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ABSTRACT The purpose of this study was to examine the antiobesity effects of Monascus pilosus-fermented black soybean
(F-BS) in C57BL/6 mice with high-fat diet (HFD)-induced obesity. F-BS (oral, 0.5 and 1.0 g/kg per body weight, twice per
day) ameliorated obesity by reducing body and liver weight increases, and regulating blood glucose and cholesterol levels in
CS57BL/6 mice fed a control or HFD with oral administration of F-BS for 12 weeks. F-BS suppressed the growth of
epididymal, retroperitoneal, and perirenal fat pads by preventing increases in the adipocyte size. Moreover, the levels of blood
glucose, total cholesterol, and leptin were significantly lowered by F-BS administration in a dose-dependent manner. These
results indicated that F-BS is a beneficial food supplement for preventing obesity, controlling blood glucose, and lowering
cholesterol. Future research strategies should address the mechanisms that selectively regulate obesity, including hypergly-

cemia and hypercholesterolemia.
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INTRODUCTION

S OYBEAN AND ITS MODIFIED products are known to con-
tain bioactive components such as proteins, oils, carbo-
hydrates, minerals, vitamins, isoflavones, phytosterols,
saponins, and ferritins.'= For several years, rigorous scien-
tific and clinical research has revealed that most of the
components of soybeans exhibit beneficial effects, showing
preventive potential for several diseases. Many functional
components of soybeans have been characterized, nutri-
tionally and physiologically.>

The beneficial effects of soybean have been scientifically
validated through in vitro and in vivo studies with animal
models and human clinical trials. Soybean and its products
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has been reported to ameliorate acute or chronic diseases
such as inflammation,” hepatic disorders,*® cardiovascular
disease,”!® osteoporosis,'!"!? arthritis,'? diabetes,'* kid-
ney,'® neuronal disorder,'® obesity,!” and cancer.'®!°

Fermentation is a process of anaerobic digestion that
generates energy (such as adenosine triphosphate, ATP) by
the oxidation of certain organic compounds such as carbo-
hydrates. Fermentation uses an endogenous, organic elec-
tron acceptor.?® Especially, the Monascus species have been
used as medicinal foods for over 1000 years in Asia. It has
been called ‘““Hon-Chi,”” ““Anka,”” “‘red koji,”” “‘red Chinese
rice,”” or “red mold rice’’ in several countries.>! Fermen-
tation with Monascus spp. produces several bioactive me-
tabolites such as color pigments,22 isoflavones, monacolins,
and y-aminobutyric acid.?*** Monascus fermentation me-
tabolites have been reported to be beneficial for cholesterol
management,” blood glucose management,”® blood pres-
sure management,>’*® cancer,” Alzheimer’s disease in an-
imal and cell models,**3! and obesity.?>

Obesity and diabetes are closely associated with insulin
resistance, a condition in which the level of insulin required
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to achieve a normal metabolic response is higher than
usual.>*3 Particularly, obesity is accompanied by systemic
inflammatory responses, characterized by abnormal cyto-
kine production and the activation of inflammatory signal-
ing pathways such as tumor necrosis factor-a, interleukin 6,
and monocyte chemoattractant protein-1.3%37 Therefore,
regulation of dietary energy and body weight is very im-
portant for maintenance of health.

The black bean and its bioactive compounds has been
used as a natural medicine for various health disorders such
as diabetes, atherosclerosis, carcinogenesis, inflammation,
and high-fat diet-induced obesity.!”-*¥° However, the effects
of fermented black soybean (F-BS) on high-fat diet (HFD)-
induced obesity and hyperglycemia are not known. In the
present study, we examined the effects of F-BS on HFD-
induced obesity and hyperglycemia in C57BL/6 mice for 12
weeks and analyzed the changes in related parameters.

