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Licochalcone E has an antidiabetic effect
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Abstract

Licochalcone E (lico E) is a retrochalcone isolated from the root of Glycyrrhiza inflata. Retrochalcone compounds evidence a variety of pharmacological
profiles, including anticancer, antiparasitic, antibacterial, antioxidative and superoxide-scavenging properties. In this study, we evaluated the biological effects of
lico E on adipocyte differentiation in vitro and obesity-related diabetes in vivo. We employed 3T3-L1 preadipocyte and C3H10T1/2 stem cells for in vitro
adipocyte differentiation study and diet-induced diabetic mice for in vivo study. The presence of lico E during adipogenesis induced adipocyte differentiation to a
significant degree, particularly at the early induction stage. Licochalcone E evidenced weak, but significant, peroxisome proliferator-activated receptor gamma
(PPARγ) ligand-binding activity. Two weeks of lico E treatment lowered blood glucose levels and serum triglyceride levels in the diabetic mice. Additionally,
treatment with lico E resulted in marked reductions in adipocyte size and increases in the mRNA expression levels of PPARγ in white adipose tissue (WAT).
Licochalcone E was also shown to significantly stimulate Akt signaling in epididymal WAT. In conclusion, lico E increases the levels of PPARγ expression, at least
in part, via the stimulation of Akt signals and functions as a PPARγ partial agonist, and this increased PPARγ expression enhances adipocyte differentiation and
increases the population of small adipocytes, resulting in improvements in hyperglycemia and hyperlipidemia under diabetic conditions.
© 2012 Elsevier Inc. All rights reserved.
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1. Introduction

Type 2 diabetes is a metabolic disorder characterized as secondary
hyperglycemia by insulin resistance and caused by multifactorial
etiology, including environmental factors, particularly diet and
genetic components. The relationship between obesity and type 2
diabetes has been known for decades, and the major basis for this link
is the ability of obesity to induce insulin resistance. Adipose tissue is
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an important organ for both glucose and lipid metabolism. Insulin
resistance is associated with a deficiency of adipose tissue under
conditions of lipodystrophy [1], as well as the accumulation of adipose
tissue under obesity conditions [2–4]. Kim et al. previously reported
that mice lacking adipose tissue were diabetic and severely insulin
resistant and evidenced hugely elevated triglyceride contents in the
liver and skeletal muscles. The results of these studies demonstrate
that altered or impaired adipocyte differentiation may promote the
development of insulin resistance, ultimately resulting in type 2
diabetes. Thus, studies of adipocyte differentiation in cell culture as
well as animal models have been used as models for the testing of
insulin sensitivity and novel antidiabetic drugs.

Two major in vitro model systems have been exploited in order to
evaluate adipocyte differentiation. One model employs preadipocyte
cell lines that can be induced to terminally differentiate into
adipocytes, but not into other cell types. 3T3-L1 is themost extensively
utilized and well-characterized preadipocyte cell line [5–7]. The other
model involves the use of multipotent stem cell lines that have yet to
undergo commitment to an adipocyte lineage, including the C3H10T1/
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2 murine cell line, which is the most frequently utilized cell line [8,9]
for studies of the differentiation of stem cells into adipocytes [10].

Peroxisome proliferator-activated receptor (PPAR) γ performs a
key role in glucose and lipid metabolism and is a critical transcription
factor in adipocyte differentiation. It has been previously reported
that small adipocytes take up more glucose than do large adipocytes,
whereas large adipocytes induce impairments in intracellular glucose
metabolism, thereby resulting in reductions of glucose oxidation in
adipocytes [11]. The increased population of small adipocytes via the
activation of PPARγ by treatment with thiazolidinediones, which are
PPARγ agonists, may account for the observed improvements in
insulin sensitivity and the reduction in fatty acid levels, thereby
resulting in the amelioration of diabetic status [12,13].

Licorice, the root and stolon of the Glycyrrhiza plant species
(Leguminosae) including G. inflata Batalin, G. uralensis Fischer and G.
glabra Linne, has been used as medicinal and sweetening agents in
food products. Each species harbors species-specific flavonoids.
Retrochalcones are an unusual phenolic compound family. G. inflata
is the major source of six retrochalcone compounds: licochalcone
(lico) A–E and echinatin. They have demonstrated a variety of
Fig. 1. Effects of lico E on adipocyte differentiation in 3T3-L1. (A) 3T3-L1 cells were treated w
differentiated by standard adipogenic induction media without other treatment. 3T3-L1 adip
8 with ×100 magnification. (B) The stained Oil Red O was extracted with isopropanol. The abso
order tomeasure triglyceride accumulation. (C) To investigate the toxicity of lico E on cell viabil
and the cell viability was evaluated via MTT assays after 48 h. The error bars represent the stand
Pb.01 and Pb.001, respectively. TG, triglyceride.
pharmacological profiles including anticancer, antibacterial, antiox-
idative and anti-inflammatory effects [14–17]. Licochalcone E has
been recently isolated, and its biological activities have yet to be
elucidated [17,18]. Therefore, we evaluated the biological activities of
lico E and, in this study, identified and characterized its novel effects
on adipocyte differentiation in vitro and in a diabetic model in vivo.

