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5,7-Dimethoxyflavone Attenuates Obesity by Inhibiting Adipogenesis

in 3T3-L1 Adipocytes and High-Fat Diet-Induced Obese C57BL/6J Mice
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ABSTRACT The antiobesity effect of 5,7-dimethoxyflavone (DMF) was evaluated in 3T3-L1 adipocytes and high-fat diet

(HFD)-induced obese C57BL/6J mice. The accumulation of lipid droplets and triglycerides in adipocytes was dose depen-

dently suppressed by DMF through inhibition of adipogenesis. DMF downregulated the adipogenic transcription factors

(peroxisome proliferator-activated receptor [PPAR]c, CCAAT/enhancer binding protein [C/EBP]a, and sterol regulatory

element-binding protein-1c [SREBP-1c]) and lipid synthesis enzymes (fatty acid synthase [FAS], acetyl-CoA carboxylase

[ACC], lipoprotein lipase [LPL], and HMG-CoA reductase [HMGR]). AMP-activated protein kinase (AMPK) and AMPK

related lipolytic proteins in differentiated adipocytes were activated by DMF. In the animal model, oral administration of

DMF (50mg/kg/day for 6 weeks) significantly decreased body weight gain without affecting food intake. Elevated serum

levels of total cholesterol and low-density lipoprotein cholesterol were suppressed by DMF. Fat pad masses were reduced in

DMF-treated obese mice, as evidenced by reduced adipocyte size. DMF altered the expression of adipogenic transcription

factors in epididymal fat tissue. In addition, DMF attenuated HFD-induced nonalcoholic fatty liver disease by decreasing

hepatic triglyceride accumulation. Overall, these results suggest that DMF is a potential natural agent for attenuating obesity

and other obesity-related metabolic syndromes.
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INTRODUCTION

Obesity is a metabolic disease resulting from the ab-
normal growth of adipose tissue due to an imbalance of

energy intake and expenditure.1,2 The current obesity out-
break is related to lifestyle, environmental, and genetic
factors; moreover, it causes a variety of other metabolic
diseases such as type 2 diabetes, cardiovascular disease, and
nonalcoholic fatty liver disease.2–5

On the cellular level, obesity is defined as the increase in
adipocyte size (hypertrophy) and number (hyperplasia).3

Adipogenesis is the differentiation process converting
preadipocytes to mature adipocytes, which is the essential
stage of the onset of obesity. The start of adipogenesis is
caused by the change of the expression of transcriptional
factors in preadipocytes.6 The master adipogenic transcrip-
tion factors, including peroxisome proliferator-activated
receptor (PPAR)c, CCAAT/enhancer binding protein (C/
EBP), and sterol regulatory element-binding protein-1c
(SREBP-1c), are mostly expressed during adipogenesis. C/
EBPb and C/EBPd are rapidly expressed in the early phase

of differentiation and induce the expression of PPARc and
C/EBPa. These two adipogenic transcription factors are
necessary for the terminal adipocyte differentiation and up-
regulate subsequent adipocyte-specific genes involved in
adipogenesis.6–8

Activation of AMP-activated protein kinase (AMPK)
leads to the inhibition of adipocyte differentiation. The
AMPK downregulates lipogenic enzymes, such as fatty acid
synthase (FAS), acetyl-CoA carboxylase (ACC), lipoprotein
lipase (LPL), and HMG-CoA reductase (HMGR). In con-
trast, AMPK upregulates lipolytic proteins, including
PPARa, PPARc-coactivator-1a (PGC-1a), and uncoupling
proteins (UCPs), which are positively related to fatty acid
oxidation.1,9,10 Thus, AMPK is a promising target by which
obesity can be attenuated.11

5,7-Dimethoxyflavone (DMF), which is isolated from
Kaempferia parviflora Well. Ex Baker (commonly referred
to as black ginger or Thai ginseng), has been reported to
possess anti-inflammatory, anticancer, anticholinesterase,
and melanogenic properties.12–15 K. parviflora contains
abundant amounts of various types of methoxyflavones and
polymethoxyflavonoid (PMF)s. Among them, DMF is
present at 21.68mg/g as a major methoxyflavone compo-
nent.12 DMF did not show a significant effect on adipo-
genesis of 3T3-L1 cells in previous reports,16,17 which is
needed to clarify antiobesity effect and its mechanisms’
action. Thus, this study investigated the antiobesity effect of
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DMF by inhibiting adipogenesis in 3T3-L1 adipocytes and
high-fat diet (HFD)-induced obese C57BL/6J mice.

