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Anti-obesity and fatty liver-preventing activities of
Lonicera caerulea in high-fat diet-fed mice
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Abstract. Blue honeysuckle (BH, Lonicera caerulea) is used
as a traditional medicine in Russia, Japan and China, but is
not commonly considered as an edible berry in Europe, USA
or Korea. BH has been revealed to decrease serum cholesterol
and triacylglycerol (triglyceride or TG) levels through the
activation of AMP-activated protein kinase (AMPK), thus it
is expected to be a health functional food and pharmaceutical
agent for the prevention of non-alcoholic liver damage, in
addition to effects as a suppressor of hyperlipidemia and as an
anti-obesity agent. In the present study, the pharmacological
activity of BH extract (BHe) was observed in high-fat diet
(HFD)-fed mice. Significant increases in fat pad weight, body
weight, fat accumulation (body and abdominal fat density, and
thickness of the periovarian and abdominal wall) and serum
biochemical levels (aspartate transaminase, alanine amino-
transferase, alkaline phosphatase, lactate dehydrogenase,
v-glutamyltransferase, total cholesterol, low-density lipopro-
tein and TG, with the exception of high-density lipoprotein)
were observed in HFD-fed mice. In addition, increases in
adipocyte hypertrophy, the area of steatohepatitis and
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hepatocyte hypertrophy were observed, whereas decreased
zymogen content was identified upon histopathological obser-
vation. Increased deterioration of the endogenous antioxidant
defense system (liver catalase, glutathione and superoxide
dismutase) and hepatic lipid peroxidation was observed. In
addition, there were decreases in hepatic glucokinase activity,
AMPKal and AMPKo2 mRNA expression, adipose tissue
uncoupling protein 2 expression, and adiponectin mRNA
expression, increases in phosphoenolpyruvate carboxykinase
and glucose-6-phosphatase activity, hepatic acetyl-CoA
carboxylase 1 mRNA expression, and the expression of leptin,
CCAAT/enhancer-binding protein (C/EBP) a, C/EBP and
sterol-regulatory-element-binding protein 1c mRNA in the
periovarian tissue. Furthermore, non-alcoholic fatty liver
disease (NAFLD) and obesity were significantly inhibited
by the continuous administration of BHe for 84 days. These
results revealed that BHe may be a promising novel drug or
functional food candidate for the treatment of obesity and
NAFLD.

Introduction

Obesity may lead to various diseases, including Type 2
diabetes, hypertension and cardiovascular disease (CVD) (1).
Adipose tissues store lipids as a source of energy, and the
secretion of various adipokines affects metabolism in adipose
tissues and non-adipose tissues, leading to the development of
various associated disorders (2). Recently, a global rise in the
occurrence of obesity associated with metabolic syndromes
has been observed, and appears to be the result of physical
inactivity and the intake of a high-calorie diet (3).

According to a study of the US population, the proportion
of obese individuals [body mass index (BMI) =30] increased
by ~10% over 10 years, from 34.5% in 2005 to 38.1% in 2014,
and the proportion of markedly obese individuals (BMI =40)
increased by 32.2% over the same period (from 5.9 to 7.8%).
The US society has altered into a markedly obese society (4).
Similar to the trends in adults, the occurrence of obesity and
extreme obesity in minors (aged between 2 and 19 years)
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is also increasing. In particular, the most marked change
was observed in adolescents of between 12 and 19 years of
age, with an increase in extreme obesity from 2.6 to 9.1%
in the last 10 years (4). The increase in obesity and extreme
obesity of adolescents is expected to have a severe impact on
society in the future (5). Obesity initiated by changes in the
regional circulation of body fats is an atherogenic risk factor
for problems such as hypertension, dyslipidemia, alterations
in the coagulation profile and inflammatory cytokines; ulti-
mately, these conditions are responsible for the mortality and
morbidity of patients with CVD (6,7).

Non-alcoholic fatty liver disease (NAFLD) is associ-
ated with an increase in triacylglycerols (triglycerides or
TGs) in liver tissues, which causes liver damage such as
hepatocellular necrosis, steatohepatitis and steatosis (8).
The equilibrium between lipogenesis and hepatic lipolysis
is imperative for the improvement of patients with NAFLD.
High-fat diet (HFD)-treated animals exhibit mild obesity and
are appropriate for use in the development of preventive agents
for metabolic syndromes including NAFLD (9-11). Therefore,
an HFD-fed mice model was selected for the detection of the
various pharmacological effects of the test material.

AMP-activated protein kinase (AMPK), a key regulator of
glucose and lipid metabolism in cells, serves an important func-
tion in the mediation of hepatic lipogenesis (12,13). Previous
studies have identified that AMPK activity is decreased by
factors associated with the development of NAFLD, such as
obesity and inflammation (14,15). Therefore, the inhibition of
hepatic lipogenesis by AMPK activity is predicted as a feasible
therapeutic approach to avoid the initiation and progression of
NAFLD (11,16).

Metformin is an oral antidiabetic medicine of the bigu-
anide class and an AMPK activator (17,18). It is a widely used
medicine for the treatment of Type 2 diabetes, particularly
for patients who are overweight with normal kidney func-
tion (19-21). However, it is not recommended for patients with
any conditions that could lead to increased risk of kidney
disorders and lactic acidosis (22,23). However, lactic acidosis
is rare and is primarily associated with other conditions, such
as damaged kidney or liver function, rather than metformin
itself (24). Therefore, in the present study, metformin was
selected as a reference drug.

Blue honeysuckle (BH; berries of Lonicera caerulea
var. edulis L., Caprifoliaceae) is an abundant source of
ascorbic acid and phenolic components, including flavonoids,
low-molecular-mass phenolic acids and anthocyanins (25,26).
These compounds have various biological activities, including
marked antioxidant activity (26). Orally administered BH
was identified to protect mice against ionizing radiation (27),
ameliorate abnormal lipid and glucose metabolism in rats (28),
and exert hepatoprotective (29), anti-inflammatory (30) and
therapeutic (31) effects on hyperthyroidism. More specifically,
BH extracts exhibited the most marked antioxidant potency
among 12 types of colored berries (32), and the phenol-rich
extracts of BH were demonstrated to have wound-healing and
anti-inflammatory activates in in vitro and in vivo studies (30),
in addition to protective properties against the skin damage
caused by ultraviolet rays (33).

In the present study, the pharmacological activities of BH
extract (BHe) were determined in HFD-fed mice.
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Materials and methods

Animals and husbandry. In total, 48 female 6-week-old
ICR mice (OrientBio, Seongnam, Korea) were acclimatized
for 7 days before experimental use. Mice were assigned to
each polycarbonate cage in groups of 4 or 5 in a humidity
(40-45%) and temperature (20-25°C)-controlled room, with
a 12-h light/12-h dark cycle, and ad libitum access to water
and commercial rodent chow (cat. no. 38057; Purinafeed,
Seongnam, Korea). After 7 days of acclimatization, the
animals were given free access to an HFD with 45% of calo-
ries from fat (cat. no. D12451, Research Diet, New Brunswick,
NJ, USA). In intact control mice, the animals were given
free access to a normal pellet diet (NFD; cat. no. 38057,
Purinafeed). HFD-adapted mice were selected following a
1-week adaptation period and assigned to one of six treatment
groups containing 8 mice on the basis of their body weights:
1) Healthy control: Oral administration of NFD and distilled
water (10 ml/kg); 2) HFD control: Oral administration of HFD
and distilled water (10 ml/kg); 3) metformin: Oral administra-
tion of HFD and metformin (250 mg/kg); 4) BHe400: Oral
administration of HFD and BHe (400 mg/kg); 5) BHe200: Oral
administration of HFD and BHe (200 mg/kg); and 6) BHel00:
Oral administration of HFD and BHe (100 mg/kg).

All laboratory animals were treated in accordance with
the national regulations of the usage and welfare of labora-
tory animals and approved by the Institutional Animal Care
and Use Committee in Daegu Haany University (Gyeongsan,
Korea) prior to the experiments (approval no. DHU2017-022).

Preparation and administration of test substances. BHe
was prepared by Aribio Co. Ltd. (Seongnam, Korea) as a
deep-purple powder and stored at -20°C until use. Natuzyme,
a pectinase enzyme derived from Aspergillus niger and used
as a pectin-degrading enzyme in plants for degrading shells,
was used for the preparation of the test substances. Briefly,
the following procedure was followed for frozen BH fruits:
Heating at 45-55°C for 3 min; pulverization; enzyme treatment
[pectinase: 0.05% (w/w) Natuzyme DP ultra, 0.05% (w/w)
Natuzyme olimax, 2-2.5 h, 50 rev/min]; centrifugation at
6,400 x g; heating at 80°C for 15-30 sec; addition of chitosan
(0.005%) and guar gum (0.005%); filtration (disc separation,
diatomite filtration and filter press); condensation at 63 Brix,
50°C and 0.092 MPa for 1 min; sterilization at 90-95°C for
15-30 sec; and freeze-drying. From this process, BHe was
obtained at a yield of 10.83%. Chitosan (0.005%) was used as
a protein coagulant and subsequently removed by filtration to
limit the possible effects of chitosan. Metformin hydrochlo-
ride was purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Appropriate amounts of BHe were dissolved in
distilled water to obtain solutions of 40, 20 and 10 mg/ml. After
1 week of HFD administration, the test solutions were orally
administered to the mice once daily for 84 days at a volume
of 10 ml/kg (equivalent to 400, 200 and 100 mg/kg) using a
stainless steel Zonde attached to a 1 ml syringe. In addition,
metformin hydrochloride was dissolved in distilled water at
a concentration of 25 mg/ml and also orally administered at
a volume of 10 ml/kg (equivalent to 250 mg/kg) (34). HFD
control and healthy control mice were orally administered
equal volumes of distilled water, instead of the test material, to
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provide the same experimental conditions. The administration
of metformin (250 mg/kg) as a positive control was selected on
the basis of previous animal studies (19,35).

