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Abstract: Limonoids are phytochemicals with a variety of biological properties. In the present
study, we elucidated the molecular mechanism of suppression of adipogenesis in adipocytes by a
limonoid, 7-deacetoxy-7-oxogedunin (CG-1) from Carapa guianensis (Meliaceae), known as andiroba.
CG-1 reduced the accumulation of intracellular triglycerides in a concentration-dependent manner.
The expression levels of the adipogenic, lipogenic, and lipolytic genes were decreased by CG-1
treatment, whereas the glycerol release level was not affected. When CG-1 was added into the medium
during days 0-2 of 6-days-adipogenesis, the accumulation of intracellular lipids and the mRNA levels
of the adipogenesis-related genes were decreased. In addition, the phosphorylation level of insulin
receptor substrate-1 (IRS-1) and Akt in the early phase of adipocyte differentiation (within 1 day
after initiating adipocyte differentiation) was reduced by CG-1. Furthermore, insulin-activated
translocation of glucose transporter 4 to the plasma membranes in adipocytes was suppressed by
CG-1, followed by decreased glucose uptake into the cells. These results indicate that an andiroba
limonoid CG-1 suppressed the accumulation of intracellular lipids in the early phase of adipocyte
differentiation through repression of IRS-1/Akt-mediated glucose uptake in adipocytes.
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1. Introduction

Obesity is now a public health problem both in developed and developing countries [1]. Obesity is
defined as an abnormal increase in adipose tissue mass, and is associated with the occurrence of
lifestyle-related diseases such as hyperlipidemia, diabetes mellitus, hypertension, and cardiovascular
disease [1–3]. Adipocytes are specialized cells that store lipids as an energy source to regulate lipid
metabolism and energy balance in the body. However, an excess amount of lipid accumulation in
adipose cells results in obesity. Therefore, elucidation of the regulation mechanism of adipocyte
differentiation is critical to control adipogenesis and obesity and to develop anti-obesity medicines.

Adipocyte differentiation is influenced by various factors such as hormones, growth factors, gene
expression, and environmental conditions. Adipocyte differentiation (adipogenesis) proceeds via a
multi-step process, which includes a cascade of various transcription factors and cell-cycle proteins [4].
During adipogenesis, several key transcription factors such as CCAAT/enhancer-binding proteins

Molecules 2019, 24, 1668; doi:10.3390/molecules24091668 www.mdpi.com/journal/molecules

http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0002-2506-0769
http://www.mdpi.com/1420-3049/24/9/1668?type=check_update&version=1
http://dx.doi.org/10.3390/molecules24091668
http://www.mdpi.com/journal/molecules


Molecules 2019, 24, 1668 2 of 14

(C/EBPs), peroxisome proliferator-activated receptor γ (PPARγ), and sterol regulatory element-binding
protein-1 (SREBP-1) play central roles in the regulation of adipocyte differentiation by controlling the
transcription of many types of adipogenesis-related genes [4,5].

Insulin is also important in the control of adipogenesis. Insulin regulates a variety of physiological
effects such as metabolisms, cell growth, and differentiation in a variety of cells and tissues [6].
The skeletal muscle, adipose tissue, and liver are major target tissues of insulin [7]. However, the
actions of insulin are different in each tissue [7]. In adipose tissue, insulin enhances the intracellular
uptake of glucose [8] and fatty acids, and inhibits lipolysis [9]. Insulin binds with insulin receptors
(IRs) on the cell surface, followed by promoting phosphorylation of the IR itself and insulin receptor
substrates (IRSs). Subsequently, phosphorylated IRS-1 activates the downstream molecules such as
phosphoinositide 3-kinase (PI3K) and Akt, known as protein kinase B. Then, Akt activates various
events such as the translocation of glucose transporters (GLUT) to the plasma membranes to promote
intracellular glucose uptake [6].

Limonoids are phytochemicals that are abundantly present in citrus fruits [10]. Citrus limonoids
are highly oxygenated triterpenoids that are mainly found in the Rutaceae and Meliaceae families [11].
Limonin was the first identified and is the most abundant limonoid in citrus [12]. Carapa guianensis
Aublet, known as andiroba, belongs to the family Meliaceae, and is a large neotropical tree found mainly
in South America [13,14]. The oil from andiroba seeds is used as a medicinal plant in the Amazon
rainforest region [15]. Andiroba seeds display a variety of biological activities; i.e., anti-malarial [16],
anti-allergy [17,18], anti-inflammatory [19], and antioxidant [20] effects. Andiroba seeds are rich in
limonoids [21], and various limonoids have been isolated from the seeds of andiroba. Among them,
7-deacetoxy-7-oxogedunin (CG-1) is a major limonoid in the seeds of andiroba that inhibited LPS-induced
activation of macrophages and decreased sensitivity to tumor necrosis factor-α in hepatocytes [22]. In
addition, some limonoids, e.g., nomilin [11], obacunone [23], ceramicine B [24], and kihadanin B [25]
showed anti-adipogenic and anti-obesity effects. Thus, it can be expected that a limonoid CG-1 has also
a variety of biological activities. In the present study, we investigated the anti-adipogenic effect of a
limonoid CG-1 from andiroba seeds and elucidated its molecular mechanism in adipocytes.