MATERIALS AND METHODS
Cell strain and reagents

The yeast strain of Monascus pilosus (KCCM 60084) was
purchased from the Korea Culture Center of Microorgan-
isms (KCCM). All chemical reagents were obtained from
Sigma-Aldrich. Serological and leptin assay kits were ob-
tained from Asan Pharmaceutical and R&D systems, re-
spectively.

Sample preparation

Black soybean (Glycine max L. Merrill) obtained from
the National Agriculture Cooperative Federation (NACF)
was thoroughly washed with water and homogenized with a
Waring blender (HMF-1710; Hanil) to 2—4 mm particle size.
A mixture of homogenates [450 g, moisture content: ~50%
(w/w)] and 50 g of wheat bran as solid media was auto-
claved at 121°C for 90 min, then cooled under aseptic
conditions at room temperature. For fermentation of the
sample, precultured M. pilosus suspension (7 days at 28°C)
was inoculated into 2% rice powder —3% glucose —2% pep-
tone —0.8% KH>PO;, —0.05% MgSO4-7H,O -0.2%
CH3COOK —0.1% NaCl containing solid media to 10% (w/w)
and further cultured for 8 days at 28°C. The freeze-dried
fermented sample (moisture content: <5%) was homoge-
nized and passed through 100 mesh nylon filters. The powder
was kept in a —80°C freezer and used for further study.

Animal experiments

Male, 5-week-old specific pathogen-free CS7BL/6] mice
(18-23 g) were purchased from Orient Bio. The experiments
were performed in accordance with the principles and with the
approval of the Ethics Committee of the Wonkwang Uni-
versity, Iksan, Korea (Approval No. WKU11-001). All ani-
mals were maintained in a temperature-controlled room
(temperature 22°C £2°C, humidity 50% +5%) with a 12-h
light/12-h dark cycle and acclimatized to the laboratory en-
vironment while housed in individual cages for 1 week before
the experiment. Obesity was induced by a HFD (60% energy

from fat), and mice were randomly divided into three groups
after the first 6 weeks on the high-fat diet (AIN-93G, cat.,
#101556; Research Diet, Inc.) as follows: the high-fat diet
group (HFD, control group), HFD+0.5 g/lkg F-BS (HFD +
F-BS 0.5), and HFD + 1.0 g/kg F-BS (HFD +F-BS 1.0). The
control group (normal diet) ate regular diet during the same
period. For oral administration, a placebo (water) or two doses
of F-BS were administered twice daily for 12 weeks. At the end
of the experiment, 4-h-fasted mice were anesthetized using a
mixture of xylazine/ketamine (1:3, v/v), and blood samples
were collected and stored at —80°C until their analyses.

Measurements of glucose, triglyceride, cholesterol,
and leptin concentrations

After 12 weeks of treatment with and without F-BS,
blood samples were collected and centrifuged at 2500 g for
15 min at 4°C, and then levels of serum glucose, triglyceride
(TG), total cholesterol (T-CHO), high-density lipoprotein-
cholesterol (HDL-C), low-density lipoprotein-cholesterol
(LDL-C), and leptin were measured using commercial kits
according to the manufacturer’s instruction.

Measurements of body, organ, and fat weight

Body weight was measured once a week during the
feeding period. Internal organs were dissected and weighed.
Fat tissue samples also were stored at —80°C until they were
analyzed.

Histological analysis

Histological analysis was conducted following routine
methods. Briefly, the dissected epididymal adipose tissues
were fixed in 10% neutral buffered formalin for histological
analysis and embedded in paraffin. The paraffin-embedded
sections were cut to a thickness of 4 um and stained with
hematoxylin and eosin. Adipocyte sizes were measured in
randomly chosen microscopic areas from independent ani-
mals using a Nikon microscope system (TE-2000), and the
average adipocyte size was calculated by dividing each
chosen microscopic area by total adipocyte cell number in
the area.

Statistical analyses

All data are expressed as mean+ SEM, and the differences
between groups were analyzed using one-way ANOVA and
Duncan’s multiple-range test. All analyses were performed
using SPSS 10.0 (SPSS, Inc.). Each value was the mean of
at least three separate experiments in each group, and data
with different superscript letters are significantly different
when P-value is less than .05.