Body and organ weight changes. Body weight changes were
recorded using an automatic electronic balance (XB320M,
Precisa Gravimetrics AG, Zurich, Switzerland) at the
following time points: 8 days before the HFD was supplied;
1 day before initiation of administration; at the time of
initial administration day (D0); and every week until the end
of the experiment. All experimental mice, at the initiation
and termination of the experiment, were fasted overnight
(without water for 12 h) to limit the variations in feeding.
Furthermore, gains in body weight were recorded during the
adaptation period (day 8 to day O of test material administra-
tion) and the administration period (day O to day 84 of test
material administration).

At sacrifice, the changes in the weight of the liver, the left
periovarian fat pads, and fat pads deposited on the abdominal
wall attached to the muscularis quadratus lumborum, were
recorded. The relative changes in organ/tissue weights (as a
percentage of body weight) were estimated compared with the
body weight at sacrifice to decrease the variation from indi-
vidual body weights (35).

Determination of mean daily food consumption (MDFC). A
feed weight of 150 g was supplied per cage and the quantity of
the food remaining after 24 h was determined using an auto-
matic electronic balance. The observed values were divided by
the number of reared mice in the same cage and to yield the
individual MDFC of the mice (g/day/mouse). The MDFC was
calculated once weekly throughout the 84-day administration
period (35).

Determination of fat density in the total body and abdominal
cavity. The mean body fat density of the total body and
abdominal cavity region (%) of each mouse was determined
using a live dual-energy X-ray absorptiometry (DEXA)
InAlyzer (Medikors Inc., Seongnam, Korea) on the final day
of the test material administration.

Serum biochemistry analyses. Blood was collected from
the caudal vena cava at the time of sacrifice and stored in
clotting-activated serum tubes; the serum was separated by
centrifugation at 12,600 x g for 10 min at room temperature.
Serum alanine aminotransferase (ALT), aspartate transami-
nase (AST), alkaline phosphatase (ALP), lactate dehydrogenase
(LDH), y-glutamyltransferase (GGT), total cholesterol (TC),
TG, high-density lipoprotein (HDL) and low-density lipo-
protein (LDL) levels were determined using a blood analyzer
(Dri-Chem NX500i; Fuji Medical System Co., Ltd., Tokyo,
Japan) and stored at -150°C in an ultra-low temperature freezer
(MDF-1156, Sanyo, Tokyo, Japan) until use.

Determination of fecal lipid composition. Feces were
collected 8 h after the final administration of the test mate-
rial and the lipids were extracted by the method described by
Folch et al (36). The fecal TG and TC concentrations were
estimated using a commercial TC colorimetric assay kit (Total
Cholesterol assay kit; cat. no. 100102303; Cayman Chemical
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Company, Ann Arbor, MI, USA) in conjunction with a
microplate reader (Sunrise; Tecan Group, Ltd., Midnnedorf,
Switzerland).

Determination of lipid peroxidation and antioxidant defense
system. The glutathione (GSH) and malondialdehyde (MDA)
content and the catalase (CAT) and superoxide dismutase
(SOD) enzyme activities in hepatic tissues were estimated.
The weight of the separated hepatic tissues was determined,
and the tissues were homogenized in ice-cold 0.01 M
Tris/HCI buffer (pH 7.4) using a bead beater (TacoTMPre;
GeneResearch Biotechnology Corp., Taichung, Taiwan) and
an ultrasonic cell disruptor (KS-750; Madell Technology
Corp., Ontario, CA, USA), and centrifuged at 12,000 x g for
15 min. The tissue homogenates were stored in an ultra-low
temperature freezer at -150°C until further use. The liver lipid
peroxidation levels were estimated using the thiobarbituric
acid relative substances assay and the values were recorded
as nmol MDA per mg protein (37). The total protein content
was measured in accordance with the method described by
Lowry et al (38), with bovine serum albumin (Invitrogen;
Thermo Fisher Scientific, Inc.) used as an internal standard.
The GSH content was estimated spectrophotometrically
from the absorbance at 412 nm, as described by Sedlak and
Lindsay (39). The decomposition of H,0, in the presence of
CAT was examined spectrophotometrically at 240 nm, as
described by Aebi (40). CAT enzyme activity was defined as
the quantity of enzyme needed to decompose 1 nM H,0, per
min at room temperature and pH 7.8. SOD enzyme activity
was measured spectrophotometrically at 560 nm, as described
by Sun et al (41). SOD enzyme activity was defined as the
amount of enzyme required to decrease the initial absorbance
of nitroblue tetrazolium by 50% in 1 min.

Analysis of hepatic glucose-regulating enzyme activity. A
hepatic enzyme source was prepared as described previously
by Hulcher and Oleson (42). First, 0.3 g hepatic tissue was
homogenized in buffer solution (0.2 M EDTA, 0.1 M trietha-
nolamine and 0.002 M dithiothreitol), and centrifuged at
1,000 x g for 15 min at 4°C. The supernatant was collected in a
separate tube and further centrifuged at 10,000 x g for 15 min
at 4°C. The hepatic glucose-regulating (glucokinase, GK)
activity was estimated as described previously by Davidson
and Arion (43). A 980 ul reaction mixture [100 mM KCI,
50 mM NAD", 50 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid-N-acetylglucosaminyltransferase (pH 7.4),
10 mM glucose, 7.5 mM MgCl,, 10 mg/ml albumin, 2.5 mM
dithioerythritol, 10 ul hepatic tissue homogenate and 4 units
of glucose-6-phosphate dehydrogenase] was pre-incubated at
37°C for 10 min, and the reaction was initiated by the addi-
tion of 5 mM ATP solution (10 ul). Following incubation for
a further 10 min at 37°C, the change in absorbance at 340 nm
was recorded. Glucose-6-phosphatase (G6Pase) activity was
estimated using the method described by Alegre et al (44).
The buffer solution was pre-incubated at 37°C for 3 min and
5 ul hepatic tissue homogenate was added to the mixture, prior
to further incubation at 37°C for 4 min, and the change in
absorbance at 340 nm was determined. Phosphoenolpyruvate
carboxykinase (PEPCK) activity was estimated in accordance
with the Bentle and Lardy (45) method. PEPCK enzyme
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Table I. Oligonucleotides used for the reverse transcription-quantitative polymerase chain reaction.
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Target Sequence (5'-3") GenBank accession no.

Leptin NM_008493
Sense CCAAAACCCTCATCAAGACC
Antisense GTCCAACTGTTGAAGAATGTCCC

ucCP2 NM_011671
Sense CCGCATTGGCCTCTACGACTCT
Antisense CCCCGAAGGCAGAAGTGAAGTG

Adiponectin NM_009605 .4
Sense CCCAAGGGAACTTGTGCAGGTTGGATG
Antisense GTTGGTATCATGGTAGAGAAGAAAGCC

C/EBPa NM_001287523.1
Sense TGGACAAGAACAGCAACGAGTAC
Antisense CGGTCATTGTCACTGGTCAACT

C/EBPp
Sense AAGCTGAGCGACGAGTACAAGA NM_001287739.1
Antisense GTCAGCTCCAGCACCTTGTG

SREBPIc XM_006532714.2
Sense AGCCTGGCCATCTGTGAGAA
Antisense CAGACTGGTACGGGCCACAA

ACCl1 NM_133360.2
Sense GCCATTGGTATTGGGGCTTAC
Antisense CCCGACCAAGGACTTTGTTG

AMPKal XM_011245321.1
Sense AAGCCGACCCAATGACATCA
Antisense CTTCCTTCGTACACGCAAAT

AMPKa?2 NM_178143.2
Sense GATGATGAGGTGGTGGA
Antisense GCCGAGGACAAAGTGC

GAPDH NM_008084
Sense CATCTTCCAGGAGCGAGACC
Antisense TCCACCACCCTGTTGCTGTA

UCP2, uncoupling protein 2; C/EBP, CCA AT/enhancer-binding protein; SREBP, sterol-regulatory-element-binding protein; ACC1, acetyl-CoA

carboxylase 1; AMPK, AMP-activated protein kinase.

activity was determined by the decrease in absorbance at
340 nm.

Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR) analysis. The mRNA expression of acetyl-CoA
carboxylase 1 (ACCI), AMPKal and AMPKa2 in hepatic
tissues, and mRNA expression of leptin, uncoupling protein
2 (UCP2), adiponectin, CCAAT/enhancer-binding protein
(C/EBP)a., C/EBPP and sterol-regulatory-element-binding
protein 1c (SREBPIc) in periovarian adipose tissue were deter-
mined using RT-qPCR (46). Briefly, RNA from adipose tissues
was isolated using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). The RNA quality and
quality were assessed using the CFX96TM Real-Time System
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The isolated
RNA samples were treated with recombinant DNase I (Ambion;
Thermo Fisher Scientific, Inc.) and reverse-transcribed using

a high-capacity cDNA RT kit (Applied Biosystems; Thermo
Fisher Scientific, Inc.). The analyses were performed using the
ABI Step One Plus Real-Time System (Applied Biosystems;
Thermo Fisher Scientific, Inc.) (47), with mRNA expres-
sion calculated relative to the vehicle control. The following
thermal conditions were applied: 94°C for 10 min; 39 cycles of
94°C for 15 sec and 57°C for 20 sec; and 72°C for 30 sec. The
data were normalized to GAPDH mRNA expression using the
comparative threshold cycle method (48). The oligonucleotide
primer sequences used for PCR are listed in Table I.