MATERIALS AND METHODS

Isolation of DMF from K. parviflora

Dried rhizomes of K. parviflora were collected in Bang-
kok, Thailand. A voucher specimen was deposited in the
Department of Biotechnology, Yonsei University (Seoul,
Korea). DMF (Fig. 1) was isolated from the ethanol extract
of K. parviflora and identified as described previously.15

The purity of DMF was determined to be ‡ 98% by high
performance liquid chromatography analysis.

Cell culture and differentiation

3T3-L1 preadipocytes were obtained from American
Type Culture Collection (ATCC; Manassas, VA, USA) and
grown in Dulbecco’s modified Eagle’s medium (DMEM;
HyClone, Logan, UT, USA) supplemented with penicillin
(120U/mL), streptomycin (75lg/mL), and 10% bovine calf
serum (BCS; HyClone). Cells were maintained in an atmo-
sphere of 5%CO2 at 37�C. For the induction of differentiation,
3T3-L1 preadipocytes were incubated with differentiation
medium (MDI; 0.5mM3-isobutyl-1-methylxanthine (IBMX;
Sigma-Aldrich, St. Louis, MO, USA), 0.2lMdexamethasone
(DEX; Sigma-Aldrich), and 1.7lM insulin (Sigma-Aldrich)
in DMEM containing 10% fetal bovine serum (FBS; Hy-
Clone)) for 2 days. The medium was replaced with DMEM
containing 10% FBS and 1.7lM insulin, which were changed
every 2 days for 8 days. To examine the effect of DMF on
adipogenesis, the cells were cultured with differentiation
medium in the presence of DMF. DMF was used at various
concentrations (5, 10, 20, 40, and 80lM); no significant cy-
totoxicity was observed at concentrations up to 40lM (data
not shown). All studies were performed with less than 20lM
DMF. For AMPK inhibition experiments, compound C
(AMPK inhibitor; Calbiochem, San Diego, CA, USA) was
used. Before the induction of differentiation, 3T3-L1 cells

were treated with 10lM of compound C or serum-free me-
dium for 30min.

Oil Red O staining

Eight days following adipocyte differentiation induction,
the 3T3-L1 cells were washed with phosphate-buffered sa-
line (PBS) and fixed with 10% buffered formalin and stained
with Oil Red O solution (0.5 g in isopropanol) for 1 h. After
removing the staining solution, the stained lipid droplets
were visualized in the cells using an inverted microscope
(Nikon TE-200U, Tokyo, Japan). Quantitation was carried
out by extracting the Oil Red O-stained lipid droplets with
100% isopropanol and measuring the absorbance of each
solution at 540 nm with a VersaMax tunable microplate
reader (Molecular Devices, Inc., Sunnyvale, CA, USA).

Triglyceride content

For quantification of triglyceride (TG) contents, 3T3-L1
adipocytes and homogenized liver tissues were lysed using
NP-40 buffer (Elpis Biotech, Daejeon, Korea). The TG
contents in each sample were, respectively, measured with a
TG Quantification Kit (BioVision, Mountain View, CA,
USA) according to the manufacturer’s instructions.

Western blot analysis

3T3-L1 adipocytes and homogenized epididymal adi-
pose tissues were lysed using NP-40 buffer (Elpis Biotech)
containing a protease inhibitor cocktail (Sigma-Aldrich).
The primary antibodies were used against PPARc, C/EBPa,
SREBP-1c, AMPK, phosphorylated AMPK (Thr172),
a-tubulin (1:1000 dilution; Cell Signaling, Beverly, MA,
USA), phosphorylated ACC, FAS, PPARa, PGC-1a, UCP2,
and UCP3 (1:1000 dilution; Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Bound antibodies were detected
using goat anti-rabbit or goat anti-mouse horseradish
peroxidase-conjugated IgG secondary antibodies (1:5000
dilution; Bethyl Laboratories, Inc., Montgomery, TX, USA)
for 2 h. Signals were detected with the enhanced chemilu-
minescence (ECL) detection system (Amersham Bios-
ciences, Little Chalfont, United Kingdom) and visualized
with the G:BOX EF imaging system (Syngene, Cambridge,
United Kingdom) and GeneSnap software. a-Tubulin was
used as an internal control.