2. Results

2.1. Extraction, Purification, and Structural Identification of the Limonoid CG-1

Andiroba limonoids were extracted from the seeds of C. guianensis, Meliaceae with methanol and
purified as described previously [26]. The limonoid CG-1 (Figure 1A) was purified from andiroba seeds,
and the purity was determined by HPLC with refractive index detection. The purity of isolated CG-1
was at least 99% (Figure 1B). The chemical structure was confirmed by nuclear magnetic resonance
(data not shown).
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2.2. Decrease in Lipid Accumulation by CG-1

The WST-8 assay was carried out to determine the cell toxic effect of CG-1 on mouse 3T3-L1 cells.
No significant cytotoxicity was observed at concentrations up to 10 µM CG-1 (Figure 2A). Next, we
investigated the effect of CG-1 on adipocyte differentiation and on the lipid accumulation in 3T3-L1
cells. The cells were differentiated into adipocytes in the medium containing various concentrations
of CG-1 (0–10 µM) for 6 days. Oil Red O staining showed that CG-1 lowered the accumulation of
intracellular lipids in a concentration-dependent manner (Figure 2B).
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Figure 2. Suppression of intracellular lipid accumulation by CG-1. (A) Cytotoxicity of CG-1 in 3T3-L1
cells. The cells were incubated for 6 days in DMEM with various concentrations of CG-1 (0-10 µM).
Data show the means ± S.D. from three experiments. (B) Oil Red O staining of intracellular lipid
droplets. 3T3-L1 cells (undifferentiated cells: U) were differentiated into adipocytes (D) for 6 days in
DMEM with various concentrations of CG-1 (0–10 µM). The cells were observed by a microscope (200x).
Scale bar = 200 µm. (C) The intracellular triglyceride level. 3T3-L1 cells (undifferentiated cells: U; white
column) were differentiated (D) into adipocytes for 6 days in DMEM without (gray column) or with
CG-1 (0.5, 1, 5, 10 µM; black columns). Data are presented as the means ± S.D. from three experiments.
* p < 0.01, ** p < 0.05, as indicated by the brackets.
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The intracellular triglyceride level was decreased in a concentration-dependent manner and was
lowered by approximately 50% at 10 µM CG-1 in the adipocyte differentiated 3T3-L1 cells (Figure 2C).
These results indicate that CG-1 repressed the lipid accumulation in adipocytes. Thus, we used 10 µM
CG-1 in the subsequent experiments.

2.3. Effect of CG-1 on Expression of Adipogenic, Lipogenic, and Lipolytic Genes in Adipocytes

To investigate the mechanisms underlying suppression of adipogenesis by CG-1 in 3T3-L1 cells,
the mRNA levels of the adipogenic genes were measured by quantitative PCR. The mRNA levels
of the PPARγ, C/EBPα, and their target genes such as fatty acid binding protein 4 (aP2) and GLUT4
genes were enhanced approximately 47-, 15-, 1,354-, and 512-fold, respectively, during adipogenesis
(Figure 3A).
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Figure 3. Suppression of adipogenesis by CG-1 in 3T3-L1 cells. (A) Transcription levels of the
adipogenesis-related genes in CG-1-treated 3T3-L1 cells. The cells (undifferentiated cells: U; white
columns) were differentiated (D) into adipocytes for 6 days in DMEM without (gray columns) or with
CG-1 (10 µM; black columns). Results are presented as the means ± S.D. from three experiments.
* p < 0.01, ** p < 0.05, as indicated by the brackets. (B) Change in the protein levels in 3T3-L1 cells.
The cells were cultured as described in the legend of Figure 3A. Protein (15 µg) was loaded in each lane.
Data are representative of three experiments. β-actin was used as the internal control. γ1 and γ2 mean
PPARγ isoforms: PPARγ1 and PPARγ2, respectively. Data are representative of three experiments.
(C) Band intensity of Western blot analysis. About C/EBPα and GLUT4, both of these two bands were
measured and shown as the total in band intensity. Results are presented as the means ± S.D. * p < 0.01,
as indicated by the brackets. (D) Glycerol release level in 3T3-L1 cells. The cells were differentiated as
described in the legend of Figure 3A. Data are the means ± S.D. from three experiments. * p < 0.01, as
indicated by the bracket.
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On the contrary, when the cells were differentiated into adipocytes under the existence of CG-1
in the medium, the expression levels of these genes were decreased to about 63%, 45%, 65%, and
5%, respectively, of the vehicle-treated differentiated cells (Figure 3A). The transcription levels of
the lipogenic genes such as acetyl-CoA carboxylase (ACC), FAS, and stearoyl-CoA desaturase (SCD)
were enhanced by approximately 1.7-, 1.9-, and 23-fold, respectively, as compared with those of the
undifferentiated cells (Figure 3A). The mRNA levels of the ACC, FAS, and SCD genes were lowered
approximately 48%, 25%, and 90%, respectively, of the vehicle-treated differentiated cells by treating the
cells with CG-1 (Figure 3A). In addition, the mRNA expression levels of the lipolytic genes, adipocyte
triglyceride lipase (ATGL), HSL, and monoglyceride lipase (MGL) were enhanced by approximately
64-, 15-, and 27-fold, respectively, during adipogenesis (Figure 3A). In contrast, when the cells were
differentiated into adipocytes in the medium with CG-1, the mRNA levels of these lipolytic genes were
lowered to about 56%, 94%, and 34%, respectively, of those of the vehicle-treated differentiated cells
(Figure 3A). Moreover, Western blot analysis of PPARγ, C/EBPα, GLUT4, and FAS showed almost the
same results as those of the mRNA expression analysis (Figure 3B,C).

Then, we measured the glycerol release level to estimate the lipolytic ability in adipocytes. Glycerol
release was increased during adipogenesis (Figure 3D). When CG-1 was added to the medium during
adipogenesis of 3T3-L1 cells, the glycerol release level tended to decrease, as compared to that of
the vehicle-treated differentiated cells (Figure 3D). These results, taken together, indicate that CG-1
decreased the mRNA levels of the adipogenic, lipogenic, and lipolytic genes, but did not affect lipolysis
in adipocytes.