Histopathology. Following determination of the organ
weights, the left periovarian fat pad, left lateral lobe of the
liver and the fat pads stored in the abdominal wall attached
to the muscularis quadratus lumborum were fixed in 10%
neutral-buffered formalin. Following embedding of the organs
in paraffin using an automated tissue processor (Shandon
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Citadel 2000; Thermo Fisher Scientific, Inc.) and embedding
center (Shandon Histocentre 3; Thermo Fisher Scientific,
Inc.), 3-4-pum serial sections were prepared using a microtome
(RM2255; Leica Biosystems, Wetzlar, Germany).

Representative tissue sections were stained with hematox-
ylin and eosin (H&E) and examined under a light microscope
(Eclipse 80i; Nikon Corporation, Tokyo, Japan). Alternatively,
dehydrated liver tissues in 30% sucrose solutions were sectioned
using a cryostat and stained with oil red O (19). The detailed
histopathological changes in the mean hepatocyte diameters
(determined by H&E staining) and steatohepatitis regions were
determined using an automated image analysis process Model
iSolution FL (version 9.1; IMT i-solution Inc., Vancouver, QC,
Canada) (19). The area of steatohepatitis (proportion of fats
stored in the hepatic parenchyma) was measured as a percentage
of the lipid-deposited regions between the limited histological
fields of view of the liver (and expressed in units of %/mm? of
hepatic parenchyma). The mean diameters of the hepatocytes
and white adipocytes were estimated in the same fields of view
following embedding in paraffin and H&E staining using an
automated image analysis process.

A minimum of 10 hepatocytes in each field of view and
10 white adipocytes for each fat pad were checked. The
thicknesses of the deposited periovarian fat pad, the mean
areas occupied by zymogen granules, and the abdominal
wall fat pads were also estimated by an automated image
analysis process. The area of the zymogen granule distribution
(%/mm?; the area occupied by the intracellular pink granules
in an exocrine cell) was calculated using the automated image
analysis process of Model iSolution FL. During the analysis,
the histopathologist was blinded to the group distribution.

Statistical analyses. All numerical values are presented as the
mean + standard deviation of 8 mice. Multiple comparison
tests were performed to determine the differences between
dose groups. The Levene test was used to measure the vari-
ance homogeneity (49); briefly, if the Levene test indicated
no significant deviations from variance homogeneity, the
observed data were evaluated by one-way analysis of vari-
ance followed by the Bonferroni test. Statistical analyses were
computed using SPSS (version 22; IBM Corp, Armonk, NY,
USA). Furthermore, the percentage changes compared with
the HFD control were estimated to improve understanding
of the efficacy of the test substances. The percentage changes
between the HFD and intact control groups were also deter-
mined to detect the induction of disease using the following
equations in accordance with our previous studies (19,50).

Change compared with the intact control (%)=[(data for
the HFD control-data for the intact control)/data for the intact
control] x100.

Change compared with the HFD control (%)=[(data
for the test substance administered mice-data for the HFD
control)/data for the HFD control] x100.

Results

Changes in organ and tissue weights. Significant increases in
the body weight of HFD control mice (P<0.05) were observed
in comparison with healthy control mice from 7 days after
HFD administration, throughout 7 days of HFD adaption,

3051

and after 84 days of test material administration. However,
significant (P<0.05) decreases in the body weights were
observed in the metformin (250 mg/kg) and BHe (200 and
400 mg/kg)-treated mice at 28 days after HFD administration,
and at 42 days after initial administration in the 100 mg/kg
BHe-treated group compared with in the HFD control mice.
Accordingly, metformin-(250 mg/kg) and BHe-treated mice
exhibited a significant (P<0.05) decrease in body weight gain
during the 84 days of test material administration compared
with in the HFD control mice. All dosages of BHe (400, 200
and 100 mg/kg) resulted in clear dose-dependent decreases in
body weight and body weight gain during the experimental
period of 84 days compared with HFD control mice (Table II;
Fig. 1). The body weight change during the experimental
period (84 days of HFD) in the control group was increased by
393.44% compared with in the healthy control; however, the
changes were -47.02, -21.97, -31.28 and -46.12% in metformin
(250 mg/kg) and BHe (400, 200 and 100 mg/kg)-treated mice
compared with in the HFD control mice, respectively.

The absolute liver weights also exhibited a significant
(P<0.05) increase in the HFD control mice compared with
in the healthy control mice. The increase in absolute liver
weight was normalized to that of HFD control mice for all
treatments. Specifically, all BHe-treated mice also exhibited
definitive dose-dependent decreases in the absolute liver
weight compared with in the HFD control mice. However, no
significant changes in the relative liver weights were observed
in any HFD-fed mice compared with in the intact control, and
the changes in the relative liver weights were not significant
(Table III). The absolute liver weight in the HFD control group
was increased by 65.35% compared with in the intact control;
however, the changes in the metformin (250 mg/kg) and BHe
(400, 200 and 100 mg/kg)-treated mice compared with in the
HFD control mice were -20.23, -10.01, -14.93 and -20.33%,
respectively. The relative liver weight in the HFD control
group was altered by -3.77% compared with in the intact
control; however, the changes in the metformin (250 mg/kg)
and BHe (400, 200 and 100 mg/kg)-treated mice compared
with in the HFD control group were 1.58, 0.52, -0.91 and
1.03%, respectively.

The periovarian and abdominal wall-stored fat pad rela-
tive and absolute weights in HFD control mice also exhibited
significant (P<0.05) increases compared with in the healthy
control mice. All BHe-treated mice exhibited definitive
dose-dependent decreases in the relative and absolute weights
of periovarian and abdominal wall-stored fat pads compared
with in the HFD control mice (Table III). The weight of abso-
lute periovarian fat pads in HFD control mice was increased
by 772.29% compared with in the intact control; however,
-71.65, -35.75, -54.92 and -69.61% decreases were observed
in the metformin (250 mg/kg) and BHe (400, 200 and
100 mg/kg)-treated mice compared with in the HFD control
group, respectively. The relative weight of the periovarian
fat pads in the HFD control mice was increased by 405.35%
compared with in the intact control mice. However, they were
decreasedby-63.94,-28.18,-47.72 and -61.53% in the metformin
(250 mg/kg) and BHe (400, 200 and 100 mg/kg)-treated
mice compared with in the HFD control mice, respectively.
The absolute weight of abdominal wall-stored fat pads in
HFD control mice was increased by 647.19% compared
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Table II. Changes in body weight gains and daily food consumption in NFD- or HFD-fed mice.

Mean daily food
consumption, g

Body weight gain during

Body weight at time following initial test material treatment, g

period [D-C], g

Adaptation period [B-A], g

1 day before [B 0 day® [C] 84 days® [D]

8 days before [A]

Group

Controls

4.63+0.32
3.87x0.21°

4.76x1.30

0.48+0.15

30.13+1.59¢
51.75+1.85°
40.66x1.30°¢

25.36+0.67

28.34+0.57

27.86+0.52
27.88+0.84
27.91+0.45

Intact

HFD

23.50+1.68°

3.15+0.26°
3.18+0.21°

28.25+0.73°
28.21+£0.45°

31.03+£0.90°
31.09+0.58°

KIM et al:

3.90+0.25°

12.45+1.00°¢

Metformin (250 mg/kg)

Test material

3.90+0.22°

12.66+1.03%¢

3.14+0.05°
3.18+0.20°
3.13x0.15°

40.81+0.92°¢

28.15+0.69°
28.36+0.62°
28.20x1.10°

31.03+0.63°
31.03+0.75°
31.01+0.77°

27.89+0.60
27.85+0.74
27.89+0.82

BHe (400 mg/kg)
BHe (200 mg/kg)
BHe (100 mg/kg)

ANTI-OBESITY EFFECT OF BLUE HONEYSUCKLE IN MICE

3.86+0.25°

16.15+1.81>¢

44.51+1.79>¢

3.89+0.23°

18.34+2.71>¢

46.54+3.39>¢

Results are expressed as the mean + standard deviation of 8 mice. *All animals were fasted overnight. "P<0.05 vs. intact control by ANOVA and Bonferroni test; “P<0.05 vs. HFD control by ANOVA and

Bonferroni test; P<0.05 vs. metformin control by ANOVA and Bonferroni test, NFD, normal pellet diet; HFD, high-fat diet; BHe, blue honeysuckle extract; ANOVA, analysis of variance.

