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Background: Panax ginseng Meyer is known as a conventional herbal medicine, and ginsenoside Rg1, a
steroid glycoside, is one of its components. Although Rg1 has been proved to have an antiobesity effect,
the mechanism of this effect and whether it involves adipose browning have not been elucidated.

Methods: 3T3-L1 and subcutaneous white adipocytes from mice were used to access the thermogenic
effect of Rgl. Adipose mitochondria and uncoupling protein 1 (UCP1) expression were analyzed by

i‘;}; W;’crdtsés immunofluorescence. Protein level and mRNA of UCP1 were also evaluated by Western blotting and real-
pocy time polymerase chain reaction, respectively.
Browning

Results: Rg1 dramatically enhanced expression of brown adipocyte—specific markers, such as UCP1 and
fatty acid oxidation genes, including carnitine palmitoyltransferase 1. In addition, it modulated lipid
metabolism, activated 5’ adenosine monophosphate (AMP)-activated protein kinase, and promoted lipid
droplet dispersion.

Conclusions: Rg1 increases UCP1 expression and mitochondrial biogenesis in 3T3-L1 and subcutaneous
white adipose cells isolated from C57BL/6 mice. We suggest that Rgl exerts its antiobesity effects by

Ginsenoside Rg1
Thermogenesis
Uncoupling protein 1

promoting adipocyte browning through activation of the AMP-activated protein kinase pathway.
© 2018 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Excessive body weight is typically due to obesity, which arises
because of an imbalance between food intake and energy expen-
diture [1]. Following economic development and changes in dietary
behavior, obesity has become a major epidemic in the world.
Furthermore, the higher prevalence of obesity is concerned with a
higher risk of type 2 diabetes, cardiovascular disease, hypertension,
atherosclerosis, and various types of cancer [2,3].

A major function of adipose tissue is to control body fat and
energy homeostasis. Adipocytes are the most common cell types in
adipose depots [4] and occur in white and brown varieties. White
adipocytes (WATs) are highly adapted to store excess calories as
triglycerides (TGs). Fat accumulation in obesity involves two
cellular mechanisms: WAT hypertrophy (cell size increase) and
hyperplasia (cell number increase) [5]. This accumulation of WATSs
and lipids is directly correlated with a greater risk of obesity-related

metabolic disease. Conversely, brown adipocytes (BATs) dissipate
chemical energy as heat and therefore can defend against diet-
induced obesity [6]. This distinctive function of BATs is mediated
through their substantial mitochondrial fragments and the
expression of uncoupling protein 1 (UCP1) [7]. UCP1 promotes
uncoupling of oxidative phosphorylation by causing mitochondrial
proton leakage, meaning that the oxidation of lipid and carbohy-
drate results in the generation of heat. However, brown fat acti-
vation was previously considered only to be of quantitative
significance for energy expenditure in human infants and small
mammals [8,9].

In 2009, several groups identified brown fat in adult humans by
['8F]-fluorodeoxyglucose positron emission tomography analysis. It
was confirmed that adults have brown fat deposits in the supra-
clavicular and neck region that expresses UCP1 and can be induced
in response to cold exposure [8,10]. However, follow-up studies
showed that UCP1-positive cells can also accumulate in white fat
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tissue by cold exposure or stimulation of f3-adrenergic agonists,
including catecholamines. This has been termed adipocyte
browning, in which WATs are induced to transdifferentiate into
brown-like adipocytes [11]. As a deeper understanding of UCP1
induction in white fat has developed through numerous studies, a
possible new therapeutic strategy for the obesity-related metabolic
disease has emerged [12].

Recent research showed that a variety of dietary molecules,
including flavonoids, may have a thermogenic effect, involving the
recruitment of beige adipocytes in white fat depots, thereby
improving energy expenditure and inhibiting lipid store in mam-
mals [13]. For instance, the potential of capsaicin [14], resveratrol
[15,16], curcumin [17], green tea epigallocatechin gallate [18], and
berberine [19] as thermogenic agents has been explored. A
browning effect of these bioactive agents has been suggested by the
demonstration of greater expression of BAT-enriched marker, such
as UCP1, after their administration [13]. However, further research
regarding the potential browning effects of nutrients, which may
render them attractive for the prevention of metabolic disorders, is
still required.

