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a  b  s  t  r  a  c  t

Obesity  is  associated  with  an  increased  risk  of  development  of  numerous  diseases  including  type  2 dia-
betes,  hypertension,  hyperlipidemia,  and  cardiovascular  disease.  In  this  study,  we  investigated  the  effects
of lucidone  in  vitro  on  gene  expression  during  adipogenesis  in  3T3-L1  cells  and  in  vivo on  high-fat  diet
induced  obesity  in  C57BL/6  mice.  Lucidone  at 40 !mol/L  suppressed  adipogenesis  in  3T3-L1  cells by
reducing  transcription  levels  of adipogenic  genes,  including  PPAR",  C/EBP#,  LXR-#,  LPL,  aP2,  GLUT4  and
adiponectin.  Five-week-old  male  C57BL/6  mice  fed  a high  fat  diet  (60%  energy  from  fat)  supplemented
with  lucidone  at  a dosage  of 1250  mg/kg  of diet  for 12  weeks  had  reduced  body  and  liver  weight,  reduced
epididymal  and  perirenal  adipose  tissue,  decreased  food  efficiency  (percentage  of  weight  gain  divided
by  food  intake),  and  lowered  plasma  cholesterol,  triglyceride,  glucose,  and  insulin  levels.  Dissection  of
adipose  tissue  from  lucidone-treated  mice  showed  a  reduction  in the  average  fat-cell  size  and  percent-
age of  large  adipocytes.  These  results  provide  evidence  that  dietary  intake  of  lucidone  alleviates  high  fat
diet-induced  obesity  in  C57BL/6  mice  and  reveals  the  potential  of  lucidone  as  a  nutraceutical  to  prevent
obesity  and  consequent  metabolic  disorders.

© 2012 Elsevier GmbH. All rights reserved.

Introduction

Incidence of obesity worldwide has expanded dramatically
over the last two decades due to diet and lifestyle changes. Obe-
sity is associated with an increased risk for the development of
numerous diseases including type 2 diabetes, hypertension, hyper-
lipidemia, and cardiovascular disease (Nawrocki and Scherer 2005).
The development of obesity involves extensive adipose tissue
remodeling by adipocyte hypertrophy, adipocyte hyperplasia and
angiogenesis (Avram et al. 2007). Adipocyte hypertrophy results
from an excessive accumulation of lipids from energy intake such

Abbreviations: PPAR", peroxisome proliferator-activated receptor "; C/EBP,
CCAAT-enhancer-binding protein; LXR-#, liver X receptor #; LPL, lipoprotein lipase;
aP2, adipocyte protein 2; GLUT4, glucose transporter type 4; ND, normal diet;
HFD, high fat diet; LSH/L, lucidone-supplemented HFD at the lower dosage, 0.025%;
LSH/H, lucidone-supplemented HFD at the higher dosage, 0.125%; DIO, diet-induced
obesity.
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as a high fat (HF) diet. Changes in adipocyte number result from
a complex interplay between proliferation and differentiation of
preadipocytes (Gregoire 2001).

Green and colleagues established the 3T3-L1 preadipocyte cell
line, which has accelerated our knowledge of the mechanism of
preadipocyte differentiation, or adipogenesis, at the molecular level
(Green and Kehinde 1975). Several studies have demonstrated
natural compounds with a potential to suppress adipogenesis in
3T3-L1 cells and, further, prevent obesity in animal models. For
example, berberine inhibits adipocyte differentiation through the
PPAR" pathway and reduces the expression of adipogenic enzymes
(Choi et al. 2006; Huang et al. 2006). In addition, berberine reduces
body weight gain and blood glucose in HF diet induced obesity
mice (Xie et al. 2011) and decreased blood lipid level both in
obese individuals and in SD rats (Hu et al. 2012). Curcumin sup-
presses preadipocyte differentiation and retards body weight gain
in diet induced obesity (DIO) mice (Ejaz et al. 2009) via attenu-
ating lipogenesis in the liver (Shao et al. 2012). Epigallocatechin
gallate (EGCG) inhibits the adipocyte differentiation process via
activating AMP-activated protein kinase (Hwang et al. 2005) and
inhibiting the PPAR" pathway (Lin et al. 2005), further alleviat-
ing fatty liver disease in DIO mice (Bose et al. 2008). These studies