—o— NFD control mice

—0— HFD control mice )

—v— Metformin 250 mgfk? treated HFD mice
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Figure 1. Changes in body weight. Results are expressed as the
mean + standard deviation of 8 mice. Mice were fasted overnight prior to the
administration of the initial test substance and before sacrifice (f). Arrows
indicate the significant increases in body weights of HFD control mice
compared with intact mice from 1 week after HFD supply. Dotted arrows
indicate significant decreases in body weights in metformin (250 mg/kg), BHe
(400 and 200 mg/kg)-treated mice from 28 days after start of administration,
and from 42 days after initial administration in BHe (100 mg/kg)-treated
mice compared with HFD control, respectively. “P<0.01 vs. intact control
mice by Kruskal-Wallis H test and MW; *P<0.01 vs. HFD control mice by
Kruskal-Wallis H test and MW. NFD, normal pellet diet; HFD, high-fat diet;
BHe, blue honeysuckle extract; MW, Mann-Whitney U test.

with in the healthy control mice, but decreased by -65.57,
-33.17, -45.62 and -61.56% in the metformin (250 mg/kg) and
BHe (400, 200 and 100 mg/kg)-treated mice compared with
in the HFD control mice, respectively. The relative weight of
the abdominal wall-stored fat pads in HFD control mice was
increased by 333.39% in intact control mice, but decreased
by -56.12, -25.49, -36.76 and -51.12% in the metformin
(250 mg/kg) and BHe (400, 200 and 100 mg/kg)-treated mice
compared with in the HFD control mice, respectively.

Effects on food consumption. A significant (P<0.05) decrease
(-16.37%) in MFDC was observed after 84 days of administra-
tion in all HFD mice. However, changes of 0.83, 0.85, -0.26
and 0.50% in the metformin (250 mg/kg) and BHe (400, 200
and 100 mg/kg)-treated mice were observed compared with
in the HFD control, respectively. In addition, no significant
alteration in the MDFC compared with in the HFD control
mice was observed following any treatment (Table II).

Serum biochemical analysis. Significant increases in serum
ALT, AST, LDH, ALP and GGT levels were detected in the
HFD control group. However, decreases in the serum ALT,
AST, ALP, GGT and LDH levels compared with in the
HFD control group were observed in all treatment groups.
Specifically, all BHe treatments resulted in dose-dependent
decreases in serum ALT, AST, ALP, LDH and GGT levels
compared with the levels in HFD control mice (Table IV).
An increase of 203.82% in serum AST levels was observed
in the HFD control group, with changes of -41.54, -18.00,
-33.17 and -43.80% in the metformin (250 mg/kg) and BHe
(400, 200 and 100 mg/kg)-treated groups, respectively. An
increase of 292.64% in the serum ALT levels in the HFD



Table III. Changes in absolute and relative organ weights in NFD- or HFD-fed mice.

Relative organ weights (% of body weights)

Absolute organ weights, g

Abdominal wall fat pads

Periovarian fat pads

Abdominal wall fat pads Liver

Periovarian fat pads

Liver

Group

Control

0.252+0.104°

0.297+0.094°

3.563+0.300
3.429+0.140

0.076x0.031%¢

0.089+0.027°

1.07320.096°¢
1.774+0.085%

Intact

HFD
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1.091+£0.208*¢
0.479+0.134°

1.500+0.226"¢
0.541+0.172°

0.564+0.105*¢

0.775+£0.110*¢

3.483+0.246

0.194+0.052%°

0.220+0.069°

1.415+0.090*°

Metformin (250 mg/kg)

Test material

0.533+0.235°

0.577+0.129°

3.464+0.098
3.398+0.288
3.446+0.291

0.217+0.092%°
0.307+0.053*°

0.236x0.054*°

1.41320.028*°
1.509+0.092°
1.596+0.061%¢

BHe (400 mg/kg)
BHe (200 mg/kg)
BHe (100 mg/kg)

0.690+0.121%*

0.784+0.211%°

0.350+0.097*

0.813+0.162*¢

1.077+£0.314*¢

0.377£0.073*¢

0.498+0.130*¢

Results are expressed as the mean + standard deviation of 8 mice. *P<0.05 vs. intact control by ANOVA and Bonferroni test; ®P<0.05 vs. HFD control by ANOVA and Bonferroni test; P<0.05 vs. metformin

control by ANOVA and Bonferroni test , NFD, normal pellet diet; HFD, high-fat diet; BHe, blue honeysuckle extract; ANOVA, analysis of variance.

control group was observed, with changes of -44.52, -19.35,
-35.54 and -45.01% in the metformin (250 mg/kg) and BHe
(400, 200 and 100 mg/kg)-treated groups, respectively.
The ALP levels in the HFD control group were increased
by 214.48%, with changes of -28.67, -18.31, -24.01 and
-31.91% in the metformin (250 mg/kg) and BHe (400, 200
and 100 mg/kg)-treated groups, respectively. Similarly, a
439.38% increase in the serum LDH levels was observed
in the HFD control mice, with changes of -53.28, -33.04,
-48.74 and -57.54% in the metformin (250 mg/kg) and BHe
(400, 200 and 100 mg/kg)-treated mice, respectively. The
serum GGT levels increased by 426.67% in the HFD control
group, with changes of -56.96, -30.38, -43.04 and -58.23%
in the metformin (250 mg/kg) and BHe (400, 200 and
100 mg/kg)-treated groups, respectively.

Significant increases in serum TC and TG levels were
also observed in the HFD control group compared with in the
healthy control mice. However, significant decreases in the
serum TC, TG and LDL levels were observed in all treatment
groups compared with in the HFD control. Specifically, all
BHe-treated mice also exhibited a dose-dependent decrease
in the serum TG, TC and LDL levels compared with in the
HFD control group (Table V). An increase of 171.96% was
observed in the TC levels, with changes of -40.88, -25.53,
-30.97 and -40.44% in the metformin (250 mg/kg) and BHe
(400, 200 and 100 mg/kg)-treated groups, respectively. An
increase of 246.94% was observed in the TG levels in the
HFD control group, with changes of -44.59, -21.12, -35.06 and
-43.82% in the metformin (250 mg/kg) and BHe (400, 200
and 100 mg/kg)-treated groups compared with in the HFD
control mice, respectively. Similarly, the serum LDL levels
were increased by 324.00% in the HFD control mice, but
changes in -53.58, -25.28, -40.57 and -53.02% were observed
in the metformin (250 mg/kg) and BHe (400, 200 and
100 mg/kg)-treated groups compared with in the HFD control
mice, respectively.

A significant decrease in serum HDL levels was observed
in the HFD control group compared with in the healthy
control mice. However, a significant increase in the serum
HDL levels was observed in all treatment groups compared
with in the HFD control. Specifically, all BHe-treated mice
also exhibited clear dose-dependent increases in serum HDL
levels compared with in the BHe (400 mg/kg) and metformin
(250 mg/kg)-treated mice (Table V). The serum HDL levels
were changed by -77.63% in the HFD control mice, with 197.09,
87.79, 141.86 and 181.40% in the metformin (250 mg/kg) and
BHe (400, 200 and 100 mg/kg)-treated group compared with
in the HFD control mice, respectively.

Fecal biochemical analysis. A significant increase in the
fecal TC and TG levels was observed in all treatment groups;
however, the changes in the HFD control group were not
significant. Specifically, all BHe-treated groups exhibited
a clear dose-dependent increase in the fecal TC and TG
levels compared with in the HFD control group (Fig. 2). The
fecal TC content increased by 13.04% in the HFD control
group, with changes of 131.20, 74.57, 110.26 and 130.34%
observed in metformin (250 mg/kg) and BHe (400, 200 and
100 mg/kg)-treated groups compared with in the HFD control
group, respectively. The fecal TG content was increased by
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Table I'V. Changes in serum AST, ALT, ALP, LDH and GGT levels in NFD- or HFD-fed mice.

Group AST, U/ ALT, IU/ ALP, IU/ LDH, IU/1 GGT, 1U/
Control
Intact 65.38+12.93b¢ 32.25+10.71%¢ 72.50+17.06°¢ 600.63+258 42°¢ 1.88+0.83°
HFD 198.63+18.10*¢ 126.63+18.32%¢ 228.00+£33.724¢ 3,239.63+£912.22%¢ 9.88+2.03%¢
Metformin (250 mg/kg) 116.13+26.18*° 70.254+21.63%° 162.63+25.91%° 1,513.50+462.28° 4.25+1.67°
Test material
BHe (400 mg/kg) 111.63+£17.18° 69.63+14.17%° 155.25+21.374° 1,375.50+363 .23 4.13+1.36°
BHe (200 mg/kg) 132.75+17.73° 81.63+13.67*° 173.25+17.19%° 1,660.50+283.422° 5.63x1.51%
BHe (100 mg/kg) 162.88+13.60*° 102.13+£14.23%¢ 186.25+18.98° 2,169.25+342 .83 6.88+1.73*°

Results are expressed as the mean + standard deviation of 8 mice. “P<0.05 vs. intact control by ANOVA and Bonferroni test; °P<0.05 vs. HFD
control by ANOVA and Bonferroni test; “P<0.05 vs. metformin control by ANOVA and Bonferroni test, NFD, normal pellet diet; HFD, high-fat
diet; BHe, blue honeysuckle extract; ANOVA, analysis of variance; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP,
alkaline phosphatase; LDH, lactate dehydrogenase; GGT, y-glutamyltransferase.

Table V. Changes in serum lipid contents and zymogen granules in NFD- or HFD-fed mice.