Recent research has also attempted to elucidate an antiobesity
effect of ginseng. One of the precious medical plants is Panax
ginseng Meyer [20,21]. It is considered that ginseng has beneficial
effects on metabolism and improves health [22,23]. The valuable
ingredients accountable for the effects of ginseng are ginsenosides,
a class of steroidal glycosides [24]. Of the ginsenosides, Rg1 is a
bioactive component in P. ginseng and is a triterpene saponin that
has a rigid steroidal skeleton with sugar moieties [25]. Numerous
potential therapeutic effects of ginsenoside Rgl have been
explored. For example, Rg1 suppresses diet-induced obesity and
ameliorates its insulin resistance by inducing the 5’ adenosine
monophosphate (AMP)-activated protein kinase (AMPK) activity
[22]. It also has a protective effect against alcoholic hepatitis
through modulation of the nuclear factor-«B pathway [26], pre-
vents skeletal muscle atrophy by regulating serine-threonine pro-
tein kinase (AKT)/mammalian target of rapamycin/forkhead box O
(FoxO) signaling [24], and protects against oxidative stress by
inhibiting the c-Jun N-terminal kinases (JNK) pathway in H9¢2 cells
[27]. Inhibitory effects of Rg1 on apoptosis have also been identi-
fied, which it achieves by activating AMPK/mammalian target of
rapamycin signaling and autophagy, and potential antiproliferative
effects on lung and liver cancer have also been investigated [28—
30]. An antidiabetic effect of Rg1 has been evaluated in high-fat
diet—fed mice [22], and recently, it was reported that dietary Rg1
attenuates fat accumulation and ameliorates obesity-related
metabolic disease [31].

Previous our research [32] has also demonstrated an effect of
Rgl to suppress TG accumulation in 3T3-L1 and high-fat diet—
induced obesity model of zebrafish. However, the effect of Rg1 to
activate browning mechanism in WATs has not yet been investi-
gated. Therefore, the aim of the present research was to determine
whether Rgl can induce a brown fat-like phenotype using two
different cellular models: 3T3-L1 and subcutaneous white adipo-
cytes (scWATs) isolated from C57BL/6 mice.

2. Materials and methods
2.1. Materials

Rgl (>98% purity, Lot number 14052305) was purchased from
Chengdu Biopurify Phytochemicals Ltd (Chengdu, China). Dulbecco’s
modified Eagle’s medium (DMEM), bovine calf serum, fetal bovine
serum (FBS), phosphate-buffered saline (PBS), penicillin and strep-
tomycin (P/S), insulin, and trypsin EDTA were purchased from Gibco
(Gaithersburg, MD, USA). Dexamethasone (DEX), 3-isobutyl-1-

methylxanthine (IBMX), triiodothyronine (T3), rosiglitazone (Rsg),
oil red O (ORO), Hoechst 33342, protease inhibitor, and phosphatase
inhibitor cocktails II and Il were provided by Sigma (St. Louis, MO,
USA). Dorsomorphin dihydrochloride (compound C) and 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR) were pur-
chased from Santa Cruz Biotechnology (Dallas, TX, USA). 3T3-L1
preadipocytes were purchased from the American Type Culture
Collection (CL-173; Manassas, VA, USA). Antibodies against AMPKa,
p-AMPKa, PR domain containing 16 (PRDM16), Peroxisome pro-
liferator-activated receptor gamma (PPARY) co-activator (PGCla),
and aP2 were purchased from Cell Signaling Technology (Danvers,
MA, USA). Antibodies against CCAAT/enhancer-binding protein a (C/
EBPa), C/EBPB, Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), PPARo, PPARYy, p-hormone-sensitive lipase (HSL), and
carnitine palmitoyltransferase I (CPT1) were purchased from Santa
Cruz Biotechnology, Inc. Antibodies against PPARS and UCP1 were
purchased from Abcam (Cambridge, UK). Other materials were
purchased from Sigma.

2.2. Cell culture and differentiation

DMEM medium containing 10% bovine calf serum, 1% P/S, and
3.7 g/L of sodium bicarbonate were used for maintaining of 3T3-L1
preadipocytes. Adipocytes were grown at 37°C in a humidified 5%
CO; incubator and cultured to confluence by replacing the growth
medium every 2 d. Initial differentiation of confluent 3T3-L1 can be
induced by a 2-d treatment with differentiation medium (1 pM
DEX, 0.5 mM IBMX, and 5 pg/mL insulin in DMEM including 10%
FBS). Culture medium was then refreshed every 2 d with mainte-
nance medium (DMEM supplemented with 10% FBS and 5 pg/mL of
insulin).