2. Materials and methods

2.1. Cell culture and adipocyte differentiation

3T3-L1 cells (American Type Culture Collection, Rockville, MD, USA) were grown in
Dulbecco's modified Eagle's medium (DMEM) including 10% bovine calf serum (BCS),
100 U/ml penicillin and 100 μg/ml streptomycin in a humidified incubator under an
atmosphere of 5% CO2 and at a temperature of 37oC. C3H10T1/2 cells (American Type
Culture Collection) were cultured in DMEM containing 10% fetal bovine serum (FBS).
The cells were differentiated in accordance with a well-established standard adipocyte
differentiation protocol [19,20]. In brief, 3T3-L1 cells at 2 days postconfluence (day 0)
were stimulated to differentiate in a standard adipogenic medium (DMEM containing
10% FBS, 0.5 μM isobutylmethylxanthine, 1 μM dexamethasone and 1 μg/ml of insulin)
for 2 days. The differentiation medium was replaced after 2 days with DMEM
containing 10% FBS and 1 μg/ml of insulin, then exchanged every other day with DMEM
containing 10% FBS. During adipocyte differentiation, 3T3-L1 cells were treated with
ith lico E (0, 5, 10 or 20 μM) during adipocyte differentiation for 8 days. Control was
ogenesis was visualized by Oil Red O staining. Microscopic pictures were taken at day
rbance of the extracted Oil Red O was spectrophotometrically determined at 570 nm in
ity, 3T3-L1was incubated in the presence of lico E at a concentration of 0, 5, 10 or 20 μM,
ard error of the mean. The symbols ⁎, ⁎⁎ and ⁎⁎⁎ indicate significant difference at Pb.05,
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lico E at a concentration of 0, 5, 10 or 20 μM from days 0 to 8, then treated with 1 μM
rosiglitazone (rosi) as a positive control. C3H10T1/2 cells were stimulated to
differentiate via the aforementioned method, except that 10% FBS was utilized rather
than 10% BCS in the media prior to induction. During adipocyte differentiation,
C3H10T1/2 cells were treated with lico E at a concentration of 0, 5, 10 or 25 μM for
8 days during a standard adipogenic induction. For the time-course study, C3H10T1/2
cells were induced in the presence of 10 μM lico E for various periods during adipocyte
differentiation. In order to examine effects of Akt inhibitor, C3H10T1/2 cells were
pretreated with 10 μM Akt inhibitor 124005 (Calbiochem, La Jolla, CA, USA) for 1 h
before the cells were stimulated to differentiate in the standard adipocyte medium
containing 10 μM lico E and 10 μMAkt inhibitor. All assays were conducted in triplicate,
and at least three separate assays were performed.
2.2. Quantification of lipid accumulation

In order to determine the degree of differentiation and to visualize lipid
accumulation, cytoplasmic triglycerides in the cells were stained with Oil Red O
(Sigma-Aldrich, St. Louis, MO, US) as previously described [20,21]. The stained cells
were photographed at a magnification of ×100 using an Olympus CKX41 inverted
microscope system (Tokyo, Japan). After the Oil Red O retained in the cells was
extracted with isopropanol, the absorbance was determined spectrophotometrically at
570 nm using an MRX II microplate reader (Dynatech Labs., Chantilly, VA, USA).
Fig. 2. Effects of lico E on adipocyte differentiation in C3H10T1/2. (A) C3H10T1/2 cells were tr
was differentiated using standard adipogenic induction media without other treatment. Th
magnification of ×100. (B) The stained Oil Red O was extracted with isopropanol. The absorb
measure triglyceride accumulation. (C) To investigate the toxicity of lico E on cell viability, C3H
the cell viability was evaluated via MTT assays after 48 h. The error bars represent the standar
Pb.001, respectively. TG, triglyceride.
2.3. 3-(4,5-Dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide (MTT) assay