0944-7113/$ – see front matter ©  2012 Elsevier GmbH. All rights reserved.
http://dx.doi.org/10.1016/j.phymed.2012.11.007

dx.doi.org/10.1016/j.phymed.2012.11.007
http://www.sciencedirect.com/science/journal/09447113
http://www.elsevier.de/phymed
mailto:taiwanfir@dragon.nchu.edu.tw
dx.doi.org/10.1016/j.phymed.2012.11.007


Y.-H. Hsieh, S.-Y. Wang / Phytomedicine 20 (2013) 394– 400 395

Fig. 1. Chemical structure of lucidone.

suggest that natural products that suppress adipogenesis in 3T3-L1
cells may  have bioactivity in vivo that prevents body weight gain
under unhealthy eating habits.

Lucidone (Fig. 1) is one of the major constituents of the fruit of
Lindera erythrocarpa Makino (Wang et al. 2008). The fruit is used
as a folk medicine for analgesic, digestive, diuretic, antidote and
antibacterial purposes. Our previous studies have showed the anti-
inflammatory effects of lucidone in RAW 264.7 cells (Kumar and
Wang 2009) and ICR mice (Senthil Kumar et al. 2010). Hepatopor-
tective effect against alcohol-induced oxidative stress in human
hepatic cells (Senthil Kumar et al. 2012). The novel bioactivity of
lucidone was investigated in this study; we determined the effects
of lucidone on adipocyte differentiation process at the molecular
level in 3T3-L1 cells, and the effects of dietary lucidone in high fat
diet-fed C57BL/6 mice on body weight changes, physiological and
metabolic variables and adipocyte size distribution.

Materials and methods

Phytocompound

Lucidone was prepared from L. erythrocarpa according to pre-
viously described protocols (Wang et al. 2008). The purity of the
compound obtained was  higher than 99.5% based on the results of
HPLC and 1H NMR  analyzed.

Cell culture and stimulation

The 3T3-L1 cells were purchased from the Bioresource Collec-
tion and Research Center (Hsinchu, Taiwan). Cells were grown in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with
10% bovine serum (BS), 100 units/ml penicillin and 100 !g/ml
streptomycin (GIBCO, Invitrogen, Carlsbad, CA) at 37 ◦C in a 5% CO2-
humidified incubator. Cell differentiation was stimulated with a
mixture of 1 !mol/l dexamethasone, 0.52 mmol/l isobutylmethylx-
anthine and 0.17 !mol/l insulin (Sigma–Aldrich) starting at 2 days
postconfluence (designated as day 0) for 4 days (day 1 to day 4). The
stimulation medium was then replaced with maintenance medium
(DMEM supplemented with 10% FBS) for another 4 days (day 5 to
day 8). To evaluate the effect of lucidone on adipogenesis, the indi-
cated concentrations of lucidone were added at day 0 and day 4
when refreshing culture medium.

Oil Red O staining

The 3T3-L1 adipocytes were washed with PBS and then fixed
with 4% paraformaldehyde for 1 h at room temperature. The super-
natant was discarded and washed with deionized water. Cells were
stained for 10 min  at room temperature with freshly prepared 0.3%
Oil Red O solution. To quantify the relative lipid content accumu-
lated in cells, Oil Red O dye was eluted with 100% isopropanol and
incubated for 10 min  with gentle shaking and the absorbance at

Table 1
Sequences of primers used for qRT-PCR.