Stromal vascular fractions (SVFs) were obtained from the sub-
cutaneous fat tissue of 5- to 7-week-old male C57BL/6 mice in
accordance with a written protocol in journal of visualized exper-
iments [33]. Isolated fat pads were minced and then digested at
37°C in PBS supplemented with 2.4 U/mL of dispase II (Roche Di-
agnostics GmbH, Mannheim, Germany), 1.5 U/mL of collagenase D
(Roche Diagnostics GmbH), and 10 mM CaCly. After 1 h, undigested
tissue was removed by filtering using 40-um cell strainers (SPL Life
Science, Switzerland). Filtered SVF cells were then washed in PBS
and centrifuged at 1,000 x g for 10 min and then resuspended in
Glutamax DMEM/F12 medium supplemented with 10% FBS and 1%
P/S. To differentiate, adipocytes were cultured to confluence in SVF
culture medium.

After reaching confluence, differentiation into WATs was
induced by incubating for 2 d with initial differentiation medium
composed of 100 uM indomethacin (Sigma), 0.5 mM IBMX, 1 uM
DEX, and 5 pg/ml of insulin. Subsequently, the medium was
refreshed to maintenance medium (DMEM containing 10% FBS and
5 pug/mL of insulin).

Compound Rg1 stock was prepared at 40 mM in dimethyl
sulfoxide and diluted with differentiation medium to 25, 50, and
100 puM. To promote WAT browning, cells were incubated with
differentiation medium containing 10 nM T3 and 1 pM Rsg. Sub-
sequently, after 48 hours, initiation medium was replaced with
maintenance medium supplemented with 10 nM Ts.

2.3. ORO staining

Adipocytes that had been differentiated for 6—8 days were
rinsed with PBS and fixed using 10% formaldehyde at room
temperature for an hour. After rinsing again with PBS, 0.5% ORO
solution in 6:4 (v/v) isopropanol:water was layered onto differ-
entiated cells for 1 h at room temperature. Stained adipocytes
were analyzed by light microscopy, ORO was eluted with
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isopropanol, and its intensity was estimated by measuring the
absorbance at 490 nm

2.4. Quantitative real-time polymerase chain reaction

Total RNA preparation and reverse transcription and real-time
polymerase chain reaction were carried out to investigate mRNA
expression levels. Briefly, mature adipocytes were lysed in TRIzol
reagent (Invitrogen, Carlsbad, CA, USA), and 1.5 pg of RNA was
converted to cDNA using Maxime RT premix (iNtRON Biotech-
nology, Seongnam, Korea). To quantify the expression levels of
genes, power SYBR green (Roche Diagnostics GmbH, Mannheim,
Germany) and a Bio-Rad CFX96 Real-Time Detection System (Bio-
Rad, Hercules, CA, USA) were used. All experiments were carried
out in triplicate for each sample, and relative mRNA levels were
normalized against 18s rRNA. Oligonucleotide primers used for
Real-time polymerase chain reaction (RT-qPCR) are marked in
Table 1.

2.5. Western blotting

Samples were prepared in lysis buffer supplemented with pro-
tease and phosphatase inhibitor cocktails. For Western blotting,
protein extracts (20 pug) were diluted in 5x sample buffer (50 mM
Tris at pH 6.8, 2% SDS, 10% glycerol, 5% B-mercaptoethanol, and 0.1%
bromophenol blue) and then boiled for 5 min at 90°C before per-
forming SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel
electrophoresis). After that, proteins were transferred from poly-
acrylamide gel to polyvinyl difluoride membrane. The membranes
were blocked using 5% nonfat dried milk and rinsed three times
with tris-buffered saline containing Tween 20 (TBST), followed by
immunoblotting with primary polyclonal antibody for 6 h. After
washing, the membranes were incubated for 2 hours with sec-
ondary antibodies conjugated with horseradish peroxidase
(1:1,000; Santa Cruz Biotechnology) in TBST buffer supplemented
with 5% nonfat dried milk. Reactive bands were detected by
chemiluminescence and using LAS image software (Fuji, New York,
NY, USA).

2.6. Immunofluorescence staining

For immunofluorescence studies, adipocytes were cultured on
12 x 12 mm poly-L-lysine pretreated slides and then fixed in
methanol, followed by rinsing with PBS. The fixed adipocytes were
blocked with 1% Bovine serum albumin (BSA) in TBST for an
hour and incubated with polyclonal anti-UCP1 antibody (1:500
dilution) overnight at 4°C, followed by three rinses. After that,
adipocytes were treated with Fluorescein isothiocyanate (FITC)-
conjugated secondary antibody (1:500 dilution) in blocking solu-
tion. To stain mitochondria, MitoTracker Red (1 mM; Cell Signaling

