
molecules

Article

Novel Function of α-Cubebenoate Derived from
Schisandra chinensis as Lipogenesis Inhibitor,
Lipolysis Stimulator and Inflammasome Suppressor

Su Ji Bae 1, Ji Eun Kim 1, Yun Ju Choi 1, Su Jin Lee 1, Jeong Eun Gong 1, Young-Whan Choi 2 and
Dae Youn Hwang 1,*

1 Department of Biomaterials Science (BK21 Four Program), College of Natural Resources & Life Science/Life
and Industry Convergence Research Institute/Laboratory Animal Resources Center, Pusan National
University, Miryang 50463, Korea; sujibaebae@pusan.ac.kr (S.J.B.); prettyjiunx@naver.com (J.E.K.);
poiu335@naver.com (Y.J.C.); nuit4510@naver.com (S.J.L.); kos93589@naver.com (J.E.G.)

2 Department of Horticultural Bioscience, College of Natural Resources & Life Science, Pusan National
University, Miryang 50463, Korea; ywchoi@pusan.ac.kr

* Correspondence: dyhwang@pusan.ac.kr; Tel.: +82-55-350-5388

Academic Editor: Derek J. McPhee
Received: 5 October 2020; Accepted: 23 October 2020; Published: 28 October 2020

����������
�������

Abstract: The efficacy of α-cubebenoate isolated from Schisandra chinensis has been previously studied
in three disease areas, namely inflammation, sepsis, and allergy, and its role in other diseases is still
being explored. To identify the novel function of α-cubebenoate on lipid metabolism and related
inflammatory response,alterations in fat accumulation, lipogenesis, lipolysis, and inflammasome
activation were measured in 3T3-L1 preadipocytes and primary adipocytes treated with
α-cubebenoate. Lipid accumulation significantly decreased in MDI (3-isobutyl-1-methylxanthine,
dexamethasone,and insulin)-stimulated 3T3-L1 adipocytes treated with α-cubebenoate without any
significant cytotoxicity. The mRNA levels of peroxisome proliferator-activated receptor (PPAR)γ and
CCAAT-enhancer binding protein (C/EBP) α for adipogenesis, as well as adipocyte fatty acid binding
protein 2 (aP2) and fatty acid synthetase (FAS) for lipogenesis, were reduced after α-cubebenoate
treatment, while cell cycle arrest at G2/M stage was restored in the same group. α-cubebenoate
treatment induced glycerol release in primary adipocytes and enhanced expression of lipolytic
proteins (HSL, perilipin, and ATGL) expression in MDI-stimulated 3T3-L1 adipocytes. Inflammasome
activation and downstream cytokines expression were suppressed with α-cubebenoate treatment,
but the expression of insulin receptor signaling factors was remarkably increased by α-cubebenoate
treatment in MDI-stimulated 3T3-L1 adipocytes. These results indicate that α-cubebenoate may
play a novel role as lipogenesis inhibitor, lipolysis stimulator, and inflammasome suppressor in
MDI-stimulated 3T3-L1 adipocytes. Our results provide the possibility that α-cubebenoate can be
considered as one of the candidates for obesity management.
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1. Introduction

Schisandra chinensis is a plant with significant beneficial effects on various human diseases including
cancer, obesity, aging, inflammation, cardiovascular diseases and neurodegenerative disorders
based on the function of chemical constituents such as the lignans schisandrin, deoxyschizandrin,
gomisins, and pregomisin [1,2]. α-cubebenoate was first identified in the fruits of S. chinensis through a
series of extraction processes using various solvents including ethyl alcohol (EtOH), chloroform (CHCl3),
methyl alcohol (MeOH) and hexane [3]. Subsequently, the basic chemical composition and cyclopropane
ring system of this compound was determined by 1H, 13C, distortionless enhancement by polarization
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transfer (DEPT), heteronuclear single quantum coherence (HSQC), and heteronuclear multiple bond
correlation (HMBC) nuclear magnetic resonance (NMR) [3]. A few studies have elucidated the beneficial
role of α-cubebenoate in diseases. This molecule significantly inhibited expression of inducible nitric oxide
synthase (iNOS) and cyclooxygenase (COX)-2, and production of nitric oxide (NO) and prostaglandin
E2 (PGE2) in mouse peritoneal macrophages through suppression of c-Jun N-terminal kinases (JNK)
activation [3]. The α-cubebenoate treated cecal ligation and puncture (CLP) experimental model
showed enhanced survival, blocked CLP-induced lung inflammation, and increased bactericidal activity.
Also, α-cubebenoate treatment resulted in reduction of cytokines such as interleukin (IL)-1β and IL-6 as
well as attenuation of apoptosis and caspase-3 activation in lymphocyte [4]. Furthermore,α-cubebenoate
suppressed bronchiolar structural changes, accumulation of immune cells and expression of T helper
(Th) 2 cytokines induced by ovalbumin challenge in RBL-2H3 mast cells and albino, laboratory-bred
strain of the house mice (BALB/c) sensitized with ovalbumin [5]. However, to date, no studies
have provided any scientific evidence on the therapeutic effects of α-cubebenoate on lipid metabolism
in adipocytes.

Obesity is a chronic condition that promotes the development of metabolic disorders including
diabetes, hypertension, stroke, myocardial infarction, insulin resistance and some [6]. Several metabolic
targets drugs have been developed to treat obesity. Active constituents and extracts derived from natural
products have received attention as potential anti-obesity agents, because of their enhanced efficacy
with minimal side effects [7]. The mechanism of action of several compounds on multiple molecular
targets leading to anti-obesity effects has been well researched. The mechanisms elucidated for some
extracts and active constituents include lipase inhibition, appetite suppression, energy expenditure
stimulation, adipocyte differentiation inhibition, and lipolysis activation [6]. Among these targets,
adipocyte differentiation was shown to be significantly inhibited by several natural products and
active constituents including polyunsaturated fatty acid (PUFA), genistein, capsaicin, ginsenosides,
epigallocatechin gallate (EGCG) and sitosterol, while apoptotic effects on maturing pre-adipocytes
were induced by esculetin, resveratrol, quercetin, genistein, and capsaicin [6,8–12]. The stimulation of
triglyceride hydrolysis is promoted by curcumin extracted from Curcuma longa L., licorice flavonoid
from Glycyrrhiza glabra L., genistein from soybean, and caffeine from Caffea camephora [13–16].

The current study was undertaken to investigate the therapeutic effects and molecular mechanisms
of action of α-cubebenoate on lipogenesis, lipolysis, and inflammatory responses in adipocytes.
The results of this study provide the first scientific evidence that the anti-obesity effects ofα-cubebenoate
may be closely associated with inhibition of adipocyte differentiation, stimulation of lipolysis,
suppression of inflammasome activation and cytokine expression, and upregulation of insulin receptor
signaling molecules in 3T3-L1 adipocytes and primary adipocytes.

2. Results

2.1. Cytotoxicity of α-Cubebenoate Against 3T3-L1 Adipocytes

The cytotoxic effect of α-cubebenoate was evaluated against adipocytes. To achieve this, the cell
viability of 3T3-L1 adipocytes was determined following treatment with 10 (Low concentration,
LoCB), 20 (Middle concentration, MiCB) and 30 (High concentration, HiCB) µg/mL of α-cubebenoate.
All treated groups except the MDI+HiCB treated group maintained a constant level of viability when
compared to the untreated (No) or Vehicle treated groups. However, a slight decrease in levels of cell
viability was observed in the MDI+HiCB treated group, while a reverse pattern was detected in the
MDI+orlistat (OT) treated group (Figure 1B). Also, the above results were completely reflected in the
cell morphology after α-cubebenoate treatment (data not shown). Therefore, these results suggest that
α-cubebenoate does not induce any significant toxicity to 3T3-L1 adipocytes at a concentration less
than 20 µg/mL.
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determined by the MTT assay in duplicate. The data represents the means ± SD of duplicates. * indicates p 

< 0.05 compared to the No (untreated) group. # indicates p < 0.05 compared to the MDI+Vehicle treated 

group. OT; orlistat, MDI; adipogenic cocktail consisting of 3-isobutyl-1-methylxanthine, dexamethasone, 

and insulin, LoCB; low concentration (10 µg/mL) of α-cubebenoate, MiCB; middle concentration (20 

µg/mL) of α-cubebenoate, HiCB; high concentration (30 µg/mL) of α-cubebenoate. 
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the levels of Oil Red-O (ORO) stained lipid droplets were measured in differentiated 3T3-L1 

adipocytes treated with α-cubebenoate. Oil Red-O-stained materials (ORO-SM) were significantly 
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(untreated) group. However, these accumulation levels were remarkably decreased in a dose-

dependent manner after treatment with α-cubebenoate. The highest level of their suppression was 

detected in the MDI+HiCB treated group (Figure 2). These results indicate that α-cubebenoate inhibits 

the accumulation of neutral lipids in MDI-stimulated 3T3-L1 adipocytes. 