18S forward 5′-CGC CGC TAG AGG TGA AAT TCT-3′

18S reverse 5′-CAT TCT TGG CAA ATG CTT TCG-3′

PPAR" forward 5′-CAA GAA TAC CAA AGT GCG ATC AA-3′

PPAR" reverse 5′-GAG CTG GGT CTT TTC AGA ATA ATA AG-3′

C/EBP# forward 5′-AGC AAC GAG TAC CGG GTA CG-3′

C/EBP# reverse 5′-TGT TTG GCT TTA TCT CGG CTC-3′

LPL forward 5′-GGC CAG ATT CAT CAA CTG GAT-3′

LPL reverse 5′-GCT CCA AGG CTG TAC CCT AAG-3′

Adiponectin forward 5′-TCC TGG AGA GAA GGG  AGA  GAA AG-3′

Adiponectin reverse 5′-TCA GCT CCT GTC ATT CCA ACA T-3′

aP2 forward 5′-AGT GAA AAC TTC GAT GAT TAC ATG AA-3′

aP2 reverse 5′-GCC TGC CAC TTT CCT TGT  G-3′

GLUT4 forward 5′-GAT TCT GCT GCC CTT CTG TC-3′

GLUT4 reverse 5′-ATT GGA CGC TCT CTC TCC AA-3′

LXR-# forward 5′-AGG AGT GTC GAC TTC GCA  AA-3′

LXR-# reverse 5′-CTC TTC TTG CCG CTT CAG TTT-3′

510 nm was detected using an ELISA microplate reader (!Quant,
Bio-Tek Instruments, Winooski, VT). The results were confirmed
by three independent experiments.

Quantitative real-time PCR analysis

Cellular RNA was  extracted from 3T3-L1 cells after MDI  induc-
tion at different time points, 0.5 h, 1 day, 2 days, 4 days, 6 days and 8
days, using TRIzol reagent according to the manufacturer’s instruc-
tions (Invitrogen). The complementary DNA was synthesized using
high-capacity cDNA reverse transcription kits (Applied Biosystems,
Carlsbad, CA) according to the manufacturer’s instructions. Gene
expression levels were analyzed using StepOne Real-Time PCR Sys-
tem (Applied Biosystems). The analyses for the genes including
$-actin (Mm00607939 s1), C/EBP$ (Mm00843434 s1) and C/EBP%
(Mm00786711 s1) were conducted using Hot Start Fluorescent PCR
ROX Core Kit (Tagman) (BIO Basic, Canada). The complementary
DNA was  denatured at 94 ◦C for 4 min, followed by 40 cycles of
PCR (94 ◦C, 30 s; 60 ◦C, 30 s). The analyses for the genes described
in Table 1 were conducted using Power SYBR Green PCR Master Mix
(Applied Biosystems). The complementary DNA was denatured at
95 ◦C for 10 min, followed by 40 cycles of PCR (95 ◦C, 15 s; 60 ◦C,
60 s). $-Actin and 18S ribosomal RNA were used as the endogenous
control independently in the comparative cycle-threshold method.

Animal maintenance and experimental setup

Three-week-old male C57BL/6 mice were obtained from Bio-
LASCO (Taiwan). The mice were housed in groups of 4 per cage,
under standard temperature-controlled conditions with a 12 h/12 h
light-dark cycle and free access to food and water throughout the
experiments. All animal experiments were conducted in accor-
dance with the Guide for the Care and Use of Laboratory Animals
and Taiwan laws relating to the protection of animals, and were
approved by the local ethics committee. Before the experiments,
mice were fed with certified rodent diet provided energy 14.4 kJ/g
which is 24.1% from protein, 13.2% from fat and 62.7% from carbo-
hydrates (5002, LabDiet, St. Louis, Missouri, USA) for 2 weeks. The
micronutrient and macronutrient compositions were previously
described (Keenan et al. 1997). At the beginning of the experi-
ment, mice were randomly divided into 4 groups of 8 mice each.
Three experimental groups were fed with a high-fat diet (HFD) (DIO
rodent purified diet w/60% energy from fat, 58Y1, TestDiet) which
provided 21.4 kJ/g of energy that was  18.1% from protein, 61.6%
from fat and 20.3% from carbohydrates (Table 2) with or without
dietary lucidone supplementation at two  dosages, 250 mg/kg of diet
(LSH/L, lucidone-supplemented HFD at the lower dosage, 0.025%)
and 1250 mg/kg of diet (LSH/H, lucidone-supplemented HFD at the
higher dosage, 0.125%). The control group was fed with certified
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Table 2
Composition of normal diet and high fat diet.