Table 1

Sequences of primers used for quantitative real-time PCR in this research
Gene Forward Reverse
ACOX1 GCACCTTCGAGGGGGAGAACA GCGCGAACAAGGTCGACAGAA
CPT1 GCTTGGCGGATGTGGTTC GCTGGAGGTGGCTTTGGT
Cyp4A10 TTCAGAGCCTCCTGGGGGATG GGAGCAGTGTCAGGGCCACAA
Cyp4Al4 ATGCCTGCCAGATTGCTCACG GGGTGGGTGGCCAGAGCATAG
HSL CATTAGACAGCCGCCGTGCT TGGGGAGCTCCAGTCGGAAG
PPARa AGGGCCTCCCTCCTACGCTTG GGGTGGCAGGAAGGGAACAGA
18s GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA

ACOX1, acyl-coenzyme A oxidase 1; CPT1, carnitine palmitoyltransferase I;
Cyp4A10, cytochrome P450, family 4, subfamily a, polypeptide 10; Cyp4A14, cyto-
chrome P450, family 4, subfamily a, polypeptide 14; HSL, hormone-sensitive lipase;
PCR, polymerase chain reaction.

Technology) was used according to the manufacturer’s protocol.
Then, the cells were fixed, washed once with PBS, and then
immunostained. The nuclei of the fixed cells were stained by using
Hoechst. Finally, slides were mounted with ProLong Gold Antifade
reagent (Life Technologies), and imaging data were obtained by
using a Zeiss confocal laser scanning microscope LSM880 (Carl
Zeiss, Oberkochen, Germany) combined with Zeiss microscope
software ZEN 2012 (Carl Zeiss) and Image] software.

2.7. Cell viability test

Adipocytes were seeded in 96-well plates at a density of 5 x 10
cells per well and treated with Rg1 (0, 25, 50, 100, and 200 uM) and
incubated. After 24 h, 40 pL of 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (Sigma) was added to each well for
measuring cell survival in a quantitative colorimetric assay. After
removing the medium, dimethyl sulfoxide (100 puL/well) was added
to solubilize the formazan crystals produced by the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide. The result-
ing absorbance at 595 nm was detected using a plate reader (BioTek
PowerWave HT; BioTek Instruments Inc. Winooski, VT, USA,).

2.8. Statistical analysis

Protein results are presented as the mean + standard deviation,
and multiple comparisons were made between groups using one-
way analysis of variance (SPSS, Chicago, IL, USA) with Duncan’s
multiple range test. Each group is expressed using “a, b, ¢, and d”.
Real-time polymerase chain reaction results were also presented as
the mean + standard deviation, and Student t test was used to
determine p values. Statistical significance was accepted at p < 0.05.

3. Results

3.1. Rg1 downregulates adipogenesis markers in sc(WATs and
reduces lipogenesis

Rgl, a bioactive constituent of P. ginseng, has been shown to
reduce lipid metabolism in 3T3-L1 [32] because Rg1 suppressed the
expression of adipogenesis markers, such as C/EBPa and aP2, in a
dose-dependent manner. Here, we assessed whether Rg1 affects
cellular fat metabolism in primary scWATs from mice. ORO staining
showed that the fat accumulation in scWATs was considerably
decreased by Rgl, as indicated in Fig. 1A and B. Western blot
analysis revealed that C/EBPa and aP2 expression were both lower
in scWATs treated with 50 uM Rg1 than in control cells (Fig. 1C and
D). Furthermore, when the viability of scWATs treated with Rg1 at
concentrations of 25—200 pM was tested, no cytotoxicity was
demonstrated up to 100 uM, but 200 uM Rg1 had a slight toxic
effect, as shown in Fig. 1E.

3.2. Rgl enhances the expression of BAT markers in sScWATs and
3T3-L1

Browning of WATs may contribute significantly to whole-body
thermogenesis. The transcription factor PRDM16 is a key mediator
of brown fat cell differentiation, and PGCla is an essential factor
for the regulation of mitochondrial function [7]. UCP1 is required
for thermogenesis, uncoupling respiration from energy generation
and resulting in the liberation of heat [34]. To evaluate the
browning effect of Rg1, sc(WATs and 3T3-L1 that had been induced
to differentiate were treated with various concentrations of Rgl
(25, 50, or 100 uM), and then the expression of the described
biomarkers was measured by Western blotting. Similarly, Fig. 2
shows that Rg1 treatment significantly increased the expression
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Fig. 1. Effect of Rg1 on fat accumulation and the expression of key adipogenic factors in scWAT cells. oil red O staining was used to assess adipocyte differentiation after 8 days
in the presence or absence of Rg1. (A) Photomicrographs of cells. (B) Intensity-densitometric analysis. (C—D) Concentration-dependent effect of Rg1 on the expression of adipo-
genesis markers, analyzed by Western blotting. (E) Viability of scCWATs, evaluated using an MTT assay. These data are presented as the mean and standard deviation of four
replicates. Data were analyzed using one-way ANOVA and Duncan’s test. Values with different letters are significantly different, p < 0.05.

