW/d). All the
groups were given water ad libitum throughout the ex-
perimental period. The experiments were performed for
12 weeks, during which time changes in body weight
were monitored. At the end of the experiment, mice
were anesthetized using chloral hydrate (400 mg/kg
BW), sacrificed by decapitation, and samples were col-
lected and stored for further investigation. Body weight
was measured at 2 week intervals up to 12 weeks using
an electronic balance (Precisa Instruments LLC, Clark,
NJ, USA). The biochemical analysis was performed at
end of the experimental period.

Biochemical analysis

Blood samples were collected from the tail vein nick for
oral glucose tolerance test (OGTT) and retro-orbital plex-
us puncture glycated hemoglobin (HbAlc) and plasma
glucagon. At the end of the 12th week, the mice were
fasted for 16 h overnight, and 100 mg of glucose was ad-
ministered orally using an oral gavage. Blood samples
were collected at intervals of 0, 30, 60, 120, and 180 min
after glucose administration. OGTT was measured using
an Accu-Chek Compact®™ Meter (Roche Diagnostics, In-
dianapolis, IN, USA). Fasting insulin levels were meas-
ured with an ELISA kit (Shibayagi Co., Ltd., Shibukawa,
Japan). Homeostasis model assessments for insulin re-
sistance (HOMA-IR) values (25) were calculated using
the following formula:

HOMA-IR=
fasting insulin (uU/mL) X fasting glucose (mmol/L)

22.5

HbA1c was measured using the In2it™ (I) Hemoglobin
Alc test (Bio-Rad Laboratories Ltd., Deeside, UK). Plas-
ma glucagon was measured using a glucagon assay kit
(Glucagon Radioimmunoassay Kit, Linco Research, Inc.,
St. Charles, MO, USA).

Go6Pase expression in liver tissue using Western blot anal-
ysis

Total protein content in the liver tissue was extracted
using a cell lysis buffer (50 mM Tris, 150 mM NaCl, 5
mM ethylenediaminetetraacetic acid, and 1% Triton
X-100, pH 7.2) containing protease and phosphatase in-
hibitors, and the protein content was estimated using a
bicinchoninic acid protein assay kit (Thermo Scientific,
Rockford, IL, USA). Briefly, an equal amount of extracted
protein was loaded onto the 12% sodium dodecyl sul-

fate-polyacrylamide gel and transferred onto a polyvinyl-
idene fluoride membrane (Amersham Bioscience, Pisca-
taway, NJ, USA). The membrane was blocked using 5%
(w/v) skim milk in Tris-buffered saline (20 mM Tris and
0.9% NaCl, pH 7.4) and later incubated overnight with
primary antibodies, glucose-6-phosphtase (G6Pase) and
phosphoenolpyruvate carboxykinase (PEPCK) (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA, USA)] at 4°C.
Later, the membrane was incubated with the respective
secondary antibody (1:3,000, Cell Signaling Technology,
Danvers, MA, USA). Following incubation, the mem-
brane was detected using an enhanced chemilumines-
cence detection kit and images of the blots were captured
using a gel imaging system (Alpha Innotech Fluorchem
FC2, Alpha Innotech Corp., San Leandro, CA, USA). The
membrane was re-probed for B-actin (C4: SC-47778,
1:2,000, Santa Cruz Biotechnology, Inc.) as a loading
control, and the band intensity was quantified using the
Image ] software, version 1.48 (National Institutes of
Health, Bethesda, MD, USA), then normalized to B-actin.

Hepatic metabolic activity of FAS

Hepatic metabolic activity of fatty acid synthase (FAS) was
determined using the methods described by Nepokroeff
et al. (26); activity was represented by oxidized nicotin-
amide adenine dinucleotide phosphate hydrate nmol/
min/mg protein.

Lipid peroxidation and antioxidant defense systems

Lipid peroxidation in the liver sample was quantified
based on the malondialdehyde (MDA) concentration,
which was spectroscopically measured by calculating the
absorbance of a red-colored end product formed with
thiobarbituric acid (27). Superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), and catalase (CAT) ac-
tivities were determined using commercially available kits
according to the manufacturers’ instructions (Jiancheng
Bioengineering, Co., Ltd., Nanjing, China).