Total cholesterol, Triacylglycerol, Low-density High-density Zymogen granules,

Groups mg/dl mg/dl lipoprotein, mg/dl  lipoprotein, mg/dl ~ %/mm? of exocrine
Control

Intact 103.88+19.58"¢ 61.25+12.73%¢ 15.63+3.38° 96.13+19.90°¢ 44.93+5.19°¢

HFD 282.50+29.32%  212.50+29.77*¢ 66.25+11.54*¢ 21.50+10.99*¢ 13.99+2.95%

Metformin (250 mg/kg)  167.00£15.98**  117.75+22.58*> 30.75+10.11° 63.88+£19.212° 32.44+5.92%0
Test material

BHe (400 mg/kg) 168.25+34.08**  119.38+26.50*° 31.13£10.58%° 60.50+15.73%° 35.82+5.46°

BHe (200 mg/kg) 195.00+24.88*  138.00+25.53%*" 39.38+10.25%° 52.00+10.39%° 28.44+7.38%°

BHe (100 mg/kg) 210.38+23.77*¢  167.63+21.25*¢ 49.50+10.20*¢ 40.38+£1047* 24.777£5.02%°

Results are expressed as the mean =+ standard deviation of 8 mice. “P<0.05 vs. intact control by ANOVA and Bonferroni test; "P<0.05 vs. HFD
control by ANOVA and Bonferroni test; “P<0.05 vs. metformin control by ANOVA and Bonferroni test, NFD, normal pellet diet; HFD, high-fat

diet; BHe, blue honeysuckle extract; ANOVA, analysis of variance.
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Figure 2. Fecal TG and TC levels. Results are expressed as the mean + standard
deviation of 8 mice. Metformin was administered at a dose of 250 mg/kg.
1P<0.01 vs. intact control mice by Kruskal-Wallis H test and MW; *P<0.01
vs. HFD control mice by Kruskal-Wallis H test and MW. NFD, normal pellet
diet; HFD, high-fat diet; TC, total cholesterol; TG, triacylglycerol; BHe, blue
honeysuckle extract; MW, Mann-Whitney U test.

16.25% in the HFD control group, with changes of 174.65,
81.57, 127.04 and 177.57% observed in the metformin

(250 mg/kg) and BHe (400, 200 and 100 mg/kg)-treated
groups, respectively.

Effects on lipid peroxidation and the antioxidant defense
system. A significant (P<0.05) increase in liver lipid
peroxidation (hepatic MDA content) was observed in the
HFD control group compared with in the healthy control
mice. However, the changes were significantly normalized
by all treatments. Specifically, all BHe treatments resulted
in noticeable dose-dependent changes in the hepatic MDA
content compared with those of the HFD control group
(Table VI). The hepatic MDA content in the HFD control
group was 466.75% compared with in the healthy control
group, with changes of -56.55, -29.82, -44.13 and -58.57%
observed in the metformin (250 mg/kg) and BHe (400, 200
and 100 mg/kg)-treated groups, respectively, compared with
in the HFD control mice.

Significant (P<0.05) decreases in hepatic GSH, SOD, and
CAT were observed in the HFD control group compared
with in the intact control. However, the hepatic GSH content
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Table VI. Changes in the liver lipid peroxidation and antioxidant defense systems in NFD- or HFD-fed mice.

Lipid peroxidation Antioxidant defense system
Malondialdehyde, Glutathione, Catalase, SOD,
Group nM/mg tissue #M/mg tissue U/mg tissue U/mg tissue
Control
Intact 9.66+3.22"¢ 56.47+14.77°¢ 58.77+13.89"¢ 8.38+1.84¢
HFD 54.74£11.12%¢ 10.04+3.60¢ 11.26£2.74%¢ 0.75+0.29%¢
Metformin (250 mg/kg) 23.79+6.63*° 30.49+14.70*° 38.77x10.01%° 4.24+1 47
Test material
BHe (400 mg/kg) 22.68+£3.77*° 32.25+10.142° 40.67+15.90° 4.37+1.25%
BHe (200 mg/kg) 30.58+10.14*° 2544+11.94* 31.71+11.73* 3.08+0.77*0
BHe (100 mg/kg) 38.42+10.33*¢ 20.34+8.49* 24 .95+11.54* 2.32+1.02*¢

Results are expressed as the mean + standard deviation of 8 mice. “P<0.05 vs. intact control by ANOVA and Bonferroni test; "P<0.05 vs. HFD
control by ANOVA and Bonferroni test; “P<0.05 vs. metformin control by ANOVA and Bonferroni test , NFD, normal pellet diet; HFD, high-fat
diet; BHe, blue honeysuckle extract; ANOVA, analysis of variance; SOD, superoxide dismutase.

markedly increased in all treatment groups, including BHe
(200 mg/kg). Specifically, all BHe-treated mice exhibited a
definitive dose-dependent increase in hepatic GSH content
compared with in the HFD control group (Table VI). The
hepatic GSH content was decreased by 82.21% in the HFD
control group, with changes of 203.61, 102.54, 153.25 and
221.05% in the metformin (250 mg/kg) and BHe (400, 200 and
100 mg/kg)-treated groups compared with in the HFD control
mice, respectively. The hepatic CAT activity was decreased by
-80.84% in the HFD control group, with changes of 244.38,
121.64, 181.63 and 261.26% in the metformin (250 mg/kg)
and BHe (400, 200 and 100 mg/kg)-treated mice, respectively.
The hepatic SOD activities decreased by -91.11% in the HFD
control group, with changes of 469.13, 211.24, 313.59 and
485.91% in the metformin (250 mg/kg) and BHe (400, 200 and
100 mg/kg)-treated groups, respectively.

Effects on the body fat density and total and abdominal fat
mass. Significant (P<0.05) increases in the total body fat and
abdominal fat density was observed in the HFD control mice
compared with in the intact control, whereas a significant
(P<0.05) decrease in the total body and abdominal fat density
was observed in all treatment groups following analysis via
live DEXA. Specifically, all doses of BHe resulted in clear
dose-dependent decreases in the total body and abdominal fat
density compared with in the HFD control mice (Figs. 3 and 4).
The mean total body fat density was increased by 295.14% in
the HFD control group, with changes of -58.03, -26.29, -43.12
and -56.10% in the metformin (250 mg/kg) and BHe (400,
200 and 100 mg/kg)-treated groups, respectively. A-55.96%
decrease in the mean abdominal fat density was observed in
the HFD control group, with changes of -55.96, -24.78, -38.78
and -54.12% in the metformin (250 mg/kg) and BHe (400,200
and 100 mg/kg)-treated groups, respectively.

Effects on the adipocyte histopathology analysis. A significant
(P<0.05) increase in the thickness of the periovarian fat pad
and abdominal white adipocyte, and diameter of each stored

fat pad was observed in the HFD control group. However, the
fat deposition and hypertrophy of adipocytes were signifi-
cantly (P<0.05) inhibited by all treatments compared with
in the HFD control mice. In particular, all BHe-treated mice
exhibited clear dose-dependent decreases in the periovarian
and abdominal wall-stored white adipocyte thickness, and
diameters of stored fat pads compared with those of the HFD
control mice (Table VII; Fig. 5).

A 104.72% increase in thickness of the stored periovarian
fat pad in the HFD control groups was observed compared with
in the healthy control, with changes of -38.57, -15.98, -23.09
and -37.65% in the metformin (250 mg/kg) and BHe (400, 200
and 100 mg/kg)-treated groups, respectively, compared with in
the HFD control mice. A 304.03% increase in the mean diam-
eters of periovarian white adipocyte tissues in the HFD control
group was observed, with changes of -61.79, -46.22, -53.51 and
-64.27% in the metformin (250 mg/kg) and BHe (400, 200
and 100 mg/kg)-treated groups, respectively. An increase of
161.95% in the thickness of the abdominal wall-stored fat
pads was observed in the HFD control groups, with changes
of -43.09, -28.73, -32.28 and -40.97% in the metformin
(250 mg/kg) and BHe (400, 200 and 100 mg/kg)-treated
groups, respectively. The mean diameters of the abdominal
wall-stored fat pad white adipocyte tissues in the HFD control
group were increased by 255.71% compared with in the
healthy control mice, with changes of -50.05, -36.73, -43.27
and -53.98% in the metformin (250 mg/kg) and BHe (400, 200
and 100 mg/kg)-treated groups, respectively, compared with in
the HFD control mice.

Effects on the exocrine pancreas zymogen granule content.
A significant (P<0.05) decrease in the exocrine pancreas
zymogen granule content (the proportion of exocrine pancreas
occupied by zymogen granules) was observed in the HFD
control group, which resulted from the release of zymogen
granules. The exocrine pancreas zymogen granule content
was significantly (P<0.05) increased in all treatment groups
compared with in the HFD control mice. Specifically, all BHe
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In live DEXA image

Figure 3. Representative abdominal fat pads and gross body mass. (A) Healthy control: Oral administration of NFD and distilled water (10 ml/kg). (B) HFD
control: Oral administration of HFD and distilled water (10 ml/kg). (C) Metformin: Oral administration of HFD and metformin (250 mg/kg). (D) BHe400: Oral
administration of HFD and BHe (400 mg/kg). (E) BHe200: Oral administration of HFD and BHe (200 mg/kg). (F) BHel00: Oral administration of HFD and
BHe (100 mg/kg). Scale bars, 16.2 mm. NFD, normal pellet diet; HFD, high-fat diet; DEXA, dual-energy X-ray absorptiometry; BHe, blue honeysuckle extract.
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Figure 4. Changes in total body and abdominal fat density levels. Results are
expressed as the mean + standard deviation of 8 mice. Metformin was admin-
istered at a dose of 250 mg/kg. *P<0.01 and °P<0.05 vs. intact control mice by
ANOVA and LSD test; ‘P<0.01 vs. HFD control mice by ANOVA and LSD
test. NFD, normal pellet diet; HFD, high-fat diet; BHe, blue honeysuckle
extract; ANOVA, analysis of variance; LSD, least significant difference.

treatments resulted in clear dose-dependent increases in the
proportion of the regions of the exocrine pancreas occupied
by zymogen granules compared with that in the HFD control

group (Table V; Fig. 6). The proportion of the regions of
exocrine pancreas occupied by zymogen granules in the HFD
control groups decreased by -68.87% compared with in the
healthy control, with changes of 131.93, 77.07, 103.28 and
156.04% in the metformin (250 mg/kg) and BHe (400, 200
and 100 mg/kg)-treated groups, respectively.

