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KEYWORDS Abstract Background and aim: Metabolic syndromes are prevalent worldwide and result in
Betulinic acid; various complications including obesity, cardiovascular disease and type II diabetes. Betulinic
Anti-obesity; acid (BA) is a naturally occurring triterpenoid that has anti-inflammatory properties. We hypoth-
Energy balance; esized that treatment with BA may result in decreased body weight gain, adiposity and hepatic
Non-alcoholic fatty steatosis in a diet-induced mouse model of obesity.
liver disease: Methods and results: Mice fed a high-fat diet and treated with BA showed less weight gain and tis-
Metabolic sue adiposity without any change in calorie intake. Gene expression profiling of mouse tissues and
syndromes: cell lines revealed that BA treatment increased expression of lipid oxidative genes and decreased
AMPK that of lipogenesis-related genes. This modulation was mediated by increased AMP-activated pro-

tein kinase (AMPK) phosphorylation, which facilitates energy expenditure, lipid oxidation and ther-
mogenic capacity and exerts protective effects against obesity and nonalcoholic fatty liver disease.
Overall, BA markedly inhibited the development of obesity and nonalcoholic fatty liver disease in
mice fed a high-fat diet, and AMPK activation in various tissues and enhanced thermogenesis are
two possible mechanisms underlying the antiobesity and antisteatogenic effects of BA.
Conclusions: The current findings suggest that treatment with BA is a potential dietary strategy for
preventing obesity and nonalcoholic fatty liver disease.
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Introduction dyslipidemia, hypertension, fatty liver disease and other

disorders [1]. The prevalence of metabolic syndrome is
Metabolic syndrome is a state of metabolic dysregulation increasing rapidly in developing countries as well as in
characterized by abdominal obesity, insulin resistance, advanced countries. Because many risk factors are
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associated with metabolic syndrome, no drug can effec-
tively inhibit all risk factors in the long term. Therefore,
interest in therapeutic strategies that might target multi-
ple risk factors is increasing [2].

Excess fat accumulation might be related to insulin
resistance and the inability to appropriately store energy
and ultimately determines susceptibility to metabolic
syndrome development [3]. The major cause of obesity is
defective cellular metabolism [4], suggesting impaired
mitochondrial fatty acid oxidation [5]. Subtle variations in
thermogenesis related to uncoupling proteins might also
be important for maintaining body weight and energy
balance [6]. Therefore, focusing on obesity, insulin resis-
tance and energy metabolism is important when studying
metabolic syndrome.

In rodents and small mammals, brown adipose tissue
(BAT)-mediated thermogenesis is key for maintaining core
body temperature at temperatures below thermoneu-
trality [7]. Substantial evidence also indicates that BAT
thermogenesis plays a crucial role in regulating energy
balance by utilizing excess calories [8—12]. BAT dysfunc-
tion induced by UCP1 deficiency increases susceptibility to
diet-induced obesity [12—14]. In contrast, enhancement of
thermogenic activity through uncoupling protein 1 (UCP-
1) overexpression or by BAT activators such as cold expo-
sure, B-adrenergic receptor agonists, bile acids, and fibro-
blast growth factor 21 reduces dietary and genetic obesity
[15—18].

AMP-activated protein kinase (AMPK) is a “cellular
fuel gauge” that acts to simultaneously shut down ATP-
consuming biosynthetic processes and facilitate ATP-
producing catabolic processes during periods of meta-
bolic stress, leading to rapid changes in fatty acid
metabolism, and AMPK phosphorylation stimulates fatty
acid metabolism [19]. In many tissues, including skeletal
muscle, glucose transporter type 4 (GLUT4) translocation
to the plasma membrane occurs in response to stimuli
such as muscle contraction and insulin, and increased
GLUT4 expression may be controlled by AMPK phos-
phorylation of peroxisome proliferator-activated recep-
tor gamma coactivator-1 alpha (PGC-1a) as well as other
transcription factors [20]. PGC-1a, which was identified
based on its interaction with PPARy in brown fat and
skeletal muscle in response to cold exposure [21], is
known to be involved in regulating energy metabolism,
thermogenesis and other biological processes that con-
trol the phenotypic characteristics of various organs
[22—24].