Histology

The tissue preserved in 10% buffered formalin (pH 7.0)
was washed with physiological saline and embedded in-
to paraffin. Later, paraffin blocks were sectioned to a 5
um thickness, mounted on a glass slide, and stained
with hematoxylin and eosin (H&E). The sections were
observed under a light microscope (Olympus, Tokyo,
Japan) at 400 magnification.

Statistical analysis

Statistical analyses were performed using one way analy-
sis of variance (ANOVA) followed by the Tukey’s post
hoc test and for the body weight changes and blood glu-
cose test one way repeated measures ANOVA followed
by Tukey’s post hoc test was performed. Differences of P<
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Fig. 1. High-performance liquid chromatography of the standard 1-deoxynojirimycin (DNJ) (A) and the DNJ presented in the Bacillus
subtilis MORI-fermented soybean extracts (BTD-1) (B) with their respective retention times.

0.05 were considered to be statistically significant.

RESULTS

Quantification of DNJ content in BTD-1 from HPLC

The HPLC profile (Fig. 1) revealed that the DNJ content
accounted for about 1.04% of the total BTD-1 content.
Standard DNJ was successfully absorbed and eluted at a
retention time of 3.913 min. The DNJ sample obtained
from BTD-1 showed a retention time of 3.907 min.
NFSE did not show a DNJ peak, confirming the absence
of DNJ. Significant differences were observed between
the DNJ content from the BTD-1 and NFSE (data not
shown). This HPLC data clearly confirms that the fer-
mented soybean extract has active DNJ.

Body weight and blood glucose parameters

The overall weight gain of the group III was lower than
that of group II; this difference was significant (P<0.01)
(Fig. 2). Group II showed increasing weight and body
mass up to the 8th week and maintained a steady weight
after that until the end of the experimental period, indi-
cating HFD-induced obesity. Group IV and group V main-
tained a weight approximately equal to or lower than
group I throughout the experimental period. When the
experimental groups (IV and V) were compared, there
was a significant weight difference, with group IV hav-
ing a lower weight loss. Group V exhibited a significant
weight reduction, indicating that BTD-1 had an effect on
obesity. A significant weight increase was observed in
group II throughout the experimental period compared
to the control and the other groups (P<0.01). We per-
formed OGTT at 12th week by administering oral glu-
cose, and the blood glucose concentration was measured
at 0, 30, 60, 120, and 180 min; the results are presented
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Fig. 2. Effect of BRacillus subtilis MORI-fermented soybean ex-
tracts (BTD-1) on the change in body weight of the mice
throughout the 12 week period for all the groups (n=12). Group
I, normal control; group II, obesity control [treated with high-fat
diet (HFD)]: group III, treated with HFD+500 mg/kg body weight
(BW)/d non-fermented soybean extracts (NFSE); group 1V, treat-
ed with HFD+250 mg/kg BW/d BTD-1; group V, treated with HFD+
500 mg/kg BW/d BTD-1. Statistical analysis was performed us-
ing one way repeated measures ANOVA followed by Tukey’s post
hoc test. Data are the meanztstandard error (n=12). *P<0.01
compared with group I, #2<0.05 compared with group II, and
'P<0.01 compared with group IIL

in Fig. 3. After 12 weeks, the base-line (0-min, before glu-
cose administration) revealed an elevated blood glucose
level in groups II and III compared to the other groups.
Group II showed a significant increase (P<0.01) in blood
glucose levels compared to group I and other experimen-
tal groups (III~V). Blood glucose levels in groups IV
and V were statistically similar to group I. After admin-
istration of glucose, the blood glucose levels were moni-
tored at different time intervals. Fig. 3 clearly shows that
blood glucose levels were significantly elevated at 30 min
in all groups (P<0.01) and were found to decrease after
30 min except in group II, which reached a maximum of
500 mg/dL at 60 min and then decreased gradually. A
significant decrease in blood glucose levels was observed
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Fig. 3. Effect of Bacillus subtilis MORI-fermented soybean ex-
tracts (BTD-1) on oral glucose tolerance test. Group I, normal
control; group II, obesity control [treated with high-fat diet
(HFD)I: group III, treated with HFD+500 mg/kg body weight
(BW)/d non-fermented soybean extracts (NFSE). group 1V, treat-
ed with HFD+250 mg/kg BW/d BTD-1; group V, treated with HFD
+500 mg/kg BW/d BTD-1. Statistical analysis was performed us-
ing one way repeated measures ANOVA followed by Tukey’s post
hoc test. Data are the meanz+standard error (n=12). *P<0.01
compared with group I and #/P<0.05 compared with group IL.

in group IV and group V (P<0.01), which was similar to
that displayed by the normal control group. At the end
of 180 min, the blood glucose levels in group I, IV, and
V had recovered nearly to the 0-min level, while the oth-
er groups (I and III) were still significantly elevated from
base-line, taking longer to recover due to HFD intake and
obesity.