Figure 1. Cytotoxicity. (A) Chemical structure of α-cubebenoate. (B) Viability of 3T3-L1 adipocytes to
α-cubebenoate. After incubation with 10, 20 and 30µg/mL ofα-cubebenoate for 24 h, the cell viability was
determined by the MTT assay in duplicate. The data represents the means± SD of duplicates. * indicates
p < 0.05 compared to the No (untreated) group. # indicates p < 0.05 compared to the MDI+Vehicle treated
group. OT; orlistat, MDI; adipogenic cocktail consisting of 3-isobutyl-1-methylxanthine, dexamethasone,
and insulin, LoCB; low concentration (10 µg/mL) of α-cubebenoate, MiCB; middle concentration (20 µg/mL)
of α-cubebenoate, HiCB; high concentration (30 µg/mL) of α-cubebenoate.

2.2. Inhibitory Effects of α-Cubebenoate on Lipid Accumulation

To examine the inhibitory effects of α-cubebenoate on neutral lipid accumulation, alterations in
the levels of Oil Red-O (ORO) stained lipid droplets were measured in differentiated 3T3-L1 adipocytes
treated with α-cubebenoate. Oil Red-O-stained materials (ORO-SM) were significantly accumulated
in differentiated 3T3-L1 adipocytes (MDI+Vehicle treated group) compared with the No (untreated)
group. However, these accumulation levels were remarkably decreased in a dose-dependent manner
after treatment with α-cubebenoate. The highest level of their suppression was detected in the
MDI+HiCB treated group (Figure 2). These results indicate thatα-cubebenoate inhibits the accumulation
of neutral lipids in MDI-stimulated 3T3-L1 adipocytes.
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Figure 2. ORO staining analysis. 3T3-L1 pre-adipocytes were cultured in MDI medium with three different
concentration of α-cubebenoate for 8 days, after which they were subjected to ORO staining analysis.
The images of the ORO stained cells were observed with an inverted microscope at 100×magnification.
The level of the stained lipid droplets was quantified by the Image J 1.52a program. The data represents
the means ± SD of duplicates. * indicates p < 0.05 compared to the No (untreated) group. # indicates
p < 0.05 compared to the MDI+Vehicle treated group. OT; orlistat, MDI; adipogenic cocktail consisting
of 3-isobutyl-1-methylxanthine, dexamethasone, and insulin, LoCB; low concentration (10 µg/mL)
of α-cubebenoate, MiCB; middle concentration (20 µg/mL) of α-cubebenoate, HiCB; high concentration
(30 µg/mL) of α-cubebenoate.
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2.3. Inhibitory Effects of α-Cubebenoate on the Regulation of Adipogenesis and Lipogenesis

To investigate whether the inhibitory effect ofα-cubebenoate on lipid accumulation is accompanied
by suppression of adipogenesis and lipogenesis, alterations in the level of transcription of two adipogenic
transcription factors (PPARγ and C/EBPα) and two lipogenic proteins (aP2, FAS) were measured
in the differentiated 3T3-L1 adipocytes treated with α-cubebenoate. Similar regulation patterns
were observed in the expression levels of four related factors. The mRNA expression of the two
transcription factors and the two lipogenic genes was higher in the MDI+Vehicle treated group than in
the No (untreated) group, although their rates of increase were variable. However, these levels were
significantly decreased in the differentiated 3T3-L1 adipocytes treated with α-cubebenoate compared
to the MDI+Vehicle treated group (Figure 3). Specifically, remarkable suppression was observed on the
expression levels of aP2 mRNA post α-cubebenoate treatment (Figure 3C). These results suggest that
the inhibitory effect of α-cubebenoate on lipid accumulation could be closely linked to the inhibition of
transcription of the adipogenic transcription factors (PPARγ and C/EBPα) and the lipogenic proteins
(aP2 and FAS).Molecules 2020, 25, x FOR PEER REVIEW 5 of 17 
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Figure 3. mRNA levels of adipogenic and lipogenic factors. After collection of total RNA from
MDI-stimulated 3T3-L1 adipocytes treated with α-cubebenoate, the mRNA levels of two adipogenic
transcription factors (PPARγ [A] and C/EBPα [B]) and two lipogenic proteins (aP2 [C] and FAS [D])
genes were measured by RT-qPCR as described in materials and methods. The data represents the means
± SD of duplicates. * indicates p < 0.05 compared to the No (untreated) group. # indicates p < 0.05
compared to the MDI+Vehicle treated group. OT; orlistat, MDI; adipogenic cocktail consisting
of 3-isobutyl-1-methylxanthine, dexamethasone, and insulin, LoCB; low concentration (10 µg/mL)
of α-cubebenoate, MiCB; middle concentration (20 µg/mL) of α-cubebenoate, HiCB; high concentration
(30 µg/mL) of α-cubebenoate.

2.4. Regulatory Effects of α-Cubebenoate on the Cell Cycle of 3T3-L1 Adipocyte

To investigate whether inhibition of α-cubebenoate on lipid accumulation and differentiation can
affect the regulation of the cell cycle, the number of cells at each stage of the cell cycle was measured
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in the differentiated 3T3-L1 adipocytes after treatment with α-cubebenoate. During MDI-stimulated
differentiation of 3T3-L1 adipocytes, the cell number in the G0/G1 stage was lower than in the No
(untreated) group and those in the S and G2/M stage were higher. However, cell numbers in the G0/G1
stage and G2/M stage significantly recovered in a dose-dependent manner in 3T3-L1 adipocytes after
treatment with α-cubebenoate (Figure 4). These results suggest that α-cubebenoate treatment restores
the cell cycle arrest in the G2/M stage of MDI-stimulated 3T3-L1 adipocytes.Molecules 2020, 25, x FOR PEER REVIEW 6 of 17 
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Figure 4. Cell cycle arrest analysis. (A) Cell cycle distribution. The cell cycle distribution of MDI-stimulated
3T3-L1 adipocytes treated with α-cubebenoate was analyzed with flow cytometric analysis of the DNA
content of nuclei of cells after staining with propidium iodide (PI). (B) Analysis of cell number % of each
cell cycle phase relative to total phases. The number of cells in the G0/G1, S, and G2/M stage were
determined at each time point and each phase % is calculated as the percentage of the number of cells
in the specific population relative to the number of total cells. The data represents the means ± SD
of three replicates. * indicates p < 0.05 compared to the No (untreated) group. # indicates p < 0.05
compared to the MDI+Vehicle treated group. OT; orlistat, MDI; adipogenic cocktail consisting
of 3-isobutyl-1-methylxanthine, dexamethasone, and insulin, LoCB; low concentration (10 µg/mL)
of α-cubebenoate, MiCB; middle concentration (20 µg/mL) of α-cubebenoate, HiCB; high concentration
(30 µg/mL) of α-cubebenoate.

