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Objectives. Ginsenoside Rg3 (Rg3), a main active component of Panax ginseng, has various therapeutic properties in literatures,
and it has been studied for its potential use in obesity control due to its antiadipogenic effects in white adipocytes. However, little is
known about its effects on brown adipocytes. Methods. The mechanisms through which Rg3 inhibits differentiation, adipogenesis,
and ER stress-mediated cell death in mouse primary brown adipocytes (MPBAs) are explored. Results. Rg3 significantly induced
cytotoxicity in differentiated MPBAs but not in undifferentiated MPBAs. Rg3 treatment downregulated the expression of
differentiation and adipogenesis markers and the level of perilipin in MPBAs while upregulating the expression of lipolytic
Kruppel-like factor genes. Rg3 also induced lipolysis and efflux of triglycerides from MPBAs and subsequently increased
proinflammatory cytokine levels. Notably, Rg3 treatment resulted in elevation of ER stress and proapoptotic markers in MPBAs.
Conclusions. Our results demonstrate that Rg3 is able to selectively exert cytotoxicity in differentiated MPBAs while leaving
undifferentiated MPBAs intact, resulting in the induction of ER stress and subsequent cell death in MPBAs via regulation of
various genes related to adipocyte differentiation, adipogenesis, lipolysis, and inflammation. These results indicate that further
studies on the potential therapeutic applications of Rg3 are warranted.

1. Introduction

The endoplasmic-reticulum (ER) is an important intra-
cellular organelle for signal transduction that functions by
storing and modulating calcium signals and is involved in
the regulation of cellular processes, including protein
folding and synthesis of lipids and sterols [1-3]. Patho-
logical intracellular conditions such as low nutrient levels,
hypoxia, and acidic pH level induce ER stress, thereby
perturbing cellular homeostasis triggered by excessive
activation of the unfolded protein response (UPR) in the
ER [I, 4]. ER stress pathways are involved in cellular
dysfunction and cell death, which contribute to various

diseases such as Alzheimer’s disease, Parkinson’s disease,
macular degenerative disease, inflammatory bowel disease,
multiple sclerosis, rheumatoid arthritis, cancer, and type 2
diabetes [5].

Natural compounds have an abundance of structural and
chemical diversity and are thus a major source of novel drugs
for the prevention and treatment of various diseases [6].
Recent evidence has shown that while some natural com-
pounds effectively reduce ER stress [7], others can be used to
induce cellular death by enhancing ER stress [4]. Specifically,
natural compounds, including paclitaxel and doxorubicin,
have been frequently used as therapeutic regimens that
function by inducing ER stress in malignant cells such as
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lung, breast, colorectal, gastric, prostate, and liver cancer
cells [4, 6].

Ginsenoside Rg3 (Rg3), which is a major bioactive com-
ponent of Korean red ginseng (Panax ginseng) [8], possesses
various therapeutic benefits such as anticancer effects against
various malignant cells [9], inhibition of platelet aggregation
[10], antidepressant effects mediated via regulation of neuro-
transmitters [11], reduction of proinflammatory cytokines [12],
and modulation of vascular functions [13]. Rg3 has also been
shown to inhibit cell differentiation and viability of 3T3-L1
preadipocytes and reduce expression of adipogenic markers
such as peroxisome proliferator-activated receptor gamma
(PPARy) and CCAAT/enhancer binding protein alpha (C/
EBP«) in livers of obese mice [14].

Brown adipocytes are thermogenic cells that generate
heat in response to the sympathetic nerve system via a
process known as nonshivering thermogenesis [15]. Interest
in brown adipocytes has increased due to their potential
therapeutic relevance for controlling pathological metabolic
conditions such as obesity and diabetes, and a variety of
molecular mechanisms underlying the differentiation of
brown adipocytes have been described [16-18]. During
differentiation of brown adipocytes, expression levels of
thermogenic (e.g., uncoupling protein 1 (UCP1)) and adi-
pogenic genes (e.g., PPARy and C/EBP«) are upregulated
and consequently maintain the differentiated states of adi-
pocytes [15]. Recent studies have also described many dif-
ferent molecular pathways, genetic alterations, and small
molecules that modulate brown adipocyte differentiation
[16-18].

In this study, we explored the mechanisms through
which Rg3 inhibits differentiation, adipogenesis, and ER
stress-mediated cell death in mouse primary brown adi-
pocytes (MPBAs).

2. Methods

2.1. Reagents. Rg3, insulin, dexamethasone, 3-isobutyl-1-met
hylxanthine (IBMX), indomethacin, and 3,3’,5-triiodothy-
ronine (T3) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). A lipid (Oil-Red O) staining kit was purchased
from BioVision (Mountain View, CA, USA). 3-(4,5-meth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) so-
lution was purchased from ThermoFisher Scientific
(Waltham, MA, USA). A triglyceride (TG) assay kit was
obtained from Abcam (Cambridge, UK). Antibodies against
PPARy, perilipin, endoplasmic reticulum oxidoreductin 1
alpha (ERO1L), phosphorylated eukaryotic initiation factor 2
alpha (Phospho-elF2«), phosphorylated Akt (Phospho-Akt),
total Akt, cleaved caspase-3, procaspase-3, and -actin were
purchased from Cell Signaling Technology (Danvers, MA,
USA). Horseradish peroxide-conjugated secondary anti-
bodies were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA).