Hepatic glycogen metabolism

Hepatic glycogen levels were studied after 12 weeks, and
the results are presented in Fig. 4. The graph clearly
shows that glycogen levels of group II were significantly
the most higher (P<0.01), while group V showed a dra-
matic decrease in hepatic glycogen content compared to
the other test groups (II, III, and IV) indicating the ef-
fects of BTD-1 on glycogen metabolism.

Liver SOD, GSH-Px, CAT, and MDA levels

Changes in antioxidant defense system levels in the liver
are shown in Table 1. SOD plays an important role in cel-
lular defense against oxidative stress, thereby converting
the superoxide anion to H,O,. The SOD enzyme activity
of group II was found to be significantly reduced com-
pared to the control group after 12 weeks of HFD admin-
istration, whereas a significantly higher (P<0.01) SOD
level was observed in group V compared to the other
groups (I~IV). The same pattern of enzymatic expres-
sion was seen for GSH-Px and CAT. GSH-Px and CAT
activities were significantly reduced in group II, while
levels were found to be significantly increased in group
I1I, and a significant increase in GSH-Px and CAT was
observed in group V after 12 weeks (P<0.01). The data

3.0 1 *

H-
2.

N
o
1
-

Liver glycogen (mg/g)
o &

o
(&)]
1

0 T T T T 1
Group | Group Il Group L Group IV Group V

Fig. 4. Effect of Bacillus subtilis MORI-fermented soybean ex-
tracts (BTD-1) on the glycogen levels in the liver tissue of the
C57BL/6J mice. Group I, normal control; group II, obesity con-
trol [treated with high-fat diet (HFD)]; group III, treated with
HFD+500 mg/kg body weight (BW)/d non-fermented soybean
extracts (NFSE); group 1V, treated with HFD+250 mg/kg BW/d
BTD-1; group V, treated with HFD+500 mg/kg BW/d BTD-1. Sta-
tistical analysis was performed using one way ANOVA followed
by Tukey’s post hoc test. Data are the means meant standard
error (n=12). *P<0.01 compared with group I, #£<0.05 com-
pared with group II, and 'P<0.01 compared with group IIL

clearly indicate the impact of BTD-1 on the antioxidant
defense system in the liver. MDA levels were significant-
ly increased (P<0.01) in group II and group III when
compared to group L. Between group II and III, there was
a significant difference in MDA levels suggesting that
NESE itself did not reduce MDA levels. On the other
hand, group V showed a significant reduction in MDA
levels. A significantly lower MDA level was observed in
group V compared to group IV.

Blood glucose, insulin, and glucose metabolic enzymes

Fasting blood glucose and insulin levels were measured
at the end of the 12th week, and these data are pre-
sented in Table 2. There was a significant increase in the
fasting blood glucose levels in group II compared to
group I and the other treated groups (P<0.01). Group V
showed a significant decrease in blood glucose levels
compared to the other positive control and experimental
groups. Group III exhibited a significantly lower fasting
blood glucose levels compared to group II, while the
same value was significantly higher than in groups IV
and V (P<0.01). Fasting insulin levels were found to be
significantly elevated (P<0.01) in group II compared to
group I and experimental groups. Group V showed a sig-
nificant difference in the insulin reduction levels. The
HOMA-IR index was calculated on the basis of final
blood glucose and insulin concentrations. Group II had a
significantly higher HOMA-IR index than the control and
experimental groups, whereas group V had a dramati-
cally lower HOMA-IR index compared to groups III and
IV. We also measured blood-HbAc to determine wheth-
er BTD-1 improves blood hyperglycemia. From Table 2,
it is clear that treatment with a high dose of BTD-1 low-
ered blood-HbA1c levels as compared to the normal con-
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Table 1. Antioxidant enzyme activity and lipid peroxidation levels in the liver of C57BL/6J mice after oral administration of Bacillus
subtilis MORI-fermented soybean extracts (BTD-1) for 12 weeks

Antioxidant defense systemz’

Lipid peroxidation3’