2.4. Suppression of Early Phase of Adipogenesis by CG-1

We investigated when CG-1 suppressed adipocyte differentiation during 6-days-adipogeneisis.
3T3-L1 cells were differentiated into adipocytes in the medium containing CG-1 during days 0–2, 2–4,
4–6, or 0–6, of 6-days-adipogenesis (Figure 4A). At day 6, the intracellular lipids were stained with
Oil Red O, and the intracellular triglyceride levels and the expression levels of the adipogenic genes
were measured. Intracellular lipids were accumulated during adipogenesis (Figure 4B,C), and their
accumulation was lowered when CG-1 was added into the medium during days 0–2 or days 0–6 of
6-days-adipogenesis (Figure 4B,C). On the contrary, when CG-1 was present in the medium during
days 2–4 or days 4–6 of 6-days-adipogenesis, a significant decrease in accumulation of intracellular
lipids was not observed, which was almost the same as that of the vehicle-treated differentiated cells
(Figure 4B,C). Moreover, the expression levels of the adipogenic PPARγ and aP2 genes were decreased
when CG-1 was added into the medium during days 0–2 and days 0–6 of 6-days-adipogenesis, whose
results well resembled to those during days 0–6 of 6-days-adipogenesis (Figure 4D). While, no change
in the expression of these genes was detected when CG-1 was added into the medium during days 2–4
and days 4–6 of 6-days-adipogenesis (data not shown). These results reveal that CG-1 lowered the
intracellular lipid accumulation by suppressing the progression in the early phase of adipogenesis.
However, the expression of C/EBPβ and C/EBPδ, which play central roles in the progression of the
early phase of adipocyte differentiation was not affected by treatment with CG-1 (data not shown).
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Figure 4. Adipocyte differentiation-phase-specific inhibition of adipogenesis by CG-1. (A) Addition of
CG-1 into the medium at the indicated time-points in 6-days-adipogenesis. (B) Oil Red O staining of
lipid droplets in phase-specific CG-1-treated 3T3-L1 cells. The cells (undifferentiated cells: U) were
differentiated into adipocytes (differentiated cells: D) in DMEM with CG-1 (10 µM) during days 0–6,
0–2, 2–4, or 4–6 of 6-days-adipogenesis. Data are representative of three experiments. The cells were
observed by a microscope (200×). Scale bar = 100 µm. (C) Intracellular triglyceride level in 3T3-L1 cells.
The cells (undifferentiated cells: U; white column) were differentiated into adipocytes (differentiated
cells: D) in DMEM without (gray column) or with CG-1 (10 µM; black columns) during days 0–6, 0–2,
2–4, or 4–6 of 6-days-adipogenesis. Results are shown as the means ± S.D. from three experiments.
* p < 0.01, as indicated by the brackets. (D) Suppression of adipogenesis-related gene expression in
the early phase of adipogenesis. Expression level of the adipogenic genes in CG-1-treated 3T3-L1
cells. The cells (undifferentiated cells: U; white columns) were differentiated (D) into adipocytes in
DMEM without (gray columns) or with CG-1 (10 µM; black columns) during days 0–6, 0–2, 2–4, or 4–6 of
6-days-adipogenesis. Results are expressed as the means ± S.D. from three experiments. * p < 0.01, as
indicated by the brackets.
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2.5. Inhibition of Activation of IRS-1/Akt Axis by CG-1

Insulin acts through the insulin receptor, which undergoes auto-phosphorylation and subsequently
phosphorylates IRS-1 [27], followed by activating the PI3K/Akt pathway [28]. We investigated the
effects of CG-1 on the IRS-1/Akt signaling and the suppression of adipogenesis of 3T3-L1 cells. IRS-1
was expressed in undifferentiated 3T3-L1 cells (0 h), and its expression was gradually increased up
until 24 h in the presence or absence of CG-1 (Figure 5A,B). In addition, IRS-1 was phosphorylated in
undifferentiated cells (0 h), and a higher phosphorylation level was maintained until 6 h after initial
adipocyte differentiation, and then its phosphorylation level was gradually decreased (Figure 5A,B).
In contrast, when the cells were differentiated in the presence of CG-1, phosphorylation level of IRS-1
was clearly decreased in the early phase (1-6 h after the initiation of adipocyte differentiation) of
adipogenesis (Figure 5A,B). These results indicate that CG-1 suppressed the phosphorylation of IRS-1
and Akt in the insulin signaling in the early phase of adipogenesis.
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Figure 5. Inhibition of activation of IRS-1/Akt axis by CG-1. (A) Expression and phosphorylation of
IRS-1, and Akt in CG-1-treated 3T3-L1 cells. The cells were differentiated into adipocytes for the indicated
time in DMEM with CG-1 (0 or 10 µM). Proteins (15 µg/lane) were subjected to SDS-PAGE-Western
blot analysis. Data are representative of three experiments. (B) Band intensity of Western blot analysis.
Results are presented as the means ± S.D. * p < 0.01, as indicated by the brackets.

2.6. Inhibition of Translocation of GLUT4 and Glucose Uptake by CG-1

GLUT4 is generally localized in the specialized compartments in the cytosol and is translocated to
the plasma membranes, in a process that is activated by insulin [29]. In order to investigate the effect of
CG-1 on GLUT4 translocation in adipocytes, the level of GLUT4 translocated onto the membranes was
examined by Western blot analysis. When the cells were stimulated with insulin, the GLUT4 level in
the membrane fractions was notably increased as compared with that of the untreated cells (Figure 6A).
In contrast, the GLUT4 level in the membranes of the insulin-treated cells was reduced when the cells
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were cultured in the medium containing insulin together with CG-1, although the all GLUT4 levels in
total protein fractions were almost the same (Figure 6A).

Then, we measured the glucose uptake level into the cells by using a fluorescent glucose analog,
2-NBDG. The fluorescent level in the cells was enhanced by treating with insulin (Figure 6B). In contrast,
when CG-1 was added to the medium prior to adding insulin, insulin-activated 2-NBDG uptake
was profoundly reduced (Figure 6B). These results, taken together, reveal that CG-1 repressed the
insulin-activated glucose uptake by suppressing translocation of GLUT4 onto the plasma membranes
in adipocytes.
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Figure 6. Suppression of GLUT4 translocation and glucose uptake in CG-1-treated 3T3-L1 cells.
(A) GLUT4 protein in the membrane- and total-fractions. 3T3-L1 cells were serum starved for 16 h
and cultured in DMEM with insulin (10 µg/mL) and/or CG-1 (10 µM) for 10 min after pre-treatment
with CG-1 (10 µM) for 1 h. The membrane fractions (membrane) were used for Western blot analysis.
Total GLUT4 (total) was detected as the input control. Protein (10 µg) was loaded in each lane. Data
are representative of three experiments. Band intensity was measured and calculated by MultiGauge
software. * p < 0.01 or ** p < 0.05, as indicated by the brackets. (B) Glucose uptake in 3T3-L1 cells.
The cells (undifferentiated cells: U; white columns) were differentiated into adipocytes (differentiated
cells: D) for 1 or 6 day in DMEM without (gray columns) or with CG-1 (10 µM; black columns). 2-NBDG
uptake level was measured by a fluorescent microplate reader. Results are the means ± S.D. from three
experiments. p < 0.01, as indicated by the bracket.