The cells (5×104 cells/well) were plated and incubated for 24 h in 96-well plates.
The cells were subsequently treated for 48 h with various concentrations of lico E. 3-
(4,5-Dimethylthiazol-2-yl)2,5-diphenyl tetrazolium bromide (Sigma-Aldrich, St. Louis,
MO, USA) was employed to determine the cell viability in accordance with the
manufacturer's instructions. The absorbance at 570 nm was measured with an MRX II
microplate reader (Dynatech Labs, Chantilly, VA, USA).
2.4. Luciferase reporter gene assay

CV1 cells (monkey kidney cell line; ATCC CCL70) were cultured in DMEM including
10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin in a humidified incubator at
5% CO2 and 37oC. The luciferase reporter gene assay conducted to determine the degree
of PPARγ transactivation was conducted as previously described [22]. In brief, CV1 cells
(1.5×105 cells/well) were plated on six-well plates, and 24 h later, the cells were co-
transfected with 500 ng of pUSA-luciferase, 100 ng of GAL4PPARγ LBD and 100 ng of
CMV β-galactosidase using Lipofectamine PLUS reagent (Invitrogen, Carlsbad, CA, USA)
in DMEM including 100 U/ml penicillin and 100 μg/ml streptomycin. Transfected cells
after 24 h were treated either with vehicle or with lico E at a concentration of 0, 5, 10 or
20 μM. Luciferase activity was measured after 24 h using a luciferase substrate kit
(Promega, Madison, WI, USA) and a Microlumat Plus LB96V luminometer (ALT, PA,
eated with lico E (0, 5, 10 or 25 μM) during adipocyte differentiation for 8 days. Control
e cells were stained with Oil Red O on day 8. Microscopic pictures were obtained at
ance of the extracted Oil Red O was spectrophotometrically determined at 570 nm to
10T1/2 was incubated in the presence of lico E at a concentration of 0, 5, 10 or 25 μM, and
d error of the mean. The symbols ⁎⁎ and ⁎⁎⁎ indicate significant difference at Pb.01, and
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Fig. 3. The effects of lico E for various intervals during adipocyte differentiation. (A)
C3H10T1/2 cellswere treatedwith 10mM licoE for various periods, and the controlswere
differentiated using standard adipogenic induction media without other treatments. The
adipogenesis of C3H10T1/2 was visualized via Oil Red O staining. (B) The absorbance of
the extracted Oil Red O was spectrophotometrically determined at 570 nm to measure
triglyceride accumulation. The error bars represent the standard error of the mean. The
symbol ⁎⁎⁎ indicates a significant difference at Pb.001. TG, triglyceride.

Table 1
Changes of food intake, body weight and tissue weight in mice due to 2 weeks of lico E
treatment

Control group Lico E group

Food intake (g/day) 2.45±0.09 2.43±0.09
Body weight before treatment 34.9±2.03 35.5±1.1
Body weight after treatment 37.8±1.95 37.8±2.75
Body weight increase (g) 2.9±1.03 2.3±1.17
EWAT (g) 2.11±0.12 2.27±0.1
PWAT (g) 1.01±0.11 0.94±0.02
Liver (g) 1.02±0.06 1.00±0.03
EWAT/body weight ratio 5.88±0.3 6.34±0.1
PWAT/body weight ratio 2.78±0.2 2.64±0.1
Liver/body weight ratio 2.83±0.1 2.80±0.06

Values are expressed as the means±standard error.
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USA). Luciferase activities were normalized with β-galactosidase activity to adjust
transfection efficiency.

2.5. Animal experiments

Five-week-old male C57BL/6J mice were purchased from Orient-Bio Inc. (Seoul,
Korea). The animals were maintained in a temperature-controlled room at 22°C on a
12-h light–dark cycle. After 1 week of acclimation, mice were fed on a 58% high-fat diet
(Research Diets, New Brunswick, NJ, USA) for 8 weeks. The glucose tolerance test (GTT)
was conducted at 14 weeks of age to select diabetic mice, as described below. High-
glucose mice were selected as the model diabetic mice and divided randomly into a
control vehicle group (n=5) and a lico E group (n=6). For 2 weeks, the mice were
intraperitoneally treated on a daily basis with vehicle (10% alcohol, 10% Tween 80 and
80% saline) alone or 10 mg/kg of lico E in the vehicle. After the administration of that
treatment, GTT was again conducted, and blood samples were obtained for the
subsequent biochemical analysis. For the experimental period, food intake and body
weight were measured every day. Animal protocols were approved by the animal
ethics committee of the Yonsei University College of Dentistry.