Reverse transcription-polymerase chain reaction

Total RNA was extracted from 3T3-L1 adipocytes and
homogenized epididymal adipose tissues using TRIzol re-
agent (Invitrogen, Carlsbad, CA, USA) and then converted
to cDNA with reverse transcriptase premix (Elpis Biotech).
To quantify mRNA expression, the cDNA was amplified
with HiPi PCR PreMix (Elpis Biotech) and primer pairs
(Bioneer, Daejeon, Korea) (Table 1). All primers were de-
natured at 94�C for 5min before performing PCR amplifi-
cation. Amplification consisted of 25–30 cycles: denaturing
at 94�C for 30 s, annealing at 50–63�C for 1min, and ex-
tending at 72�C for 1min, followed by a final extendingFIG. 1. Chemical structure of 5,7-dimethoxyflavone.
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phase at 72�C for 5min. PCR was performed in a GeneAmp
PCR System 2700 (Applied Biosystems, Foster City, CA,
USA). PCR products were separated by electrophoresis
on 1.5% agarose gels and visualized with the G:BOX EF
imaging system (Syngene) and the GeneSnap software.
b-Actin was used as an internal control.

Animal experiments

Four-week-old male C57BL/6J mice (Orient Bio, Inc.,
Seongnam, Korea) were housed in a controlled environment
(25�C– 2�C and 55% – 5% relative humidity with a 12-h
light/12-h dark cycle) in the Yonsei Laboratory Animal
Research Center (YLARC; Seoul, Korea). Throughout the
experiment, the mice were allowed free access to food and
tap water. After 1 week of acclimatization, eighteen mice
were randomly divided into three experimental groups (each
group, n = 6). Group 1 received a normal chow diet (ND)
(Rodent diet D12450B; Research Diets, New Brunswick,
NJ, USA; 10% fat, 70% carbohydrate, 20% protein; 3.85
kcal/g); group 2 received a HFD (Rodent diet D12492;
Research Diets; 60% fat, 20% carbohydrate, 20% protein;
5.24 kcal/g); and group 3 received HFD with the 50mg/kg/
day DMF (HFD+DMF). Obesity was induced in groups 2
and 3 by HFD feeding for 6 weeks before the 6 weeks of oral
sample administration. DMF was dissolved in saline, and
animals were orally administrated with DMF at a dose of
50mg/kg/day using oral feeding needles for 6 weeks. Oral
administration volume was approximately 200lL per
mouse. Mice in the ND group and HFD group were given an
equal volume of saline. Food intake and body weight were

measured twice a week throughout the experiment. At the
end of the oral administration period, all mice were sac-
rificed using CO2 gas. Epididymal and perirenal fat pads
were removed, measured, and frozen in liquid nitrogen
for storage at -70�C. This study adhered to the Guide for
the Care and Use of Laboratory Animals developed by the
Institute of Laboratory Animal Resources of the National
Research Council. All work was reviewed and approved
by the Institutional Animal Care and Use Committee
(IACUC) of YLARC (Permit number is IACUC-201401-
120-01).

Micro-CT imaging

Micro-computed tomography (micro-CT) experiments
were performed with an animal positron emission tomog-
raphy (PET)/CT/single photon emission computed tomog-
raphy (SPECT) system (INVEON, Siemens, Washington,
DC, USA) at the Center for Evaluation of Biomaterials at
Pohang Technopark.

Analysis of blood biochemical parameters

Whole blood samples were collected from mice by heart
puncture. Serum was prepared by centrifugation at 1500 g
for 15min and stored at -70�C until analysis. Serum lipid
profiles and serum levels of hepatotoxicity markers were
analyzed using an automated biochemical analyzer (Mind-
ray, Shenzhen, China) according to the method established
by the International Federation of Clinical Chemistry
(IFCC).