2.5. Stimulatory Effects of α-Cubebenoate on the Regulation of Lipolysis

We examined the stimulatory effects of α-cubebenoate on the regulation of lipolysis. To achieve
this, alteration in the levels of free glycerol and expression levels of lipolytic proteins were determined
in the culture medium of primary adipocytes and MDI-stimulated 3T3-L1 cells after treatment with 10,
20, and 30 µg/mL of α-cubebenoate. The concentration of free glycerol in primary adipocyte cultured
medium was significantly enhanced in a dose-dependent manner after α-cubebenoate treatment
although the OT treated group showed the highest levels (Figure 5A). Also, a similar regulation pattern
was observed in the expression of three lipogenic proteins in α-cubebenoate treated MDI-stimulated
3T3-L1 adipocytes. The phosphorylation level of hormone sensitive lipase (HSL) and perilipin were
significantly increased in MDI-stimulated 3T3-L1 adipocytes treated with α-cubebenoate although
few differences were observed in HSL phosphorylation levels of the MDI+HiCB treated group.
The expression levels of adipose triglyceride lipase (ATGL) was similarly increased in all three
α-cubebenoate treated MDI-stimulated 3T3-L1 adipocytes (Figure 5B). Overall, these results suggest
that α-cubebenoate treatment promotes lipolysis in primary adipocytes derived from Sprague-Dawley
(SD) rats and MDI-stimulated 3T3-L1 adipocytes.
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2.6. Suppression of Inflammasome Activation by α-Cubebenoate 

NLR family pyrin domain containing 3 (NLRP3) inflammasome plays a crucial role in adipose 

tissues in obesity-associated inflammatory response [17,18]. To investigate the suppressive effects of 

α-cubebenoate on inflammasome activation, the expression levels of NLRP3, apoptosis-associated 

speck-like protein containing a CARD (ASC) and caspase-1 were detected in the MDI-stimulated 3T3-

Figure 5. Free glycerol release and lipolytic protein expression. (A) Level of free glycerol in culture
media. Released glycerol was measured in the supernatant of primary adipocytes treated with three
different concentrations of α-cubebenoate. (B) Expression level of lipolytic proteins. After the collection
of total proteins from MDI-stimulated 3T3-L1 adipocytes treated with α-cubebenoate, the expression
levels of HSL, p-HSL, perilipin, p-perilipin, ATGL and β-actin were detected with specific antibodies,
followed by horseradish peroxidase-conjugated goat anti-rabbit IgG. Each band intensity was measured
using an imaging densitometer, and the relative levels of each protein were calculated relative to the
intensity of actin bands. The data represents the means ± SD of three replicates. * indicates p < 0.05
compared to the No (untreated) group. # indicates p < 0.05 compared to the MDI+Vehicle treated group.
OT; orlistat, MDI; adipogenic cocktail consisting of 3-isobutyl-1-methylxanthine, dexamethasone,
and insulin, LoCB; low concentration (10 µg/mL) of α-cubebenoate, MiCB; middle concentration
(20 µg/mL) of α-cubebenoate, HiCB; high concentration (30 µg/mL) of α-cubebenoate.

2.6. Suppression of Inflammasome Activation by α-Cubebenoate

NLR family pyrin domain containing 3 (NLRP3) inflammasome plays a crucial role in adipose
tissues in obesity-associated inflammatory response [17,18]. To investigate the suppressive effects of
α-cubebenoate on inflammasome activation, the expression levels of NLRP3, apoptosis-associated
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speck-like protein containing a CARD (ASC) and caspase-1 were detected in the MDI-stimulated
3T3-L1 adipocytes after α-cubebenoate treatment. The levels of these three proteins were significantly
decreased in the α-cubebenoate MDI-stimulated 3T3-L1 adipocytes as compared to the MDI+Vehicle
treated group although a constant level of NLRP3 and ASC expression was maintained in the
MDI+LoCB treated group. In particular, the relative levels of cleaved caspase-1/caspase-1 were lower
in the α-cubebenoate treated group than the OT treated group (Figure 6). These results indicate that
α-cubebenoate suppresses inflammasome activation in addition to inhibitory effects on adipogenesis
and stimulatory effects on lipolysis.
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Figure 6. Expression of ASC, caspase-1 and NLRP3 protein. Western blot was performed to detect
ASC, caspase-1 and NLRP3 proteins in the homogenates of MDI-stimulated 3T3-L1 adipocytes treated
with α-cubebenoate using specific antibodies. After determining the intensity of each band using an
imaging densitometer, the relative levels of ASC, caspase-1 and NLRP3 proteins were calculated based
on the band intensity of β-actin protein as the endogenous control. The data represents the means ± SD
of three replicates. * indicates p < 0.05 compared to the No (untreated) group. # indicates p < 0.05
compared to the MDI+Vehicle treated group. OT; orlistat, MDI; adipogenic cocktail consisting
of 3-isobutyl-1-methylxanthine, dexamethasone, and insulin, LoCB; low concentration (10 µg/mL)
of α-cubebenoate, MiCB; middle concentration (20 µg/mL) of α-cubebenoate, HiCB; high concentration
(30 µg/mL) of α-cubebenoate.

2.7. Suppressive Effects of α-Cubebenoate on the Expression of Inflammasome-Related Cytokines

An inflammasome activation can trigger cleavage of caspase-1 and subsequent secretion of
some inflammatory cytokines such as IL-1β and IL-18 [19]. To examine whether suppression of
inflammasome activation is accompanied by an alteration in the expression of inflammasome-related
cytokines, the expression level of several inflammatory cytokines was measured in the differentiated
3T3-L1 adipocytes after treatment with α-cubebenoate. The expression level of nuclear factor-kappa
B (NF-κB), tumor necrosis factor (TNF) α, IL-6, IL-18, and IL-1β were remarkably higher in the
MDI+Vehicle treated group compared to the No (untreated) group. However, these levels were
significantly decreased in MDI-stimulated 3T3-L1 adipocytes treated with α-cubebenoate compared
with the MDI+Vehicle treated group. Most of these reductions were α-cubebenoate concentration
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dependent (Figure 7). These results show that the suppression of inflammasome activation may be closely
linked to the inhibition of inflammasome-related cytokine expression in MDI-stimulated 3T3-L1 adipocytes.Molecules 2020, 25, x FOR PEER REVIEW 9 of 17 
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Figure 7. Transcription level of inflammatory cytokines. After collection of total RNA from MDI-stimulated
3T3-L1 adipocytes treated with α-cubebenoate, the mRNA levels of NF-κB, TNFα, IL-6, IL-18 and IL-1β
genes were measured by RT-qPCR as described in materials and methods. The data represents the means
± SD of duplicates. * indicates p < 0.05 compared to the No (untreated) group. # indicates p < 0.05
compared to the MDI+Vehicle treated group. OT; orlistat, MDI; adipogenic cocktail consisting
of 3-isobutyl-1-methylxanthine, dexamethasone, and insulin, LoCB; low concentration (10 µg/mL)
of α-cubebenoate, MiCB; middle concentration (20 µg/mL) of α-cubebenoate, HiCB; high concentration
(30 µg/mL) of α-cubebenoate.

2.8. Inhibitory Effects of α-Cubebenoate on the Development of Insulin-Resistance

Inflammasome activation has been implicated in the development of insulin-resistance in adipose
tissue of obese patients through impairment of insulin signaling [19]. We investigated whether
α-cubebenoate-induced suppression of inflammasome activation is accompanied by an alteration in
the expression of insulin receptor signaling molecules. To achieve this, the levels of glucose transporter
type (GLUT) 4, insulin and insulin receptor substrate (IRS)-1 transcription were measured in the
differentiated 3T3-L1 adipocytes after treatment with α-cubebenoate. A significant suppression of
transcription of these factors was observed in the MDI+Vehicle treated group as compared to the
No (untreated) group. However, the level of GLUT4, insulin and IRS-1 transcript were remarkably
enhanced after treatment with α-cubebenoate although the rate of increase was variable (Figure 8).
The above results indicate that α-cubebenoate treatment can induce a recovery of insulin receptor
signaling molecule expression through the suppression of inflammasome activation.
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Figure 8. Transcription level of insulin receptor signaling molecules. After collection of total RNA from
MDI-stimulated 3T3-L1 adipocytes treated with α-cubebenoate, the mRNA levels of GLUT4, insulin and
IRS-1 genes were measured by RT-qPCR as described in materials and methods. The data represents
the means ± SD of duplicates. * indicates p < 0.05 compared to the No (untreated) group. # indicates
p < 0.05 compared to the MDI+Vehicle treated group. OT; orlistat, MDI; adipogenic cocktail consisting
of 3-isobutyl-1-methylxanthine, dexamethasone, and insulin, LoCB; low concentration (10 µg/mL)
of α-cubebenoate, MiCB; middle concentration (20 µg/mL) of α-cubebenoate, HiCB; high concentration
(30 µg/mL) of α-cubebenoate.