At necropsy, white adipose tissue (WAT) around epididymal or perirenal regions,
and parenchymal organs such as the liver, heart and kidney were dissected and
weighed. The WAT and liver were utilized for histological analysis, as described below.

2.6. Glucose tolerance test

Prior to and following treatment with vehicle or lico E, GTT was conducted as
follows. The mice were fasted for 15 h and intraperitoneally injected with 2 g/kg
glucose. Blood glucose levels were measured with Accu-Check active systems (Roche,
Mannheim, Germany) in accordance with the manufacturer's instructions at 0, 30, 60,
90 and 120 min after the glucose injection.

2.7. Serum biochemical analysis

Levels of triglycerides and cholesterol in serum were measured using a Hitachi
H7170 automated analyzer (Hitachi Ltd., Tokyo, Japan). Concentrations of glutamic
oxaloacetic transaminase (GOT) and glutamic pyruvic transaminase (GPT) were
determined using GOT and GPT kits (Asan Pharmaceutical, Seoul, Korea), respectively,
in accordance with the manufacturer's instructions.

2.8. Histological analysis

DissectedWAT and liver were fixed in 10% neutral-buffered formalin and embedded
in paraffin. Paraffin-embedded sections were sliced at a width of 4 μm and stained with
hematoxylin and eosin. Adipocyte cell size was measured in seven randomly selected
microscopic areas from five independent animals using an Olympus CKX41 inverted
microscope system (Tokyo, Japan). The average adipocyte cell size was calculated by
dividing the selected microscopic area by the total adipocyte cell number in the area.

2.9. Semiquantitative reverse transcription polymerase chain reaction (RT-PCR)

Total RNA in epididymal WAT (EWAT), perirenal WAT (PWAT) or C3H10T1/2 cells
was isolated with Trizol reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the
manufacturer's instructions. Two micrograms of total RNA was converted to cDNA
using an RT premix kit (Bioneer, Seoul, Korea) in accordance with the manufacturer's
instructions. Semiquantitative RT-PCR was conducted in accordance with the protocols
established in our previous studies [20,21]. In brief, two concentrations of cDNA
template were amplified with i-StarTaq (Intron, Seoul, Korea) to determine the
amounts of cDNA, and, additionally, several PCR cycles were conducted in an effort to
determine the range during which amplification was in exponential phase. The
primers, annealing temperatures and optimized PCR cycle number were determined in
previous studies [20,21]. All assays were conducted in triplicate, and at least three
separate assays were performed. The expression value of the control group was set as 1
to allow for the comparison of the relative mRNA expression levels between the control
and lico E groups.

2.10. Western blot

For protein analysis, 250 mg of EWAT was homogenized in 1× lysis buffer [20 mM
Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin and 1 mM
PMSF]. After centrifugation, the supernatant was used for the protein assay, and the
remaining aliquot samples were stored at −70°C until use. Protein concentrations were
determinedwith BSAprotein assay kits (Bio-rad, Hercules, CA, USA). Thirtymicrograms of
protein was electrophoresed through 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis. The electrophoretically separated protein electroblotted onto PVDF (Bio-
rad). Themembraneswere blockedwith 5% BSA in Tris buffer saline (10mMTris-Hcl, 166
mMNaCl, pH 7.4). Primary antibodies were anti-phospho-Akt (Cell Signaling Technology,
Beverly, MA, USA) at 1:1000, anti-phospho-Erk1/2 (Cell Signaling Technology) at 1:1000,
anti-Akt (Cell Signaling Technology) at 1:1000 and anti-Erk1/2 (Cell Signaling
Technology) at 1:1000. Secondary antibody was peroxidase-conjugated anti-rabbit
(Jackson ImmunoResearch, West Grove, PA, USA) at 1:2500. Protein band was visualized
by ECL kit (Amersham Bioscience, Buckinghamshire, UK). Band intensity was measured
using Multi Gauge Ver 3.0 software (Fuji Film, Tokyo, Japan).