Betulinic acid (BA), widely distributed in the outer bark
of a variety of tree species [25], is a naturally occurring
pentacyclic triterpenoid [26]. Clinical use of BA is hin-
dered by its low water solubility, which greatly limits its
bioavailability and therapeutic applications [27]. To over-
come this solubility problem, cyclodextrin complexation
has been accomplished using B- and y-derivatives that
have high water solubility [28], and due to the bulky
structure of BA, the latter were found to be the most
appropriate (Supplementary Fig. 1A). BA exhibits a wide
variety of pharmacological and biochemical effects,

including the following: anti-inflammatory, anti-cancer
[29—31], anti-bacterial [32], anti-malarial [33], anti-
angiogenesis [34], and antiviral [35] activities; induction
of cell death via the MAPK pathway [36]; and immuno-
modulatory effects via production of proinflammatory
cytokines and recruitment of macrophages [37]. Most
studies involving BA have focused on its anti-cancer ef-
fects, yet there is increasing interest in the hypoglycemic
[38] and hypolipidemic activities and their potential to
reduce abdominal fat, glucose tolerance [39] and nonal-
coholic fatty liver disease [40]. Although BA has been
suggested to prevent abdominal fat accumulation and the
development of fatty liver in mice, few reports have
examined the beneficial effects of BA in various tissues of
obese animals. The aim of this study was to investigate
whether BA attenuates high-fat diet (HFD)-induced
obesity and fatty liver in mice. Furthermore, to reveal the
underlying mechanism of action at the molecular level,
we examined the effect of BA on expression of genes and
proteins involved in energy metabolism, fatty acid
oxidation and inflammation. Our data reveal that BA
reduced lipid accumulation in 3T3-L1 adipocytes and
decreased adiposity changes, serum lipids and adipokines
in HFD-fed mice. BA also protected mice against HFD-
induced hepatic steatosis and decreased expression of
inflammatory genes and lipogenic genes. BA enhanced
thermogenesis during hypothermia, gene expression
related to energy expenditure and fatty acid oxidation in
BAT and skeletal muscle. Taken together, our results sup-
port the use of potential therapeutic agents for preventing
or treating obesity and fatty liver through enhanced fatty
acid oxidation, energy metabolism and anti-inflammatory
effects.

Methods
Materials

BA (purity, > 97%) was purchased from TCI (Tokyo,
Japan), and dorsomorphin (Compound C) was obtained
from Sigma—Aldrich (St. Louis, Missouri, USA). Dulbec-
co’s modified Eagle’s medium (DMEM), bovine calf
serum (BCS), fetal bovine serum (FBS) and penicillin/
streptomycin were purchased from HyClone Laboratories
(Logan, UT). Antibodies against phospho-AMPKa
(Thr172), total-AMPK, phospho-ACC (Ser79) and total-
ACC were obtained from Cell Signaling Technology
(Beverly, MA), against PGC-1o. and B-actin were pur-
chased from Santa Cruz Biotechnology Inc. (Dallas, TX),
and against UCP-1 was purchased from Abcam (Cam-
bridge, UK). West Femto Chemiluminescent substrate
was purchased from PIERCE (Rockford, IL). Horseradish
peroxidase-conjugated anti-rabbit secondary antibodies
were obtained from Santa Cruz Biotechnology Inc.
Nitrocellulose membranes and X-ray films were pur-
chased from Whatman (Dassel, Germany) and AGFA
(Mortsel, Belgium), respectively. SYBR Green master mix
for real-time quantitative PCR was purchased from the
USB Corporation (Cleveland, OH).
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Cell culture and treatment