Normal diet HF diet

Protein, % 20.7 23.1
Carbohydrate, % 53.8 25.9
Fiber, % 4.3 6.5
Fat,  % 5.0 34.9

Cholesterol, ppm 140 301
Linoleic acid, % 2.2 4.7
Linolenic acid, % 0.2 0.4
Arachidonic acid, % <0.01 0.06
Omega-3 fatty acids, % 0.4 0.4
Total saturated fatty acids, % 1.0 13.7
Total monounsaturated fatty acid, % 1.0 14.0

Energy, kJ/g 14.4 21.4
Protein, % of energy 24.1 18.1
Carbohydrate, % of energy 62.7 20.3
Fat,  % of energy 13.2 61.6

rodent diet (ND). The total food intake by each cage of mice was
recorded every 2 days, and the body weight of each mouse was
recorded every 4 days. After dietary treatments for 12 weeks, the
mice were feed-deprived for 16 h and killed by isoflurane (Halocar-
bon, NJ, USA). Blood, liver, kidney and adipose tissue were collected
for further analysis.

Histological and morphometric analyses

Epididymal adipose tissue (EAT) and perirenal adipose tissue
(PAT) were fixed in 4% buffered paraformaldehyde, dehydrated
in a graded series of 70–100% ethanol, infiltrated in xylene and
embedded in paraffin. Multiple sections of 3 !m were stained using
standard procedures for hematoxylin and eosin staining. Images
were acquired using a digital microscope (Olympus, Tokyo) and
analyzed systematically with respect to adipocyte size and num-
ber using Image-Pro Plus software. The sizes of adipocytes were
divided into 4 classes: 0–50 !m,  51–100 !m,  101–150 !m and
151–300 !m in diameter.

Biochemical analysis of plasma samples

Plasma concentration of creatinine, glucose, triglyceride, total
cholesterol, HDL, and LDL were determined. All analyses were
carried out in quadruplicate according to the spectrophotometry
of Chiron Diagnostics Corporation (Oberlin, OH, USA) using the
Express Plus Automatic Clinical Chemistry Analyzer (Chiron).
Plasma concentrations of insulin were measured using commer-
cial kits according to manufacturer’s instructions (# EZRMI-13K,
rat/mouse insulin 96-well plate assay, Millipore, MA,  USA).

Statistical analysis

Data are expressed as means ± SEM. For in vitro studies, dif-
ferences between the control and treated groups were evaluated
by Student’s t-test. For in vivo studies, one-way ANOVA was used
to compare the differences among the ND, HFD, LSH/L and LSH/H
groups. Tukey’s test was used for multiple comparisons. For all anal-
yses, p < 0.05 was considered statistically significant. All statistical
analyses were performed using GraphPad Prism version 5.00 for
Windows.

Results

In vitro studies

Lucidone suppresses adipocyte differentiation in a dose dependent
manner

Two-day postconfluent 3T3-L1 cells were treated with lucidone
at the indicated concentrations for 4 days in MDI  induction medium
and a further 4 days in maintenance medium. After adipogenesis,
lucidone suppressed adipocyte differentiation by decreasing lipid
droplet accumulation inside the cells (Fig. 2a). Oil Red O staining
showed that the lipid content in lucidone-treated cells was  reduced
in a dose dependent manner compared with DMSO-treated con-
trol cells (p = 0.74, p = 0.45, p < 0.01, p < 0.01, p < 0.001, respectively)
(Fig. 2b).