2.11. Statistical analysis

The SPSS 12.0 statistical package program (SPSS Inc., Chicago, IL, USA)was utilized for
all statistical analyses. All data in the samegroupswere assessedvia paired t tests. Thedata
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Fig. 4. Glucose tolerance test of diet-induced diabetic mice after lico E treatment. Licochalcone E dissolved in vehicle (10% alcohol, 10% Tween 80 and 80% saline) was intraperitoneally
injected for 2 weeks. The control group was injected with vehicle alone. Blood glucose levels prior to treatment and after treatment in the control group (A) and the lico E group (B) are
shown in the graph. (C) Blood glucose levels of the control group (●) vs. the lico E group (■) after treatment are shown in the graph. All values are expressed as means±standard
errors. The symbol ⁎ indicates significant difference at Pb.05.
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collected with the control and lico E groups were analyzed and compared via unpaired t
tests. A P value of b.05 was considered indicative of a statistically significant difference.
Table 2
Serum biochemical parameters in mice with 2 weeks of lico E treatment

Control group Lico E group

Triglyceride (mg/dl) 93.36±17.33 59.33±2.73 ⁎

Cholesterol (mg/dl) 118.38±9.40 124.02±5.23
GPT (IU/L) 6.06±0.6 6.85±2.5
GOT (IU/L) 31.39±3.58 32.00±3.8

Values are expressed as the means±standard error.
⁎ Pb.05; significantly different from control group.
3. Results

3.1. Lico E induces the differentiation of 3T3-L1 preadipocyte

In order to evaluate the effects of lico E on the differentiation from
preadipocytes to adipocytes, 3T3-L1 preadipocyte cells were incubat-
ed until 2 days postconfluence (day 0) and treated with lico E at a
concentration of 0, 5, 10 or 20 μM for 8 days during a standard
adipogenic induction. Rosi, a PPARγ agonist, has been shown to
promote adipocyte differentiation [23,24] and was therefore
employed as a positive control in the in vitro study. As anticipated,
rosi strongly induced adipocyte differentiation in 3T3-L1 as compared
to the controls (Fig. 1A, B). The presence of lico E at 5 and 10 μM was
shown to induce lipid accumulation both via microscopic examina-
tions of Oil RedO-stained lipid droplets and by the spectrophotometric
quantification of extracted stains (Fig. 1A, B), thereby indicating the
induction of adipocyte differentiation. However, the induction
disappeared at a lico E concentration of 20 μM. In order to evaluate
the inhibitory effects of lico E on the cell viability of 3T3L1
preadipocytes, MTT assays were conducted after 48 h of treatment
with lico E at a concentration of 0, 5, 10 or 20 μM (Fig. 1C). The results
demonstrated that lico E exerted no effects on cell viability at
concentrations of 5 and 10 μM; however, the cell viability was slightly
but significantly reduced at 20 μM (Fig. 1C), thereby suggesting that
the inhibitory effect of 20 μM lico E on cell viability resulted in the
disappearance of this induction of adipogenesis. Therefore, lico E at
concentrations up to 10 μM induce differentiation from preadipocytes
to adipocytes.

3.2. Lico E induces the differentiation of C3H10T1/2 multipotent stem cells

In order to characterize the effects of lico E on differentiation from
multipotent stem cells to adipocytes, C3H10T1/2 stem cells were
treated with lico E at a concentration of 0, 5, 10 or 25 μM for 8 days
during a standard adipogenic induction. The presence of lico E at 5, 10
and 25 μM was shown to induce lipid accumulation both by
microscopic examination and spectrophotometric quantification
(Fig. 2A, B). The results of the MTT assay demonstrated that lico E
did not alter cell viability up to a concentration of 10 μM, but cell
viability was shown to be slightly but significantly reduced at 25 μM
(Fig. 2C). Therefore, the optimal concentration of lico E in the
C3H10T1/2 cells was defined as 10 μM, and so this concentration was
utilized in the time-course study, as follows.
In an effort to elucidate the timing of the stimulatory effect of lico
E on adipocyte differentiation, C3H10T1/2 cells were induced in the
presence of 10 μM lico E for various periods. Licochalcone E
treatment from day 0 to 2 after induction resulted in a significant
induction of adipocyte differentiation (Fig. 3). By way of contrast,
lico E treatment applied from day 2 to 4 and day 4s to 6 evidenced
no apparent induction effects (Fig. 3). These results identified the
period from day 0 to 2 as the critical time point for lico E treatment
in order to induce adipogenesis. Therefore, the stimulatory effect of
lico E on adipocyte differentiation occurs at the early stages of
adipocyte differentiation.
3.3. No gross changes on food intake and body weight

In order to examine gross changes of diet-induced diabetic mice
during 10-mg/kg/day lico E treatment, we measured the food intake
and body weight every day during the experimental period (Table 1).
The body weight gain in the lico E group (2.3±1.17 g) was similar to
that in the control group (2.9±1.03 g), and the food intake of the lico
E group (2.43±0.09 g/day) was also found to be similar to that of the
control group (2.45±0.09 g/day). Therefore, 2 weeks of lico E
treatment did not affect food intake or body weight, and thus no
gross body changes were observed in this study.
3.4. Lico E improves glucose tolerance and lipid metabolism