3T3-L1 mouse embryo fibroblasts and the hibernoma-
derived mouse brown adipocyte cell line HIB1B were
grown in high-glucose DMEM containing 10% BCS at 37 °C
in a 5% CO, incubator. To differentiate both types of pre-
adipocytes into adipocytes, postconfluent (3 days) cells
were incubated in DMEM containing 10% FBS supple-
mented with 0.5 mM isobutylmethyl xanthine, 1 puM
dexamethasone, and 1 pg/mL insulin (day 0). At day 2, the
medium was carefully replaced with DMEM containing
10% FBS supplemented with 1 pg/mL insulin. After 2 days,
the medium was replaced with DMEM containing 10% FBS
every 2 days for the next 4 days. AML12 mouse hepatocyte
cells were cultured in 5% CO, at 37 °C in DMEM/F12 me-
dium (GibcoBRL, Grand Island, NY) containing L-gluta-
mine, 2438 ¢g/L sodium bicarbonate, 40 ng/mL
dexamethasone, 10% FBS and a mixture of insulin, trans-
ferrin, and selenium (ITS; Sigma, St. Louis, MO). To induce
hepatic steatosis in vitro, cells were treated with palmitic
acid (Sigma—Aldrich, St. Louis, MO), which was dissolved
at 60 °C in 50 mM KOH to obtain a 30 mM stock solution; a
10% (w/v) solution of fatty-acid-free BSA was prepared in
serum-free DMEM/F12. The two solutions were combined
to produce BSA-conjugated palmitate. The mixture was
further diluted in DMEM/F12 to reach the desired final
concentrations. Cells were treated with the 250 uM pal-
mitic acid/BSA mixture for 1 day to induce hepatic stea-
tosis. C2C12 cells were maintained in DMEM containing
10% FBS until the cells were approximately 80% confluent.
To induce myotube differentiation, the C2C12 growth
medium was replaced with DMEM containing 2% horse
serum at day 0, and C2C12 myotubes were treated with BA
on day 7. Cells were treated with BA or 0.5% DMSO for 20 h,
and independently, cells were pretreated with 40 puM
AMPK inhibitor (compound C) for 2 h and then exposed to
BA for an additional 20 h.

Animals and diets

Lean male C57BL/6 mice (6 weeks old) were purchased
from Central Lab Animal Inc. (Seoul, Korea). All animal
experiments were approved by the Ethics Review Com-
mittee of Handong Global University, Republic of Korea,
and conducted in accordance with approved guidelines.
Twenty healthy mice were assigned to one of four groups.
Mice were maintained in a specific pathogen-free animal
facility under a standard 12-hour light/12-hour dark cycle.
To examine diet-induced obesity, mice were fed with
either normal rodent chow or a HFD (Central Lab Animal
Inc.) for 11 weeks. The standard chow diet contained 28.5%
protein, 13.5% fat, and 58.0% carbohydrate, and the HFD
contained 18.4% protein (casein), 60.3% fat, and 21.3% car-
bohydrate. In addition, 150 mg/kg BA or 10% ethanol PBS,
as the vehicle control, was orally administered daily for 11
weeks. At the conclusion of the in vivo experiment, mice
were sacrificed, and adipose, liver, and quadriceps tissues
were removed and fixed in 10% paraffin for histology. The
remaining tissues were snap-frozen in aluminum tongs

cooled to the temperature of liquid nitrogen. Samples were
stored at —80 °C until analysis.

Cold exposure test

After 11 weeks of BA treatment, mice were fasted over-
night, and their core body temperature was measured
with a clinical rectal thermometer (Thermalert model
TH-5; Physitemp Instruments LLC., Clifton, NJ) every
30 min in a 4 °C cold room until the mice exhibited
hypothermia.

Analysis of blood biochemical parameters

The mice were fasted for 12 h before sacrifice using CO,
gas, and whole blood samples were obtained by cardiac
puncture. Serum was prepared by centrifugation at
2000xg at 24 °C for 30 min and then stored at —80 °C.
Serum total cholesterol and triglyceride levels were
detected using an INFINITY kit (Thermo Fisher Scientific
Inc., Middletown, USA). Insulin levels were determined
with a Mouse Ultrasensitive Insulin ELISA kit (ALPCO Di-
agnostics, Windham, NH), and leptin levels were measured
with a Mouse Leptin ELISA kit (Morinaga Institute of Bio-
logical Science, Inc., Yokohama, Japan).

Histology

Hematoxylin-eosin (H&E) staining was performed ac-
cording to the protocols of Jung et al. [41], with slight
modifications. Briefly, tissues were fixed in 10% formalin,
processed and embedded in paraffin prior to sectioning.
Ten-micrometer thick sections were affixed to slides,
deparaffinized, dehydrated, and then stained with H&E.
Stained liver and adipose tissue sections were observed
under a light microscope (BX 50, Olympus, Tokyo, JAPAN)
at 400X magnification.