Effect of lucidone on differentiated adipocytes
After MDI  induction for 8 days, mature adipocytes were treated

with lucidone at a concentration of 40 !mol/l for a further 2–8 days
(days 10–16 after MDI  treatment). In comparison with the vehicle

Fig. 2. Lucidone suppresses adipogenesis in a dose-dependent manner in 3T3-L1
cells as measured by Oil Red O stain (a) and quantified by ELISA reader (b). Values
are  expressed as the means ± SEM; *p < 0.01 vs. control.
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control, lucidone-treated cells showed no significant differences in
either morphology or lipid content as quantified by Oil Red O stain-
ing at various time points (0 d, p = 0.25; 2 d, p = 0.38; 4 d, p = 0.54; 6
d, p = 0.44; 8 d, p = 0.19) (Supplemental Fig. 1).

Lucidone regulates transcription levels of adipogenic transcription
factors and target genes

During cell differentiation, cells treated with lucidone showed a
slightly higher level of C/EBP$ and C/EBP% mRNA at the early stage

Fig. 3. Effects of lucidone on gene transcription patterns during adipogenesis,
including C/EBP$ and C/EBP%  (a), PPAR", C/EBP#  (b) LXR-#, LPL, aP2, GLUT4 and
adiponectin (c). The total RNA was isolated at different time points after MDI  induc-
tion (0.5 h, 1 d, 2 d, 4 d, 6 d and 8 d). Values are expressed as the means ± SEM. Means
at  a time with a label differ; *p < 0.05 vs. control.

Fig. 4. Effects of dietary lucidone administered for 12 weeks on body weight
changes. Values are expressed as the means ± SEM, n = 8. Means at a time point
without a common letter differ; p < 0.05.

compared with the control (Fig. 3a). In contrast, the mRNA levels of
the adipogenic regulators PPAR" and C/EBP# were downregulated
by lucidone treatment (Fig. 3b). We  further tested genes that are
highly transcribed in adipocytes such as liver X receptor # (LXR-
˛), lipoprotein lipase (LPL), adipocyte protein 2 (ap2), adiponectin
and glucose transporter type 4 (GLUT4) (Fig. 3c). The transcription
levels of these genes were dramatically reduced compared with the
control, especially at the late stage of adipogenesis.

In vivo studies

Effect of dietary lucidone on physiological variables
The HF diet consistently increased body weight gain in C57BL/6

mice, but supplementing the HF diet with 0.125% lucidone dramat-
ically suppressed the changes (p < 0.0001) (Fig. 4) without affecting
body length (p = 0.06) (Table 3). LSH/L and LSH/H mice showed a
lower daily food intake compared with HFD mice (p < 0.001). LSH/H
mice showed a reduction in BMI  value (p < 0.001) and food effi-
ciency (p = 0.05) compared with HFD mice. HFD mice had enlarged
livers (1.43 ± 0.09) (p < 0.01) compared with ND mice but liver size
was  normal in LSH/H mice (1.06 ± 0.04) (p = 0.87 compared with ND
mice). Mice in all groups showed no change in kidney size (p = 0.7).

Effect of dietary lucidone on metabolic variables
There were no differences in blood creatinine concentration in

any of the groups (p = 0.1) (Table 4). The fasting plasma glucose
concentration was  higher in HFD mice (p < 0.001) compared with
ND mice but reduced in LSH/L (p = 0.05) and LSH/H (p < 0.05) mice.
The fasting insulin level was higher in HFD mice (p < 0.05) compared
with ND mice and was  normalized in LSH/H mice (p = 0.2 compared
with ND mice). Plasma concentration of TG, total cholesterol, HDL-
C and LDL-C were higher in HFD mice but reduced in LSH/H mice
(p < 0.01, p < 0.001, p = 0.16, p < 0.05, respectively).