Effects on hepatocyte hypertrophy and steatohepatitis. A
significant (P<0.05) increase in the mean diameter of the
hepatocytes (hypertrophy) was observed in the HFD control
groups compared with in the healthy control group. However,
hypertrophy was markedly decreased in all treatment groups
compared with in the HFD control mice. Specifically, all
BHe-treated mice exhibited clear dose-dependent decreases in
the hepatocyte hypertrophies, the mean hepatocyte diameter,
compared with in the HFD control groups (Table VIII; Fig. 7).
A significant increase of 156.79% in the mean diameter of
hepatocytes in the HFD control group was observed, with
changes of -33.99, -20.38, -29.91 and -33.80% in the metformin
(250 mg/kg) and BHe (400, 200 and 100 mg/kg)-treated
groups, respectively.
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Table VII. Changes in the histopathology-histomorphometry of the periovarian- and abdominal wall-deposited fat pads in NFD-
or HFD-fed mice.

Periovarian fat pads Abdominal wall fat pads

Group Thickness, mm Adipocyte diameter, ym Thickness, mm Adipocyte diameter, ym
Control

Intact 2.20+0.66° 29.81+5.94° 2.03+0.67° 37.2424.87°¢

HFD 4.50+0.46*¢ 120.44+12.38*¢ 5.32+1.14%¢ 132.47+14.58*¢

Metformin (250 mg/kg) 2.76+0.48° 46.02+10.22° 3.03+0.85° 66.17£12.75*°
Test material

BHe (400 mg/kg) 2.81+0.54° 43.03£13.29° 3.1420.58° 60.96+21.41°

BHe (200 mg/kg) 3.46x0.50*° 55.99+11.89*" 3.60+0.41%° 75.16£18.32°

BHe (100 mg/kg) 3.78+0.49*¢ 64.77+£15.83*¢ 3.79+0.70*° 83.82+18.972°

Results are expressed as the mean =+ standard deviation of 8 mice. *P<0.05 vs. intact control by ANOVA and Bonferroni test; °P<0.05 vs. HFD
control by ANOVA and Bonferroni test; ‘P<0.05 vs. metformin control by ANOVA and Bonferroni test , NFD, normal pellet diet; HFD, high-fat
diet; BHe, blue honeysuckle extract; ANOVA, analysis of variance.
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Figure 5. Representative histological images of the adipocytes, following hematoxylin and eosin staining. (A) Healthy control: Oral administration of NFD
and distilled water (10 ml/kg). (B) HFD control: Oral administration of HFD and distilled water (10 ml/kg). (C) Metformin: Oral administration of HFD and
metformin (250 mg/kg). (D) BHe400: Oral administration of HFD and BHe (400 mg/kg). (E) BHe200: Oral administration of HFD and BHe (200 mg/kg).
(F) BHel00: Oral administration of HFD and BHe (100 mg/kg). Scale bars, 80 ym. NFD, normal pellet diet; HFD, high-fat diet; BHe, blue honeysuckle extract.
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Figure 6. Representative histological images of the pancreas, stained with hematoxylin and eosin. (A) Healthy control: Oral administration of NFD and
distilled water (10 ml/kg). (B) HFD control: Oral administration of HFD and distilled water (10 ml/kg). (C) Metformin: Oral administration of HFD and
metformin (250 mg/kg). (D) BHe400: Oral administration of HFD and BHe (400 mg/kg). (E) BHe200: Oral administration of HFD and BHe (200 mg/kg).
(F) BHel00: Oral administration of HFD and BHe (100 mg/kg). Scale bars, 80 ym. NFD, normal pellet diet; HFD, high-fat diet; BHe, blue honeysuckle extract.

The arrows indicate the zymogen granules stained by hematoxylin and eosin.

A significant (P<0.05) increase in steatohepatitis (propor-
tion of regions with fatty change in the liver parenchyma) was
also observed in the HFD control group compared with in the
healthy control group. However, the changes were decreased to
the level in the healthy control group by all the test treatments.
Specifically, all BHe-treated mice exhibited dose-dependent
decreases in the steatohepatitis area compared with in the
HFD control group (Table VIII; Fig. 7). The steatohepatitis
area was increased by 995.16% in the HFD control group, with
changes of -42.09, -23.48, -32.74 and -45.62% in the metformin
(250 mg/kg) and BHe (400, 200 and 100 mg/kg)-treated
groups, respectively.

Effects on hepatic enzyme activity. Significant (P<0.05)
decreases in hepatic GK, G6Pase and PEPCK (the blood
glucose-utilizing hepatic enzymes) activities were observed in
the HFD control groups, whereas changes were increased to the
level in the healthy control group by all treatments. Specifically,
all BHe-treated mice exhibited clear dose-dependent increases
in the hepatic GK, G6Pase and PEPCK activity compared
with in the HFD control group (Table IX). The hepatic GK
activity in the HFD control mice was altered by -69.17%, with
changes of 91.80, 37.38, 50.05 and 90.34% in the metformin
(250 mg/kg) and BHe (400,200 and 100 mg/kg)-treated groups,
respectively. The hepatic G6Pase activity was increased by
129.69% in the HFD control group, with changes of -44.32,
-24.80, -33.68 and -42.39% in the metformin (250 mg/kg) and
BHe (400, 200 and 100 mg/kg)-treated groups, respectively.
The hepatic PEPCK activity increased by 294.52% in the
HFD control group, with changes of -60.67, -30.38, -45.89 and
-58.42% in the metformin (250 mg/kg) and BHe (400, 200 and
100 mg/kg)-treated groups, respectively.

Effects on expression of lipid metabolism-associated genes.
A significant (P<0.05) increase in mRNA expression of
hepatic ACCI, adipose tissue leptin, C/EBPa, C/EBPf and
SREBPIc mRNA, and a significant (P<0.05) decrease in

hepatic AMPKal, AMPKa?2, adipose tissue UCP2 and adipo-
nectin mRNA expression was observed in the HFD control
group; however, the changes were decreased to the level in
the healthy control in mRNA expression of hepatic ACCl,
adipose tissue leptin, C/EBPa, C/EBPB and SREBP1c mRNA
and increased to the level in the healthy control in hepatic
AMPKal, AMPKa2, adipose tissue UCP2 and adiponectin
mRNA expression by all treatments. Specifically, all doses
of BHe (400, 200 and 100 mg/kg) resulted in definitive
dose-dependent decreases in the mRNA expression of hepatic
ACCI, adipose tissue leptin, C/EBPa, C/EBPf3 and SREBPIc,
and dose-dependent increases in mRNA expression of hepatic
AMPKal, AMPKa2, adipose tissue UCP2 and adiponectin
compared with in the metformin (250 mg/kg)-treated group
using RT-qPCR analysis (Table X).

Discussion

The increased incidence of NAFLD, characterized by the
excess accumulation of fats in the liver, has paralleled the
global increase in the number of obese individuals (11,51,52).
Increases inliver lipids in NAFLD, such as diacylglycerols, TGs
and ceramides, intensify hepatic insulin resistance, and lead
to cardiovascular complications and Type 2 diabetes (53,54).
Therefore, the identification of strategies to limit excessive
fat accumulation in the liver is critical for the treatment of
NAFLD and the prevention of the associated health risks.
Currently, there is no approved pharmacological treatment for
NAFLD (11). Several drug therapies have been recommended
for the management of NAFLD, but none has exhibited
sufficient efficacy on the entire scope of liver damage (55).
Lifestyle mediations involving weight loss and exercise are the
only accepted treatments for this disease, but are often difficult
to maintain for patients with NAFLD (11). There is therefore
a serious requirement to identify agents that are targeted at
increased hepatic lipids and are safe for long-term admin-
istration. BH is a rich source of ascorbic acid and phenolic
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Table VIII. Changes in liver steatosis and mean hepatocyte diameters in hepatic tissue of NFD- or HFD-fed mice.

Group Liver steatosis, %/mm? of hepatic tissues Mean hepatocyte diameter, ym/cell
Control
Intact 7.20+2.87°¢ 13.36+1.04°¢
HFD 78.84+10.03¢ 34.30+2.65%
Metformin (250 mg/kg) 45.65+10.12%° 22.64+3.75%
Test material
BHe (400 mg/kg) 42.87+10.51*° 22.71+4 25
BHe (200 mg/kg) 53.03£10.05*° 24.04+4 .66*°
BHe (100 mg/kg) 60.33£12.81%° 27.31+2.3420

Results are expressed as the mean + standard deviation of 8 mice. “P<0.05 vs. intact control by ANOVA and Bonferroni test; "P<0.05 vs. HFD
control by ANOVA and Bonferroni test; “P<0.05 vs. metformin control by ANOVA and Bonferroni test, NFD, normal pellet diet; HFD, high-fat
diet; BHe, blue honeysuckle extract; ANOVA, analysis of variance.