2.2. Mouse Primary Brown Preadipocyte (MPBPA) Cell Cul-
ture and Differentiation. The protocols for isolation of
MPBPAs were approved by the Institutional Animal Care
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and Use Committee of Dongguk University (approval no.
IACUC-2017-017-3). Neonatal C57BL/6 mice were obtained
from DBL Co., Ltd. (Seoul, Korea). We removed and dis-
sected interscapular brown fat from C57BL/6 mice on
postnatal day two. Tissues were then mixed with 500 L of
collagenase and vortexed. After digestion of the fat pads, the
tissues were passed through 100 ym filters and centrifuged.
Cells were then plated in 12-well plates (Corning Inc.) in
culture medium (Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS)
and antibiotics) at 37°C in a 5% CO, incubator. For im-
mortalization, cells were infected wusing retroviruses
encoding SV 40 T antigen. After selection with 20 yg/mL of
puromycin (Sigma-Aldrich), cells were maintained in cul-
ture medium and used in further experiments. For differ-
entiation into mature brown adipocytes, MPBPAs were
cultured for two days with differentiation inducer (10 yg/mL
of insulin, 0.25 yM dexamethasone, 0.5 mM IBMX, 250 nM
indomethacin, and InM T3) and further maintained in
DMEM containing 10% FBS for three days. After differ-
entiation of MPBPAs into MPBAs, Rg3 was added at the
indicated concentrations and incubated for an additional
two days.

2.3. Cell Viability Assay. Cytotoxic effects of Rg3 on
MPBPAs and MPBAs were evaluated by MTT assay. Cells
were cultured for 24h in 24-well plates (Corning Inc.) in
DMEM containing 1% FBS and the indicated doses of Rg3.
After removal of the culture medium, cells were incubated
with 300 uL of MTT (0.5 mg/mL) for 2h at 37°C in a 5% CO,
incubator. Formazan crystals in viable cells were dissolved in
200 uL of DMSO, and the absorbance in each well was
measured at 570nm using a SpectraMax ELISA reader
(Molecular Devices, San Jose, CA, USA).

2.4. Quantitative Real-Time Polymerase Chain Reaction
Analysis. Total RNA from MPBAs was isolated using a
ReliaPrepTM RNA Miniprep Kit (Promega, Madison, WI,
USA) according to the manufacturer’s instructions. cDNA
was synthesized from total RNA using a high-capacity RNA-
to-cDNA kit (Applied Biosystems, Foster City, CA, USA).
Polymerase chain reaction (PCR) was performed using a
LightCycler 96 Probes Master Green Mix and a LightCycler
96 system (Roche, Basel, Switzerland). The PCR conditions
were as follows: predenaturation for 10 min at 95°C, followed
by 30 cycles of denaturation for 10sec at 95°C, and
annealing/extension for 20 sec at 55°C. Data were analyzed
using the AACt method for relative quantification. Ex-
pression of each gene was normalized to 18S ribosomal RNA
(18S rRNA) and expressed as fold changes relative to that of
the DMSO control group. Primers for quantitative real-time
PCR analysis are designed as followed: UCPI-F;
GGCAAAAACAGAAGGATTGC, UCP1-R; TAAGCCGG
CTGAGATCTTGT, PPARy-F; TCGCTGATGCACTGCC-
TATG, PPARy-R; GAGAGGTCCACAGAGCTGATT, C/
EBPa-F; TCGGTGCGTCTAAGATGAGG, C/EBPa-R;
TCAAGGCACATTTTTGCTCC, C/EBPB-F; TGACGCAA
CACACGTGTAACTG, C/EBPB-R; AACAACCCCGCAG
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GAACAT, KLF2-F; AATGACTCTGCCACCAGTTC,
KLF2-R; GACCCGAGGGAAATAAGTCAAT, KLF3-F; CT
ACACAGGAAACGCCACAT, KLF3-R; GGAGAGAGA-
GAGAGAGAAAGAGAG, KLF5-F; CTGCCACTCTGCC
AGTTAAT, KLF5-R; GAAGTGGATACGTCGCTTCTC,
KLF7-F; CACAGGTGAGAAGCCTTACAA, KLF7-F; ACC
TGTGTGTTTCCTGTAGTG, KLF16-F; GCCTCAGCA
GGGATTTCTAT, KLF16-R; CAATGGCTTTCAGTGG
AGTG, MCP1-F; GTCCCTGTCATGCTTCTGG, MCP1-R;
GCTCTCCAGCCTACTCATTG.

2.5. Western Blot Analysis. Western blot analysis was per-
formed as previously described [19]. Briefly, MPBAs were
treated with the indicated doses of Rg3 for two days. Total
proteins were extracted using lysis buffer containing pro-
tease and phosphatase inhibitors, followed by processing for
SDS-PAGE. The blots were incubated with the following
primary antibodies as appropriate: PPARy, perilipin,
ERO1L, Phospho-elF2a, CHOP, Phospho-Akt, total Akt,
cleaved caspase3, total caspase3, and f-actin (all antibodies
purchased from Cell Signaling Technology). An ECL Prime
Western Blotting System (GE Healthcare) and ImageQuant
LAS4000 (GE Healthcare) were used to detect protein bands.
Densitometry analysis was performed using Image J soft-
ware (NIH, Bethesda, MD, USA).