Western blotting analysis

Cells were harvested, and tissues were homogenized
with PRO-PREP protein extraction solution purchased
from iNtRON Biotechnology (Seongnam, Korea) with
10 mM NaF, 2 mM NasVO, (pH 7.4), and 10 mM Na4P,0-
and incubated for 1 h at 4 °C. The solution was centri-
fuged at 13,000 rpm at 4 °C for 10 min to remove
insoluble materials and lipids. The protein concentration
in the tissues was measured using the Bradford reagent
(Bio-Rad, Hercules, CA) with bovine serum albumin as a
standard. Equal quantities of proteins were separated by
SDS-PAGE and then transferred to a nitrocellulose
membrane (Bio-Rad). The membrane was blocked with
10% skim milk for 2 h at room temperature and then
incubated overnight at 4 °C with primary antibodies. The
membranes were washed with TBS-T 3 times and then
incubated for 1 h at room temperature with a horse-
radish peroxidase-conjugated secondary antibody. After
washing the membrane with TBS-T 3 times, the signals
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were detected with SuperSignal West Femto Chemilu-
minescent substrate.

0Oil red O staining

3T3-L1 cells were washed with cold PBS three times, fixed
in 10% formalin for more than 1 h at 4 °C, and then stained
for 1 h at room temperature in freshly diluted oil red O
solution. The stained cells were treated with 100% iso-
propyl alcohol to extract oil red O, and the colorimetric
intensity of the extract was measured at 500 nm to
determine the lipid content.

Real-time quantitative PCR

Total RNA from each tissue was extracted using an Easy-
spin TM Total RNA extraction kit (iNtRON Biotech-
nology) according to the manufacturer’s instructions.
cDNA was synthesized from 1 pg of DNase-treated total
RNA using M-MLV reverse transcriptase (Invitrogen).
PCRs were conducted with SYBR Green master mix, and
the results are expressed after normalization to the
36B4 mRNA level in the same sample. Analysis was
performed using an ABI 7500 Fast Real Time PCR system
(Applied Biosystems). Amplification of real-time PCR
was performed according to the protocols of Jung et al.
[42], with slight modifications. Briefly, the reaction was
performed at 94 °C for 10 min, followed by 40 cycles of
amplification (95 °C for 15 s, 60 °C for 1 min). A melting
curve was produced to confirm a single gene-specific
peak and detect primer/dimer formation by heating
the samples from 65 to 95 °C in 0.5 °C increments with a
dwell time of 10 s at each temperature while continu-
ously monitoring fluorescence. Quantification of gene
transcripts was performed with gene-specific primers
(Table 1).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
software (version 5.0 GraphPad Software, La Jolla, CA). The
data were analyzed with Student’s t-test or one-way
analysis of variance (ANOVA) followed by Tukey’s post
hoc test, and the results are presented as the means 4 S.D.
All p values < 0.05 were considered statistically
significant.

Results

BA decreases adiposity changes, serum lipids and
adipokines in HFD-fed mice

During the 11-week experiment, body weight and food
intake were measured weekly. As shown in Fig. 1A, the
BA-treated group showed a slight decrease in body
weight compared to the control group. However, this ef-
fect was significantly pronounced in animals that were
fed a HFD with BA. The difference between the BA-treated

Table 1 Real-time quantitative PCR primer sequences.

Gene Orientation  Primer sequence (5 — 3')