Hematoxylin & eosin stain Qil red stain

Figure 7. Representative histological images of the liver. (A) Healthy control: Oral administration of NFD and distilled water (10 ml/kg). (B) HFD control:
Oral administration of HFD and distilled water (10 ml/kg). (C) Metformin: Oral administration of HFD and metformin (250 mg/kg). (D) BHe400: Oral
administration of HFD and BHe (400 mg/kg). (E) BHe200: Oral administration of HFD and BHe (200 mg/kg). (F) BHel00: Oral administration of HFD and
BHe (100 mg/kg). Scale bars, 80 pm. NFD, normal pellet diet; HFD, High-fat diet; CV, central vein; PT, portal triad; BHe, blue honeysuckle extract.

components, principally anthocyanins, low-molecular-mass  activities, including marked antioxidant activity (25,26). In
phenolic acids and flavonoids with multiple biological the present study, the potential beneficial hepatoprotective,
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Table IX. Changes in the hepatic glucose-regulating enzyme activities in NFD or HFD-fed mice.

Glucokinase, Glucose-6-phosphatase, PEPCK,

Group nM/min/mg protein nM/min/mg protein nM/min/mg protein
Control

Intact 3.91£1.17°¢ 118.63+19.56" 1.51+£0.47°

HFD 1.20+0.32°¢ 272.48+33.18% 5.94+0.87%¢

Metformin (250 mg/kg) 2.31x0.41%° 151.73+29.80° 2.34+0.45°
Test material

BHe (400 mg/kg) 2.29+0 .47 156.97+18.57° 2.47+0.43°

BHe (200 mg/kg) 1.81+0.23% 180.71+28.36*° 3.21x1.172°

BHe (100 mg/kg) 1.65+0.22° 204.90+£26.70*¢ 4.13+1.00%°

Results are expressed as the mean + standard deviation of 8 mice. “P<0.05 vs. intact control by ANOVA and Bonferroni test; "P<0.05 vs. HFD
control by ANOVA and Bonferroni test; “P<0.05 vs. metformin control by ANOVA and Bonferroni test, NFD, normal pellet diet; HFD, high-fat
diet; BHe, blue honeysuckle extract; ANOVA, analysis of variance; PEPCK, phosphoenolpyruvate carboxykinase.

Table X. Changes in lipid metabolism-associated gene expressions in NFD- or HFD-fed mice.

Control BHe
Group Intact HFD Metformin 400 mg/kg 200 mg/kg 100 mg/kg
Hepatic tissue
ACCl1 1.01£0.13° 4.38+1.22%¢ 1.73+0.33° 1.76+0.47° 2.29+0.5120 2.98+0.23*¢
AMPKal 1.00£0.09b¢ 0.48+0.10%¢ 0.83+0.12%° 0.84+0.08° 0.73+0.13*° 0.66+0.13*¢
AMPK a2 1.01+0.12° 0.54+0.09%¢ 0.87+0.12° 0.83+0.11%° 0.73+0.11*° 0.66+0.04*¢
Adipose tissue
Leptin 0.96+0.08° 5.94+1.08% 1.89+0.76° 1.95+0.50° 2.79+0.7220 3.64+0.89*¢
uCP2 0.99+0.06"¢ 0.24+0.07*¢ 0.61+0.12%° 0.58+0.18*° 0.47+0.12*° 0.39+0.08*¢
Adiponectin 1.00+0.12%¢ 0.15+0.08%¢ 0.67+0.20*° 0.63+0.13*° 0.47+0.10*° 0.3620.10*
C/EBPa 1.00+0.08°¢ 1.89+0.23%¢ 1.27+0.14%* 1.28+0.12%° 1.35+0.11#° 1.46+0.15%°
C/EBPp 0.98+0.06°¢ 3.23+0.72%¢ 1.62+0.33° 1.52+0.33° 1.89+0.26° 2.28+0.37*¢
SREBPIc 1.03+0.16°¢ 2.29+0.42*¢ 1.44+0.13%° 1.37£0.21° 1.53+£0.26° 1.77+0.24%>

Results are expressed as the mean =+ standard deviation of 8 mice. *P<0.05 vs. intact control by ANOVA and Bonferroni test; "P<0.05 vs. HFD
control by ANOVA and Bonferroni test; ‘P<0.05 vs. metformin control by ANOVA and Bonferroni test , NFD, normal pellet diet; HFD, high-fat
diet; BHe, blue honeysuckle extract; ANOVA, analysis of variance; UCP2, uncoupling protein 2; C/EBP, CCAAT/enhancer-binding protein;
SREBP, sterol-regulatory-element-binding protein; ACC1, acetyl-CoA carboxylase 1; AMPK, AMP-activated protein kinase.

hypolipidemic and anti-obesity activities of BHe were inves-
tigated in obese mice. In addition, liver antioxidant defense
systems (lipid peroxidation and MDA content) and antioxidant
defense system (GSH content, and CAT and SOD activity)
were determined via lipid metabolism-associated gene expres-
sion analysis (hepatic ACC1, AMPKal, AMPKa2, adipose
tissue leptin, UCP2, adiponectin, C/EBPa, C/EBPf and
SREBPIc) performed using RT-qPCR in addition to hepatic
glucose-regulating enzyme activities (PEPCK, GK and
Go6Pase).

After 91 days of consecutive supply of HFD, the HFD
control group exhibited clearly increased body weights
and gains, abdominal and body fat density, periovarian and
abdominal wall-stored fat pad weights, and serum AST, ALT,
ALP, LDH, GGT, TG, TC and LDL levels, and decreased

HDL levels. In addition, increases in dorsal and periovarian
abdominal stored fat pad thicknesses, steatohepatitis area,
adipocyte hypertrophy, and hepatocyte hypertrophy were
detected. The majority of hepatocytes usually exhibit steatosis.
As certain hepatocytes in the present study were ballooned and
expanded by fat vacuoles, it would not be incorrect to suggest
that this was steatohepatitis. Histopathological examination of
the HFD control mice revealed decreased zymogen content,
increased hepatic lipid peroxidation and deterioration of the
endogenous antioxidant defense systems, including decreases
in liver CAT and SOD activities, and GSH content. There were
also decreases in glucose utilization associated with hepatic
GK activity, increases in hepatic gluconeogenesis-associated
Go6Pase and PEPCK activities, increases in hepatic ACC1
mRNA expression, decreases in hepatic AMPKal and
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AMPKa2 mRNA expression, increases in periovarian adipose
tissue leptin, C/EBPa, C/EBPP and SREBP1c mRNA expres-
sion, and decreases in adipose tissue UCP2 and adiponectin
mRNA expression, which suggested that HFD-induced
AMPK downregulation was dependent on the dysregula-
tion of glucose and lipid metabolism, and demonstrated the
occurrence of oxidative stress-associated diabetic hepatopathy
(NAFLD) and hyperlipidemia in the present study. However,
all obesity and obesity-associated complications, including
NAFLD, were significantly and dose-dependently repressed
by 84 days of continuous oral treatment with BHe. Treatment
dramatically normalized the depletion of the hepatic lipid
peroxidation and the liver endogenous antioxidant defense
system, variations in hepatic glucose-regulated enzyme
activity, and changes in lipid metabolism-associated gene
expression, including the hepatic AMPKal and AMPKa?2
mRNA expression, which was altered in a dose-dependent
manner. Specifically, 400 mg/kg BHe consistently exhib-
ited promising inhibitory activities against obesity and its
associated problems (i.e. hepatic steatosis, NAFLD and hyper-
lipidemia) through the AMPK upregulation-mediated hepatic
glucose enzyme activity and lipid metabolism-associated gene
expression, and antioxidant defense system and pancreatic
lipid digestion enzyme modulatory activities compared with
in the metformin-administered (250 mg/kg) HFD mice. These
results were considered to provide direct evidence that BHe
(400, 200 and 100 mg/kg) exhibited favorable anti-obesity
effects, including NAFLD refinement activities in HFD mice
through changes in AMPK upregulation-mediated hepatic
glucose enzyme activity and lipid metabolism-associated gene
expression compared with those induced by metformin treat-
ment. Therefore, BHe may be a promising refinement agent
or medicinal food for the treatment of Type 2 diabetes and its
various complications, including NAFLD.

The mouse model of obesity was induced by the provi-
sion of HFD to the animals, who subsequently exhibited the
features of hypolipidemia and hepatic steatosis. HFD-fed
animals exhibit mild obesity and hyperglycemia, and are
appropriate for use in the development of the preventive agents
for metabolic syndromes (9). In the present study, only adapted
animals with consistent body weight increases compared with
in the healthy control after 1 week of HFD adherence were
selected. Weight gain is an important indicator of obesity.
Jung et al (56) and Lee et al (57) identified that weight gain
was a direct contributor to obesity. In this experiment, the
decreased body weight gain in the BHe-treated animals rela-
tive to the HFD model provided a direct indication of the
inhibitory effect on weight gain.

The accumulation of or increase in fat storage in the body
is a key characteristic of cellular hypertrophy and obesity,
and is considered to be the main mode of enlargement of the
intra-abdominal adipose tissues in rodents (19,35). Adipose
tissues are known to work primarily as an energy storage
organ, but also as a secretory and endocrine organ (58).
Changes in the secretion, action of adipokines and mRNA
expression during obesity are markedly associated with the
development of numerous illnesses (19). In the present study,
consistent oral administration of BHe for 84 days markedly and
dose-dependently suppressed the build-up of adipose tissues
compared with the administration of metformin (250 mg/kg).
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These results are considered reliable evidence that BHe (400,
200 and 100 mg/kg) exerts more favorable anti-obesity effects
in HFD animals compared with metformin (250 mg/kg), as
identified using DEXA and histopathological analysis.