Histological analysis

After sacrificing the mice, epididymal adipose and liver
tissues were fixed in 10% formalin for 24 h and stained with
hematoxylin and eosin (H&E). The stained sections were
analyzed using an Eclipse TE2000U inverted microscope
equipped with twin CCD cameras (magnification, · 200;
Nikon, Tokyo, Japan). Adipocyte size was quantified using
ImageJ software, version 1.47 (National Institutes of Health,
Bethesda, MD, USA).

Statistical analysis

All experiments were repeated at least thrice. Results are
presented as mean – standard deviation (SD). Statistical
analysis was performed using SPSS 21.0 (SPSS, Inc., Chi-
cago, IL, USA). One-way analysis of variance (ANOVA)
followed by a Scheffe’s test for in vitro testing and group
differences was assessed by unpaired Student’s t-test for
in vivo test. P values <.05 were considered statistically
significant.

RESULTS

Effect of DMF on differentiation of 3T3-L1 adipocytes

DMF significantly inhibited lipid accumulation by reduc-
ing TG accumulation in 3T3-L1 adipocytes (Fig. 2A, B).

Table 1. Primer Sequences Used in Reverse Transcription-

Polymerase Chain Reaction Analysis

Origin Gene Direction Sequence (50-30)

Mouse PPARc Forward GGTGAAACTCTGGGAGATTC
Reverse CAACCATTGGGTCAGCTCTTG

C/EBPa Forward CTGCCCCTCAGTCCCTGTC
Reverse GTTCCTTCAGCAACAGCGG

SREBP-1c Forward GCGCTACCGGTCTTCTATCA
Reverse TGCTGCCAAAAGACAAGGG

LPL Forward TTGCGCCTCCTGCTCAACCC
Reverse CCCCTCCTCGGAAGGCGGTC

ACC1 Forward AGGAGGACCGCATTTATCGAC
Reverse TGACCGTGGGCACAAAGTT

FAS Forward CTGCGGAAACTTCAGGAAATG
Reverse GGTTCGGAATGCTATCCAGG

HMGR Forward CTGCGGAAACTTCAGGAAATG
Reverse GGTTCGGAATGCTATCCAGG

UCP1 Forward CACGGGGACCTACAATGCTT
Reverse ACAGTAAATGGCAGGGGACG

UCP2 Forward GCTGGTGGTGGTCGGAGATA
Reverse ACTGGCCCAAGGCAGAGTT

UCP3 Forward AGTACCGCGGTGTGCTGGGT
Reverse GTCCGCTCCCTTGGGGGTGT

Adiponectin Forward TGTGCAGGTTGGATGGCAGGC
Reverse CTCCAGCCCCACACTGAACGC

b-Actin Forward CCAGCCGAGCCACATCGCTC
Reverse TGACCTTGGCCAGGGGTGCT
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PPARc, C/EBPs, and SREBP-1c are the master transcription
factors in the regulation of adipogenesis.18,19 DMF effec-
tively downregulated PPARc, C/EBPa, and SREBP-1c
protein and mRNA expression levels (Fig. 2C, D). In ad-
dition, DMF reduced the mRNA expression of adipocyto-
kines such as adiponectin (Fig. 2E). These results indicated
that DMF suppresses adipocyte differentiation through
inhibition of the transcriptional factors involved in the
differentiation.

Effect of DMF on lipid metabolism-related enzymes
through AMPK activation in 3T3-L1 adipocytes

To test whether DMF affects the AMPK activity, 3T3-L1
adipocytes were treated with DMF in the presence or ab-
sence of compound C, an AMPK inhibitor. The lipid content
was decreased by DMF treatment and this effect was signif-
icantly reversed in the presence of compound C (Fig. 3A).
DMF effectively increased AMPK and ACC phosphorylation,