In order to determine whether lico E exerts an antidiabetic effect,
serum biochemical analyses of blood glucose, triglyceride and
cholesterol were conducted after 15 h of fasting (Fig. 4 and Table 2).
The control mice treated for 2 weeks with vehicle evidenced a trend,
albeit a statistically significant one, toward higher blood glucose levels
after 30 min, thereby suggesting that the diabetic condition of the
controlmicemayworsen (Fig. 4A). Of particular importance, the blood
glucose tolerance level in the lico E group was improved significantly
after 2 weeks of treatment (Fig. 4B, C). The blood glucose levels began
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Fig. 5. Histological analysis of WATs of DIOmice after control or lico E treatments for 14
days. (A) Histological sections were stained with hematoxylin and eosin. Microscopic
pictures of EWAT of control or lico E groups were obtained at magnification of ×200.
(B) An average adipocyte cell size in EWAT of control and lico E groups was quantified
by measurements conducted in randomly selected microscopic areas. The error bars
represent the standard error of the mean. The symbol ⁎⁎⁎ indicates a significant
difference at Pb.001.
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to decrease at 60min andwere significantly lower at 120min (Pb.05),
thereby indicating that lico E exerts a blood-glucose-lowering effect.

The results of serum biochemical analysis are provided in Table 2.
The level of serum triglycerides in the lico E group (59.33±2.73, Pb.05)
was reduced significantly as compared to that in the control group
(93.36±17.33), thereby suggesting that lico E treatment ameliorates
hyperlipidemia in diabetic mice. The levels of total cholesterol were
similar between the two groups (control: 118.38± 9.40 and lico E:
124.02±5.23). Taken together, our results demonstrate that lico E
treatment improves glucose tolerance and lipid metabolism, thereby
suggesting that lico E exerts an antidiabetic effect.

Additionally, the liver damage indices, GOT and GPT, were analyzed
(Table 2). The levels of GOT and GPT in the lico E group were 32±3.8
and 6.85±2.5, respectively, whereas the levels in the control group
were 31.39±3.58 and 6.06±0.6. The levels of GOT and GPT in both
groups were similarly maintained at normal levels, thereby suggesting
that lico E treatment did not evidence toxicity in the liver.
Fig. 6. The expressions of adipogenic marker genes inWATs and PPARγ ligand-binding activity
PWAT (B) were evaluated via RT-PCR. The relative mRNA expression levels of control (■) vs. lic
permit comparison of the relative mRNA expression levels between the control and lico E gr
GAL4PPARγ LBD and CMV β-galactosidase. Transfected cell were treated after 24 h with lico E a
the luciferase substrate. The error bars represent the standard error of the mean. The symbols
enhancer binding protein α; aP2, fatty-acid-binding protein.
3.5. No weight changes in WAT and internal organs

To evaluate the internal organ changes of diet-induced diabetic
mice as the result of lico E treatment, the animals were weighed
and sacrificed at the end of the treatment period. Epididymal WAT,
PWAT, liver, kidney and heart were dissected and weighed, and
the tissue weight/body weight ratios were calculated. The weights
and the ratios to body weight of EWAT and PWAT were similar
between the control and lico E groups (Table 1). Additionally, the
weight and ratio to body weight of parenchymal tissues such as
the liver, heart and kidney did not evidence a significant difference
between the two groups (Table 1 for liver, and data of heart and
kidney not shown).

3.6. Lico E decreases adipocyte size of WAT

The reduction of adipocyte size in the EWAT and PWAT of the
lico E group was noted on histopathological analysis (Fig. 5A for
EWAT; PWAT not shown). Adipocyte size in EWAT was quantified
by measurements conducted in randomly selected microscopic
areas and was markedly decreased by 33.4%, in the lico E group as
compared with the control group (Pb.001) (Fig. 5B). This suggested
that lico E treatment may improve histological morphology in
WAT. Additionally, histological analysis of the liver showed no
differences in histopathological appearance between the two
groups, consistent with the unchanged levels of GOT and GPT
(data not shown).