3. Discussion

α-cubebenoate has received significant attention as a new candidate compound for treatment of
certain diseases, including inflammatory disease, sepsis and allergy [3–5]. Its therapeutic role in lipid
metabolism and related-inflammatory reactions is an important area of research, due to the rising
role of obesity in the development of several metabolic diseases. Our study aimed to obtain scientific
evidence on the role of α-cubebenoate as a lipogenesis inhibitor, lipolysis stimulator and inflammasome
suppressor in 3T3-L1 adipocytes and primary adipocytes. The results of the present study suggest
that α-cubebenoate inhibits lipid accumulation in MDI-stimulated 3T3-L1 adipocytes through the
suppression of adipogenic transcription factors and stimulation of lipogenic proteins during the early
stage of MDI-stimulated adipocytes differentiation. Our results also show that α-cubebenoate inhibits
inflammasome activation and downregulates the release of inflammasome-related cytokines as well as
upregulates inflammasome-derived insulin receptor signaling.

Furthermore, 3T3-L1 preadipocyte has the ability to differentiate into adipocyte cells and is one
of most well-known adipocytes used in anti-obesity drug studies [20,21]. During the differentiation
of fibroblast-like preadipocytes into mature lipid accumulated and insulin-responsive adipocytes,
two adipogenic transcription factors (PPARγ and C/EBPα) and lipogenic proteins (aP2 and FAS)
play an important role [22,23]. The former triggers the expression of adipocyte-specific proteins in the
intermediate stage of adipocyte differentiation, while the latter induces the production and maintenance
of adipocyte phenotypes in the late stage [21,24]. Therefore, these factors have been widely used as key
markers to identify novel compounds with anti-obesity activity. In 3T3-L1 preadipocytes, the levels of
these four markers were significantly enhanced after differentiation [25–27]. Several single compounds
such as eupatilin [28], resveratrol [29], zeaxanthin [30] and ramalin [31] are known to effectively
inhibit the expression of these four markers four markers in MDI-stimulated differentiated adipocytes
although the compounds displayed variable levels of inhibition. In this study, we measured the levels
of the four markers to verify the inhibitory effect of α-cubebenoate on adipogenesis and lipogenesis
in MDI-stimulated 3T3-L1 adipocytes. α-cubebenoate inhibited the expression of two adipogenic
transcription factors and lipogenic proteins in our study. Similar results have been reported in previous
studies. Therefore, these results provide scientific evidence to suggest that α-cubebenoate can act as a
novel adipogenesis and lipogenesis inhibitor.

Further, in this study, the stimulatory activity of α-cubebenoate on lipolysis was determined using
glycerol assay in primary adipocytes and western blot in MDI-stimulated 3T3-L1 adipocytes. As shown
in Figure 5, α-cubebenoate treatment had a significant stimulatory effect on lipolysis, although the rate of
increase was different with each factor. However, lipolytic effects of a single compound with anti-obesity
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activity has not been determined in earlier studies. Treatment with resveratrol has been shown to
reduce glycerol release and perilipin expression in TNF-α-stimulated 3T3-L1 adipocytes, while a similar
effect was detected in MDI-stimulated 3T3-L1 cells treated with morusin [29,32]. Also, the expression
level of perilipin mRNA was suppressed with zeaxanthin treatment in MDI-stimulated 3T3-L1 cells [30].
The results of these single compounds in MDI-stimulated 3T3-L1 adipocytes were similar to those
seen in our study. Therefore, the results of our study appear to suggest that α-cubebenoate may
have a specific function as a lipolysis stimulator. However, our study has been carried out through
limited analyses of glycerol release only in primary adipocytes and lipolytic proteins expression only
in MDI-stimulated 3T3-L1 adipocytes.

Inflammasomes are formed as a molecular platform when the activation of NLRP3 and HIN-200
protein, absent in melanoma 2 (AIM2), ASC and pro-caspase-1 during the cellular stress response.
These complexes stimulate autoactivation of caspase-1 and subsequently induce the activation of
mediators of inflammation and immune response, including IL-1β and IL-18 [19]. During this activation,
IL-1β triggers the secretion of IL-6 and TNF-α to regulate cell migration and infiltration, while IL-18
induces the recruitment and activation of immune cells [33]. Meanwhile, some compounds specifically
inhibit activation of NLRP3 inflammasome and cytokine production in adipocytes although NLRP3
inflammasomes were activated in obesity-induced inflammation [17,18]. Sodium butyrate (NaB)
inhibits the activation of NLRP3 inflammasome and cytokine expression in 3T3-L1 adipocytes pretreated
with TNF-α to mimic the inflammatory state [34]. Hydrogen sulfide (H2S) inhibits the expression
of inflammasome regulators, and the production of IL-1β and IL-18 in 3T3-L1 adipocytes during
high glucose (HG)-induced NLRP3 inflammasome activation [35]. Thus, the results of the current
study are consistent with previous studies wherein we detected a decrease in the expression of three
inflammasome regulators and five cytokine transcriptions in MDI-stimulated 3T3-L1 adipocytes after
α-cubebenoate treatment. Our results primarily provide scientific evidence for the molecular mechanism
of the anti-inflammatory effect of α-cubebenoate on inflammatory response in MDI-stimulated of
3T3-L1 adipocytes.

4. Materials and Methods

4.1. Purification of α-Cubebenoate

α-Cubebenoate (Figure 1A) was isolated and purified as described in a previous study [3].
Briefly, the fruits of S. chinensis (Turcz.) Baill were collected in September 2010 in Moonkyong,
South Korea and identified by Professor Young Whan Choi, Department of Horticultural Bioscience,
Pusan National University. A voucher specimen (accession no. SC-PDRL-2) has been deposited in the
Herbarium at the Pusan National University.

To isolate α-cubebenoate, the dried fruits of S. chinensis (1.0 kg) were ground to a fine powder.
The active ingredient was extracted successively with n-hexane (3 L) at room temperature. The hexane
extract (158 g) was in vacuo evaporated and 50 g was chromatographed on a Diaion HP20 (250–850 µm;
Sigma-Aldrich, St. Louis, MO, USA) column (40× 8 cm2) using EtOH, chloroform, and hexane to obtain
7 fractions. The first fraction (17SCH1, 22.95 g) was separated on a silica gel column (80 × 6.5 cm2)
sequentially with 0.5% acetone, 25% acetone, and 25% MeOH in CHCl3 to obtain 19 fractions. The 3rd
fraction (17SCH1IC, 430.2 mg) was separated on a Sephadex column (100 × 3.0 cm2) using 50% MeOH
in CHCl3 to obtain 21 fractions, and the 2nd fraction (17SCH1ICIB, 161.9 mg) was separated on a
silica gel column (60 × 2.0 cm2) using 5% acetone in CH2Cl2 to obtain 6 fractions. The 3rd fraction
(17SCH1ICIBIC, 130.4 mg) was then separated on a Sephadex column (100 × 3.0 cm2) using 50% MeOH
in CH2Cl2 to obtain 3 fractions. Finally, the first fraction (17SCH1ICIBICIA, 101.9 mg) was separated on
a silica gel column (73 × 3.0 cm2) using 50% CH2Cl2 in hexane to yield α-cubebenoate (17SCH1ICIAIL,
20.8 mg) (Figure 9).
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Figure 9. Schematic procedure of α-cubebenoate preparation. After preparation of fine powder of
S.chinensis, α-cubebenoate was extracted through six times of chromatography using EtOH, CHCl3,
MeOH, and CH2Cl2 as described in the Materials and Methods.