FIG. 2. Effect of DMF on lipid accumulation and the expression of differentiation-related transcriptional factors in 3T3-L1 adipocytes. The cells
were cultured with the differentiation medium in the various concentrations of DMF for 8 days. (A) Lipid accumulation was determined using Oil
Red O staining. (B) TG concentration was determined using TG Quantification Kit. (C) The protein levels of PPARc, C/EBPa, and SREBP-1c
were evaluated by Western blotting. (D) The mRNA expression of PPARc, C/EBPa, and SREBP-1c was detected by RT-PCR. (E) The mRNA
expression of adiponectin was detected by RT-PCR. The mRNA and protein expression levels were analyzed by RT-PCR and Western blotting
analysis, respectively, after finishing adipogenic differentiation for 8 days. a-Tubulin and b-actin were used as internal controls. The results are
expressed as mean – SD (% control) of three independent experiments. ##P< .01 (untreated control vs. MDI control); *P< .05 and **P < .01 (MDI
control vs. DMF-treated cells). C/EBPa, CCAAT/enhancer binding protein a; DMF, 5,7-dimethoxyflavone; PPARc, peroxisome proliferator-
activated receptor c; RT-PCR, reverse transcription-polymerase chain reaction; SREBP-1c, sterol regulatory element-binding protein-1c; TG,
triglyceride. Color images available online at www.liebertpub.com/jmf
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while no change was observed in AMPK and ACC total
protein expression (Fig. 3B). DMF reduced the mRNA ex-
pression of lipogenic enzymes such as LPL, ACC1, FAS, and
HMGR (Fig. 3C). In addition, DMF upregulated the PPARa,
PGC-1a, and UCPs and mRNA expression levels (Fig. 3D, E),
which are lipolytic proteins involved in fatty acid oxidation.9

These results suggest that DMF modulates lipid metabolism
and increases fatty acid oxidation through the AMPK sig-
naling pathway in 3T3-L1 adipocyte.

Effect of DMF on HFD-induced body weight gain
and adiposity in mice

The body weights of the HFD group increased markedly
more compared with those of the ND group; this difference
was gradually increased until 12 weeks. The HFD+DMF
group showed consistently less body weight gain without
affecting food intake, compared with the HFD group
(Fig. 4A). Gross appearance and micro-CT imaging showed

FIG. 3. Effect of DMF on AMPK activation and lipid metabolism-related enzymes in 3T3-L1 adipocytes. The cells were cultured in the
differentiation medium with various concentrations of DMF for 8 days. (A) AMPK inhibition by compound C was performed with or without
DMF treatment. Lipid accumulation was determined using Oil Red O staining. (B) The protein levels of p-AMPK, t-AMPK, p-ACC, and t-ACC
were evaluated by Western blotting. (C) The mRNA expression of LPL, ACC1, FAS, and HMGR was detected by RT-PCR. (D) The protein
levels of PPARa, PGC-1a, UCP2, and UCP3 were evaluated by Western blotting. (E) The mRNA expression of PGC-1a, UCP1, UCP2, and UCP3
was detected by RT-PCR. The mRNA and protein expression levels were analyzed by RT-PCR and Western blotting analysis, respectively, after
finishing adipogenic differentiation for 8 days. a-Tubulin and b-actin were used as internal controls. The results are expressed as mean– SD (%
control) of three independent experiments. ##P < .01 (untreated control vs. MDI control or compound C control); **P< .01 (with vs. without
compound C in DMF treatment cells). ACC, acetyl-CoA carboxylase; AMPK, AMP-activated protein kinase; HMGR, HMG-CoA reductase; FAS,
fatty acid synthase; LPL, lipoprotein lipase. Color images available online at www.liebertpub.com/jmf
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that body shape and body fat composition were remarkably
smaller in HFD+DMF group than in the HFD group
(Fig. 4B, C). These results indicate that the oral adminis-
tration of DMF reduces body weight gain and body size by
decreasing whole body fat accumulation without changing
food intake.