3. Discussion

Andiroba (Carapa guianensis) belongs to the Meliaceae family of plants that grow wild throughout
South America, and andiroba oil extracted from the seeds has been used in traditional medicine [14].
Andiroba oil is rich in limonoids such as 7-deacetoxy-7-oxogedunin (CG-1) [21,26]. Limonoids have
a variety of physiological abilities [10] including anti-adipogenic and anti-obesity effects [11,23–25].
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In fact, CG-1 has various physiological properties such as anti-malarial [16], anti-allergy [17,18],
anti-inflammatory [19], and antioxidant [20] activities. In this study, we found that a limonoid CG-1
purified from the seeds of andiroba, C. guianensis, Meliaceae showed anti-adipogenic effects in mouse
adipocyte 3T3-L1 cells. Our results are summarized in Figure 7.
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Figure 7. Schematic representation of CG-1-mediated suppression of intracellular lipid accumulation
in 3T3-L1 adipocytes.

Both transcriptional regulation and hormonal control are important in the regulation of
adipogenesis. Among the critical signaling involved in the regulation of adipogenesis, insulin
signaling is very important, because insulin signaling activates glucose uptake and inhibits lipolysis
in adipocytes [30,31]. Activation of IRS, a family of docking molecules connecting activation of IR,
is essential to activate the downstream kinase cascades, including PI3K and Akt. For activation of
IRS-1, its serine residue is phosphorylated, resulting in enhanced IRS-1-associated PI3K activities [32].
Phosphorylation of IRS-1 and Akt was enhanced in the early phase of adipogenesis, but repressed
by treatment with CG-1 (Figure 4A,B). Moreover, CG-1 suppressed the expression of adipogenic
genes such as PPARγ and C/EBPα (Figure 3A). In addition, the expression of lipogenic enzymes
was remarkably lowered by the treatment with CG-1 (Figure 6A,B). The expression of the FAS and
SCD genes are regulated by PPARγ in adipocytes [33,34]. Therefore, repression of PPARγ-mediated
activation of lipogenesis might be associated with the suppression of lipid accumulation by CG-1 in
adipocytes. The detail mechanism of CG-1-mediated repression of lipogenesis in adipocytes should be
further investigated.

Glucose uptake into the cells is regulated by GLUT proteins in mammals [35]. GLUT4 is a
member of glucose transporter and highly expressed in adipose tissues and muscles. GLUT4 plays
a critical role in the regulation of blood glucose homeostasis, which is stimulated by insulin [33]. In
fact, adipose-specific depletion of GLUT4 causes insulin resistance [36]. Translocation of GLUT4 to
the plasma membranes from intracellular GLUT4 storage vesicles in adipocytes was activated in
response to insulin [33]. Insulin signaling is closely associated with a variety of diseases such as obesity,
hyperglycemia, and metabolic syndrome [37,38]. Insulin is a trigger for activation of tyrosine kinase of
IR, which phosphorylates the tyrosine residue of IRS [27]. Upon activation by insulin, IRS binds to
several SH2 domain-containing proteins such as the regulatory subunit of PI3K, which subsequently
activates several downstream target proteins including Akt. Translocation of GLUT4 to the plasma
membranes are triggered by activated Akt. Thus, as CG-1 suppressed activation of the IRS-1/Akt axis,
translocation of GLUT4 was repressed. In this study, we demonstrated that CG-1 suppressed the
insulin-activated translocation of membranes of GLUT4 (Figure 6A), followed by decreasing in the
glucose uptake in adipocytes (Figure 6B). In addition, C/EBPα activates the expression of GLUT4 in
adipocytes [39]. CG-1 lowered the expression of C/EBPα and GLUT4 (Figure 3A). Thus, CG-1 repressed
the expression of GLUT4 by down-regulation of C/EBPα. Therefore, CG-1 lowered the accumulation
of intracellular lipids by suppressing insulin-activated translocation of GLUT4 through IRS-1/Akt
signaling in the early phase of adipogenesis and decreasing C/EBPα-activated GLUT4 expression.



Molecules 2019, 24, 1668 10 of 14

4. Conclusions

We demonstrate that the limonoid CG-1 from andiroba (Carapa guianensis, Meliaceae) seeds
decreased the intracellular lipid accumulation by reducing the IRS-1/Akt-mediated glucose uptake,
C/EBPα-mediated GLUT4 expression level, and by suppressing PPARγ expression in adipocytes. Thus,
the IRS-1/Akt signaling-mediated glucose uptake in the early phase of adipogenesis is critical in the
promotion of adipogenesis. Moreover, CG-1 suppressed PPARγ-mediated activation of lipogenesis
in adipocytes. In a future study, we should aim to elucidate the in vivo function of CG-1 as an
anti-obesity agent.

5. Materials and Methods

5.1. Materials

Insulin, 3-isobutyl-1-methylxanthine (IBMX), dexamethasone (Dex), and Oil Red O were obtained
from Sigma (St. Louis, MO, USA). 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose]
(2-NBDG) was purchased from Cayman Chemical (Ann Arbor, MI, USA). Anti-Akt (#9272; 1:500),
anti-phospho-Akt (p-Akt; Thr308; #9275; 1:500), and anti-C/EBPα (#2295; 1:1000) polyclonal antibodies
were from Cell Signaling (Danvers, MA, USA). Anti-GLUT4 (G4048; 1:1000) polyclonal and β-actin
(AC-15; A1978; 1:3000) monoclonal antibodies were from Sigma. Anti-PPARγ (H-100; 1:1000), anti-fatty
acid synthase (FAS; H-300; 1:1000), anti-IRS-1 (C-20; 1:500), and anti-phospho-IRS-1 (Tyr-632; 1:500)
polyclonal antibodies and anti-mouse, anti-rabbit, and anti-goat IgG, horseradish peroxidase-linked
secondary antibodies (1:1000) were from Santa Cruz Biotechnology Inc. (Dallas, TX, USA).