ANOVA, analysis of variance; CON, control; MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; ND, undifferentiated; scWATs, subcutaneous white adipocytes.
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Fig. 2. Dose-dependent effect of Rg1 on the expression of BAT-specific markers. (A, C) Rg1 (25, 50, or 100 pM) was added to scWAT and 3T3-L1 (B, D), which was followed by the
measurement of protein expression by Western blotting. Data were analyzed using one-way ANOVA and Duncan'’s test. There was a statistically significant difference between the
control and Rgl-treated groups (p < 0.05).

ANOVA, analysis of variance; BAT, brown adipocyte; CON, control; ND, undifferentiated; PGC1a, PPARY co-activator; PPARY, Peroxisome proliferator-activated receptor gamma;
UCP1, uncoupling protein 1.

of the BAT markers that are important for adipose thermogenesis, 3.3. WATs treated with Rg1 demonstrate characteristics of BATS,
including PRDM16, PGCla, and UCP1, in a dose-dependent including UCP1 expression and higher mitochondrial activity
fashion.

We used 50 pM Rg1 for subsequent cell treatments because it To compare the browning effect of the well-known inducers T3
was effective at reducing lipid accumulation, as shown in Fig. 1. and Rsg with that of Rg1, we studied the expression levels of BAT
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and 1 pM rosiglitazone. (A, C) scWAT were treated with 50 uM Rg1, and the protein expression levels of BAT-specific markers were measured by Western blotting. (B, D) Quantitative
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ANOVA, analysis of variance; BAT, brown adipocyte; PGCla, PPARY co-activator; PPARY, Peroxisome proliferator-activated receptor gamma; scWATs, subcutaneous white adipo-

cytes; T, triiodothyronine; UCP1, uncoupling protein 1.

genes in cells treated with each. T3 is a thyroid hormone that not
only regulates thermogenesis but also adjusts metabolism and
energy balance. It activates brown fat thermogenesis by stimulating
norepinephrine release and by increasing UCP1 gene expression
[35]. Furthermore, recent studies demonstrated that T similarly
promotes the browning of scWAT [36,37]. In addition, Rsg, an
antidiabetic PPARY ligand, has been shown to promote browning in
WATs as a secondary effect, and 1 uM has been shown to be
effective for this purpose in inguinal WATs [38—40]. Here, scCWATs
and 3T3-L1 were incubated with 50 nM T3 and 1 uM Rsg to induce
browning, with or without 50 pM Rgl. The data in Fig. 3
demonstrate that treatment with T3 and Rsg resulted in the upre-
gulation of several proteins (C/EBPB, PRDM16, PGC1a, and UCP1)
versus the vehicle control in both cell types. As can be seen in the
final scWAT lane in Fig. 3, Rg1 had an additive effect to the other
substances on target gene expression, with the sole exception of
PRDM16, but it had an additive effect on four marker’s expression
in 3T3-L1.

It has been known for many years that the increase in meta-
bolic rate associated with UCP1 induction is accompanied by
greater mitochondrial biogenesis and fatty acid oxidation (FAO) in
WATs. The mitochondria in BATs are much more numerous and
bigger than those in WATSs, indicative of the contrasting metabolic
roles of the two adipose types [2]. To determine whether Rgl
treatment enhances UCP1 activity and mitochondrial biogenesis,
we assessed these parameters by immunofluorescence, as shown
in Fig. 4. Differentiated adipocytes were stained with MitoTracker
Red, a red fluorescent dye that specifically binds to mitochondria,
and then incubated with UCP1 antibody conjugated with FITC
(green). We observed significantly more intense red and green
staining in the cytoplasm of Rg1-treated scWATs and 3T3-L1, and

UCP1-positive adipocytes also showed colocalization of mito-
chondria and UCP1 expression in the cytoplasm. Furthermore, the
addition of Rg1 enhanced UCP1 expression and mitochondrial
mass above that of the known browning inducers in both the types
of adipocytes. Taking these data together, Rgl induces the
browning of WATSs by regulating mitochondrial function and UCP1
expression.