3.7. Lico E increases PPARγ expression in WAT

Because lico E increased adipocyte differentiation in vitro and
reduced adipocyte size in vivo, we assessed the effects of lico E on the
expression of adipocyte marker genes in WAT. The mRNA expression
levels of adipocyte marker genes, PPARγ, aP2 and C/EBPα, were
measured via semiquantitative RT-PCR (Fig. 6). Licochalcone
E markedly increased PPARγ mRNA expression to 1.78-fold in
EWAT and 1.72-fold in PWAT (Pb.05 in EWAT and Pb.01 in PWAT)
(Fig. 6), whereas the gene expression of aP2 and C/EBPα was
measured at similar levels in both the lico E and control groups. The
significant up-regulation of PPARγ expression as the result of lico E
treatment may induce adipocyte differentiation and thus decrease
adipocyte size in vivo.
of lico E. Messenger RNA expression levels of adipogenic marker genes in EWAT (A) and
o E (□) are shown in the graph. The expression value of the control groupwas set as 1 to
oups. (C) CV1 cells (monkey kidney cell line) were transfected with pUSA-luciferase,
t a concentration at 0, 5, 10 and 20 μM. Luciferase activity was measured after 24 h using
⁎ and ⁎⁎ indicate significant difference at Pb.05 and Pb.01, respectively. C/EBPα, CAAT
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Fig. 7. Activation of Erk1/2 and Akt in EWATwas detected viaWestern blotting. (A) The
phosphorylation of Erk1/2 and Akt was compared with the total levels of Erk1/2 and
Akt in the loading controls, respectively. Band intensities were plotted as a relative fold
increase. (B) The relatively protein levels of control (□) vs. lico E (■) are shown in the
graph. The error bars represent the standard error of the mean. The symbol ⁎ indicates
significant difference at Pb.05.
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3.8. PPARγ ligand-binding activity of lico E

As PPARγ mRNA expression was shown in this study to be
enhanced by lico E and ethanolic licorice extract was reported to
function as a PPARγ agonist [25], the effects of lico E on the
transactivation of PPARγ were evaluated. The level of PPARγ
transactivation indicates the degree to which lico E binds to and
activates PPARγ as its agonist. CV1 cells were co-transfected with
pUSA-luciferase, GAL4PPARγ LBD and CMV β-galactosidase [26–28].
The transfected CV1 cells were treated with lico E at a concentration
of 0, 5, 10 or 20 μM, and the PPARγ transactivation activity was
determined by the luciferase activity. Licochalcone E enhanced PPARγ
transactivation in a dose-dependent manner (Fig. 6C). The results
demonstrated that PPARγ transactivation as the result of lico E at a
concentration of 20 μM was significantly increased to a level 1.7-fold
Fig. 8. Effects of Akt inhibitor on the induction of adipocyte differentiation and PPARγ expres
during adipocyte differentiation for 8 days. In case of Akt inhibitor treatment, C3H10T1/2 cells
Akt inhibitor. Control was differentiated using standard adipogenic induction media without
were obtained at magnification of ×100. (B) Messenger RNA expression levels of PPARγ gen
expression levels of control vs. lico E, and control vs. lico E+Akt inhibitor are shown in the gra
relative mRNA expression levels. The symbols ⁎ and ⁎⁎⁎ indicate significant difference at Pb.0
that of the controls (Fig. 6C). Compared to the 16.5-fold increase of
the full agonist rosi (data not shown), lico E was shown to be a much
weaker transactivator of PPARγ, as indicated by its lower transactiva-
tion activity (10.3% of that observed with rosi), thereby indicating
that lico E is a weak partial PPARγ agonist.
3.9. Lico E enhances the Akt phosphorylation associated with insulin
signaling in WAT

To obtain further insight into the molecular mechanism underly-
ing the improved glucose tolerance in the lico E group, we determined
the levels of total protein and phosphorylated protein of Erk1/2 and
Akt in EWAT, which perform important roles in glucose metabolism,
such as insulin signaling and adipogenesis (Fig. 7). The level of Akt
phosphorylation in the lico E group was increased significantly — by
about 3.4-fold — as compared with that measured in the control
group, whereas the level of Erk phosphorylation in the lico E group
was not found to differ significantly (1.2-fold). These data indicated
that lico E treatment up-regulates Akt signaling to a significant degree
in the EWAT.
3.10. Induction of adipocyte differentiation by lico E requires Akt
signal pathway

In order to evaluate how important Akt signal pathway is for the
induction of adipocyte differentiation and PPARγ expression by lico E,
C3H10T1/2 cells were pretreated with 10 μM Akt inhibitor for 1 h
before the cells were stimulated to differentiate in the standard
adipocyte medium containing 10 μM lico E and 10 μM Akt inhibitor.
Akt inhibitor significantly inhibited the lipid accumulation induced by
lico E (Fig. 8A). In addition, the mRNA expression level of PPARγ
increased by lico E was significantly reduced in the presence of Akt
inhibitor (Fig. 8B). These results suggest that Akt signal pathway is
involved in the adipocyte differentiation and mRNA expression level
of PPARγ is induced by lico E.
sion level by lico E in C3H10T1/2. (A) C3H10T1/2 cells were treated with 10 μM lico E
were pretreated with 10 μM Akt inhibitor for 1 h before differentiation with lico E and
other treatment. The cells were stained with Oil Red O on day 8. Microscopic pictures
e in lico E and lico E+Akt inhibitor were evaluated via RT-PCR. The relatively mRNA
ph. The expression value of the control group was set as 1 to permit comparison of the
5 and Pb.001, respectively.
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4. Discussion