5.2. Purification of A Limonoid CG-1 from Andiroba

CG-1 was purified from the seeds of andiroba C. guianensis, Meliaceae and its chemical structure
was determined by nuclear magnetic resonance, as described previously [26]. The purity of CG-1 was
confirmed by HPLC [JASCO, Tokyo, Japan; solvent; acetonitrile: H2O=60: 40, column: COSMOSIL
5C18-MS (Nacalai Tesque, Kyoto, Japan)]. The purity of CG-1 was calculated by a JASCO 807-IT
integrator (JASCO).

5.3. Cell Culture

Mouse adipocyte 3T3-L1 cells (JCRB Cell Bank, National Institutes of Biomedical Innovation,
Health and Nutrition, Osaka, Japan) were cultured at 37 ◦C in a humidified atmosphere containing 5%
CO2. 3T3-L1 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma) including
10% (v/v) fetal calf serum (FCS), and penicillin (10,000 U/mL) and streptomycin (10,000 µg/mL; Nacalai
Tesque). For adipocyte differentiation, after the cells reached confluence, the cells were cultured in
DMEM containing 10 µg/mL insulin, 0.5 mM IBMX, and 1 µM Dex. After another 2 days, the cells were
differentiated into adipocytes in fresh DMEM containing insulin (10 µg/mL) alone for more 4 days.
Medium was changed every other day. CG-1 (0–10 µM) was added into the medium when the medium
was changed, unless otherwise noted. When intracellular lipid droplets were stained with Oil Red
O, cells were washed with PBS, and fixed with 10% (v/v) formaldehyde in PBS for 10 min. The lipid
droplets were then stained with Oil Red O solution in 60% (v/v) isopropanol at 20 ◦C. The subsequent
observation of stained lipid droplets were done with a CKX41 microscope (Olympus, Tokyo, Japan).

5.4. Cytotoxicity Assay

For investigating cytotoxicity, 3T3-L1 cells were grown in a 96-well plate in DMEM with various
concentrations (0–50 µM) of CG-1 for 6 days. The medium was changed every other day, and CG-1 was
added into the medium when the medium was replaced. Cytotoxicity was determined colorimetrically
by using a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the methods subscribed by
the supplier.
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5.5. Intracellular Triglyceride Level

3T3-L1 cells were differentiated into adipocytes for 6 days in DMEM in the presence or absence of
CG-1. Intracellular triglyceride levels were measured by using a WAKO LabAssay Triglyceride Kit
(FUJIFILM Wako Pure Chemical, Osaka, Japan). Protein concentrations were determined by the use of
a Pierce BCA Protein Assay Reagent (Thermo Fisher Scientific, Waltham, MA, USA). The intracellular
triglyceride concentration was normalized to the protein concentration.

5.6. Quantitative PCR

Total RNA was extracted by using RNAiso Plus (Takara-Bio, Kyoto, Japan) according to
the manufacturer’s instructions. The quality and concentration of total RNA were determined
spectrophotometrically by using a NanoDrop Lite UV-Vis Spectrophotometer (Thermo Fisher Scientific).
Total RNA (1 µg) was reverse-transcribed to cDNAs by using ReverTra Ace reverse transcriptase
(Toyobo, Osaka, Japan) and random hexamer primers (Takara-Bio) according to the manufacturer’s
protocols. Quantitative PCR was performed in an Applied Biosystems 7500 Real Time PCR System
(Thermo Fisher Scientific) using Power SYBR Green Master Mix (Thermo Fisher Scientific) and the
primer sets (Table 1). The comparative Ct method was employed to calculate the relative mRNA level
of the desired gene [40], and values were normalized to that of the TATA-binding protein (TBP) gene.

Table 1. Nucleotide sequences of primers used in quantitative PCR.

Gene Accession No. * Forward Primer Reverse Primer

PPARγ NM_011146 5’-CAAGAATACCAAAGTGCGATCAA-3′ 5′-GAGCTGGGTCTTTTCAGAATAATAAG-3′

C/EBPα NM_007678 5′-CTGGAAAGAAGGCCACCTC-3′ 5′-AAGAGAAGGAAGCGGTCCA-3′

aP2 NM_024406 5′-CAGCCTTTCTCACCTGGAAG-3′ 5′-TTGTGGCAAAGCCCACTC-3′

GLUT4 NM_009204 5′-GACGGACACTCCATCTGTTG-3′ 5′-GCCACGATGGAGACATAGC-3′

ACC NM_133360 5′-GCGTCGGGTAGATCCAGTT-3′ 5′-CTCAGTGGGGCTTAGCTCTG-3′

FAS NM_007988 5′-GTTGGGGGTGTCTTCAACC-3′ 5′-GAAGAGCTCTGGGGTCTGG-3′

SCD NM_009127 5′-CGTCTGGAGGAACATCATTCT-3′ 5′-CAGAGCGCTGGTCATGTAGT-3′

ATGL NM_001163689 5′-TGACCATCTGCCTTCCAGA-3′ 5′-TGTAGGTGGCGCAAGACA-3′

HSL NM_010719 5′-GCACTGTGACCTGCTTGGT-3′ 5′-CTGGCACCCTCACTCCATA-3′

MGL NM_011844 5′-TCGGAACAAGTCGGAGGT-3′ 5′-TCAGCAGCTGTATGCCAAAG-3′

TBP NM_013684 5′-GTGATGTGAAGTTCCCCATAAGG-3′ 5′-CTACTGAACTGCTGGTGGGTCA-3′

* DDBJ/ENA/GenBank database.