2.6. Oil-Red O Staining and Measurement of Lipid Contents.
MPBAs were gently washed twice with PBS and then fixed
with 10% formalin for 1 h at 37°C. After washing twice with
distilled water (DW), the cells were stained with Oil-Red O
solution (in 60% isopropanol) for 20 min and washed three
times with DW. Each well of the culture plates was pho-
tographed with a Nikon Eclipse TS100 microscope (Nikon,
Tokyo, Japan), and the tube areas were quantified using
Image ] software (NIH, Bethesda, MD, USA). For lipid
quantification, Oil-Red O-stained MPBAs were dissolved in
1 mL of isopropanol for 1h at room temperature (RT), and
the absorbance in each well was measured at 495 nm using a
SpectraMax ELISA reader (Molecular Devices, San Jose, CA,
USA). Lipid contents were expressed as percentages relative
to the DMSO control group.

2.7. Measurement of Total TG Contents. For total TG
quantification, lipids were extracted according to the
manufacturer’s instructions. Briefly, MPBAs were homog-
enized in 1 mL of solution containing 5% NP-40 substitute
(USB Corporation, Cleveland, OH, USA). The homogenates
were then slowly heated to 80°C-100°C in a heating block for
2-5min until the NP-40 became cloudy, followed by cooling
to room temperature. Samples were subsequently centri-
fuged for 3 min to remove the insoluble materials. TG levels
were measured by enzymatic assay (Abcam) and normalized
to their respective protein concentrations.

2.8. Proteome Cytokines Profile Array Analysis. MPBAs were
cultured for two days in DMEM containing 1% FBS with the
indicated doses of Rg3. After collecting the media,

inflammatory cytokines in the media were screened using a
Mouse Proteome Cytokines Array kit panel A (R&D Sys-
tems, Minneapolis, MN, USA) according to the manufac-
turer’s instructions. Signals were detected using an enhanced
ECL Prime Western Blotting system (Sigma-Aldrich).
Densitometry analysis was performed using Image J soft-
ware (NIH).

2.9. Statistical Analysis. Statistical analyses were performed
using SigmaPlot version 14.0 (Systat Software Inc., San Jose,
CA, USA), and standard two-tailed Student’s t-tests as-
suming unequal variances were used to identify differences
between groups. P values <0.05 were considered statistically
significant. Quantitative data are presented as the
means + SD.

3. Results

3.1. Rg3 Induces Greater Cytotoxicity in MPBAs than in
MPBPAs. To examine the cytotoxicity of Korean red gin-
seng extract (KRGE) and Rg3, MPBPAs and MPBAs were
treated with KRGE and Rg3 at various dosages for 24 h, after
which cell viability was evaluated by MTT assay. Significant
cytotoxicity was not observed in MPBPAs when up to
500 ug/mL of KRGE (Figure 1(a)) and up to 100 uM Rg3
were applied (Figure 1(c)). In addition, KRGE induced cell
proliferation of MPBAs when applied at doses of 100 and
200 pug/mL, whereas 500 ug/mL of KRGE treatment hindered
cell proliferation (Figures 1(a) and 1(b)). Moreover, Rg3 but
not KRGE enhanced cell proliferation in MPBPAs in a dose-
dependent manner when applied at concentrations up to
100 uM (Figure 1(c)). In contrast, Rg3 induced cytotoxicity
in MPBAs when applied at 100 uM (Figure 1(d)), which was
the dosage that induced cell proliferation in MPBPAs
(Figures 1(b)-1(d)).

3.2. Rg3 Inhibits Expression of Genes and Proteins Associated
with Differentiation of MPBPAs into MPBAs. To elucidate the
inhibitory effects of KRGE and Rg3 on the differentiation of
MPBPAs into MPBAs, MPBPAs were treated with KRGE (0 or
500 yg/mL) and Rg3 (0-100 uM) during differentiation, after
which the expression of genes and proteins related to brown
adipocyte differentiation was determined by quantitative real-
time PCR and Western blotting analyses, respectively. At
500 ug/mL, KRGE significantly downregulated mRNA levels of
UCP1, C/EBP«, and C/EBPp by >50% compared with those of
the control group (Figures 2(a)-2(d)). At 30 and 100 uM, Rg3
downregulated mRNA levels of UCP1, PPARy, and C/EBP« by
>50% compared with those of the control group as well
(Figures 2(e)-2(h)). Furthermore, Rg3 at concentrations of 30
and 100 uM reduced the protein level of PPARy by approxi-
mately 20% in MPBAs (Figures 2(i) and 2(j)).