Effect of dietary lucidone on fat pad mass and adipocyte size
HFD mice showed a higher total fat pad mass (EAT and PAT)

(p < 0.0001) but fat pad mass was reduced in LSH/H mice (p < 0.001)
(Table 5). Histological analysis of EAT and PAT showed that luci-
done treatment affected the diameter (Fig. 5) and the distribution
of cell-size in fat pads. The cell sizes of EAT and PAT in LSH/H mice
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Table 3
Effects of dietary lucidone on physiological parameters in C57BL/6 mice fed a HF diet for 12 weeks.a

ND HFD LSH/L LSH/H

Body weight gain, g 7.0 ± 0.4c 26.9 ± 0.11a 24.1 ± 1.0a 16.7 ± 0.1b

Body length, cm 7.93 ± 0.17 9.17 ± 0.11a 9.1 ± 0.12a 8.76 ± 0.14a

BMI, g/cm2 0.37 ± 0.01c 0.53 ± 0.02a 0.50 ± 0.01a 0.43 ± 0.02b

Daily food intake, g 3.13 ± 0.06a 2.68 ± 0.04b 2.53 ± 0.03c 2.22 ± 0.02d

Food efficiency, % 0.81 ± 0.03c 2.46 ± 0.07a 2.35 ± 0.39a 1.85 ± 0.12b

Liver weight, g 1.07 ± 0.03b 1.43 ± 0.09a 1.3 ± 0.08a 1.06 ± 0.04b

Kidney weight, g 0.31 ± 0.01 0.33 ± 0.02 0.34 ± 0.02 0.34 ± 0.02

a Values are means ± SEM, n = 8. Means in a row with superscripts letters without a common letter differ, p < 0.05. BMI: body mass index.

Table  4
Effects of dietary lucidone on metabolic variables in C57BL/6 mice fed a HF diet for 12 weeks.a

ND HFD LSH/L LSH/H

Creatinine, !mol/l 37.6 ± 2.21 37.6 ± 2.21 42.0 ± 2.21 33.2 ± 2.21
Glucose,  mmol/l 6.8 ± 0.59c 18.1 ± 1.57a 13.0 ± 1.38b 11.6 ± 0.27bc

Insulin, pmol/l 47.0 ± 7.7c 205 ± 43.5a 103 ± 31.0ab 68.8 ± 12.5bc

TG, mmol/l 0.81 ± 0.07c 1.34 ± 0.03a 1.20 ± 0.09ab 1.01 ± 0.02b

Cholesterol, mg/dl 2.20 ± 0.18c 4.60 ± 0.14a 4.39 ± 0.23ab 3.72 ± 0.17b

HDL-C, mmol/l 1.28 ± 0.08b 3.06 ± 0.04a 2.93 ± 0.1a 2.17 ± 0.4a

LDL-C, mmol/l 0.16 ± 0.10c 0.43 ± 0.01a 0.33 ± 0.04b 0.32 ± 0.01b

a Values are means ± SEM, n = 4. Means in a row with superscripts letters without a common letter differ, p < 0.05.

Table 5
Effects of dietary lucidone on weight changes of adipose tissue and adipocyte size distribution in C57BL/6 mice fed a HF diet for 12 weeks.a