Group”
P SOD (U/mg tissue) GSH-Px (uM/mg tissue) CAT (U/mg tissue) MDA (uM/mg tissue)
I 3.8440.46 33.4242.58 19.48+1.74 14.86+1.87
II 1.75+0.32* 15.76+3.15* 10.6842.32* 58.74+7.43*
I 1.73+0.36" 14.8443.42" 11.03+2.79" 61.54+8.07™
v 2.4240.42% 22.69+4 36" 14.87+3.41% 42.69+9.43*
Y% 2.98+0.35" 25.86+3.84" 17.69+2.97" 29.47+7.02"

Results are expressed as the meanSD in each group (n=12 mice). Statistical analysis was performed using one way ANOVA

followed by Tukey’'s post hoc test.

*Significantly different (£<0.01) from normal control.
#Significantly different (2<0.05) from HFD.
'Significantly different (£<0.01) from HFD.

NSNot significantly different (£>0.05) from HFD.

U, normal control; II, obesity control [treated with high-fat diet (HFD)]; III, treated with HFD+500 mg/kg body weight (BW)/d non-fer-
mented soybean extracts (NFSE); 1V, treated with HFD+250 mg/kg BW/d BTD-1; V, treated with HFD+500 mg/kg BW/d BTD-1.
I50D, superoxide dismutase; GSH-Px, glutathione peroxidase; CAT, catalase.

MDA, malondialdehyde.

Table 2. Blood glucose, insulin, and glucose metabolic enzymes in C57BL/6J mice after oral administration of Bacillus subtilis

MORI-fermented soybean extracts (BTD-1) for 12 weeks

Group” Fasting blood glucose (mg/dL)  Fasting insulin (pg/mL) HbA1c (%) HOMA-IR? index
I 79.6459 1,054.94137.6 5.01+0.46 42+08
11 125.446.7* 1,984.74206.4* 8.2540.57* 7.3+13*
I 119.847.4"° 1,875.9+£198.7"° 8.13+0.84"° 71412
v 107.2+9.6" 1,473.6%372.7% 7.0240.76" 5.1+1.4*
% 947478 1,309.4+228.3" 6.17+0.69" 4.8409"

Results are presented as the mean£SD in each group (n=12 mice). Statistical analysis was performed using one way ANOVA

followed by Tukey’'s post hoc test.

*Significantly different (£<0.01) from normal control.
#Significantly different (2<0.05) from HFD.
'Significantly different (£<0.01) from HFD.

NSNot significantly different (~£>0.05) from HFD.

U, normal control: II, obesity control [treated with high-fat diet (HFD)]: 1III, treated with HFD+500 mg/kg body weight (BW)/d non-fer-
mented soybean extracts (NFSE): IV, treated with HFD+250 mg/kg BW/d BTD-1; V, treated with HFD+500 mg/kg BW/d BTD-1.
JHOMA-IR, Homeostasis model assessments for insulin resistance.

trol and the other treated groups. G6Pase and PEPCK
expression was analyzed and the results are presented in
Fig. 5. Gluconeogenesis is controlled by the activities of
2 vital enzymes, G6Pase and PEPCK (28). The rate of
PEPCK and G6Pase expression was significantly higher
in group II compared to group I and other experimental
groups, including group III. PEPCK and G6Pase ex-
pression was significantly lower in group V compared to
all the other groups except group I, which indicates that
the expression of glucose metabolic enzymes were di-
rectly regulated by BTD-1.

Expression of FAS in the liver

In addition, in study for expression of FAS in the liver,
the activity was found to be reduced in group V (4.35=*
1.12 nmol/min/mg protein) compared to group II (9.76
*=1.34 nmol/min/mg protein). The differences were ob-
served between the HFD group and the treated groups
IV (6.26=1.87 nmol/min/mg protein) and V. No signifi-

cant differences were observed between groups II and III
(10.01+1.75 nmol/min/mg protein). But compared to
the control (3.45+0.78 nmol/min/mg protein), signifi-
cant differences were observed between group II and V
treated with BTD-1. But, importantly, more repeat stud-
ies were demanded for reproducibility.