3.3. Rg3 Induces Expression of Antiadipogenic KLFs Genes and
Inhibits Expression of Lipid-Coated Proteins in MPBAs.
Previous studies have shown that Kruppel-like factor (KLF)
genes are associated with antilipogenesis. Specifically, KLF2
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FiGure 1: Effects of KRGE and Rg3 on cell viability of MPBPAs and MPBAs. (a-d) MPBPAs and MPBAs were treated with the indicated
doses of KRGE and Rg3 for 72 h. The cytotoxicities of KRGE and Rg3 in MPBPAs and MPBAs were then measured by the MTT assay. The
results are shown as percentages relative to the control. The graph represents the means + SD (n=4). *P <0.01 and **P < 0.001 compared

with the control. #P <0.01 compared with 500 yg/mL of KRGE treatment group.
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F1GURE 2: Inhibitory effects of KRGE and Rg3 on expression of genes and proteins associated with differentiation of MPBPAs into MPBAs.
MPBAs were treated with the indicated doses of KRGE and Rg3 for 72 h. Effects of (a-d) KRGE and (e-h) Rg3 in MPBAs on gene expression
of (a, e) UCPI, (b, f) PPARy, (c, g) C/EBP«, and (d, h) C/EBPf3 were measured by quantitative real-time PCR analysis. The results indicate
fold increases relative to the control. The graph represents the means+SD (n=4). *P <0.01 and **P <0.001 compared with the control.

(i) The effects of Rg3 in MPBAs on protein expression of PPARy were examined by Western blotting analysis. 3-actin was used as a control.
(j) Quantitative densitometric analysis of PPARy/f-actin. The results are shown as a ratio to the control. The graph represents the

means+SD (n=4). *P<0.01 and **P <0.001 compared with the control.

is a negative regulator of adipogenesis, KLF3 and KLF7
expression is reduced in differentiated adipocytes, and
KLF16 is specifically expressed in brown adipocytes and has
been reported to be downregulated during differentiation.
As such, to investigate whether or not Rg3 inhibits the li-
pogenesis of MPBAs, we treated MPBPAs with Rg3
(0-100 uM) during differentiation and then examined the
expression of KLF genes by quantitative real-time PCR. Rg3
(100 uM) significantly upregulated the expression of KLF2,
KLF3, KLF7, and KLF6 in MPBAs (Figures 3(a)-3(d)). To
turther elucidate the lipolysis effects of Rg3 on differentia-
tion of MPBPAs into MPBAs, cells were treated with Rg3
(0-100 M) during MPBPA differentiation, after which the
expression of perilipin, a lipid-coated protein associated
with lipid storage of adipocytes, was measured. Rg3
downregulated the protein expression of perilipin
(Figures 3(e) and 3(f)), which is in line with its anti-
adipogenic effects in MPBAs (Figures 3(a)-3(f)). These
results indicate that Rg3 inhibits adipogenesis and induces
lipolysis in MPBAs.

3.4. Rg3 Induces Lipolysis in MPBAs. To investigate whether
or not Rg3 induces lipolysis in MPBAs, we treated MPBPAs
with Rg3 (0-100 uM) during differentiation, after which
lipid contents and extracellular and intracellular TG levels
were examined. First, Oil-Red O staining was performed to
examine the extent of lipid accumulation in MPBAs, in
either the presence or absence of Rg3. Representative images
of Oil-Red O staining show that Rg3 (30 and 100uM)

significantly suppressed lipid accumulation in MPBAs
(Figure 4(a)). At 100 uM, Rg3 significantly reduced lipid
contents in MPBAs (Figure 4(b)). Additionally, Rg3 in-
creased the amount of extracellular TG in MPBAs by ap-
proximately 70% compared with the control (Figure 4(c)). In
addition, the intracellular TG content of MPBAs in the
presence of Rg3 (5-100 uM) was reduced by approximately
10% compared with the control (Figure 4(d)). These results
show that Rg3 induces lipolysis in MPBAs.

3.5. Rg3 Induces Expression of Inflammatory Cytokines and
Monocyte Chemoattractant Protein-1 (MCP-1) in MPBAs.
To determine whether or not Rg3 induces expression of
inflammatory cytokines in MPBAs, we treated MPBPAs with
Rg3 (0 and 100 uM) during differentiation and then analyzed
the samples using a Proteome Cytokines Profiler Array. Rg3
induced MCP-1 expression and inhibited CXCL-1 and SDF-
1 expression in MPBAs (Figures 5(a) and 5(b)). We further
investigated whether or not Rg3 induces MCP-1 expression
in MPBAs. To accomplish this, we treated MPBPAs with Rg3
(0-100 uM) during differentiation and then examined MCP-
1 gene expression by quantitative real-time PCR. The results
show that 100 uM Rg3 significantly induced expression of
MCP-1 in MPBAs (Figure 5(c)).

3.6. Rg3 Induces ER Stress and Subsequent Apoptosis Signaling
of MPBAs. To determine whether or not Rg3 induces ER
stress and subsequent cell death signaling of MPBAs, we
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FiGure 5: Effects of Rg3 on expression of inflammatory cytokines in MPBAs. MPBAs were treated with the indicated doses of Rg3 for 72 h.
(a) The effects of Rg3 on MPBAs on expression of C-X-C motif chemokine ligand 1 (CXCL1), MCP-1, and stromal cell-derived factor 1
(SDF-1) were measured by Proteome Cytokines Profiler Array analysis. (b) Densitometric analysis of the Proteome Cytokines Profiler Array
in (a). The results indicate fold increases relative to the control. The graph represents the means. (c) The effects of Rg3 in MPBAs on MCP-1
gene expression were examined by quantitative real-time PCR analysis. The graph shows the means + SD (n=4). *P <0.01 compared with
the control.