Arbp Forward TCACTGTGCCAGCTCAGAAC
Reverse AATTTCAATGGTGCCTCTGG

PGC-1a Forward TCGATGTGTCGCCTTCTTGC
Reverse ACGAGAGCGCATCCTTTGG

UCP1 Forward GGCCCTTGTAAACAACAAAATAC
Reverse GGCAACAAGAGCTGACAGTAAAT

ucCP2 Forward ACCAAGGGCTCAGAGCATGCA
Reverse TGGCTTTCAGGAGAGTATCTTTG

uCP3 Forward CCAACATCACAAGAAATGC
Reverse TACAAACATCATCACGTTCC

Cpt-1a Forward ACTCTTGGAAGAAGTTCA
Reverse AGTATCTTTGACAGCTGGGAC

Cpt-2 Forward CTGTCAGCCTTACACTGACCC
Reverse AGGAAGGGAGGATGAGACGT

Acox1 Forward ACA CTA ACA TAT CAA CAA GAG GAG
Reverse CAT TGC CAG GAA GAC CAG

L-FABP Forward CACACAGCTGAGATCATGGC
Reverse AGCAGGAGGTGCAAGTATGG

MCAD Forward GATCGCAATGGGTGCTTTTGATAGAA
Reverse AGCTGATTGGCAATGTCTCCAGCAAA

SREBP1c  Forward GGAGCCATGGATTGCACATT
Reverse GGCCCGGGAAGTCACTGT

F4/80 Forward CCCAGCTTATGCCACCTGCA
Reverse TCCAGGCCCTGGAACATTGG

IL-1a Forward CAAACTGATGAAGCTCGTCA
Reverse TCTCCTTGAGCGCTCACGAA

IL-1B Forward TCTGGGGTTGATGTAGGA
Reverse GGGCTGGAAAAATGGTC

IL-6 Forward GACAACTTTGGCATTGTGG
Reverse ATGCAGGGATGATGTTCTG

TNF-o Forward CATCTTCTCAAAATTCGAGTGACAA
Reverse TGGGAGTAGACAAGGTACAACCC

ApoC2 Forward GCAGGGCTCCCTCTTAAGTT
Reverse AAAATGCCTGCGTAAGTGCT

RBP4 Forward AGGAGAACTTCGACAAGGCT
Reverse TTCCCAGTTGCTCAGAAGAC

LPL Forward ACTCGCTCTCAGATGCCCTA
Reverse TTGTGTTGCTTGCCATTCTC

FAS Forward GCTGCGGAAACTTCAGGAAAT
Reverse AGAGACGTGTCACTCCTGGACTT

SCD1 Forward CCTGCCTCTTCGGGATIT
Reverse TTGTGAGGGTCGGCGTGT

GLUT2 Forward ATCTGGCTCCGCACTCTCATTCTTG
Reverse CCCTGTGACTTTTCTGTGTTCTTAGG

GLUT4 Forward AACCAGCATCTTCGAGTCGG
Reverse CGAGACCAACGTGAAGACCG

DGAT1 Forward TCAGATTGAGAAGCGCCTGG
Reverse ACGGAACCCACTGGAGTGAT

DGAT2 Forward GCCGATGGGTCCAGAAGAAGTT
Reverse CTCCAGCTTGGGGACAGTGATG

GPAT Forward CAGACACAGGCAGGGAATCC
Reverse GCCTAGGTCGAAATCGCGAG

PPARY Forward AGTGGAGACCGCCCAGG
Reverse GCAGCAGGTTGTCTTGGATGT

and control animals became significant at week 7. At the
end of the experiments, the body weight of mice treated
with BA was 10% lower (p < 0.05) than that of the control
group in the HFD group, with no difference in food intake
(Fig. 1B). To test whether body weight loss was caused by
decreased adiposity, animals were sacrificed, and white
adipose tissue (WAT) and BAT were dissected and
weighed. The weights of WAT, including inguinal,
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Figure 1 BA decreases adiposity changes and serum lipid and adipokine levels in HFD-fed mice and reduces lipid accumulation in 3T3-L1 adi-
pocytes. BA was orally administered at 150 mg/kg for 11 weeks. A, Body weights of wild-type (WT) or BA-treated (BA) mice during exposure to a
chow diet or HFD. B, Average food intake expressed as kcal/mouse/day. C and D, Fat mass of WAT and BAT in WT and BA mice after 11 weeks of
exposure to HFD. E and F, Representative H&E-stained sections of WAT and BAT from WT and BA mice are shown. Adipocyte sizes were measured
with Image] analysis software (right). G-J, Fasting serum cholesterol, triglyceride, insulin and leptin levels in nontreated and BA-treated mice are
shown. n = 5 per group; means + S.D.; *p < 0.05, **p < 0.005, ***p < 0.0005 versus the HFD group; #p < 0.05, ##p < 0.005 versus the chow group.

perigonadal, mesenteric and BAT, were significantly
decreased (inguinal; 62%, perigonadal; 35%, mesenteric;
70%, brown; 43%) in BA-treated mice (Fig. 1C, D). As ex-
pected, white and brown adipocytes were smaller in BA-
treated mice than in control mice (Fig. 1E, F).

Because obesity is associated with elevated serum
lipids, insulin and leptin, we used an enzymatic assay re-
agent or kit to measure these components. BA-treated
mice displayed a 34% decrease in cholesterol (Fig. 1G), a
24% decrease in serum triglyceride (Fig. 1H), a 2.7-fold
reduction in fasting insulin (Fig. 1I), and a 2.9-fold
decrease in leptin (Fig. 1]). These results suggest that BA
alleviates the metabolic phenotypes of obese mice.