Previously, high-dose administration (100–300 mg/kg/day) of the
licorice ethanolic extract was found to ameliorate diabetes in a
diabetic animal model; additionally, the licorice extract evidenced
PPARγ ligand-binding activity in vitro [25]. Recently, lico E was shown
to inhibit protein tyrosine phosphate 1B (PTP1B), which performs a
critical function in the negative regulation of the insulin and leptin
signaling pathways [29], and the inhibition of PTP1B activity appears
to be a promising novel therapeutic target for type 2 diabetes.
Considering the accumulating evidence suggesting that lico E may
exert an antidiabetic effect, we evaluated the biological effects of lico
E on adipocyte differentiation in vitro and antidiabetic activity in a
diabetic animal model.

The results of this study showed that lico E induces lipid
accumulation during adipogenesis in 3T3-L1 preadipocytes and
C3H10T1/2 stem cells, thereby indicating that lico E induces adipocyte
differentiation. Additionally, the time-course study revealed a strict
temporal requirement for the effects of lico E on adipocyte differenti-
ation. Licochalcone E exerts an induction effect on adipocyte differen-
tiation at the early induction stage, but no effect at later stages. These
results show that lico E regulates the adipogenic process during early
stages and performs a crucial function in adipocyte differentiation.

Diet-induced diabetic mice were used to demonstrate the
antidiabetic effects of lico E on type 2 diabetes. Licochalcone E did
not affect body weight or food intake over a period of 2 weeks,
revealing that the effects noted in the in vivo study were not
attributable to changes in weight or appetite. Licochalcone E
evidenced a blood-glucose-lowering effect and a serum triglyceride-
decreasing effect that should be beneficial in improving hyperglyce-
mia and hyperlipidemia under diabetic conditions. Therefore, lico E
exerts an antidiabetic effect.

The reduction of adipocyte size by lico E treatment was observed
via histological analysis in theWAT, whereas theWATweight and the
ratios to body weight remained unchanged. This result suggests that
lico E increases the population of small adipocytes in WAT.
Additionally, our data indicated that lico E functions as a weak partial
PPARγ agonist and that lico E treatment induces the expression of
PPARγ mRNA in WAT.

Akt signaling activation is involved in stimulations of glycogen
synthesis, protein synthesis, cell survival, the inhibition of lipolysis
and glucose uptake. Therefore, the activation of Akt is considered
crucial for adipogenesis [30,31]. Akt activation ismarkedly impaired in
diabetic humans and rodents, and the normalization of hyperglycemia
is correlated with the restoration of Akt activity [32,33]. In this study,
we determined that lico E treatment stimulates Akt signaling in EWAT,
and Akt signal pathway is necessary for the induction of both
adipocyte differentiation and PPARγ gene expression by lico E in
C3H10T1/2 adipocyte differentiation. Akt stimulation by lico E may
contribute to improved Akt signaling and hyperglycemia previously
impaired by diabetic conditions. Consistent with our findings, the Akt
signal cascade was shown to induce PPARγ expression during the
induction of 3T3-L1 adipocyte differentiation [34,35], and the
stimulation of Akt activity was parallel to PPARγ expression and
enhanced preadipocyte differentiation [36,37]. Based on these results,
it can be speculated that lico E increases PPARγ expression level via the
stimulation of Akt signaling and also functions as a partial agonist of
PPARγ, and the increased PPARγ expression enhances the adipocyte
differentiation and population of small adipocytes, thereby resulting
in the improvement of hyperglycemia and hyperlipidemia under
diabetic conditions.

In conclusion, the results of this study demonstrated that lico E
enhances adipocyte differentiation at the early induction stage during
adipogenesis and evidences antidiabetic activity in diabetic mice. Our
findings that PPARγ expression and Akt activation are enhanced by
lico E treatment contribute to our understanding of the mechanisms
underlying the antidiabetic effects of lico E. To the best of our
knowledge, this is the first report to demonstrate the effects of lico E
on the metabolic properties associated with diabetes.
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