ND HFD LSH/L LSH/H

Total fat pad, g 0.57 ± 0.06c 3.88 ± 0.20a 3.7 ± 0.08a 2.74 ± 0.14b

EAT, g 0.41 ± 0.04c 2.72 ± 0.19a 2.6 ± 0.05a 1.91 ± 0.10b

Adipocyte diameter, !m 83.2 ± 2.8c 159.6 ± 12.1a 131.9 ± 8.4ab 120.1 ± 6.1b

Adipocyte diameter
0–50 !m, % 42.9 ± 4.9b 3.4 ± 0.4a 5.1 ± 0.4a 8.5 ± 0.8a

51–100 !m, % 56.5 ± 2.8b 35.6 ± 1.0a 50.4 ± 1.5b 57.5 ± 1.4b

101–150 !m, % 0.6 ± 0.3b 33.3 ± 0.7a 29.9 ± 1.1a 27.6 ± 1.6a

151–300 !m, % 0 ± 0c 27.7 ± 0.4a 14.5 ± 0.4b 6.4 ± 0.3c

PAT, g 0.16 ± 0.03c 1.17 ± 0.06a 1.10 ± 0.07a 0.83 ± 0.05b

Adipocyte diameter, !m 85.2 ± 3.3b 135.0 ± 11.7a 128.3 ± 10.9a 117.9 ± 4.9a

Adipocyte diameter
0–50 !m, % 31.4 ± 9.0b 4.7 ± 0.5a 5.8 ± 0.8a 12.4 ± 1.4a

51–100 !m, % 66.3 ± 6.3b 56.4 ± 1.9b 56.8 ± 2.5b 68.4 ± 2.9a

101–150 !m, % 2.4 ± 1.7c 24.2 ± 1.2b 33.7 ± 1.0a 15.1 ± 1.2c

151–300 !m, % 0 ± 0b 14.8 ± 0.5a 3.7 ± 0.7b 4.2 ± 0.7b

a Values are means ± SEM, n = 6–8. For cell counting, n > 100. Means in a row with superscripts letters without a common letter differ, p < 0.05.

were reduced compared with HFD mice (p < 0.001). In EAT, the per-
centage of adipocytes with diameters of 101–150 and 151–300 !m
was greater in HFD mice and gradually reduced in LSH/L (p = 0.3,
p < 0.01) and LSH/H (p = 0.06, p < 0.0001) mice. The proportion of

adipocytes with diameters of 0–50 and 51–100 !m was lower in
HFD mice and gradually increased in LSH/L (p = 0.4, p < 0.05) and
LSH/H (p = 0.03, p < 0.0001) mice. The cell size distribution in PAT of
LSH/H mice showed a similar tendency, with a higher proportion

Fig. 5. Histology of EAT (a) and PAT (b) by hematoxylin and eosin stain from ND, HFD, LSH/L and LSH/H mice; n = 6.
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of 0–50 (p = 0.1) and 51–100 !m (p < 0.01) and lower percentage of
101–150 (p = 0.1) and 151–300 !m (p < 0.01) diameter cells com-
pared with HFD mice.

Discussion

In this study, we evaluated the effects of lucidone on adipocyte
differentiation in mouse 3T3-L1 cells and showed that lucidone
remarkably reduced lipid content in a dose dependent manner. As
the reduction of lipid accumulation in cells during adipogenesis
may  have resulted from a decrease in lipogenesis and/or an increase
in lipolysis, mature adipocytes were treated with or without luci-
done for a further 2–8 days. As these mature lucidone-treated
adipocytes showed no further changes compared with control,
we suggest that lucidone treatment reduced lipid accumulation in
3T3-L1 cells by suppressing adipogenesis rather than promoting
lipolysis.

At the molecular level, C/EBP$ and C/EBP%  rapidly respond
to adipogenic induction and trigger 3T3-L1 differentiation (Cao
et al. 1991). In the middle stage of adipogenesis, the master reg-
ulators of adipogenesis PPAR" and C/EBP#,  synergistically induce
the transcription of downstream genes to transform preadipocytes
into mature adipocytes (Ntambi and Young-Cheul 2000). Our
data showed that during adipogenesis lucidone-treated 3T3-L1
preadipocytes had slightly increased mRNA levels of C/EBP$ and
C/EBP% in the early stage but showed remarkable suppression of
PPAR" and C/EBP# transcription. These results indicate that luci-
done suppresses adipogenesis through downregulating PPAR" and
C/EBP# and the effect is independent of the initiator, C/EBP$  and
C/EBP%.  LXR-#, a regulator for a transcription of fatty acid synthase,
was suppressed by lucidone after 4 days of cell differentiation. We
also demonstrated that lucidone treatment lowered the transcrip-
tion level of several genes that are highly expressed in mature
adipocytes such as LPL, aP2, adiponectin and GLUT4. Lucidone thus
showed comprehensive suppression of adipogenesis at the molec-
ular level.