Effect of DMF on HFD-induced hypercholesterolemia
in mice

The HFD group showed the increase of total cholesterol
(Total-C) and low-density lipoprotein cholesterol (LDL-C)
compared with the ND group and the parameters were ef-
fectively lowered in the HFD+DMF group. The level of
high-density lipoprotein cholesterol (HDL-C) was not sig-
nificantly different among all groups (Fig. 5A). The ratio of
HDL-C/Total-C was significantly lower in the HFD group,
but was recovered in the HFD+DMF group (Fig. 5B). Fur-
thermore, the levels of serum hepatotoxic markers, includ-
ing AST and ALT, were not significantly altered (Fig. 5C).
These results show that DMF prevents HFD-induced hy-
percholesterolemia and the risk of other related diseases by
decreasing LDL-C and Total-C without hepatotoxicity.

Effect of DMF on HFD-induced fat mass, fat size, and the
expression of adipogenic transcriptional factors in mice

Epididymal and perirenal fat pad masses were increased
in HFD group compared to ND group, but were decreased in
HFD+DMF group compared with HFD group (Fig. 6A).
Histological analysis of epididymal fat indicated that the fat
pad size was increased in the HFD group, but significantly
decreased in the HFD+DMF group (Fig. 6B). Furthermore,
the protein expression of major adipogenic transcriptional
factors, including PPARc, C/EBPa, and SREBP-1c, was
decreased in HFD+DMF group compared with HFD group
(Fig. 6C). Taken together, the data indicate that the DMF-
mediated decrease in body weight gain is related to the
decrease of fat masses and fat size, due to modulation of the
adipogenic transcriptional factors.

Effect of DMF on HFD-induced nonalcoholic
fatty liver disease in mice

Liver weight was higher in the HFD group and lower in
HFD+DMF group; similar results were obtained regarding
the TG content and lipid droplet size in liver (Fig. 7A, B).

FIG. 4. Effects of DMF treatment on body
weight gain and adiposity in HFD-induced obese
mice. (A) Changes in body weight and food in-
take in mice fed a ND, HFD, HFD+DMF. (B)
Gross appearance and (C) micro-CT analysis.
Results are expressed as mean– SD (n= 5).
##P< .01 compared to ND group. **P < .01 com-
pared to HFD group. Color images available
online at www.liebertpub.com/jmf
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FIG. 5. Effects of DMF treatment on serum
lipid profiles and hepatotoxicity markers in
HFD-induced obese mice. (A) The serum
levels of Total-C, HDL-C, and LDL-C in
mice fed a ND, HFD, or HFD+DMF. (B) The
ratios of HDL-C/Total-C. (C) The serum
levels of AST and ALT. Results are expressed
as mean– SD (n= 5). ##P< .01 compared to
the ND group. *P< .05 and **P < .01 com-
pared to the HFD group.

FIG. 6. Effects of DMF treatment on fat pad masses, adipose tissue histology, and the expression of adipogenic transcriptional factors. (A)
Epididymal and perirenal fat pad masses of mice fed a ND, HFD, or HFD+DMF. (B) Histological analysis of epididymal adipose tissue
(magnification, · 200). Quantification of adipocyte size using ImageJ software. (C) Epididymal adipose tissue was used to measure the protein
expression of adipogenic transcriptional factors, such as PPARc, C/EBPa, and SREBP-1c, by Western blotting. a-Tubulin was used as an internal
control. Results are expressed as mean– SD (n = 5). ##P < .01 compared to the ND group. *P< .05 and **P < .01 compared to the HFD group.
Color images available online at www.liebertpub.com/jmf
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These results indicate that DMF alleviated HFD-induced
fatty liver by decreasing liver TG content and lipid droplet
size in liver.