5.7. Glycerol Release Assay

3T3-L1 cells were differentiated into adipocytes for 5 days in DMEM in the presence or absence
of CG-1 (10 µM). At day 5, the medium was changed to phenol red-free DMEM (Sigma) including
insulin together with or without CG-1 (10 µM), and the cells were further cultured for one day. On day
6, the medium was collected and the levels of glycerol were measured by using a Free Glycerol Assay
Reagent (Cayman Chemical) according to the protocols prescribed by the supplier.

5.8. Western Blot Analysis

The cell lysates were prepared as described [41]. Protein concentrations were calculated as
described above. Proteins were subjected to SDS-PAGE gels, and transferred to polyvinylidene
difluoride membranes (Immobilon; Merck Millipore, Billerica, MA, USA). The blots were blocked
for 1 h in Blocking One (Nacalai Tesque), and incubated with appropriate primary antibody in
Tris-buffered saline containing 0.1% (v/v) Tween 20 for 1 h, followed by incubated with secondary
antibody, horseradish peroxidase-conjugate for 1 h. Immunoreactive signals were detected by using
ImmunoStar LD (FUJIFILM Wako Pure Chemical) or ECL Prime Western Blotting Detection Reagent
(GE Healthcare, Buckinghamshire, UK) and an LAS-3000 Luminoimage Analyzer (FUJIFILM, Tokyo,
Japan). Densitometric analysis of the bands was performed by using Multi Gauge software (FUJIFILM)
and Image J software [42].
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5.9. GLUT4 Translocation Assay

Preparation of membrane fractions for the detection of GLUT4 was performed as described
previously [43]. Briefly. 3T3-L1 cells were serum starved for 16 h, and prior to addition of 10 µg/mL
insulin into the medium, the cells were pre-treated with CG-1 (10 µM) for 1 h. Cells were incubated in
DMEM with or without 10 µg/mL insulin and/or 10 µM CG-1 for 10 min. Cells were washed twice with
PBS(-), collected, and homogenized in lysis buffer consisting of 50 mM Tris-Cl (pH 8.0), 0.5 mM DTT,
0.1% (v/v) Nonidet-P40, and protease inhibitor cocktails (total protein fractions). After centrifugation
(1000× g, 4 ◦C for 10 min), the pellets were dissolved in Tris buffer (50 mM, pH 8.0) containing 0.5 mM
DTT and protease inhibitor cocktails, followed by centrifugation again (1000× g, 4 ◦C for 10 min).
The pellets were re-dissolved in buffer containing 50 mM Tris-Cl (pH 8.0), 0.5 mM DTT, 1% (v/v)
Nonidet-P40, and protease inhibitor cocktails, and then centrifugation (16,000× g, at 4 ◦C for 20 min)
was carried out. The resultant supernatant fractions were further used as the membrane fractions.
Measurement of protein concentrations and Western blot analysis were performed as described above.

5.10. Glucose Uptake Assay

To investigate whether CG-1 affects glucose uptake into adipose cells, we performed a glucose
uptake assay by using 2-NBDG, a fluorescent glucose analog. 3T3-L1 cells were differentiated into
adipocytes in DMEM (high glucose: 4500 mg/L; Sigma) containing 10% (v/v) FCS and antibiotics as
described above. At day 6, the medium was changed to DMEM (low glucose: 1000 mg/L; Sigma)
containing antibiotics alone for 20 min. After discarding the medium, the cells were washed twice
with Hank’s Balanced Salt Solution (HBBS)(+) and incubated in HBSS(+) containing insulin (10 µg/mL)
for 20 min, followed by adding 2-NBDG (150 µg/mL) and incubating the cells for more 30 min.
The fluorescence level was measured using a multimode plate reader (Enspire 2300; excitation and
emission wavelengths of 485 nm and 535 nm, respectively; PerkinElmer, Waltham, MA, USA).

5.11. Statistical Analysis

Data are presented as the means ± standard deviation (S.D.). Comparisons of multiple groups
were analyzed by one-way ANOVA and a Tukey’s post-hoc test. To determine significant differences
between 2 groups, comparisons were made using Student’s t tests. p < 0.05 was considered significant.

Author Contributions: R.T., and K.F. conceived and designed the experiments; C.M., A.K., and R.T. performed
the experiments; C.M., A.K., R.T., and K.F. analyzed the data; C.M., A.K., R.T., and K.F. contributed
reagents/materials/analysis tools; K.F. wrote the paper.

Funding: This research received no external funding.

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

References

1. Finucane, M.M.; Stevens, G.A.; Cowan, M.J.; Danaei, G.; Lin, J.K.; Paciorek, C.J.; Singh, G.M.; Gutierrez, H.R.;
Lu, Y.; Bahalim, A.N.; et al. National, regional, and global trends in body-mass index since 1980: Systematic
analysis of health examination surveys and epidemiological studies with 960 country-years and 9.1 million
participants. Lancet 2011, 377, 557–567. [CrossRef]

2. Attie, A.D.; Scherer, P.E. Adipocyte metabolism and obesity. J. Lipid Res. 2009, 50, S395–S399. [CrossRef]
3. Cornier, M.A.; Dabelea, D.; Hernandez, T.L.; Lindstrom, R.C.; Steig, A.J.; Stob, N.R.; Van Pelt, R.E.; Wang, H.;

Eckel, R.H. The metabolic syndrome. Endocr. Rev. 2008, 29, 777–822. [CrossRef]
4. Ali, A.T.; Hochfeld, W.E.; Myburgh, R.; Pepper, M.S. Adipocyte and adipogenesis. Eur. J. Cell Biol. 2013, 92,

229–236. [CrossRef] [PubMed]
5. Lefterova, M.I.; Lazar, M.A. New developments in adipogenesis. Trends Endocrinol. Metab. 2009, 20, 107–114.

[CrossRef]
6. Haeusler, R.A.; McGraw, T.E.; Accili, D. Biochemical and cellular properties of insulin receptor signalling.