RESULTS

Effects of F-BS on food and water intake

We measured the changes in food and water intake of the
mice once a week after 6 weeks of receiving a normal diet or
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HFD with or without F-BS administration. Compared to
HFD mice, significant changes in food intake were not ob-
served among groups (Fig. 1A). In the normal diet group,
food consumption was transiently increased during 12
weeks, but maintained a similar pattern with HFD, HFD +
F-BS 0.5, and HFD + F-BS 1.0, and the water intake showed
a similar pattern (Fig. 1B).

Effects of F-BS on body weight and blood glucose level

Body weight was significantly increased in all HFD
groups after 6 weeks of HFD (Fig. 2A). Administration of
F-BS significantly reduced HFD-induced body weight in a
dose-dependent manner. At 12 weeks after initiation of the
study, the body weight of HFD group was increased up to
144% compared to that of placebo administration, however,
the body weight of HFD+F-BS 0.5 and HFD +F-BS 1.0
groups was increased to only 133% and 123%, respectively.
Blood glucose in the HFD group was significantly increased
(152.38+2.16 mg/dL) compared with the level of normal
group (84.38+4.99mg/dL), but the increase was less in
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FIG. 1. Effects of fermented black soybean (F-BS) on change in
food (A) and water (B) intake in a high-fat diet (HFD)-induced mice
obesity model. Food and water intakes were measured and analyzed
each week. Data are shown as mean+ SE (each group n=10).

F-BS groups in a dose-dependent manner. Administration of
F-BS resulted in lower levels of blood glucose of
131.0£11.40 mg/dL and 117.38 £11.61 mg/dL in the F-BS
0.5 and F-BS 1.0 group, respectively. These results sug-
gested that HFD-induced obesity triggered hyperglycemia
and that F-BS can ameliorate both health problems.

Effect of F-BS on organ weight

The weight of the liver, kidneys, epididymis, and testes of
F-BS-treated groups was compared with that of the HFD
groups (Fig. 3). As shown in Figure 3, the liver weight of the
HFD group was higher compared with the livers of the
normal group, and the liver weight of HFD mice treated with
F-BS 1.0 was slightly lighter than the weight of the HFD
group (Fig. 3. left panel). The weight of other organs (kid-
ney, testis, and epididymis) was not significantly different
among the groups.
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FIG. 2. Effects of F-BS on changes in body weight (A) and blood
glucose (B) in a HFD-induced mouse obesity model. Body weight
was measured every week and blood glucose measured at 12 weeks.
Blood was collected from inferior vena cava after sacrifice.®*
Values in the row with different superscript letters are significantly
different, P <.05. Data are shown as mean* SEM (each group n=10).
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FIG. 3. Effects of F-BS on organ weight in a HFD-induced mice
obesity model. Weight of collected organs was immediately mea-
sured after sacrifice.®™ Values in the same row with different su-
perscript letters are significantly different, P <.05. Data are shown as
mean + SEM (each group n=10).

Effects of F-BS on absolute fat tissue weight and size
of epididymal adipocytes

The absolute fat tissues of epididymal, retroperitoneal,
and perirenal sites in the normal and HFD group were col-
lected and fat weighed (Fig. 4). As shown in Figure 4A, the
weight of epididymal, retroperitoneal, and perirenal fat tis-
sue in the HFD group was higher compared with the normal
group (approximately fivefold), and the fat tissue weight of
HFD mice treated with F-BS was significantly lighter than
the weight of the HFD group. Furthermore, the diameters of
adipocytes from F-BS-administrated HFD animals were
lower in a dose-dependent manner (Fig. 4B, C).