3.4. Rgl modulates lipid metabolism by inducing FAO in WATs

Fatty acids released from lipolysis can be oxidized in the mito-
chondria of adipose cells. This FAO is crucial for mitochondrial
bioenergetics and the thermogenic program involving UCP1. BATs
contain plentiful mitochondria and require the undertaking of high
levels of FAO to liberate sufficient heat [41,42]. Because significant
increases in mitochondrial activity were demonstrated in Rgl-
treated cells, we explored whether Rg1 can change fat mass in
scWATs and 3T3-L1. As shown in Fig. 5A—D, Western blot analysis
showed that phosphorylated AMPK, phosphorylated p38, PPAR«,
and CPT1 were upregulated after treatment with Rg1 and/or known
browning inducers. The ectopic expression of these FAO genes and
UCP1 in WATSs is consistent with the acquisition of BAT features by
these cells.

Then, the mRNA levels of PPARa, peroxisomal acyl-coenzyme
A oxidase 1 (ACOX1); CPT1; cytochrome P450, family 4, sub-
family a, polypeptide 10 (Cyp4A10); cytochrome P450, family 4,
subfamily a, polypeptide 14 (Cyp4A14); and HSL were measured.
This showed that Rgl had an additive effect to the known
browning inducers on the expression of PPARa, ACOX1, and CPT1,
which are all involved in FAO. Rg1 treatment also increased the
mRNA levels of Cyp4A10 and Cyp4Al4, which are PPARa-
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Fig. 4. Rg1 treatment enhances mitochondrial activity and expression of UCP1. (A) Rg1-treated scWAT and (C) 3T3-L1 adipocytes were stained with MitoTracker Red and
immunostained for UCP1. (B, D) Quantitative data for MitoTracker Red and UCP1 staining intensity in scWAT and 3T3-L1 adipocytes, respectively. Inmunofluorescent images were
captured at x800 magnification. Data are presented as the mean and standard deviation of three replicates and were analyzed using one-way ANOVA and Duncan'’s test. Values with
different letters are significantly different, p < 0.05.

ANOVA, analysis of variance; CON, control; PGC1a, PPARY co-activator; PPARY, Peroxisome proliferator-activated receptor gamma; scWATs, subcutaneous white adipocytes; UCP1,
uncoupling protein 1.

responsive genes involved in microsomal oxidation. Finally, HSL, 3.5. Rgl treatment regulates lipid droplet size and browning,

the enzyme that performs the second step in TG lipolysis, was potentially by increasing AMPK phosphorylation

upregulated by Rg1 treatment in both the cell types. This result is

consistent with the effects of Rg1 on the FAO gene expressions Finally, we investigated whether AMPK was essential for the
because HSL can also promote FAO by helping provide free fatty promotion of UCP1 expression by Rgl. AMPK is an important
acids for this purpose. cellular energy sensor that helps maintain metabolic homeostasis
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triiodothyronine.

[43]. A number of previous studies [19,22,44—46] showed that the
induction of AMPK phosphorylation by AICAR leads to the
appearance of BAT properties in 3T3-L1. Therefore, we evaluated
scWAT morphology in the four treatment groups during cell dif-
ferentiation, over 14—16 days. Interestingly, the number of small
lipid droplets was increased by 50 uM Rgl and 10 uM AICAR
treatment, as shown in Fig. 6A, consistent with the lower ORO
staining as indicated in Fig. 1A. The immunofluorescence data
shown in Fig. 6B and C demonstrate that Rg1 efficiently browns
WATSs alone and has an additive effect to that of AICAR because it
upregulates UCP1 expression and mitochondrial biogenesis. In

addition, we also observed that the rounded unstained parts of the
cells were reduced in size after Rgl or AICAR treatment. These
findings imply that the size of lipid droplets in sc(WATs can be
reduced by Rg1 treatment, possibly through AMPK activation.
Then, to further examine the mechanism of these browning
effects of Rg1, we measured the protein expression of phosphory-
lated AMPK. We used 10 pM AICAR and 10 uM dorsomorphin as an
activator and an inhibitor of AMPK, respectively, choosing the
concentrations to be used based on a previous study of lipid
accumulation in adipocytes and mice [47]. As shown in Fig. 7A and
B, AMPK phosphorylation was increased by AICAR treatment, and
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Fig. 6. Effects of AICAR on lipid droplet morphology and mitochondrial biogenesis in scWATSs. (A) Morphology was evaluated by optical microscopy (x400). Adipocytes were
differentiated for 16 days. The scale bar represents 100 uM. (C) Representation of the mitochondrial activity, UCP1 expression, and lipid droplet size in differentiated scWATs, (B, D)
Quantitative data for MitoTracker Red and UCP1 immunofluorescence staining intensity. These data are presented as the mean and standard deviation of triplicates. Data were
analyzed using one-way ANOVA and Duncan’s test. Values with different letters are significantly different, p < 0.05.

AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide; ANOVA, analysis of variance; CON, control; scWATs, subcutaneous white adipocytes; UCP1, uncoupling protein 1.