4.2. Cell Culture and Adipocyte Differentiation

It is known that 3T3-L1 preadipocytes have the potential to differentiate into adipocyte-like phenotypes.
The cells were obtained from the American Type Culture Collection (Mannassas, VA, USA). Cells were
cultured in Dulbecco Modified Eagle’s Medium (DMEM, Welgene, Gyeongsan-si, Korea) supplemented
with 10% fetal bovine serum (FBS, Welgene), L-glutamine, penicillin, and streptomycin (Thermo Scientific,
Waltham, MA, USA), in a humidified incubator at 37 ◦C under 5% CO2 and 95% fresh air. Differentiation
of 3T3-L1 preadipocytes was induced following a previously described method [36]. Briefly, cells were
grown to more than 80–90% confluence (differentiation day 0). Normalmedia was then replaced
with differentiation medium (MDI) containing 3-isobutyl-1-methylxanthine (0.5 mM, Sigma-Aldrich Co.),
dexamethasone (1 µM, Sigma-Aldrich Co.) and insulin (5 µg/mL, Sigma-Aldrich Co.) in DMEM
supplemented with 10% fetal bovine serum (FBS). After two days (differentiation day 2), cells were
maintained in DMEM supplemented with 10% FBS and 5 µg/mL insulin for two more days
(differentiation day 4), followed by culturing for an additional four days in DMEM supplemented with
10% FBS (differentiation day 8). Finally, α-cubebenoate was added to the medium at three different
concentrations (10, 20, and 30 µg/mL in dimethyl sulfoxide (DMSO) solution, Duchefa Biochemie,
Haarlem, Netherlands) throughout the entire culture period (differentiation day 0 to day 8).

4.3. Cell Viability Assay

Cell viability was determined using the tetrazolium compound
3-[4,5-dimethylthiazol-2-yl]-2,5diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich Co.).
To determine the cell viability, 3T3-L1 adipocytes were seeded at a density of 1 × 104 cells/0.2 mL and
grown for 24 h in a 37 ◦C incubator. When the cells attained 70–80% confluence, they were treated with
Vehicle (DMSO, a solvent for melting α-cubebenoate), OT (40 µg/mL, Sigma-Aldrich Co.), 10 µg/mL of
α-cubebenoate (LoCB), 20 µg/mL of α-cubebenoate (MiCB), or 30 µg/mL of α-cubebenoate (HiCB).
Following incubation for 24 h, the supernatants of the 3T3-L1 adipocytes were discarded, after which
0.2 mL of fresh DMEM media and 50 µL of MTT solution (2 mg/mL in PBS) were added to each well.
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Cells were then incubated at 37 ◦C for 4 h, after which the formazan precipitate was dissolved in
DMSO and the absorbance was read at 570 nm using a VERSA max Plate reader (Molecular Devices,
Sunnyvale, CA, USA).

4.4. ORO Staining

Lipid accumulation was detected in 3T3-L1 adipocytes after staining with ORO dye, as described
in previous reports [37]. Briefly, adipocytes of the subset group were fixed with 4% formaldehyde
for 60 min and washed three times with distilled water, after which they were incubated with 0.5%
ORO dye (Sigma-Aldrich Co.) in 100% isopropanol (Sigma-Aldrich Co.) for 30 min at room temperature.
After washing three times with distilled water, the stained fat droplets in the adipocytes were observed
microscopically at 100×magnification (Leica Microsystems, Wetzlar, Germany). The color intensity of
stained lipid droplets was measured under the Image J 1.52a program (NIH, Bethesda, ML, USA).

4.5. Isolation and Culture of Primary Adipocytes from SD Rats

The protocol for animal experiments was reviewed and approved by the Pusan National University
Institutional Animal Care and Use Committee (PNU-IACUC; Approval Number PNU-2017-1461).
All Sprague-Dawley (SD) rats were handled at the Pusan National University-Laboratory Animal
Resources Center, which is accredited by the Korea Food and Drug Administration (FDA)
(Accredited Unit Number-000231) and AAALAC International (Accredited Unit Number; 001525).
Eight-week-old male SD rats were purchased from Samtako Bio Korea Inc. (Osan, Korea) and provided
with ad libitum access to water and a standard irradiated chow diet (Samtako Bio Korea Inc.). During
the experiment, rats were maintained in a specific pathogen-free state (SPF) under a strict light cycle
(lights on at 08:00 and off at 20:00) at 23 ± 2 ◦C and 50 ± 10% relative humidity.

To isolate primary adipocytes from adipose tissue of rats, the intra-abdominal adipose tissues were
collected from the adult SD rats. This tissue (30 g) was minced in 5 mL of DMEM supplemented with
1 mg/mL type I collagenase (Worthington Biochemical Co., Freehold, NJ, USA) and 1% bovine serum
albumin (BSA) (MP Biomedicals, Illkirch, France), and subsequently incubated at 37 ◦C for 30 min
in a shaking incubator (JSR, Gongju-City, Korea). The homogenate of the minced adipose tissue was
filtered through a 100 µm nylon mesh and washed three times in KRBH (Krebs ringer/HEPES solution:
25 mM NaHCO3, 125 mM NaCl, 5 mM glucose, 2.5 mM KCl, 1.25 mM NaH2PO4, 2 mM CaCl2, 1 mM
MgCl2, 25 mM HEPES) containing 1% BSA. Finally, after centrifugation, the pellets of the harvested
adipocytes were resuspended in KRBH containing 3% BSA. Primary adipocytes were cultured in
KRBH supplemented with 3% BSA and maintained in a humidified incubator at 37 ◦C under 5% CO2

and 95% air. Thereafter, the adipocytes were seeded onto 24-well plates for each experimental protocol
and incubated with different concentrations of α-cubebenoate to measure the release of free glycerol.

4.6. Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) Analysis

The mRNA levels of PPARγ, C/EBPα, aP2, and FAS were measured by RT-qPCR as previously
described [38]. Briefly, total RNA molecules were purified from the cultured cells using RNAzol
(Tel-Test Inc., Friendswood, TX, USA). After quantification of RNA using a NanoDrop system
(Biospecnano, Shimadzu Biotech, Kyoto, Japan), the complement DNA (cDNA) was synthesized
using a mixture of total RNA (5 µg), oligo-dT primer (Invitrogen, Carlsbad, CA, USA), dNTP and
reverse transcriptase (Superscript II, 18064-014, Invitrogen, 200 U/µL). qPCR was conducted with a
cDNA template and 2× Power SYBR Green (Toyobo Co., Osaka, Japan) using the following cycles:
15 s at 95 ◦C, 30 s at 55 ◦C, and 60 s at 70 ◦C. The primer sequences for target gene expression
identification were as follows: PPARγ, sense primer: 5′-GAG TTC ATG CTT GTG AAG GAT GCA
AGG-3′, anti-sense primer: 5′-CAT ACT CTG TGA TCT CTT GCA CG-3′; C/EBPα, sense primer:
5′-GTG GAC AAG AAC AGC AAC GAG TAC-3′, anti-sense primer: 5′-GGA ATC TCC TAG TCC
TGG CTT GC-3′; FAS, sense primer: 5′-GAT CCT GGA ACG AGA ACA CGA TCT GG-3′; anti-sense
primer: 5′-AGA CTG TGG AAC ACG GTG GTG GAA CC-3′; aP2, sense primer: 5′-GAA CCT GGA
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AGC TTG TCT CCA GTG-3′; anti-sense primer: 5′-GAT GCT CTT CAC CTT CCT GTC GTC TGC-3′;
GLUT4, sense primer: 5′-CTA GCT GAG CTG AAG GAT GAG AAA C -3′, anti-sense primer: 5′-GTC
GTC CAG CTC GTT CTA CTA AGA G-3′; Insulin, sense primer: 5′-ACC TGG TAG AGG CTC TCT
ACC TGG TGT G-3′, anti-sense primer: 5′-GTT GCA GTA GTT CTC CAG CTG GTA GAG-3′; IRS-1,
sense primer: 5′-GAG ATC TCG AAC TGA GAG CAT CAC TGC-3′, anti-sense primer: 5′-CAC TGG
TAC TAC TAG ATG ACA GAC TC-3′; NF-κB, sense primer: 5′-GTA AC A GCA GGA CCC AAG
GA-3′, anti-sense primer: 5′-AGC CCC TAA TAC ACG CCT CT-3′; TNF-α, sense primer: 5′-CCT GTA
GCC CAC GTC GTA GC-3′, anti-sense primer: 5′-TTG ACC TCA GCG CTG ACT TG-3′; IL-6, sense
primer: 5′-CTC TCT GCA AGA GAC TTC CAT CCA G -3′, anti-sense primer: 5′-GCT ATG GTA CTC
CAG AAG ACC AGA GG-3′; IL-18, sense primer: 5′-GTA CAA AGA CAG TGA AGT AAG AGG ACT
G-3′, anti-sense primer: 5′-CTC CAT CTT GTT GTG TCC TGG AAC ACG-3′; IL-1β, sense primer:
5′-CTG TCC TGA TGA GAG CAT CCA GCT TC-3′, anti-sense primer: 5′-GTT GCT TGG TTC TTC
TTG TAC AAA GCT C-3′; β-actin, sense primer: 5′-TGG AAT CCT GTG GCA TCC ATG AAA C-3′,
anti-sense primer: 5′-TAA AAC GCA GCT CAG TAA CAG TCC G-3′. The reaction cycle during which
PCR products exceeded this fluorescence intensity threshold during the exponential phase of the PCR
amplification was considered the threshold cycle (Ct). Following Livak and Schmittgen’s method,
the expression of the target gene was quantified relative to that of the housekeeping gene β-actin,
based on a comparison of the Cts at a constant fluorescence intensity [39].