DISCUSSION

Previously, it was reported that DMF did not induce the
differentiation of 3T3-L1 cells and did not affect the sup-
pression of intracellular lipid accumulation in mature adi-
pocytes.16,17 In contrast, this study showed that DMF
significantly decreased the accumulation of intracellular li-
pid during adipogenic differentiation (Fig. 2A). This dif-
ference may be due to different state of adipocyte
differentiation when DMF was used to treat the 3T3-L1
cells. PPARc has been suggested to be a master regulator
of adipogenesis and is necessary for adipocyte differen-
tiation.20 Activation of PPARc immediately leads to the
induction of C/EBPa and SREBP-1c expression, which
subsequently activates transcription of a series of adipocyte-
specific genes responsible for terminal differentiation.21 In
present study, DMF downregulated adipogenic transcription
factor expression in both 3T3-L1 adipocyte (Fig. 2C, D) and
epididymal adipose tissue (Fig. 6C), which led to suppressed
accumulation of intracellular lipid droplets (Fig. 2A) and
reduced body weight gain by decreasing the fat mass and fat
size (Figs. 4A and 6A, B). Adiponectin is one of the multiple
adipocytokines, which led to accelerated adipocyte differ-
entiation by upregulating the expression of PPARc, C/
EBPa, and SREBP-1c.22 Antiadipogenic effect of DMF by
decreasing the expression of PPARc, C/EBPa, and SREBP-
1c may be involved in the reduced mRNA expression of
adiponectin (Fig. 2E). These results indicate that the anti-
obesity ability of DMF is mediated by its inhibition of
adipogenesis.

AMPK plays an important role by directly phosphory-
lating the downstream target ACC at Ser79. This phos-
phorylation event inhibits its lipid biosynthesis enzymatic
activity and causes a subsequent decrease in fatty acid
synthesis.11 In addition, AMPK increases thermogenesis by
inducing PGC-1a and UCPs.23 DMF significantly increased
AMPK and ACC phosphorylation (Fig. 3B), which was
accompanied by decreased lipid accumulation and increased

thermogenesis in differentiated 3T3-L1 adipocytes. In ad-
dition, 3T3-L1 preadipocytes were not able to develop into
mature adipocytes in the presence of DMF, but this effect
was reversed when the cells were pretreated with compound
C, an AMPK inhibitor (Fig. 3A). These results indicate that
DMF inhibits adipocyte differentiation and lipid accumu-
lation through the AMPK pathway.
DMF also resulted in decreased weight gain, decreased fat

mass and fat size, lower levels of LDL-C and Total-C, and
reduced liver weight and hepatic lipid accumulation in ob-
ese mice without reducing appetite and toxicity (Figs. 4–7).
Toda et al.24 reported that DMF significantly enhanced the
mRNA expression of glucose transporter 4 (GLUT4) in
C2C12 skeletal muscle cells, leading to the improvement of
insulin stimulated glucose uptake. Akase et al.25 also re-
ported that K. parviflora extract (KPE), containing DMF as a
major bioactive compound, effectively attenuated obesity
and insulin resistance by suppressing fat accumulation, hy-
perinsulinemia, glucose intolerance, hypertension, and in-
sulin resistance in obese type 2 diabetic mice. These results
indicate that DMF can improve obesity-related metabolic
dysfunctions and insulin sensitivity in obese mice.
Serum levels of hepatotoxic biomarkers were not signif-

icantly altered among the groups, which indicated safety
probability of DMF (Fig. 5C). Higher hepatic fat accumu-
lation induced by HFD leads to increased hepatotoxic bio-
marker, which causes fatty liver disease and hepatic
inflammation and results in imbalance of lipid metabo-
lism.26 DMF leads to decreased liver triglyceride content,
lipid droplet size, and liver weight (Fig. 7), which protected
against obesity-induced hepatic injury. These results indi-
cate that DMF can potentially be used to treat nonalcoholic
liver disease.
The present study shows that DMF exerts an antiobesity

effect by suppressing adipogenesis. DMF effectively atten-
uated lipid and TG accumulation in 3T3-L1 cells and de-
creased body weight gain, fat masses, and fat size in obese
mice. Furthermore, DMF improved serum lipid profiles in
obese mice and exerted hypolipidemic effects on hepato-
cytes without any liver damage. Taken together, our data
suggest that DMF is a novel candidate for treating HFD-
induced obesity.

FIG. 7. Effects of DMF treatment on liver
mass, histological analysis, and TG contents.
(A) Liver masses of mice fed a ND, HFD, or
HFD+DMF. (B) Histological analysis of liver
tissue (magnification, · 200) and liver TG
contents. Results are expressed as mean– SD
(n= 5). ##P < .01 and #P < .05 compared to the
ND group. *P < .05 and **P < .01 compared
to the HFD group. Color images available
online at www.liebertpub.com/jmf
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