BA reduces lipid accumulation and increases expression
of genes associated with energy metabolism in 3T3-L1
adipocytes by activating AMPK

When fully differentiated 3T3-L1 adipocytes were treated
with BA for 20 h and stained with oil red O, lipid accu-
mulation was significantly reduced in a dose-dependent
manner (Fig. 2A). To investigate the antiadipogenic
mechanism, the effect of BA on the expression levels of
mRNAs associated with energy expenditure and fatty acid
oxidation was assessed. We used real-time RT-PCR to
examine the mRNA levels of genes regulating energy
expenditure, including PGC-1«, UCP-2, and of fatty acid
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Figure 2 BA reduces lipid accumulation and increases expression of genes associated with energy metabolism in 3T3-L1 adipocytes by activating
AMPK. Cells were treated with BA in serum-free DMEM in a dose-dependent manner (12.5, 25, 50 ug/mL of BA or DMSO) for 20 h and then washed in
ice-cold PBS. Cells were fixed in 10% formalin. Pictures were taken after the cells were stained for 1 h at room temperature with freshly diluted oil red
O solution. A, Stained cells were treated with 100% isopropyl alcohol to extract oil red O (left), and the lipid content was determined by colorimetric
measurement of the oil red O stain extract at 500 nm (right). B, Relative mRNA expression levels of genes related to energy metabolism and fatty acid
oxidation in 3T3-L1 adipocytes. C-G, mRNA levels of lipid anabolism-related genes including Gpat, Dgat1, Dgat2, FAS and PPAR-v in differentiated
3T3-L1 cells were analyzed using real-time PCR. H and I, AMPK and ACC activation was detected by Western blotting analysis in differentiated 3T3-L1
cells. n = 3—7 per group; means =+ S.D.; *p < 0.05, **p < 0.005, ***p < 0.0005 compared to CTRL. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

oxidative genes, including carnitine palmitoyltransferase
(Cpt)-1, acyl-coenzyme A oxidase 1 (Acox1), L-fatty acid
binding protein (FABP) and medium-chain acyl-coenzyme
A dehydrogenase (MCAD). Consistent with the in vivo and
in vitro results, mRNA levels were higher in BA-treated
3T3-L1 adipocytes than in nontreated cells (Fig. 2B).
Additionally, BA-treated 3T3-L1 adipocytes cells showed
reductions in expression of transcription factors required
for adipocyte differentiation (PPARy) and enzymes

involved in triglyceride synthesis (GPAT, DGAT1, DGAT2)
and fatty acid synthase (FAS) (Fig. 2C—G). To evaluate
whether AMPK, a key enzyme in energy homeostasis, is
activated by BA during 3T3-L1 differentiation, the level of
phosphorylated AMPKa was analyzed and compared with
the total level of AMPKa by Western blotting. Levels of
phosphorylated AMPKe. and its target protein ACC were
increased in the group treated with 50 pg/mL BA
compared with those in the control group (Fig. 2H, I).
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BA increases thermogenesis in hypothermia and gene
expression related to energy expenditure and fatty acid
oxidation in BAT

We next performed a cold test to assess the effect of BA
on adaptive thermogenesis capacity. BA-treated animals
maintained higher body temperatures than nontreated
animals (Fig. 3A), suggesting that BA treatment
improved thermogenic capacity. To test whether ther-
mogenesis was accompanied by changes in the expres-
sion of genes involved in energy expenditure and fatty
acid oxidation, total RNA was prepared from BAT. We
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examined the mRNA levels of genes regulating energy
expenditure, including PGC-1«, UCP-1, UCP-2, and UCP-
3, and fatty acid oxidative genes including Cpt-1a, Cpt-
2, FABP and MCAD by real-time RT-PCR. Consistent
with the in vivo results, mRNA levels in the BAT of BA-
treated mice were elevated compared with those of
nontreated mice (Fig. 3B), and protein expression levels
of UCP-1 and PGC-1a (Fig. 3C, D) were higher in BA-
treated HIB1B brown adipocytes. As AMPK is the main
activator of fatty acid oxidation and thermogenesis, we
evaluated whether BA can enhance AMPK activity and
found that phosphorylated AMPK was increased in BA-
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Figure 3 BA-treated mice show increased thermogenesis and expression of genes associated with energy expenditure and fatty acid oxidation. A,
Rectal temperatures of WT and BA mice placed at 4 °C are shown. B, The relative level of mRNA expression of genes related to energy expenditure
and fatty acid oxidation in BAT is shown; means + S.D.; *p < 0.05, **p < 0.01. C and D, Protein expression of UCP-1 and PGC-1« in BA-treated HIB1B
cells. E, Change in the AMPK phosphorylation level due to BA treatment of HIB1B cells. F, Activation of AMPK and ACC was measured in HIB1B cells
pretreated with an AMPK inhibitor followed by BA treatment for an additional 20 h; n = 3—5 per group; means + S.D.; *p < 0.05.
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treated cells compared to nontreated cells (Fig. 3E), an
increase that was reversed by AMPK inhibitor treatment
(Fig. 3F).