4.7. Western Blot Analysis

For the Western blot assay, total protein of 3T3-L1 adipocytes was extracted using the Pro-Prep
Protein Extraction Solution (iNtRON Biotechnology, Seongnam, Korea), followed by quantification
using a SMARTTM BCA Protein Assay Kit (Thermo Scientific). Equal amounts of proteins (30 µg)
were loaded and separated by 4–20% sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) for 2 h, after which the resolved proteins were transferred to nitrocellulose membranes
for 2 h at 40 V. Each membrane was then incubated separately overnight at 4 ◦C with the following
primary antibodies, all procured from Cell Signaling Technology (Danvers, MA, USA) and diluted
1:1000: anti-perilipin antibody (Cell Signaling Technology), anti-p-perilipin antibody (Cell Signaling
Technology), anti-HSL antibody (Cell Signaling Technology), anti-p-HSL antibody (Cell Signaling
Technology), anti-ATGL antibody (Cell Signaling Technology), anti-NLRP3 antibody (Cell Signaling
Technology), anti-ASC antibody (Cell Signaling Technology), anti-Caspase-1 antibody (Cell Signaling
Technology), and anti-β-actin antibodies (Cell Signaling Technology).The probed membranes were
then washed with washing buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 0.05% Tween 20)
and incubated with 1:1000 diluted horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG
(Invitrogen) at room temperature for 1 h. Finally, the membrane blots were developed using Amersham
ECL Select Western Blotting detection reagent (GE Healthcare, Little Chalfont, UK). The chemiluminescence
signals that originated from specific bands were detected using FluorChemi®FC2 (Alpha Innotech Co.,
San Leandro, CA, USA).

4.8. Cell Cycle Assay

The cell cycle of 3T3-L1 adipocytes was evaluated using a Muse™Cell Cycle Kit (MCH100106, Millipore
Co., Billerica, MA, USA) according to the manufacturer’s instructions. Briefly, 3T3-L1 adipocytes were
cultured in 100 mm2 dishes (3 × 105 cells/dish), then treated with MDI and three different concentrations
of α-cubebenoate (10, 20, and 30 µg/mL) for 24 h. Total cells from subset groups were harvested by
centrifugation at 3000× g for 5 min and fixed with 70% EtOH at 20 ◦C for 3 h. The fixed cells were
washed with 1× PBS and resuspended in 200 µL of cell cycle reagent. Following incubation at 37 ◦C in
a CO2 incubator for 30 min, cell cycles were analyzed using FACS (Millipore Co.).
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4.9. Measurement of Free Glycerol Release

Free glycerol release from primary adipocytes was measured using the free glycerol reagent
(Sigma-Aldrich Co.) as described in a previous study [32]. To measure the glycerol level, primary adipocytes
were seeded at a density of 2 × 105 cells/mL in KRBH and cultured in a 37 ◦C incubator. After 1 h,
they were either No (untreated), treated with Vehicle (DMSO), or pretreated with 40 µg/mL of OT
or 10, 20, and 30 µg/mL of α-cubebenoate. Following incubation for 24 h, the culture medium was
collected from the primary adipocytes, treated with α-cubebenoate and heated at 65 ◦C for 15 min to
inactivate any enzymes released by the adipocytes. The inactivated medium (10 µL) was then mixed
with 200 µL of glycerol detection reagent, after which the absorbance was read at 540 nm using a Vmax
plate reader (Molecular Devices).

4.10. Statistical Significance Analysis

Statistical significance was evaluated using a one-way analysis of variance (ANOVA) (SPSS for
Windows, Release 10.10, Standard Version, Chicago, IL, USA) followed by Tukey’s post hoc t-test
for multiple comparison. All data were expressed as the means ± SD. A p value less than 0.05 was
considered statistically significant.

5. Conclusions

In the present study, we identified the novel function and molecular mechanism of action of
α-cubebenoate on lipogenesis, lipolysis, and inflammatory response in adipocytes. Our results provide
scientific evidence that α-cubebenoate inhibits lipogenesis through its effects on the expression of
adipogenic factors and cell cycle arrest, while it stimulates lipolysis via the regulation of major
lipid droplet-associated proteins in differentiated adipocytes. The results further suggest that
α-cubebenoate suppresses inflammasome activation and inflammatory cytokine expression in the
same cells. However, additional studies for analyses of molecular mechanisms in vivo in obese animal
models are needed to clarify the role of α-cubebenoate as a lipogenesis inhibitor, lipolysis stimulator,
and inflammasome activation inhibitor. In addition, some of the important problems such as extraction
yield, purity and economics will be encountered during the large-scale production and purification of
α-cubebenoate.

Author Contributions: Conceptualization, D.Y.H.; methodology, D.Y.H. and S.J.B.; validation, S.J.B., Y.J.C. and
Y.-W.C.; formal analysis, S.J.B.; investigation, S.J.B., Y.J.C., S.J.L. and J.E.G.; data curation, S.J.B. and J.E.K.;
writing—original draft preparation, D.Y.H.; writing—review & editing, Y.-W.C.; visualization, D.Y.H. and S.J.B.;
supervision, D.Y.H.; project administration, D.Y.H.; funding acquisition, D.Y.H. All authors have read and agreed
to the published version of the manuscript.

Funding: This work was supported by Basic Science Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Education (2019R1A2C108414011 and 2019R1A2C108414012). This study
was supported by the BK21 FOUR project through the National Research Foundation of Korea (NRF) funded by
the Ministry of Education, Korea.