UCP1 expression was upregulated in scWATs. Rgl treatment also
increased AMPK phosphorylation (Thr172) to a similar amount to
that achieved using AICAR. Moreover, an additive effect of the two
treatments on AMPK activation was observed. By contrast, the
abolition of AMPK activation by dorsomorphin resulted in a
reduction of PPARy and UCP1 protein levels, as indicated in Fig. 7C
and D. Rg1 partially ameliorated the effect of the AMPK inhibitor on
phosphorylation, but PPARYy and UCP1 levels remained below their
levels in the control cells. In summary, our results show that AMPK
activation might be crucial to the browning effect of Rg1, including
the induction of UCP1 protein level, in both the types of WATs.
Overall, we showed that Rg1 has a browning effect in scWAT and
3T3-L1 adipocytes. Because Rg1 treatment modulates the protein
expression level of UCP1, this finding may be valuable in the
improvement of new therapies for the obesity treatment.

4. Discussion

Adipose tissue is an essential organ that is related with the
modulation of energy metabolism and insulin sensitivity [48]. It is
consisted of various cell types, which are WATs and BATs. Each of
these types of adipocyte has unique cell-autonomous functions,
and they differ at molecular and morphological levels [49]. WAT
principally stores lipid in the form of TGs, thereby acting as a

repository of surplus energy in the body. Conversely, BAT utilizes
stored lipid for nonshivering thermogenesis, involving f-oxidation
and uncoupling of oxidative phosphorylation in mitochondria.
Consistent with this function, the cytoplasm of BATs contains
numerous mitochondria and small lipid bodies [50]. Thus,
enhancing BAT activity or transition to brown-like cells of WATs can
improve energy expenditure and in turn has the potential to
ameliorate or prevent the development of metabolic diseases that
are linked with obesity.

P. ginseng has been the most extensively used alternative
medicine for more than 1,000 years. Ginsenosides represent ma-
jor components of ginseng, which have beneficial antioxidant and
antiinflammatory properties [51]. A previous research demon-
strated that one of these, Rg1, inhibits the early step of adipose
cell differentiation, such that it can suppress fat accumulation in
3T3-L1 cells. Furthermore, protein expression of the adipogenesis
markers such as C/EBPa and aP2 was reduced in a dose-
dependent fashion. However, this previous study did not estab-
lish whether browning of these WATs might be effective in the
prevention of obesity [32].

Thus, in the present study, we aimed to determine whether Rg1
might be capable of inducing transdifferentiation of scWAT and
3T3-L1 cells, an approach that might be promising for obesity
treatment in the future. To this end, the expression levels of key
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transcripts involved in the browning process were measured in
both adipocytes. Rg1 treatment induced dose-dependent upregu-
lation in BAT-enriched marker levels, including PRDM16, PGCla,
and UCP1, in both the types of adipocytes. In addition, we compared
the browning effect of Rg1 with that of the combination of T3 and
Rsg, known inducers of browning, in mature differentiated adipo-
cytes. Rg1l alone improved the UCP1 level, the most important
marker in BATs, and this was accompanied by upregulation of
transcription factors that are induced during the differentiation of
BATs (C/EBPfB, PRDM16, and PGC1a). In addition, both the types of
adipocyte became more sensitive to the effects of the known
browning inducers, expressing higher levels of BAT markers than
cells treated with Rg1 alone (by >4% and >21% in scWAT and 3T3-
L1, respectively). These data determined that Rgl treatment
enhanced UCP1 protein level in WATs in a cell-autonomous
manner. However, there was no significant difference in the
mRNA level of UCP1 among the cells (data not shown). Although
the assessment of the degree of browning of WATs tends to be
based on UCP1 protein level, mRNA level of UCP1 on its own does
not essentially lead to an improvement in the metabolic rate [52].

The process of thermogenesis in the adipocyte generate prin-
cipally in mitochondria, which contain BAT-specific inner mem-
brane protein UCP1 [2], implying that mitochondrial activity is
important for fat browning. Here, we showed by immunofluo-
rescence that Rgl increases mitochondrial activity and UCP1
expression. To better understand the significance of these effects,
we assessed the ability of Rg1 with that of two known inducers of
browning and showed that Rg1 has an additive effect to these on
mitochondrial biogenesis and UCP1 activity in both white adipose
cells. We also demonstrated greater protein level of PGCla, one of
the major modulators of mitochondrial biogenesis, in these cells,

which represents further evidence of the acquisition of the fea-
tures of BATS.