BTD-1 reduces accumulation of lipids in the liver and kid-
ney

Representative microscopic images of both the liver and
kidney are presented in Fig. 6. Group I had normal cell
architecture, whereas group II showed significant mor-
phological differences. Compared to the control group,
group II exhibited significant vascular degeneration of
hepatocytes, normal hepatic lobule distribution, and in-
filtration of inflammatory cells, which were observed in
H&E-stained liver and kidney cell sections. Groups IV
and V showed reduced hepatic droplets compared to the
control group. Hepatic lipid accumulation was signifi-
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Fig. 5. Western blot analysis of the effect of Bacillus subtilis MORI-fermented soybean extracts (BTD-1) on (A) glucose-6-phospha-
tase (GéPase) and (B) phosphoenolpyruvate carboxykinase (PEPCK) expressions in the liver tissue using western blot analysis then
normalized to B-actin. Group I, normal control; group II, obesity control [treated with high-fat diet (HFD)]; group III, treated with
HFD+500 mg/kg body weight (BW)/d non-fermented soybean extracts (NFSE): group IV, treated with HFD+250 mg/kg BW/d BTD-1;
group V, treated with HFD+500 mg/kg BW/d BTD-1. *2<0.01 compared with group I, #/<0.05 compared with group I, and '~<0.01

compared with group II.

cantly higher in group II, and was dramatically reduced
in group V. Group V was shown to inhibit the accumu-
lation of lipids in hepatocytes and kidney cells.

DISCUSSION

In this study, the anti-obesity effect of BTD-1 was inves-
tigated using a diet-induced obese mouse model and a
normal control reference. In the present investigation,
60% kcal HFD was fed to mice to induce obesity, which
was confirmed by pathophysiological symptoms. At the
end of the 12-week experimental period, HFD-induced
mice were obese when compared to the normal control
and the HFD-fed groups treated with BTD-1. From this
study, it is clear that BTD-1 has a direct effect on body
weight, glucose, and lipid metabolism, which play an im-
portant role in preventing obesity. DNJ from mulberry
and soybean has been reported to be beneficial in sup-
pressing high glucose levels (20,29), increasing plasma
adiponectin, activated the B-oxidation system and sup-
pressed lipid accumulation in the liver (13). HbAlc lev-
els were significantly reduced in BTD-1-treated groups,
suggesting that BTD-1 has specific antiglycation proper-
ties that contribute to the reduction of HbAlc levels.
HbAIc levels have been used to predict an individual’s
risk of diabetes. Persistent hyperglycemia leads to non-
enzymatic glycosylation of proteins (30). The increased
levels of glycosylated hemoglobin observed in HFD-fed
mice were significantly reduced in the HFD-fed groups
treated with BTD-1. This is due to enhanced glucose ho-
meostasis, which is further supported by the OGTT da-