Acknowledgments: We thank Jin Hyang Hwang, the animal technician, for directing the animal care at the
Laboratory Animal Resources Center in Pusan National University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nowak, A.; Zakłos-Szyda, M.; Błasiak, J.; Nowak, A.; Zhang, Z.; Zhang, B. Potential of Schisandra chinensis
(Turcz.) Baill. in human health and nutrition: A review of current knowledge and therapeutic perspectives.
Nutrients 2019, 11, 333. [CrossRef] [PubMed]

2. Lu, Y.; Chen, D.F. Analysis of Schisandra chinensis and Schisandra sphenanthera. J. Chromatogr. A 2019,
1216, 1980–1990. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/nu11020333
http://www.ncbi.nlm.nih.gov/pubmed/30720717
http://dx.doi.org/10.1016/j.chroma.2008.09.070
http://www.ncbi.nlm.nih.gov/pubmed/18849034


Molecules 2020, 25, 4995 15 of 16

3. Kang, S.R.; Lee, K.P.; Park, S.J.; Noh, D.Y.; Kim, J.M.; Moon, H.R.; Lee, Y.G.; Choi, Y.W.; Im, D.S. Identification
of a novel anti-inflammatory compound, α-cubebenoate from Schisandra chinensis. J. Ethnopharmacol. 2014,
153, 242–249. [CrossRef] [PubMed]

4. Kook, M.S.; Lee, S.K.; Kim, S.D.; Lee, H.Y.; Hwang, J.S.; Choi, Y.W.; Bae, Y.S. Anti-septic activity of
α-cubebenoate isolated from Schisandra chinensis. BMB Rep. 2015, 6, 336–341. [CrossRef]

5. Lee, K.P.; Kang, S.R.; Park, S.J.; Kim, J.M.; Lee, J.M.; Lee, A.Y.; Chung, H.Y.; Choi, Y.W.; Lee, Y.G.; Im, D.S.
Anti-allergic effect of α-cubebenoate isolated from Schisandra chinensis using in vivo and in vitro experiments.
J. Ethnopharmacol. 2015, 173, 361–369. [CrossRef] [PubMed]

6. Mohamed, G.A.; Ibrahim, S.R.M.; Elkhayat, E.S.; Dine, R.S.E. Natural anti-obesity agents. Bull. Fac. Pharm.
Cairo Univ. 2014, 52, 269–284. [CrossRef]

7. Mayer, M.A.; Hocht, C.; Puyo, A.; Taira, C.A. Recent advances in obesity pharmacotherapy. Curr. Clin. Pharmacol.
2009, 4, 53–61. [CrossRef]

8. Awad, A.B.; Begdache, L.A.; Fink, C.S. Effect of sterols and fatty acids on growth and triglyceride accumulation
in 3T3-L1 cells. J. Nutr. Biochem. 2000, 11, 153–158. [CrossRef]

9. Naaz, A.; Yellayi, S.; Zakroczymski, M.A.; Bunick, D.; Doerge, D.R.; Lubahn, D.B.; Helferich, W.G.; Cooke, P.S.
The soy isoflavone genistein decreases adipose deposition in mice. Endocrinology 2003, 144, 3315–3320. [CrossRef]

10. Hsu, H.K.; Yang, Y.C.; Hwang, J.H.; Hong, S.J. Effects of Toona sinensis leaf extract on lipolysis in differentiated
3T3-L1 adipocytes. Kaohsiung. J. Med. Sci. 2003, 19, 385–390.

11. Ku, H.C.; Chang, H.H.; Liu, H.C.; Hsiao, C.H.; Lee, M.J.; Hu, Y.J.; Hung, P.F.; Liu, C.W.; Kao, Y.H. Green tea
(-)-epigallocatechin gallate inhibits insulin stimulation of 3T3-L1 preadipocyte mitogenesis via the 67-kDa
laminin receptor pathway. Am. J. Physiol. Cell Physiol. 2009, 297, 121–132. [CrossRef]

12. Hwang, J.T.; Lee, M.S.; Kim, H.J.; Sung, M.J.; Kim, H.Y.; Kim, M.S.; Kwon, D.Y. Antiobesity effect of ginsenoside
Rg3 involves the AMPK and PPAR-gamma signal pathways. Phytother. Res. 2009, 23, 262–266. [CrossRef]

13. Weisberg, S.P.; Leibel, R.; Tortoriello, D.V. Dietary curcumin significantly improves obesity-associated
inflammation and diabetes in mouse models of diabesity. Endocrinology 2008, 149, 3549–3558. [CrossRef] [PubMed]

14. Birari, R.B.; Gupta, S.; Mohan, G.; Bhutani, K.K. Antiobesity and lipid lowering effects of Glycyrrhiza chalcones:
Experimental and computational studies. Phytomedicine 2011, 18, 795–801. [CrossRef] [PubMed]

15. Yang, J.Y.; Lee, S.J.; Park, H.W.; Cha, Y.S. Effect of genistein with carnitine administration on lipid parameters
and obesity in C57BL/6J mice fed a high-fat diet. J. Med. Food 2006, 9, 459–467. [CrossRef]

16. Shimoda, H.; Seki, E.; Aitani, M. Inhibitory effect of green coffee bean extract on fat accumulation and body
weight gain in mice. BMC Complement. Altern. Med. 2006, 6, 9–13. [CrossRef]

17. Stienstra, R.; Joosten, L.A.; Koenen, T.; Van Tits, B.; Van Diepen, J.A.; Van Den Berg, S.A.; Rensen, P.C.;
Voshol, P.J.; Fantuzzi, G.; Hijmans, A.; et al. The inflammasome-mediated caspase-1 activation controls
adipocyte differentiation and insulin sensitivity. Cell Metab. 2010, 12, 593–605. [CrossRef] [PubMed]

18. Vandanmagsar, B.; Youm, Y.H.; Ravussin, A.; Galgani, J.E.; Stadler, K.; Mynatt, R.L.; Ravussin, E.;
Stephens, J.M.; Dixit, V.D. The NLRP3 inflammasome instigates obesity-induced inflammation and insulin
resistance. Nat. Med. 2011, 17, 179–188. [CrossRef]

19. Lukens, J.R.; Dixit, V.D.; Kanneganti, T.D. Inflammasome activation in obesity-related inflammatory diseases
and autoimmunity. Discov. Med. 2011, 12, 65–74.

20. Liu, L.H.; Wang, X.K.; Hu, Y.D.; Kang, J.L.; Wang, L.L.; Li, S. Effects of a fatty acid synthase inhibitor on
adipocyte differentiation of mouse 3T3-L1 cells. Acta Pharmacol. Sin. 2004, 25, 1052–1057.

21. Gregoire, F.M.; Smas, C.M.; Sul, H.S. Understanding adipocyte differentiation. Physicol. Rev. 1998, 78,
783–809. [CrossRef] [PubMed]

22. Kim, W.K.; Lee, C.Y.; Kang, M.S.; Kim, M.H.; Ryu, Y.H.; Bae, K.H.; Shin, S.J.; Lee, S.C.; Ko, Y. Effects of leptin
on lipid metabolism and gene expression of differentiation-associated growth factors and transcription factors
during differentiation and maturation of 3T3-L1 preadipocytes. Endocr. J. 2008, 55, 827–837. [CrossRef]

23. Kubota, N.; Terauchi, Y.; Miki, H.; Tamemoto, H.; Yamauchi, T.; Komeda, K.; Satoh, S.; Nakano, R.; Ishii, C.;
Sugiyama, T.; et al. PPAR gamma mediates high-fat diet-induced adipocyte hypertrophy and insulin
resistance. Mol. Cell 1999, 4, 597–609. [CrossRef]

24. Tang, Q.Q.; Lane, M.D. Activation and centromeric localization of CCAAT/enhancer-binding proteins during
the mitotic clonal expansion of adipocyte differentiation. Genes Dev. 1999, 13, 2231–2241. [CrossRef]