Nat. Rev. Mol. Cell Biol. 2018, 19, 31–44. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(10)62037-5
http://dx.doi.org/10.1194/jlr.R800057-JLR200
http://dx.doi.org/10.1210/er.2008-0024
http://dx.doi.org/10.1016/j.ejcb.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23876739
http://dx.doi.org/10.1016/j.tem.2008.11.005
http://dx.doi.org/10.1038/nrm.2017.89
http://www.ncbi.nlm.nih.gov/pubmed/28974775


Molecules 2019, 24, 1668 13 of 14

7. Baron, A.D. Hemodynamic actions of insulin. Am. J. Physiol. 1994, 267, E187–E202. [CrossRef]
8. Jaldin-Fincati, J.R.; Pavarotti, M.; Frendo-Cumbo, S.; Bilan, P.J.; Klip, A. Update on GLUT4 vesicle traffic:

A cornerstone of insulin action. Trends Endocrinol. Metab. 2017, 28, 597–611. [CrossRef] [PubMed]
9. Morigny, P.; Houssier, M.; Mouisel, E.; Langin, D. Adipocyte lipolysis and insulin resistance. Biochimie 2016,

125, 259–266. [CrossRef]
10. Gualdani, R.; Cavalluzzi, M.M.; Lentini, G.; Habtemariam, S. The chemistry and pharmacology of citrus

limonoids. Molecules 2016, 21, 1530. [CrossRef] [PubMed]
11. Ono, E.; Inoue, J.; Hashidume, T.; Shimizu, M.; Sato, R. Anti-obesity and anti-hyperglycemic effects of the

dietary citrus limonoid nomilin in mice fed a high-fat diet. Biochem. Biophys. Res. Commun. 2011, 410,
677–681. [CrossRef] [PubMed]

12. Higby, R.H. The bitter constituents of navel and Valencia oranges. J. Am. Chem. Soc. 1938, 60, 3013–3018.
[CrossRef]

13. Costa-Silva, J.H.; Lima, C.R.; Silva, E.J.; Araujo, A.V.; Fraga, M.C.; Ribeiro, E.R.A.; Arruda, A.C.;
Lafayette, S.S.; Wanderley, A.G. Acute and subacute toxicity of the Carapa guianensis Aublet (Meliaceae) seed
oil. J. Ethnopharmacol. 2008, 116, 495–500. [CrossRef] [PubMed]

14. Henriques, M.; Penido, C. The therapeutic properties of Carapa guianensis. Curr. Pharm. Des. 2014, 20,
850–856. [CrossRef]

15. Martins, K.; Raposo, A.; Klimas, C.A.; Veasey, E.A.; Kainer, K.; Wadt, L.H. Pollen and seed flow patterns of
Carapa guianensis Aublet. (Meliaceae) in two types of Amazonian forest. Genet. Mol. Biol. 2012, 35, 818–826.
[CrossRef] [PubMed]

16. Miranda Junior, R.N.; Dolabela, M.F.; da Silva, M.N.; Povoa, M.M.; Maia, J.G. Antiplasmodial activity of the
andiroba (Carapa guianensis Aubl., Meliaceae) oil and its limonoid-rich fraction. J. Ethnopharmacol. 2012, 142,
679–683. [CrossRef] [PubMed]

17. Penido, C.; Costa, K.A.; Pennaforte, R.J.; Costa, M.F.; Pereira, J.F.; Siani, A.C.; Henriques, M.G. Anti-allergic
effects of natural tetranortriterpenoids isolated from Carapa guianensis Aublet on allergen-induced vascular
permeability and hyperalgesia. Inflamm. Res. 2005, 54, 295–303. [CrossRef] [PubMed]

18. Penido, C.; Costa, K.A.; Costa, M.F.; Pereira Jde, F.; Siani, A.C.; Henriques, M. Inhibition of allergen-induced
eosinophil recruitment by natural tetranortriterpenoids is mediated by the suppression of IL-5, CCL11/eotaxin
and NF-κB activation. Int. Immunopharmacol. 2006, 6, 109–121. [CrossRef]

19. Penido, C.; Conte, F.P.; Chagas, M.S.; Rodrigues, C.A.; Pereira, J.F.; Henriques, M.G. Antiinflammatory effects
of natural tetranortriterpenoids isolated from Carapa guianensis Aublet on zymosan-induced arthritis in mice.
Inflamm. Res. 2006, 55, 457–464. [CrossRef]

20. Araujo-Lima, C.F.; Fernandes, A.S.; Gomes, E.M.; Oliveira, L.L.; Macedo, A.F.; Antoniassi, R.; Wilhelm, A.E.;
Aiub, C.A.F.; Felzenszwalb, I. Antioxidant activity and genotoxic assessment of crabwood (andiroba, Carapa
guianensis Aublet) seed oils. Oxid. Med. Cell Longev. 2018, 2018, 3246719. [CrossRef]

21. Oliveira, I.; Moragas Tellis, C.J.; Chagas, M.; Behrens, M.D.; Calabrese, K.D.S.; Abreu-Silva, A.L.;
Almeida-Souza, F. Carapa guianensis Aublet (andiroba) seed oil: Chemical composition and antileishmanial
activity of limonoid-rich fractions. Biomed. Res. Int. 2018, 2018, 5032816. [CrossRef]

22. Ninomiya, K.; Miyazawa, S.; Ozeki, K.; Matsuo, N.; Muraoka, O.; Kikuchi, T.; Yamada, T.; Tanaka, R.;
Morikawa, T. Hepatoprotective limonoids from andiroba (Carapa guianensis). Int. J. Mol. Sci. 2016, 17, 591.
[CrossRef] [PubMed]

23. Horiba, T.; Katsukawa, M.; Mita, M.; Sato, R. Dietary obacunone supplementation stimulates muscle
hypertrophy, and suppresses hyperglycemia and obesity through the TGR5 and PPARγ pathway.
Biochem. Biophys. Res. Commun. 2015, 463, 846–852. [CrossRef]