ta. Deviations in lipid metabolism slowly decrease the
strength of antioxidative defense mechanisms (31).
Group IIT was not significantly different from group II in
body weight, glucose metabolism or lipid metabolism
results, whereas BTD-1-treated groups had significantly
lower body weight and mass (P<0.01). Fasting glucose
and insulin levels were found to be significantly lower in
the BTD-treated groups compared to group II. This re-
sult clearly confirms that BTD-1 increases insulin sensi-
tivity, which plays a major role in reducing blood glu-
cose levels. The enzymatic antioxidant mechanism plays
a major role in the elimination of free radicals. The pres-
ent study confirms that BTD-1 treatment significantly
increased SOD activity and CAT along with enhancing
GSH-Px activity, confirming that BTD-1 scavenges oxygen
free radicals. Lim et al. (20) proposed a possible mecha-
nism of BTD-1 suggesting that its hypoglycemic action
may be due to the protection of pancreatic B-cells from
oxidative stress. BTD-1 consumption elevated SOD, CAT,
and GSH-Px levels, and reduced MDA levels by inducing
lipid and sugar metabolism, which was achieved through
the enhancement of antioxidant activities. The results
were further in agreement with the histopathological
H&E result that clearly shows the reduction of lipid accu-
mulation in liver and kidney sections in the BTD-1 treat-
ed groups in a dose-dependent manner. Obvious fat ac-
cumulation in the kidney and liver was observed after
feeding mice a HFD for 12 weeks. The liver plays an es-
sential role in lipid homeostasis via regulation of lipo-
genesis and oxidative stress (32). The effects of DNJ on
lipid metabolism were examined; the activation of the
fatty acid B-oxidation system in the liver can reduce lipid
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accumulation (33). Intake of a HFD itself contributes to
the development of obesity, hyperinsulinemia, hypertri-
glyceridemia, and insulin resistance in humans and ro-
dents by altering triglycerides (TG) and cholesterol lev-
els in the plasma and tissues (34). Both groups treated
with BTD-1 exhibited reduced metabolic enzyme activity.
The activity of the lipogenic enzyme FAS was reduced in
the group V, while it was significantly higher in group II.
This clearly indicates that BTD-1 inhibits the accumu-
lation of TG and cholesterol in the liver. In the previous
study, the treatment of BTD-1 was significantly increased
phosphorylation of acetyl-CoA carboxylase (ACC) pro-
tein expression in 3T3-L1 preadipocytes (35). Therefore,
mode of action on anti-obesity of BTD-1 was postulated
that related to suppress ACC and FAS expression which
are involved in adipogenesis and lipid metabolism. Sev-
eral studies have reported that increasing endogenous
glucose production correlates closely with elevated lev-
els of 2 important gluconeogenic enzymes, PEPCK and
G6Pase (36,37). These statements confirm that the up-
regulation of these enzymes will lead to the development
of diabetes (36,37). In gluconeogenesis, glucose is syn-
thesized by these enzymes (G6Pase and PEPCK) from
noncarbohydrate precursors. G6Pase catalyzes dephos-
phorylation of glucose-6-phosphate to get free glucose
to other organs influenced by diabetes, starvation, or pro-
longed fasting (38). Enhanced activities and expression
of G6Pase and PEPCK in the liver have been observed in
many diabetic models and are believed to contribute to
the increased hepatic glucose levels seen in several dis-
eases (39). Similarly, in the present investigation, DNJ
present in BTD-1 improved glucose homeostasis by inhib-
iting gluconeogenic enzymes. PEPCK and G6Pase were
mainly controlled by gene transcription in the liver tissue
of the BTD-1-treated groups; protein expression in the
BTD-1-treated groups revealed a significant reduction in
both of these enzymes. The PEPCK and G6Pase expres-
sion levels as shown in Fig. 5, clearly confirm that BTD-
1 had a significant role in controlling blood glucose lev-
els in group V mice. In conclusion, BTD-1 effectively re-
duced body mass and prevented obesity by downregula-
ting the key enzymes involved in glucose metabolism
(PEPCK and G6Pase), lipid metabolism (FAS, HMG-CoA,
and ACAT), and by upregulating those involved in the
antioxidant defense system (SOD, GSH-Px, and CAT),
playing a key role in the control of blood glucose and lip-
id levels in the treated groups. BTD-1 can be used as a
potential functional food ingredient. The present study
suggests that BTD-1 could be effectively used as an anti-
hyperglycemic and antihyperlipidemic agent in the con-
trol of obesity and its related secondary complications,
mainly diabetes.

ACKNOWLEDGEMENTS

This work was supported by the Technology Innovation
Program (52085877, Development of Functional Food
Having Effectiveness of Anti-Obesity by Fermentation
Technology) funded By the Ministry of Trade, Industry
and Energy, Korea.

AUTHOR DISCLOSURE STATEMENT

The authors declare no conflict of interest.

REFERENCES

1. Miao H, Chen H, Zhang X, Yin L, Chen DQ, Cheng XL, Bai X,
Wei F. 2014. Urinary metabolomics on the biochemical pro-
files in diet-induced hyperlipidemia rat using ultraperform-
ance liquid chromatography coupled with quadrupole time-
of-flight synapt high-definition mass spectrometry. J Anal
Methods Chem 2014: 184162.

2. Vinaixa M, Rodriguez MA, Rull A, Beltran R, Bladé C,
Brezmes J, Caniellas N, Joven J, Correig X. 2010. Metabolomic
assessment of the effect of dietary cholesterol in the progres-
sive development of fatty liver disease. J Proteome Res 9: 2527-
2538.

3. WHO. 2014. Global status report on noncommunicable diseases
2014. World Health Organization, Geneve, Switzerland. p
79-103.

4. Mathers CD, Loncar D. 2006. Projections of global mortality
and burden of disease from 2002 to 2030. PLoS Med 3: e442.

5. Rao BK, Kesavulu MM, Giri R, Appa Rao C. 1999. Antidia-
betic and hypolipidemic effects of Momordica cymbalaria Hook.
fruit powder in alloxan-diabetic rats. J Ethnopharmacol 67: 103-
109.