BA improves energy metabolism in skeletal muscle

To investigate whether BA improves energy metabolism in
skeletal muscle, we measured relative mRNA expression
levels in the quadriceps of nontreated and BA-treated
mice. Real-time quantitative PCR data showed that
expression levels of fatty acid oxidative genes including
PGC-1a, UCP-2, UCP-3, Cpt-la, Cpt-2, L-FABP and the
glucose transporter GLUT4 were increased in the quadri-
ceps of BA-treated mice compared to those of nontreated
mice (Fig. 4A). This BA-induced upregulation of lipid

>

Relative Expression
—_
1

oxidative gene expression was confirmed by increased
protein levels of PGC-1a. and UCP-3 in C2C12 myotubes
(Fig. 4B. C). We also measured the phosphorylation levels
of AMPK in BA-treated mice and BA-treated cells and
found that phosphorylated AMPK was increased in BA-
treated mice or cells compared to that in nontreated
mice or cells (Fig. 4D, E).

BA protects against HFD-induced hepatic steatosis

Because hepatic steatosis or fatty liver is highly associated
with diet-induced obesity in humans and animal models,
we next examined whether treatment with BA improved
hepatic steatosis and fatty liver in HFD-fed mice. Small
lipid vesicles were observed in the hepatocytes of BA-
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treated mice (Fig. 5A); compared with nontreated mice,
BA-treated mice exhibited reduced liver weight (Fig. 5B).
In support of this phenotype, real-time quantitative PCR
data showed that inflammatory genes, including the
macrophage marker F4/80, interleukin (IL)-1e, IL-1B, IL-6,
tumor necrosis factor (TNF)-a, and lipogenic genes
including sterol regulatory element-binding protein
(SREBP)-1c¢, apolipoprotein C2 (ApoC2), retinol binding
protein (RBP) 4, FAS, and stearoyl-coenzyme A desaturase
(SCD) 1 were decreased in BA-treated mice (Fig. 5C),
indicating that BA protected against HFD-induced liver
damage. We also found that BA treatment prevented
palmitate-induced hepatic steatosis in AML12 hepatocytes.
According to oil red O staining, BA treatment significantly
reduced lipid accumulation in AML12 hepatocytes treated
with a fatty liver-related factor (palmitate 250 uM)
(Fig. 5D). To understand the mechanism by which BA de-
creases fat accumulation in the liver at the molecular level,
Western blotting analysis was performed, and as shown in
Fig. 5E, BA increased the level of phosphorylated AMPK in
the AML12 mouse liver cell line.