It is generally considered that obesity can result in various
conditions, including a decrease in the number of zymogen
granules, acinar cell atrophy and the onset of pancreatic
steatosis (19). The increased number of zymogen granules in
the exocrine pancreatic acinar cells indicates the development
of various digestive enzymes, particularly for the digestion of
proteins and lipids (59). In the present study, histopathological
observations revealed a decrease in pancreatic zymogen
granules in the HFD control animals compared with the
healthy control, which induced lipid absorption-associated
obesity. However, the decreased zymogen depositions in the
exocrine pancreas were effectively and dose-dependently
suppressed by treatment with BHe; furthermore, the proper-
ties of the 400 mg/kg BHe group were comparable with those
of the HFD control. These results are considered to be direct
evidence that BHe (400, 200 and 100 mg/kg) exerts favorable
anti-obesity properties in HFD animals and that these effects
might be mediated through the inhibition of lipid digestion by
limiting the production or discharge of pancreatic enzymes
in the metformin (250 mg/kg) and BHe (400 mg/kg)-treated
groups. BHe activated AMPK to decrease zymogen granules
and increase TC and TG in feces. This decreased the amount
of lipid (TG) absorbed in the body through a decrease in the
secretion of lipolytic enzyme and thus the increased fecal
excretion of lipids (TC and TG) during fat ingestion. These
changes were responsible for the anti-obesity effects. The
decrease in zymogen deposition in the exocrine pancreas
might be due to the decrease in LDL synthesis (a decrease in
the degradation of fat to TC, TG and LDL) by the increased
AMPK activity. The direct or indirect suppression of the
release of zymogen granules is presumed to be the mechanism
for the decreased consumption of zymogen granules by BHe.

Increases in the digestive tract motility are also linked with
increases in fecal excretion and decreased body weight (60,61).
Noticeable dose-dependent increases in fecal excretions, and
fecal TG and TC content were induced by treatment with
BHe (400, 200 and 100 mg/kg) compared with metformin
(250 mg/kg). Thus, it is possible that BHe induced an increase
in digestive tract motility; however, detailed mechanistic
studies are required to clarify the precise anti-obesity mecha-
nisms of BHe. Similarly, other studies (62,63) have identified
that treatment with metformin decreased the absorption of bile
salts, which could increase the excretion of cholesterol. These
effects of metformin indicate that it directs the intestinal
enterocytes to decrease the active transfer of bile salts through
a mechanism that is independent of Na*/K*-ATPase activity.
In the present study, BHe (400, 200 and 100 mg/kg) decreased
the TG and TC content in fecal excretion in a dose-dependent
manner. It has been suggested that BHe may participate in
the retardation of the bile absorption-like metabolism of the
metformin. A slight increase in fecal TG and TC content was
observed in the HFD control animals as a secondary effect of
HFD ingestion.

The prolonged progression of diabetes in HFD mice gener-
ally causes hyperlipidemia (64). As the most serious effect
of hyperlipidemia is the increase in serum TG, TC and LDL
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levels, and the decrease in HDL levels (35,56), the efficiency
of hypolipidemic agents is usually estimated on the basis of
the decrease in serum TG, TC and LDL levels and an increase
in HDL levels (19,56). In the present study, BHe markedly
and dose-dependently decreased the serum TG, TC and LDL
levels, whereas an increase in the serum HDL levels was
observed. These results are considered direct evidence that the
favorable hypolipidemic properties exerted by BHe (400, 200
and 100 mg/kg) in HFD animals may have been mediated by
the inhibition of lipid breakdown caused by decreased pancre-
atic enzyme production or release. In addition, the favorable
hypolipidemic effects of BHe in HFD animals reflected a
decrease in lipid absorption and lipid propulsion in feces,
occurring through the aforementioned pancreatic digestive
enzyme-moderating properties. Significant dose-dependent
increases in fecal TG and TC content occurred following
treatment with BHe compared with the HFD control, which
corresponded to the increases in zymogen granule deposition
observed in the histopathological examinations of the exocrine
pancreas.

As obesity develops, the liver weight increases owing to
abnormal glycosylation or fibrosis associated with changes
in hepatocyte hypertrophy and the hepatosteatosis, which
results in lipid storage in the cytoplasm, and increases in
serum ALP, GGT, AST, ALT and LDH levels (19,56). The
improvement in these irregular variations is a direct reflection
of the amelioration of hepatopathies (65). Serum AST activi-
ties increase with hepatocellular necrosis and skeletal muscle
necrosis. No increase in serum ALT activity was observed,
whereas an increased serum AST activity indicated muscle
necrosis. However, the increase in AST activity is normally
slow compared with that of ALT owing to the liver damage
and revealed whole cell disturbance as it leaks only from the
necrotic cells and not from membrane instability (66). ALT
enters the bloodstream owing to the damage in liver cells and
circulates for a few days. The increase in serum AST and ALT
levels is a sensitive sign of active liver damage along with
serum ALP, LDH and GGT increases; however, it is difficult to
clarify the cause of liver damage (66). In this experiment, BHe
dose-dependently and effectively decreased diabetic hepa-
topathies compared with metformin (250 mg/kg) treatment.
BHe suppressed the increases in the serum ALP, AST, LDH,
ALT and GGT content during steatohepatitis, the increase in
liver weight, and the associated hepatocyte hypertrophic varia-
tions at a histopathological level. These results are considered
clear evidence that BHe exerted favorable and dose-dependent
hepatoprotective effects against HFD-induced NAFLD.
Further research is required to elucidate whether the primary
reason for the effect of BHe on obesity and NAFLD was the
absorption blockage of cholesterol or the increase in intestinal
peristalsis.

To elucidate the mechanisms by which BHe exerts
anti-obesity and refinement activities on associated complica-
tions, including NAFLD, the lipid metabolism and AMPK
signaling in the hepatic and adipose tissues was investigated.
The activation of AMPK in the two types of tissue is a major
participant in the regulation of lipids and glucose metabolism
by limiting lipogenesis, glucose production, and the stimula-
tion of fatty acid oxidation (12,19). Given the function of
AMPK signaling pathway-associated proteins in glucose and
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lipid metabolism, it is important to identify and analyze their
mRNA expression in adipose tissues and the liver. Thus, it was
investigated whether BHe affected the mRNA expression of
AMPK and the AMPK signaling pathway-associated proteins
in these tissues. The gene expression analyses indicated that
BHe significantly and dose-dependently decreased the mRNA
expression of lipogenic genes, such as C/EBPa, C/EBPf,
SREBPIc and leptin, in the periovarian adipose tissue of HFD
mice. BHe also dose-dependently and significantly increased
mRNA expression of the thermogenesis-associated protein
UCP2 in adipose tissue, and AMPKal and AMPKa?2 in hepatic
tissue; these increases were comparable with those induced by
metformin (250 mg/kg). In addition, BHe significantly and
dose-dependently increased adiponectin mRNA expression in
adipose tissue; this effect was also comparable with that of
metformin (250 mg/kg). The effect of fat cell-derived adipo-
nectin on insulin-sensitizing and fatty acid-oxidizing action
is dependent on AMPK in the adipose tissue and liver (67).
In the present study, it was revealed that mRNA expres-
sion of AMPKa was decreased in the liver of HFD mice,
which suggested that the alterations in AMPKoa expression
enhanced the pathogenesis of lipid accumulation in the livers
of NAFLD HFD mice (46). However, BHe significantly and
dose-dependently stimulated AMPK expression and inhibited
ACC1 mRNA expression in the hepatic tissues (in a manner
comparable with the effects of 250 mg/kg metformin), which
suggested that BHe ameliorated abnormal lipid metabolism
through the suppression of lipogenesis and the promotion of
fatty acid oxidation via the upregulation of AMPK. In addi-
tion, the consistent upregulation of AMPK and the AMPK
signaling pathway indicated favorable modulation of the
endogenous antioxidant defense systems and glucose-regu-
lating enzymes. Therefore, it was also considered that the
antioxidative effects and favorable modulatory activities on
glucose-regulatory enzymes (GK, G6Pase and PECK) were
also mediated by the upregulation of AMPK, which was
similar to the effects of metformin, a well-documented AMPK
activator (17,18).

In conclusion, the anti-obesity activity, including
the NAFLD refinement effects of BHe, was observed
in HFD-induced obese mice in the present study. After
84 days of continuous oral administration of BHe (400,
200 and 100 mg/kg), the HFD diet induced the AMPK
downregulation-dependent dysregulation of glucose and
lipid metabolism; consequently, oxidative stress-associated
diabetic hepatopathy (NAFLD) and hyperlipidemia were
significantly and dose-dependently inhibited. In particular,
BHe (400 mg/kg) consistently indicated favorable inhibitory
activities against obesity, hyperlipidemia and hepatic steatosis
(NAFLD) through AMPK upregulation-mediated hepatic
glucose enzyme activity and lipid metabolism-associated gene
expression, antioxidant defense system, and pancreatic lipid
digestion enzyme modulatory activities, compared with the
effects of metformin (250 mg/kg) in HFD mice. BHe exhibited
favorable anti-obesity effects, including anti-NAFLD activi-
ties, in HFD mice, through the AMPK upregulation-mediated
effects on hepatic glucose enzyme activity and lipid metabo-
lism-associated gene expression, antioxidant defense system
and pancreatic lipid digestion enzyme-modulatory activities.
Therefore, BHe is a promising novel potent refinement agent
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or medicinal food for the treatment of obesity and a variety of
its associated problems, including NAFLD.
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