Effects of F-BS on blood cholesterol and leptin
concentration

To determine the ameliorative effects of F-BS on HFD-
induced obesity, we measured levels of cholesterol and leptin
in serum after 12 weeks (Table 1 and Fig. 5). Administration
of F-BS decreased the level of T-CHO in a 1g/kg F-BS
group (Fig. 5A). Leptin levels were also significantly de-
creased by administration of F-BS in a 1 g/kg F-BS group
(Fig. 5B). The HFD feeding substantially increased the
levels of TG, LDL-C, and HDL-C compared with the nor-
mal diet group, but no significant changes were observed in
any F-BS-administered groups (Table 1).

DISCUSSION

In this study, we provide data to support an ameliorative
effect of F-BS on HFD-induced obesity along with various
associated pathologies such as hyperglycemia, hypercho-
lesterolemia, and increased organ fat accumulation and en-
largement of adipocytes. Treatment of HFD mice with F-BS
probably results in alterations in the regulation of fat me-
tabolism and accumulation. Simultaneously, treatment of
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FIG. 4. Effects of F-BS on absolute fat weight (A), histological
data (B), and statistics of epididymal adipocyte size (C) in a HFD-
induced mice obesity model. Weight of epididymal, retroperitoneal,
and perirenal fat was measured as described in Materials and Meth-
0ds.® Values in the same row with different superscript letters are
significantly different, P <.05. Scale bar=100 um. Data are shown as
mean*SEM (each group n=10). Color images available online at
www .liebertpub.com/jmf

HFD mice with F-BS resulted in a lower liver weight and
serum leptin levels.

Black soybean (Glycine max) has been widely used as a
nutritionally rich food in Asia and utilized as a traditional
herbal medicine for the prevention of diabetes, aiding liver
and kidney functions, and enhancing diuretic actions. Black
soybean, different from yellow soybean, is abundant in

TaBLE 1. ErFrects oF F-BS oN SERUM LEVELS OF TG,
LDL-C, anp HDL-C

TG (mg/dL) LDL-C (mg/dL) HDL-C (mg/dL)
Normal 114.11+£9.36 8.631+0.63 96.00£2.75
HFD 97.50+£11.54 38.00+£1.07¢ 187.7500£2.96%**
HFD+0.5 111.88+7.05 34.13£4.40* 194.13 £7.55%%%*
HFD+1.0 103.38%8.10 34.13+£3.82% 178.6250£9.90%**

##%P < 001 versus normal group. Results are expressed as mean+ SEM of
ten mice per experimental group.

F-BS, fermented black soybean; TG, triglyceride; LDL-C, low-density
lipoprotein-cholesterol; HDL-C, high-density lipoprotein-cholesterol.
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FIG. 5. Effects of F-BS on changes in blood total cholesterol and
leptin levels in HFD-induced mouse obesity model. Blood was col-
lected from the inferior vena cava after sacrifice and (A) blood total
cholesterol and (B) leptin levels were measured as described in
Materials and Methods. ¢ Values in the row with different super-
script letters are significantly different, P <.05. Data are shown as
mean £ SEM (each group n=10).

polyphenols.*!*?> F-BS suppressed increases in all adipose
tissue weight of epididymal, retroperitoneal, and perirenal
fats (Fig. 4) without affecting the food and water intake
(Fig. 1). To clarify these phenomena, we focused on the
changes in sizes of adipocytes. The critical function of ad-
ipose tissue is the maintenance of energy homeostasis in
vertebrates.*>* White adipose tissue stores excess energy as
TGs when intake exceeds expenditure, whereas the brown
adipose tissue can dissipate energy through thermogenesis.
The size of the adipose tissue can be modulated by the
formation of new adipocytes from precursor cells and/or
increases in the size of adipocytes. In Figure 4C, the size of
adipocytes was markedly increased in the HFD group,
whereas F-BS reduced the adipocyte size, however, we
observed no changes in adipocyte numbers per adipose tis-
sue weight (data not shown). These results closely correlated