6. Chang CL, Chen YC, Chen HM, Yang NS, Yang WC. 2013.
Natural cures for type 1 diabetes: a review of phytochemicals,
biological actions, and clinical potential. Curr Med Chem 20:
899-907.

7. Shapiro DJ, Nordstrom JL, Mitschelen JJ, Rodwell VW,
Schimke RT. 1974. Micro assay for 3-hydroxy-3-methyl-
glutaryl-CoA reductase in rat liver and in L-cell fibroblasts.
Biochim Biophys Acta 370: 369-377.

8. Evans RM, Barish GD, Wang YX. 2004. PPARs and the com-
plex journey to obesity. Nat Med 10: 355-361.

9. Velasquez MT, Bhathena SJ. 2007. Role of dietary soy pro-
tein in obesity. Int ] Med Sci 4: 72-82.

10. Lee YK, Park OJ. 2013. Soybean isoflavone genistein regu-
lates apoptosis through NF-kB dependent and independent
pathways. Exp Toxicol Pathol 65: 1-6.

11. Roghani M, Vaez Mahdavi MR, Jalali-Nadoushan MR,
Baluchnejadmojarad T, Naderi G, Roghani-Dehkordi F,
Taghi Joghataei M, Kord M. 2013. Chronic administration of
daidzein, a soybean isoflavone, improves endothelial dys-
function and attenuates oxidative stress in streptozotocin-
induced diabetic rats. Phytother Res 27: 112-117.

12. Naaz A, Yellayi S, Zakroczymski MA, Bunick D, Doerge DR,
Lubahn DB, Helferich WG, Cooke PS. 2003. The soy isofla-
vone genistein decreases adipose deposition in mice. Endo-
crinology 144: 3315-3320.

13. Tsuduki T, Nakamura Y, Honma T, Nakagawa K, Kimura T,
Ikeda I, Miyazawa T. 2009. Intake of 1-deoxynojirimycin sup-
presses lipid accumulation through activation of the p-oxi-



196

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Lee et al.

dation system in rat liver. J Agric Food Chem 57: 11024-11029.
Ezure Y, Maruo S, Miyazaki K, Kawamata M. 1985. Morano-
line (1-deoxynojirimycin) fermentation and its improvement.
Agric Biol Chem 49: 1119-1125.

Bischoff H. 1995. The mechanism of alpha-glucosidase inhib-
ition in the management of diabetes. Clin Invest Med 18: 303-
311

Inoue I, Shinoda Y, Nakano T, Sassa M, Goto S, Awata T,
Komoda T, Katayama S. 2006. Acarbose ameliorates athero-
genecity of low-density lipoprotein in patients with impaired
glucose tolerance. Metabolism 55: 946-952.

van de Laar FA, Lucassen PL, Akkermans RP, van de Lisdonk
EH, Rutten GE, van Weel C. 2005. a-Glucosidase inhibitors
for patients with type 2 diabetes. Diabetes Care 28: 154-163.
Kim HB, Lee HS, Kim SJ, Yoo HJ, Hwang JS, Chen G, Youn
H]J. 2007. Ethanol extract of fermented soybean, Chungkook-
jang, inhibits the apoptosis of mouse spleen, and thymus cells.
J Microbiol 45: 256-261.

Kojima Y, Kimura T, Nakagawa K, Asai A, Hasumi K, Oikawa
S, Miyazawa T. 2010. Effects of mulberry leaf extract rich in
1-deoxynojirimycin on blood lipid profiles in humans. J Clin
Biochem Nutr 47: 155-161.

Lim KH, Han JH, Lee JY, Park YS, Cho YS, Kang KD, Yuk WJ,
Hwang KY, Seong SI, Kim B, Kwon J, Kang CW, Kim JH. 2012.
Assessment of antidiabetogenic potential of fermented soy-
bean extracts in streptozotocin-induced diabetic rat. Food
Chem Toxicol 50: 3941-3948.

Lin AH, Lee BH, Nichols BL, Quezada-Calvillo R, Rose DR,
Naim HY, Hamaker BR. 2012. Starch source influences die-
tary glucose generation at the mucosal a-glucosidase level. J
Biol Chem 287: 36917-36921.