According to recent findings [53,54], enhanced mitochondrial
biogenesis can be induced by norepinephrine release caused by
agents such as Ts. Rsg, a known PPARYy agonist, also suggests the
upregulation of key proteins involved in FAO, which is vital for the
function of UCP1. We showed that Rg1 can also induce a BAT-like
phenotype in adipocytes, which involves greater phosphorylation
of AMPK and p38, and expression of PPARa and CPT1, all of which
are important for mitochondrial activity and FAO in BATs. In addi-
tion, we found large increases in mRNA expression of ACOX1,
Cyp4A10, and Cyp4A14. ACOX1 is an initial enzyme of the peroxi-
somal fatty acid B-oxidation pathway, whereas Cyp4A10 and
Cyp4A14 are microsomal fatty acid w-hydroxylases. These genes
are upregulated by PPARa and convert fatty acids into coenzyme A
esters, which are transported across the mitochondrial membrane
through the action of CPT1 and undergo B-oxidation within [55].
Thus, these FAO genes both contributed to mitochondrial bio-
energetics and act as biophysical activators of uncoupling [56].
Interestingly, the mRNA encoding the lipolytic enzyme HSL was
also markedly upregulated by Rg1 in both the types of cells. HSL is
one of the enzymes in lipolysis, converting diacylglycerol to mon-
oacylglycerol and fatty acids, and is activated by PB-adrenergic
signaling. The free fatty acids generated in the cytoplasm can be
transported across mitochondrial, microsomal, and peroxisomal
membranes to be oxidized [57,58]. To sum up, these findings
indicate that Rg1 induces the browning of WATs through increasing
of lipolysis and FAO.

During the differentiation of scWATs for 14—16 days, Rgl
treatment has a significant effect on the appearance of the cells. As
shown in Fig. 6, the fat droplets in the cells become much smaller
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Fig. 8. Suggested mechanisms for the induction of browning by Rg1. Rg1 induces a brown fat-like phenotype and lipid metabolism through AMPK activation. — indicates
stimulation, yellow indicates the hydrolysis pathway, blue indicates the fatty acid oxidation pathway, and pink indicates the thermogenesis pathway.

ACOX1, acyl-coenzyme A oxidase 1; AMP, 5’ adenosine monophosphate; AMPK, AMP-activated protein kinase; CPT1, carnitine palmitoyltransferase I; Cyp4A10, cytochrome P450,
family 4, subfamily a, polypeptide 10; Cyp4A14, cytochrome P450, family 4, subfamily a, polypeptide 14; HSL, hormone-sensitive lipase; PGCla, PPARY co-activator; UCP1,

uncoupling protein 1.

than usual, more like those in BATs. Interestingly, ectopic expres-
sion of UCP1 in scWATs was found to be concentrated around these
lipid droplets using MitoTracker Red. Our data suggest that these
multilocular lipid droplets can rapidly provide fatty acids as a fuel
for mitochondrial activation.

AMPK is known as an important metabolic regulator that in-
duces thermogenesis, which is dysregulated in obesity. Substan-
tially, AMPK modulates fatty acid metabolism in adipose tissue,
promoting FAO by CPT1 activation. In addition, because AMPK
regulates mitochondrial biogenesis by activating UCP1, it is
considered a key protein concerned with BAT differentiation [59].
To further investigate if the AMPK acts in the Rg1-treated browning
mechanism, we stimulated cells with AICAR and dorsomorphin, an
activator and an inhibitor of AMPK, respectively. Rg1 treatment
leads to greater phosphorylation of AMPK, which suggests that the
browning effects of Rg1 are coordinated through AMPK activation.
However, Rg1-stimulated UCP1 induction was not observed in the
presence of dorsomorphin, and the abolition of UCP1 expression on
PPARY inhibition further implies that Rg1 has its effects at least in
part via the AMPK pathway. According to several studies [40,60],
PPARy promotes adipogenesis in BATs, which can express UCP1.
Consistent with this, imaging of scWATs treated with dorsomor-
phin showed that their differentiation was impaired (data not
shown). Thus, our data suggest that Rg1 induces BAT differentiation
by activating the AMPK signaling pathway and thus upregulating
mitochondrial activity.

In conclusion, Rg1 induces BAT-like differentiation of adipocytes
and thermogenic activation, a process that also involves the upre-
gulation of FAO (Fig. 8). During Rgl-stimulated adipocyte differ-
entiation, AMPK is activated, lipid droplets take on a form typical of

brown adipocytes, UCP1 expression is induced, and mitochondrial
activity increases. Therefore, we suggest that Rgl-induced UCP1
activation in adipocytes have prospective therapeutic value for
obesity suppression and associated metabolic disease [12].
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