treated MPBPAs with Rg3 (0-100 uM) during differentiation =~ response to ER stress, including ERO1L, Phospho-elF2aq,
and then examined the expression levels of proteins asso-  and CHOP (Figures 6(a)-6(d)). As a result, cleavage of Akt
ciated with ER stress and cell death. Rg3 treatment induced phosphorylation was reduced (Figures 6(a) and 6(e)),
expression of specific markers of the UPR pathway in  whereas cleavage of procaspase-3 increased (Figures 6(a)
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F1GURE 6: Effects of Rg3 on induction of ER stress and apoptosis signaling in MPBAs. MPBAs were treated with the indicated doses of Rg3
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compared with positive control.
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and 6(f)), leading to induction of apoptosis in MPBAs. These
results show that Rg3 induces ER stress signals, resulting in
functional impairment through apoptosis of MPBAs.

4, Discussion

Natural compounds represent an excellent source of novel
drugs by providing diverse structural bases and chemical
multiformity [6]. Recent evidence has shown that natural
compound derivatives such as paclitaxel, doxorubicin, and
artemisinin have therapeutic efficacies for various diseases,
including tumors and malaria [4, 6, 20]. Rg3, an important
natural compound in Korean red ginseng (Panax ginseng)
[8], has demonstrated significant therapeutic effects, in-
cluding inhibition of cancer progression, prevention of
platelet aggregation, regulation of neurotransmitters, at-
tenuation of inflammatory cytokines, and modulation of
vascular tones [10-13]. Rg3 also has inhibitory effects on the
adipogenic properties of mouse and human white pre-
adipocytes [14], although little is known about its effects on
brown preadipocytes or differentiated brown adipocytes.
Therefore, we investigated the effects of Rg3 on brown
adipocytes, which may be used to modulate metabolic
characteristics.

Recent studies have characterized and distinguished the
variable gene and phenotype expression between undiffer-
entiated and differentiated cells, including white and brown
adipocytes [21-24], which may be associated with differ-
ential sensitivity to stimuli such as small molecules under
differentiation states [25, 26]. Differentiated cells are gen-
erally more sensitive to stimulation than undifferentiated
cells. For example, huprines, which are inhibitors of ace-
tylcholinesterases, show neuroprotective effects via cholin-
ergic receptors only in differentiated pheochromocytoma
[27]. Therefore, we speculate that KRGE and Rg3 may have
distinct effects in undifferentiated (MPBPAs) and differ-
entiated (MPBAs) brown adipocytes. We observed that
KRGE increased proliferation of MPBAs at concentrations
of 100 and 200 ug/mL but inhibited proliferation at 500 ug/
mL (Figures 1(a) and 1(b)). Interestingly, Rg3, a main active
component of KRGE, showed a significantly greater cyto-
toxicity in MPBAs than in MPBPAs (Figures 1(c) and 1(d)).
Moreover, we observed that KRGE and Rg3 inhibited the
expression of specific markers for mature brown adipocytes,
such as UCP1, and differentiation markers of adipogenesis,
including PPARy, C/EBPa, and C/EBPS, in MBPAs
(Figures 2(a)-2(j)). These results show that Rg3 effectively
inhibits cell differentiation by suppressing related genes in
MPBAs.

KLFs, which are zinc finger proteins, regulate various
mechanisms of energy homeostasis in many types of cells,
including white and brown adipocytes [28]. Among KLF
family genes, KLF2 [29], KLF3 [30], KLF7 [31], and KLF16
[32] are known to suppress adipocyte differentiation.
KLF2, which is abundant in preadipocytes but not mature
adipocytes, directly inhibits PPAR-y promoter activity,
and overexpression of KLF2 has been shown to inhibit
PPARy and C/EBPa expression with no significant effect
on C/EBPfB and C/EBPJ, leading to overall negative

regulation of adipogenesis [29]. KLF3 also inhibits adi-
pocyte differentiation via suppression of C/EBP-a ex-
pression by binding to its promoter [30]. Similarly, KLF7
overexpression has been shown to downregulate the ex-
pression of PPARy, C/EBPa, adipocyte protein aP2, and
adipsin in human preadipocytes, whereas C/EBPj5 and C/
EBPS§ expression are not altered [31]. Moreover, KLF16,
which is downregulated during differentiation of brown
adipocytes, has been identified as a transcription factor
that inhibits adipogenesis of primary brown preadipocytes
and expression of PPARy and aP2 [32]. Perilipin, a lipid-
coated protein, inhibits lipolysis by acting as a physical
barrier against lipase-induced hydrolysis of triacylglycerol
[33]. Therefore, we examined whether or not Rg3 affects
the expression of KLFs and perilipin. We observed that
Rg3 increased the expression of KLF2, KLF3, KLF7, and
KLF16 in MPBAs (Figures 3(a)-3(d)) and reduced the
expression of perilipin (Figures 3(e) and 3(f)). As a result,
Rg3 effectively inhibited the characteristic features of
adipogenesis while inducing those of lipolysis, including
reduction of lipid contents and elevation of TG secretion
in MBPAs (Figures 4(a)-4(d)). Considering the effects of
Rg3 on the expression of antiadipogenic and lipolysis-
related markers of brown adipocytes, we suggest that Rg3
hinders adipogenesis in MPBPAs. In addition, a previous
study showed that genetic silencing or deletion of perilipin
in adipocytes and adipose tissues enhances lipolysis and
consequently induces inflammation [14, 34]. Recent data
also showed that inflammation could have inhibitory ef-
fects on UCP1 expression in brown adipose tissue by
modulating sirtuin-1, which is rescued by resveratrol, a
sirtuin-1 activator [35]. Consistently, our results show that
Rg3 inhibited expression of UCP1 (Figure 2(e)) and in-
duced upregulation of inflammatory cytokines such as
MCP1 in MPBAs (Figures 5(a)-5(c)), and these changes
were accompanied by a significant downregulation of
perilipin expression (Figures 3(e) and 3(f)). These results
show that Rg3 may induce inflammation by enhancing
lipolysis in MPBAs.