Acute toxicity studies of the ethyl acetate fraction of the fruit
in ICR mice in series dosages up to 2 g/kg B.W. showed no toxicity
according to measurements of both physiological and metabolic
variables. In this study, we found that dietary lucidone (0.125%,
LSH/H) for 12 weeks remarkably reduced body weight gain in
mice fed a HF diet and the effect persisted over time. Although
LSH/H mice consumed less energy per day, the value of food effi-
ciency (percentage of weight gain divided by food intake) decreased
gradually in lucidone-treated groups revealing that loss of body
weight was not only caused by energy intake. Dietary lucidone may
encourage a higher basal metabolism or a higher body temperature.
Dietary lucidone (0.125%) diminished the mass of both EAT and PAT
by approximately 30% (Table 5). This may  be a result of the reduc-
tion of the average diameter of adipocytes and rearrangement in
cell-size distribution in the fat pad. Histological analysis showed
that cells of over 151 !m in diameter efficiently decreased in fat
pads from LSH/L mice. This effect may  be due to suppression of adi-
pogenic genes by lucidone and concomitant inhibition of adipocyte
differentiation and hypertrophy.

PPAR" deficiency leads to lipodystrophy. Common clinical
features of lipodystrophic patients are insulin resistance, dys-
lipidemia and hypertension (Tontonoz and Spiegelman 2008).
Adipose-specific knockout mice showed insulin resistance in fat
and liver, hepatomegaly, fat cell loss and compensatory hypertro-
phy. Adipose-specific PPAR" knockout mice fed with a HF diet for
5 weeks showed a diminution of body weight gain and adipose
size but an enhancement of plasma insulin concentration compared
with control mice (He et al. 2003). The higher plasma insulin was
suggested to be because of insulin resistance. In our study, lucidone

treatment reduced not only adipose size, but also plasma insulin
and glucose concentration. The enlarged liver caused by HF diet was
normalized by dietary lucidone. The beneficial effects of lucidone
on improving hyperinsulinemia and hepatomegaly were not con-
sistent with the phenomena in PPAR" knockout mice. Moreover,
heterozygous PPAR"-deficient mice decreased lipogenesis in the
liver, increased $-oxidation and mitochondrial uncoupling protein
2 in the liver and muscle (Yamauchi et al. 2001). Taken together,
we propose that lucidone not abolished PPAR" transcription but
attenuated the excess PPAR" transcription caused by fat-rich food,
thus suppressing lipogenesis and promoting energy dissipation to
alleviate obesity and related lesion.

Dyslipidemia is caused by unhealthy food and/or lifestyles, such
as diets rich in carbohydrate, fat and cholesterol or being over-
weight. Moreover, elevated levels of cholesterol and LDL-C are
associated with an increased risk of coronary heart disease (CHD)
(Wilson et al. 1998). Although the LDL/HDL-C ratio, a risk factor for
CHD, was not significantly decreased by lucidone treatment in this
study, HFD mice showed an increasing level of plasma cholesterol,
HDL-C, LDL-C and TG, which were gradually reduced in LSH/L and
LSH/H mice (Table 4). The decrease TG content may result from
decreasing lipid synthesis and further increased in insulin sensitiv-
ity in LSH/H mice.

In conclusion, our study demonstrated that lucidone suppressed
3T3-L1 adipocyte differentiation by downregulating the transcrip-
tion of master regulators of adipogenesis PPAR" and C/EBP#.
Furthermore, lucidone repressed the transcription level of genes
involved in lipogenesis including LXR-˛, LPL,  aP2, adiponectin and
GLUT4. Dietary intake of lucidone in mice fed with a HF diet reduced
body weight gain, epididymal and perirenal fat accumulation pre-
sumably resulting from a reduction in adipocyte diameter. Mice fed
a HF diet with lucidone improved hyperglycemia, hyperinsuline-
mia, dyslipidemia and hepatomegaly without kidney lesion. Our
study clearly shows that consumption of lucidone as a nutraceutical
can aid prevention of obesity and consequent metabolic disorders.
The mechanism of action of lucidone in obesity prevention needs
further investigation.
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