25. Tontonoz, P.; Hu, E.; Spiegelman, B.M. Stimulation of adipogenesis in fibroblasts by PPAR gamma 2,
a lipid-activated transcription factor. Cell 1994, 79, 1147–1156. [CrossRef]

http://dx.doi.org/10.1016/j.jep.2014.02.027
http://www.ncbi.nlm.nih.gov/pubmed/24561384
http://dx.doi.org/10.5483/BMBRep.2015.48.6.202
http://dx.doi.org/10.1016/j.jep.2015.07.049
http://www.ncbi.nlm.nih.gov/pubmed/26253578
http://dx.doi.org/10.1016/j.bfopcu.2014.05.001
http://dx.doi.org/10.2174/157488409787236128
http://dx.doi.org/10.1016/S0955-2863(99)00087-X
http://dx.doi.org/10.1210/en.2003-0076
http://dx.doi.org/10.1152/ajpcell.00272.2008
http://dx.doi.org/10.1002/ptr.2606
http://dx.doi.org/10.1210/en.2008-0262
http://www.ncbi.nlm.nih.gov/pubmed/18403477
http://dx.doi.org/10.1016/j.phymed.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21315569
http://dx.doi.org/10.1089/jmf.2006.9.459
http://dx.doi.org/10.1186/1472-6882-6-9
http://dx.doi.org/10.1016/j.cmet.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21109192
http://dx.doi.org/10.1038/nm.2279
http://dx.doi.org/10.1152/physrev.1998.78.3.783
http://www.ncbi.nlm.nih.gov/pubmed/9674695
http://dx.doi.org/10.1507/endocrj.K08E-115
http://dx.doi.org/10.1016/S1097-2765(00)80210-5
http://dx.doi.org/10.1101/gad.13.17.2231
http://dx.doi.org/10.1016/0092-8674(94)90006-X


Molecules 2020, 25, 4995 16 of 16

26. Yeh, W.C.; Cao, Z.; Classon, M.; McKnight, S.L. Cascade regulation of terminal adipocyte differentiation by
three members of the C/EBP family of leucine zipper proteins. Genes Dev. 1995, 9, 168–181. [CrossRef]

27. Hwang, D.I.; Won, K.J.; Kim, D.Y.; Kim, B.K.; Lee, H.M. Cinnamyl alcohol, the bioactive component of
chestnut flower absolute, inhibits adipocyte differentiation in 3T3-L1 cells by downregulating adipogenic
transcription factors. Am. J. Chin. Med. 2017, 45, 833–846. [CrossRef] [PubMed]

28. Kim, J.S.; Lee, S.G.; Min, K.; Kwon, T.K.; Kim, H.J.; Nam, J.O. Eupatilin inhibits adipogenesis through
suppression of PPARγ activity in 3T3-L1 cells. Biomed. Pharmacother. 2018, 103, 135–139. [CrossRef] [PubMed]

29. Chang, C.C.; Lin, K.Y.; Peng, K.Y.; Day, Y.J.; Hung, L.M. 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.
Endor. J. 2016, 63, 169–178. [CrossRef] [PubMed]

30. Liu, M.; Liu, H.; Xie, J.; Xu, Q.; Pan, C.; Wang, J.; Wu, X.; Zheng, M.; Liu, J. Anti-obesity effects of zeaxanthin
on 3T3-L1 pradipocyte and high fat induced obese mice. Food Funct. 2017, 8, 3327–3338. [CrossRef]

31. Kim, S.Y.; Jang, Y.J.; Park, B.K.; Yim, J.H.; Lee, H.K.; Rhee, D.K.; Pyo, S.K. Ramalin inhibits differentiation
of 3T3-L1 preadipocytes and suppresses adiposity and body weight in a high-fat diet-fed C57BL/6J mice.
Chem. Biol. Interact. 2016, 257, 71–80. [CrossRef]

32. Lee, M.R.; Kim, J.E.; Choi, J.Y.; Park, J.J.; Kim, H.R.; Song, B.R.; Park, J.W.; Kang, M.J.; Choi, Y.W.;
Kim, K.M.; et al. Morusin functions as a lipogenesis inhibitor as well as a lipolysis stimulator in differentiated
3T3-L1 and primary adipocytes. Molecules 2018, 23, 2004. [CrossRef] [PubMed]

33. Sims, J.E.; Smith, D.E. The IL-1 family: Regulators of immunity. Nat. Rev. Immunol. 2010, 10, 89–102.
[CrossRef] [PubMed]

34. Wang, X.; He, G.; Peng, Y.; Zhong, W.; Wang, Y.; Zhanga, B. Sodium butyrate alleviates adipocyte inflammation
by inhibiting NLRP3 pathway. Sci. Rep. 2015, 5, 12676. [CrossRef]

35. Hu, T.X.; Zhang, N.N.; Ruan, Y.; Tan, Q.Y.; Wang, J. Hydrogen sulfide modulates high glucose-induced NLRP3
inflammasome activation in 3T3-L1 adipocytes. Exp. Ther. Med. 2020, 19, 771–776. [CrossRef] [PubMed]

36. Park, H.J.; Cho, J.Y.; Kim, M.K.; Koh, P.O.; Cho, K.W.; Kim, C.H.; Lee, K.S.; Chung, B.Y.; Kim, G.S.; Cho, J.H.
Anti-obesity effect of Schisandra chinensis in 3T3-L1 cells and high fat diet-induced obese rats. Food Chem.
2012, 134, 227–234. [CrossRef]

37. Kim, C.W.; Kim, J.H.; Oh, E.Y.; Nam, D.W.; Lee, S.G.; Lee, J.H.; Kim, S.H.; Sim, B.S.; Ahn, K.S. Blockage of
STAT3 signaling pathway by morusin induces apoptosis and inhibits invasion in human pancreatic tumor
cells. Pancreas 2016, 45, 409–419. [CrossRef] [PubMed]

38. Jeong, Y.S.; Jung, H.K.; Cho, K.H.; Youn, K.S.; Hong, J.H. Anti-obesity effect of grape skin extract in 3T3-L1
adipocytes. Food Sci. Biotechnol. 2011, 20, 635–642. [CrossRef]

39. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2(−∆∆C(T)) method. Methods 2001, 25, 402–408. [CrossRef]

Sample Availability: Samples of the α-cubebenoate are available from the authors.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1101/gad.9.2.168
http://dx.doi.org/10.1142/S0192415X17500446
http://www.ncbi.nlm.nih.gov/pubmed/28490236
http://dx.doi.org/10.1016/j.biopha.2018.03.073
http://www.ncbi.nlm.nih.gov/pubmed/29649628
http://dx.doi.org/10.1507/endocrj.EJ15-0545
http://www.ncbi.nlm.nih.gov/pubmed/26698690
http://dx.doi.org/10.1039/C7FO00486A
http://dx.doi.org/10.1016/j.cbi.2016.07.034
http://dx.doi.org/10.3390/molecules23082004
http://www.ncbi.nlm.nih.gov/pubmed/30103469
http://dx.doi.org/10.1038/nri2691
http://www.ncbi.nlm.nih.gov/pubmed/20081871
http://dx.doi.org/10.1038/srep12676
http://dx.doi.org/10.3892/etm.2019.8242
http://www.ncbi.nlm.nih.gov/pubmed/31885713
http://dx.doi.org/10.1016/j.foodchem.2012.02.101
http://dx.doi.org/10.1097/MPA.0000000000000496
http://www.ncbi.nlm.nih.gov/pubmed/26646273
http://dx.doi.org/10.1007/s10068-011-0090-x
http://dx.doi.org/10.1006/meth.2001.1262
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Cytotoxicity of -Cubebenoate Against 3T3-L1 Adipocytes 
	Inhibitory Effects of -Cubebenoate on Lipid Accumulation 
	Inhibitory Effects of -Cubebenoate on the Regulation of Adipogenesis and Lipogenesis 
	Regulatory Effects of -Cubebenoate on the Cell Cycle of 3T3-L1 Adipocyte 
	Stimulatory Effects of -Cubebenoate on the Regulation of Lipolysis 
	Suppression of Inflammasome Activation by -Cubebenoate 
	Suppressive Effects of -Cubebenoate on the Expression of Inflammasome-Related Cytokines 
	Inhibitory Effects of -Cubebenoate on the Development of Insulin-Resistance 

	Discussion 
	Materials and Methods 
	Purification of -Cubebenoate 
	Cell Culture and Adipocyte Differentiation 
	Cell Viability Assay 
	ORO Staining 
	Isolation and Culture of Primary Adipocytes from SD Rats 
	Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) Analysis 
	Western Blot Analysis 
	Cell Cycle Assay 
	Measurement of Free Glycerol Release 
	Statistical Significance Analysis 

	Conclusions 
	References