Next, we further examined whether or not Rg3 induced
ER stress in MBPAs, which led to inhibition of cell differ-
entiation in MPBPAs and consequent cell death. Deng et al.
previously showed that ER stress induced by thapsigargin,
tunicamycin, and brefeldin A can lead to lipolysis via cyclic
adenosine monophosphate/protein kinase A and ERK sig-
naling in adipocytes [36]. This lipolytic activity caused by ER
stress may contribute to lipotoxicity, which is associated
with various metabolic diseases via induction of persistent
efflux of free fatty acids from adipocytes [36]. Therefore, we
explored whether or not Rg3 induced ER stress in MPBAs.
We found that Rg3 significantly elevated the levels of ER
stress-related markers in MBPAs, including ERO1L, phos-
phorylated eIlF2«, and CHOP (Figure 6(a)-6(d)). Moreover,
inactivation of Akt but not ERK has been found to induce
CHOP expression and cause cell death [37]. Conversely, ER
stress-induced apoptosis has been shown to be partially
mediated by signaling through the Akt pathway [38]. These
results collectively suggest that Akt plays a crucial role in ER-
stressed states and is thus an important signaling pathway in
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ER stress-related disorders [37, 38]. Similarly, we demon-
strated that Rg3 inhibited Akt phosphorylation in MBPAs
(Figures 6(a) and 6(e)), suggesting that Rg3 induces ER stress
in MPBAs. Severe ER stress can induce apoptotic cell death,
which is initiated by phosphorylation of elF2a [3, 39].
Moreover, upregulation of CHOP has been shown to result
in induction of genes that hinder cell cycling, thereby in-
ducing apoptosis [3]. Thus, an imbalanced cell response can
induce cell death under states of ER stress [3, 39]. In ad-
dition, ER stress induces serum free fatty acid production,
impairs glucose tolerance, and increases expression of
CHOP and caspase-3 in adipose tissues, thereby leading to
adipocyte apoptosis by elevating intracellular free fatty acid
and calcium levels [40]. We also demonstrated that Rg3
induced cleavage of procaspase-3 in MBPAs, which may
have led to apoptosis (Figures 6(a) and 6(f)).

5. Conclusion

In conclusion, we showed that Rg3, a major bioactive
component of Korean red ginseng (Panax ginseng), sensi-
tively induced cytotoxicity in differentiated brown adipo-
cytes at dosages not cytotoxic to undifferentiated cells. Rg3
also inhibited differentiation and adipogenesis while in-
creasing lipolysis and inflammation in differentiated brown
adipocytes, thereby inducing ER stress and subsequent cell
death. Considering that white and brown adipocytes con-
stitute the two main axes of metabolic regulation in the
human body, our results concerning the effects of Rg3 on
brown adipocytes indicate that further studies investigating
the therapeutic applications of Rg3 to obesity and related
metabolic disorders are warranted.

Data Availability

The data and materials used in the study are available upon
request from the corresponding authors.

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

SNK, DHK, HJL, SYP, and YJK contributed to the con-
ception and design of the study, performed the experiments,
and wrote the manuscript; HJL and JSL organized the da-
tabase; JHL performed the experiments. All authors con-
tributed to manuscript revision and read and approved the
submitted version.

Acknowledgments

The authors thank Maro Han and Sumin Ryu for helping
write the manuscript. This work was supported by the
National Research Foundation of Korea grant funded by the
Korean Government (MSIT) (NRF-2020R1C1C1004107 and
2017R1C1B2005982).

Evidence-Based Complementary and Alternative Medicine

References

[1] J. R. Cubillos-Ruiz, S. E. Bettigole, and L. H. Glimcher,
“Tumorigenic and immunosuppressive effects of endoplasmic
reticulum stress in cancer,” Cell, vol. 168, no. 4, pp. 692-706,
2017.

[2] M. Wang and R. J. Kaufman, “The impact of the endoplasmic
reticulum protein-folding environment on cancer develop-
ment,” Nature Reviews Cancer, vol. 14, no. 9, pp. 581-597,
2014.

[3] R. J. Kaufman, “Stress signaling from the lumen of the en-
doplasmic reticulum: coordination of gene transcriptional
and translational controls,” Genes ¢ Development, vol. 13,
no. 10, pp. 1211-1233, 1999.