Discussion

In this study, we used a mouse model of HFD-induced
obesity and observed decreased weight gain in BA-treated
mice. BAT and WAT, including inguinal, perigonadal and
mesenteric fat, were reduced, and lipid droplets were also
reduced (Fig. 1A, C—F). Abdominal obesity is associated
with an increased risk of cardiovascular diseases and in-
sulin resistance [43], and our findings also provide evi-
dence that BA protects against hepatic steatosis
development (Fig. 5A). The effects of BA might be medi-
ated through food intake, as decreased food intake would
be expected to significantly affect body weight, which in-
fluences hepatic steatosis. In this study, however, there
was no difference in food intake-induced increases in body
weight between BA-treated and nontreated groups
(Fig. 1B), suggesting that BA directly protects against
obesity and hepatic steatosis independently of food intake.
To investigate the antiadipogenic mechanism, the effect of
BA on expression levels of genes associated with regula-
tion of energy expenditure and fatty acid oxidation were
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examined. In 3T3-L1 adipocytes, BA elevated levels of lipid
oxidative gene expression compared with nontreated cells
(Fig. 2B); mRNA levels of GPAT, DAT1, DGAT2, and FAS,
which encode key enzymes in triacylglycerol synthesis,
were also significantly decreased (Fig. 2C—F), as was
expression of transcription factors required for adipocyte
differentiation (PPARy) (Fig. 2G). Accordingly, the visceral
adiposity-suppressing effects of BA may be linked to in-
crease in the expression of mitochondrial biogenesis-
related genes and fatty acid oxidation. AMPK is a key
regulator of proteins involved in lipogenesis and fatty acid
oxidation in metabolic tissues [44]; thus, we investigated
whether BA activates AMPK by assessing its phosphory-
lation. BA treatment drastically increased AMPK phos-
phorylation (Figs. 2H, 3E and 4D, 4E and 5E), indicating
that BA inhibits adipocyte differentiation via activation of
this regulator. BA may activate AMPK and selectively
regulate expression of energy metabolism-related genes,
eventually leading to both suppression of lipogenesis and
degradation of fat.

The hallmark of dyslipidemia in obesity is hyper-
triglyceridemia in combination with the preponderance of
high cholesterol and triglyceride [45]. Hyperinsulinemia, a
biomarker of insulin resistance, is frequently accompanied
by obesity [46], and the concentration of serum leptin is
reported to be associated with general adiposity and re-
flects the body fat content [47]. This study shows that in
HFD-fed mice, BA administration significantly reduced
serum levels of cholesterol and triglyceride (Fig. 1G, H);
insulin and leptin levels were also increased in the HFD
group but significantly decreased by BA administration
(Fig. 11,]). Moreover, the weight of adipose tissues strongly
correlated with the plasma leptin level. These results
confirm that BA treatment had an antiobesity effect in the
diet-induced obesity C57BL/6 mouse model.

In addition to inhibiting fat accumulation in WAT, the
body fat-lowering effect of BA may also be due to
enhanced thermogenesis capacity. Adaptive thermogene-
sis is defined as heat production in response to environ-
mental temperature to protect the organism from
exposure to cold [48]. Activation of UCP, a mitochondrial
proton transporter, promotes uncoupled respiration and
thereby results in dissipation of oxidation energy as heat,
and HFD-induced downregulation of PGC-1a decreases
expression of UCP and eventually suppresses uncoupled
respiration. In the present study, BA simultaneously
reversed the HFD-induced downregulation of PGC-1¢. and
UCP expression in the BAT and muscle tissue of mice (Figs.
3B and 4C). Therefore, we suggest that the visceral fat-pad
weight-lowering effects of BA may be associated with
increased expression of genes involved in uncoupled
respiration in the visceral adipose tissue of HFD-fed mice.

Accumulating evidence indicates that SREBP-1c is a
critical regulator of hepatic lipid metabolism. This tran-
scription factor stimulates expression of several enzymes
involved in liver fatty acid synthesis and glucose transport,
gluconeogenesis, and lipolysis [49], and recent studies of
obese patients have reported that increased SREBP-1c
expression is strongly associated with fatty liver disease

[50]. As shown in Fig. 5C, SREBP-1c gene expression was
repressed in HFD-fed mice treated with BA. The liver stea-
tosis attenuation observed in these mice was related to this
effect and may also be linked to the other signals of liver
protection elicited by BA, including reduced expression of
proinflammatory cytokines and lipogenic genes, inhibiting
fatty mass accumulation and body weight. We determined
that BA drastically increased AMPK phosphorylation in the
AML12 cell line, thus indicating that BA inhibits adipocyte
differentiation via activation of AMPK. These results suggest
that BA activates AMPK and that BA inactivates SREBP-1c
transcription and inhibits hepatic steatosis in HFD-induced
animal models. We determined the toxicity of BA treat-
ment in each cell line and found no toxicity within the
indicated dose range (Supplementary Fig. 1B-E). Many
stressors induce AMPK activation, and we confirmed that
AMPK activation is a result of BA-induced cell injury. Our
findings suggest that BA plays a role in AMPK activation,
which regulates energy metabolism.
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