Nakanishi H, Onose S, Kitahara E, Chumchuen S, Takasaki
M, Konishi H, Kanekatsu R. 2011. Effect of environmental
conditions on the a-glucosidase inhibitory activity of mul-
berry leaves. Biosci Biotechnol Biochem 75: 2293-2296.
Andallu B, Varadacharyulu NC. 2007. Gluconeogenic sub-
strates and hepatic gluconeogenic enzymes in streptozoto-
cin-diabetic rats: effect of mulberry (Morus indica L.) leaves.
J Med Food 10: 41-48.

Kim JW, Kim SU, Lee HS, Kim I, Ahn MY, Ryu KS. 2003. De-
termination of 1-deoxynojirimycin in Morus alba L. leaves by
derivatization with 9-fluorenylmethyl chloroformate fol-
lowed by reversed-phase high-performance liquid chromato-
graphy. J Chromatogr A 1002: 93-99.

Haffner SM, Miettinen H, Stern MP. 1997. The homeostasis
model in the San Antonio Heart Study. Diabetes Care 20: 1087-
1092.

Nepokroeft CM, Lakshmanan MR, Porter JW. 1975. Fatty ac-
id synthase from rat liver. Methods Enzymol 35: 37-44.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Niehaus WG Jr, Samuelsson B. 1968. Formation of malonal-
dehyde from phospholipid arachidonate during microsomal
lipid peroxidation. Eur J Biochem 6: 126-130.

Schmoll D, Walker KS, Alessi DR, Grempler R, Burchell A,
Guo S, Walther R, Unterman TG. 2000. Regulation of glu-
cose-6-phosphatase gene expression by protein kinase Ba
and the Forkhead transcription factor FKHR: evidence for in-
sulin response unit-dependent and -independent effects of
insulin on promoter activity. J Biol Chem 275: 36324-36333.
Singab AN, El-Beshbishy HA, Yonekawa M, Nomura T, Fukai
T. 2005. Hypoglycemic effect of Egyptian Morus alba root bark
extract: effect on diabetes and lipid peroxidation of strepto-
zotocin-induced diabetic rats. ] Ethnopharmacol 100: 333-338.
Asgary S, Naderi G, Sarrafzadegan N, Ghassemi N, Boshtam
M, Rafie M, Arefian A. 1999. Anti-oxidant effect of flavonoids
on hemoglobin glycosylation. Pharm Acta Helv 73: 223-226.
Liou W, Chang LY, Geuze HJ, Strous GJ, Crapo JD, Slot JW.
1993. Distribution of CuZn superoxide dismutase in rat liv-
er. Free Radic Biol Med 14: 201-207.

Madan K, Bhardwaj P, Thareja S, Gupta SD, Saraya A. 2006.
Oxidant stress and antioxidant status among patients with
nonalcoholic fatty liver disease (NAFLD). J Clin Gastroenterol
40: 930-935.

Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo T, Kita
S, Sugiyama T, Miyagishi M, Hara K, Tsunoda M, Murakami
K, Ohteki T, Uchida S, Takekawa S, Waki H, Tsuno NH,
Shibata Y, Terauchi Y, Froguel P, Tobe K, Koyasu S, Taira K,
Kitamura T, Shimizu T, Nagai R, Kadowaki T. 2003. Cloning
of adiponectin receptors that mediate antidiabetic metabolic
effects. Nature 423: 762-769.

Juhan-Vague, Alessi MC. 1997. PAI-1, obesity, insulin resist-
ance and risk of cardiovascular events. Thromb Haemost 78:
656-660.

Hwang JW, Do H]J, Kim OY, Chung JH, Lee JY, Park YS,
Hwang KY, Seong SI, Shin MJ. 2015. Fermented soy bean ex-
tract suppresses differentiation of 3T3-L1 preadipocytes and
facilitates its glucose utilization. J Funct Foods 15: 516-524.
Foster JD, Pederson BA, Nordlie RC. 1997. Glucose-6-phos-
phatase structure, regulation, and function: an update. Proc
Soc Exp Biol Med 215: 314-332.

van de Werve G, Lange A, Newgard C, Méchin MC, Li Y,
Berteloot A. 2000. New lessons in the regulation of glucose
metabolism taught by the glucose 6-phosphatase system. Eur
J Biochem 267: 1533-1549.

Bouché C, Serdy S, Kahn CR, Goldfine AB. 2004. The cellular
fate of glucose and its relevance in type 2 diabetes. Endocr Rev
25: 807-830.

Klover PJ, Mooney RA. 2004. Hepatocytes: critical for glucose
homeostasis. Int J Biochem Cell Biol 36: 753-758.