[4] C. Kim and B. Kim, “Anti-cancer natural products and their
bioactive compounds inducing ER stress-mediated apoptosis:
a review,” Nutrients, vol. 10, no. 8, 2018.

[5] R. Sano and J. C. Reed, “ER stress-induced cell death

mechanisms,” Biochimica et Biophysica Acta (BBA)-Molecular

Cell Research, vol. 1833, no. 12, pp. 3460-3470, 2013.

A. Bilia, V. Piazzini, C. Guccione et al., “Improving on nature:

the role of nanomedicine in the development of clinical

natural drugs,” Planta Medica, vol. 83, no. 05, pp. 366-38l,

2017.

[7] K. W. Choy, D. Murugan, and M. R. Mustafa, “Natural
products targeting ER stress pathway for the treatment of
cardiovascular diseases,” Pharmacological Research, vol. 132,
pp. 119-129, 2018,

[8] D.-H. Kim, “Chemical diversity of Panax ginseng, Panax
quinquifolium, and Panax notoginseng,” Journal of Ginseng
Research, vol. 36, no. 1, pp. 1-15, 2012.

[9] M. Sun, Y. Ye, L. Xiao, X. Duan, Y. Zhang, and H. Zhang,
“Anticancer effects of ginsenoside Rg3 (review),” Interna-
tional Journal of Molecular Medicine, vol. 39, no. 3,
pp. 507-518, 2017.

[10] D. Jeong, M. Irfan, S.-D. Kim et al, “Ginsenoside Rg3-
enriched red ginseng extract inhibits platelet activation and in
vivo thrombus formation,” Journal of Ginseng Research,
vol. 41, no. 4, pp. 548-555, 2017.

[11] H. Zhang, Z. Li, Z. Zhou, H. Yang, Z. Zhong, and C. Lou,
“Antidepressant-like effects of ginsenosides: a comparison of
ginsenoside Rb3 and its four deglycosylated derivatives, Rg3,
Rh2, compound K, and 20(S)-protopanaxadiol in mice
models of despair,” Pharmacology Biochemistry and Behavior,
vol. 140, pp. 17-26, 2016.

[12] E. Saba, D. Jeong, M. Irfan et al., “Anti-inflammatory activity
of rg3-enriched Korean red ginseng extract in murine model
of sepsis,” Evid Based Complement Alternat Med, vol. 2018,
Article ID 6874692, 2018.

[13] J.-B. Park, S. K. Kwon, H. Nagar et al., “Rg3-enriched Korean
Red Ginseng improves vascular function in spontaneously
hypertensive rats,” Journal of Ginseng Research, vol. 38, no. 4,
pp. 244-250, 2014.

[14] L. Zhang, L. Zhang, X. Wang, and H. Si, “Anti-adipogenic
effects and mechanisms of ginsenoside Rg3 in pre-adipocytes
and obese mice,” Frontiers in Pharmacology, vol. 8, p. 113,
2017.

[15] P. Seale, S. Kajimura, and B. M. Spiegelman, “Transcriptional
control of brown adipocyte development and physiological
function--of mice and men,” Genes ¢ Development, vol. 23,
no. 7, pp. 788-797, 2009.

[16] R. N. Pradhan, M. Zachara, and B. Deplancke, “A systems
perspective on brown adipogenesis and metabolic activation,”
Obesity Reviews, vol. 18, no. Suppl 1, pp. 65-81, 2017.

[6



Evidence-Based Complementary and Alternative Medicine

[17] K. Sarjeant and J. M. Stephens, “Adipogenesis,” Cold Spring
Harbor Perspectives in Biology, vol. 4, no. 9, Article ID
2008417, 2012.

[18] B. Nie, T. Nie, X. Hui et al., “Brown adipogenic reprog-
ramming induced by a small molecule,” Cell Reports, vol. 18,
no. 3, pp. 624-635, 2017.

[19] Y.J. Koh, J. H. Lee, and S. Y. Park, “Moxibustion-simulating
bipolar radiofrequency suppresses weight gain and induces
adipose tissue browning via activation of UCP1 and FGF21 in
a mouse model of diet-induced obesity,” Evid Based Com-
plement Alternat Med, vol. 2018, Article ID 4737515, 2018.

[20] L. H. Miller and X. Su, “Artemisinin: discovery from the

Chinese herbal garden,” Cell, vol. 146, no. 6, pp. 855-858,

2011.

P.R. Amable, M. V. Teixeira, R. B. Carias, J. M. Granjeiro, and

R. Borojevic, “Gene expression and protein secretion during

human mesenchymal cell differentiation into adipogenic

cells,” BMC Molecular and Cell Biology, vol. 15, p. 46, 2014.

B. Bhattacharya, J. Cai, Y. Luo et al., “Comparison of the gene

expression profile of undifferentiated human embryonic stem

cell lines and differentiating embryoid bodies,” BMC Devel-

opmental Biology, vol. 5, no. 1, p. 22, 2005.

A. Ehrlund, N. Mejhert, C. Bjork et al., “Transcriptional

dynamics during human adipogenesis and its link to adipose

morphology and distribution,” Diabetes, vol. 66, no. 1,

pp. 218-230, 2017.