with blood glucose and T-CHO levels (Figs. 2B and 5A).
However, F-BS administration had no significant effect on
blood TG, LDL-C, and HDL-C levels (Table 1) and these
results are not correlated to lipid value calculation.*> Al-
though the reasons are not clearly understood, it is likely
caused by the HFDs used in the experiments. For the in-
vestigation of antiobesity effects of F-BS, we measured the
weight of adipose tissues such as epididymal fat, retroperi-
toneal fat, and perirenal fat. However, the mass of the main
adipose tissue sites is epididymal, subcutaneous, retroperi-
toneal, perirenal, mesenteric, gluteal, and interscapular.*¢—%
Therefore, other adipose tissues need to be examined in our
future studies. In addition, we observed transient increases
in water intake in the normal group, but there were no sig-
nificant changes in food intake between both groups (Fig. 1),
and the HFD group also showed temporal fluctuation of food
intake. These results suggest that increases in body weight in
HFD-induced obesity triggered adipocyte hypertrophy and
that long-term administration of F-BS (12 weeks) amelio-
rates these problems.

Sometimes, Monascus-fermented products can be con-
taminated toxic compounds such as monascidin A, which
is toxic to the liver and kidneys, by contamination from
unexpected microorganisms such as Penicillium citrinum.
Indeed, citrinin, which is a fungus-derived toxic secondary
metabolite, has been implicated as a cause of nephropathy
and fever in humans.*’ In the present study, we used es-
tablished strains of M. pilosus, then we demonstrated re-
producible results and established protocols for a large-scale
process; however, these measures could not guarantee ab-
solute biological safety and confidence for industrial pur-
poses. Thus, natural strains of M. pilosus should be explored
for the development of traditional food products and com-
mercialization.

The fermented plants such as rice and wheat by M. pilosus
are important goods as dietary staple food supplements and
have a long tradition in East Asia. Recently, Monascus-
fermented foods are considered as medicinal foods and
plants to ameliorate obesity, hyperglycemia, and hyper-
cholesterolemia. The production of Monascus-fermented
products could be modified by strain/substrate selection, and
modification of fermentation conditions to enhance the
contents of effective compounds such as monacolins,
monascin, and ankaflavin. Therefore, further studies should
be carried out to identify its bioactive components and their
beneficial activity in other disease models.

The mechanism of Glycine max L. Merrill and its fer-
mented products for improving obesity is not clear at pres-
ent. However, several previous reports have suggested
possible mechanisms: these include induction of thermo-
genesis in muscle, decreased fatty acid synthesis in adipose
tissue, and lessened fatty acid uptake in intestinal tissue
through activation of peroxisome proliferator-activated re-
ceptors (PPARs).>%3! In addition, a study has reported that
soybean protein consumption stimulates insulin secretion
and decreases PPAR-y, GLUT-2, and SREBP-1 expression,
and ameliorates hyperinsulinemia observed during obesity.>>
Insulin contributes to increased synthesis and secretion of
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leptin in the adipose tissue.>® Leptin acts through the leptin
receptor, and mutations of the leptin receptor cause obesity,
hyperphagia, and reduce energy expenditure*; therefore, it
can be used as an obesity marker. Administration of F-BS
may act on the regulation of insulin secretion/sensitivity and
leptin secretion, thus contributing to significant antiobesity
effects in the HFD-induced obesity model. On the other
hand, the glucose tolerance test, measurement of blood in-
sulin level, and calculation of insulin homeostasis model
assessment of insulin resistance may provide evidence for
further studies to control the HFD-induced lipid metabolism
disorder by similar methods.>

In conclusion, F-BS suppressed body weight and adipose
tissue weight gains, and normalized blood glucose and T-
CHO in C57BL/6 mice fed a HFD. Dietary F-BS attenuated
body weight increase due to HFD feeding and suppressed the
obesity-caused increase of liver weight. These effects of F-BS
may contribute to improvements in energy consumption and
glucose utilization. Our results indicate that F-BS has the
potential to reduce the risk of obesity and hyperglycemia.
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