[24] Q. Tong and G. S. Hotamisligil, “Molecular mechanisms of
adipocyte differentiation,” Reviews in Endocrine and Meta-
bolic Disorders, vol. 2, no. 4, pp. 349-355, 2001.

[25] C.-C. Chang, K.-Y. Lin, K.-Y. Peng, Y.-J. Day, and
L.-M. Hung, “Resveratrol exerts anti-obesity effects in high-fat
diet obese mice and displays differential dosage effects on
cytotoxicity, differentiation, and lipolysis in 3T3-L1 cells,”
Endocrine Journal, vol. 63, no. 2, pp. 169-178, 2016.

[26] H.-F. Hsu, T.-C. Tsou, H.-R. Chao et al., “Effects of arecoline

on adipogenesis, lipolysis, and glucose uptake of adipocytes-A

possible role of betel-quid chewing in metabolic syndrome,”

Toxicology and Applied Pharmacology, vol. 245, no. 3,

pp. 370-377, 2010.

M. Pera, P. Camps, D. Munoz-Torrero, B. Perez, A. Badia, and

M. V. Clos Guillen, “Undifferentiated and differentiated PC12

cells protected by huprines against injury induced by hy-

drogen peroxide,” PLoS One, vol. 8, no. 9, Article ID e74344,

2013.

N. M. Pollak, M. Hoffman, I. J. Goldberg, and K. Drosatos,

“Kriippel-like factors,” JACC: Basic to Translational Science,

vol. 3, no. 1, pp. 132-156, 2018.

[29] S. S. Banerjee, M. W. Feinberg, M. Watanabe et al., “The
kriippel-like factor KLF2 inhibits peroxisome proliferator-
activated receptor-y expression and adipogenesis,” Journal of
Biological Chemistry, vol. 278, no. 4, pp. 2581-2584, 2003.

[30] Z. Wu and S. Wang, “Role of kruppel-like transcription
factors in adipogenesis,” Developmental Biology, vol. 373,
no. 2, pp. 235-243, 2013.

[31] Y. Kawamura, Y. Tanaka, R. Kawamori, and S. Maeda,
“Overexpression of kruppel-like factor 7 regulates adipocy-
tokine gene expressions in human adipocytes and inhibits
glucose-induced insulin secretion in pancreatic f3-cell line,”
Molecular Endocrinology, vol. 20, no. 4, pp. 844-856, 2006.

[32] M. K. Jang, S. Lee, and M. H. Jung, “RNA-seq analysis reveals
a negative role of KLF16 in adipogenesis,” PLoS One, vol. 11,
no. 9, Article ID e0162238, 2016.

[33] G. M. Clifford, C. Londos, F. B. Kraemer, R. G. Vernon, and
S.J. Yeaman, “Translocation of hormone-sensitive lipase and

[21

(22

[23

[27

[28

(34]

(35]

(36]

(37]

(38]

(39]

(40]

11

perilipin upon lipolytic stimulation of rat adipocytes,” Journal
of Biological Chemistry, vol. 275, no. 7, pp. 5011-5015, 2000.
J. H. Sohn, Y. K. Lee, J. S. Han et al., “Perilipin 1 (Plinl)
deficiency promotes inflammatory responses in lean adipose
tissue through lipid dysregulation,” Journal of Biological
Chemistry, vol. 293, no. 36, pp. 13974-13988, 2018.

M. K. Nohr, N. Bobba, B. Richelsen, S. Lund, and
S. B. Pedersen, “Inflammation downregulates UCP1 expres-
sion in Brown adipocytes potentially via SIRT1 and DBCI1
interaction,” International Journal of Molecular Sciences,
vol. 18, no. 5, 2017.

J. Deng, S. Liu, L. Zou, C. Xu, B. Geng, and G. Xu, “Lipolysis
response to endoplasmic reticulum stress in adipose cells,”
Journal of Biological Chemistry, vol. 287, no. 9, pp. 6240-6249,
2012.

K. Hyoda, T. Hosoi, N. Horie, Y. Okuma, K. Ozawa, and
Y. Nomura, “PI3K-Akt inactivation induced CHOP expres-
sion in endoplasmic reticulum-stressed cells,” Biochemical
and Biophysical Research Communications, vol. 340, no. 1,
pp. 286-290, 2006.

S. Srinivasan, M. Ohsugi, Z. Liu, S. Fatrai, E. Bernal-Mizrachi,
and M. A. Permutt, “Endoplasmic reticulum stress-induced
apoptosis is partly mediated by reduced insulin signaling
through phosphatidylinositol 3-kinase/akt and increased
glycogen synthase kinase-3 in mouse insulinoma cells,” Di-
abetes, vol. 54, no. 4, pp. 968-975, 2005.

S. P. Srivastava, K. U. Kumar, and R. J. Kaufman, “Phos-
phorylation of eukaryotic translation initiation factor 2 mediates
apoptosis in response to activation of the double-stranded
RNA-dependent protein kinase,” Journal of Biological Chem-
istry, vol. 273, no. 4, pp. 2416-2423, 1998.

Z. Liu, L. Gan, T. Wu et al., “Adiponectin reduces ER stress-
induced apoptosis through PPAR« transcriptional regulation
of ATF2 in mouse adipose,” Cell Death & Disease, vol. 7,
no. 11, Article ID 2487, 2016.