24. Wong, C.P.; Kaneda, T.; Hadi, A.H.; Morita, H. Ceramicine B, a limonoid with anti-lipid droplets accumulation
activity from Chisocheton ceramicus. J. Nat. Med. 2014, 68, 22–30. [CrossRef]

25. Baba, S.; Ueno, Y.; Kikuchi, T.; Tanaka, R.; Fujimori, K. A limonoid Kihadanin B from immature Citrus unshiu
peels suppresses adipogenesis through repression of the Akt-FOXO1-PPARγ axis in adipocytes. J. Agric.
Food Chem. 2016, 64, 9607–9615. [CrossRef]

26. Tanaka, Y.; Yamada, T.; In, Y.; Muraoka, O.; Kajimoto, T.; Tanaka, R. Absolute stereostructure of andirolides
A–G from the flower of Carapa guianensis (Meliaceae). Tetrahedron 2011, 67, 782–792. [CrossRef]

27. Boucher, J.; Kleinridders, A.; Kahn, C.R. Insulin receptor signaling in normal and insulin-resistant states.
Cold Spring Harb. Perspect. Biol. 2014, 6. [CrossRef]

http://dx.doi.org/10.1152/ajpendo.1994.267.2.E187
http://dx.doi.org/10.1016/j.tem.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28602209
http://dx.doi.org/10.1016/j.biochi.2015.10.024
http://dx.doi.org/10.3390/molecules21111530
http://www.ncbi.nlm.nih.gov/pubmed/27845763
http://dx.doi.org/10.1016/j.bbrc.2011.06.055
http://www.ncbi.nlm.nih.gov/pubmed/21693102
http://dx.doi.org/10.1021/ja01279a056
http://dx.doi.org/10.1016/j.jep.2007.12.016
http://www.ncbi.nlm.nih.gov/pubmed/18281172
http://dx.doi.org/10.2174/13816128113199990048
http://dx.doi.org/10.1590/S1415-47572012005000068
http://www.ncbi.nlm.nih.gov/pubmed/23271944
http://dx.doi.org/10.1016/j.jep.2012.05.037
http://www.ncbi.nlm.nih.gov/pubmed/22659195
http://dx.doi.org/10.1007/s00011-005-1357-6
http://www.ncbi.nlm.nih.gov/pubmed/16134059
http://dx.doi.org/10.1016/j.intimp.2005.07.011
http://dx.doi.org/10.1007/s00011-006-5161-8
http://dx.doi.org/10.1155/2018/3246719
http://dx.doi.org/10.1155/2018/5032816
http://dx.doi.org/10.3390/ijms17040591
http://www.ncbi.nlm.nih.gov/pubmed/27104518
http://dx.doi.org/10.1016/j.bbrc.2015.06.022
http://dx.doi.org/10.1007/s11418-013-0755-2
http://dx.doi.org/10.1021/acs.jafc.6b04521
http://dx.doi.org/10.1016/j.tet.2010.11.028
http://dx.doi.org/10.1101/cshperspect.a009191


Molecules 2019, 24, 1668 14 of 14

28. Mackenzie, R.W.; Elliott, B.T. Akt/PKB activation and insulin signaling: A novel insulin signaling pathway in
the treatment of type 2 diabetes. Diabetes Metab. Syndr. Obes. 2014, 7, 55–64. [CrossRef] [PubMed]

29. Huang, S.; Czech, M.P. The GLUT4 glucose transporter. Cell Metab. 2007, 5, 237–252. [CrossRef] [PubMed]
30. Miki, H.; Yamauchi, T.; Suzuki, R.; Komeda, K.; Tsuchida, A.; Kubota, N.; Terauchi, Y.; Kamon, J.; Kaburagi, Y.;

Matsui, J.; et al. Essential role of insulin receptor substrate 1 (IRS-1) and IRS-2 in adipocyte differentiation.
Mol. Cell. Biol. 2001, 21, 2521–2532. [CrossRef]

31. Rosen, E.D.; MacDougald, O.A. Adipocyte differentiation from the inside out. Nat. Rev. Mol. Cell Biol. 2006,
7, 885–896. [CrossRef] [PubMed]

32. Petersen, K.F.; Shulman, G.I. Etiology of insulin resistance. Am. J. Med. 2006, 119, S10–S16. [CrossRef]
[PubMed]

33. Blanchard, P.G.; Festuccia, W.T.; Houde, V.P.; St-Pierre, P.; Brule, S.; Turcotte, V.; Cote, M.; Bellmann, K.;
Marette, A.; Deshaies, Y. Major involvement of mTOR in the PPARgamma-induced stimulation of adipose
tissue lipid uptake and fat accretion. J. Lipid Res. 2012, 53, 1117–1125. [CrossRef] [PubMed]

34. Yao-Borengasser, A.; Rassouli, N.; Varma, V.; Bodles, A.M.; Rasouli, N.; Unal, R.; Phanavanh, B.;
Ranganathan, G.; McGehee, R.E., Jr.; Kern, P.A. Stearoyl-coenzyme A desaturase 1 gene expression increases
after pioglitazone treatment and is associated with peroxisomal proliferator-activated receptor-gamma
responsiveness. J. Clin. Endocrinol. Metab. 2008, 93, 4431–4439. [CrossRef] [PubMed]

35. Deng, D.; Yan, N. GLUT, SGLT, and SWEET: Structural and mechanistic investigations of the glucose
transporters. Protein Sci. 2016, 25, 546–558. [CrossRef]

36. Abel, E.D.; Peroni, O.; Kim, J.K.; Kim, Y.B.; Boss, O.; Hadro, E.; Minnemann, T.; Shulman, G.I.; Kahn, B.B.
Adipose-selective targeting of the GLUT4 gene impairs insulin action in muscle and liver. Nature 2001, 409,
729–733. [CrossRef] [PubMed]

37. Guo, S. Insulin signaling, resistance, and the metabolic syndrome: Insights from mouse models into disease
mechanisms. J. Endocrinol. 2014, 220, T1–T23. [CrossRef] [PubMed]

38. Rask-Madsen, C.; Kahn, C.R. Tissue-specific insulin signaling, metabolic syndrome, and cardiovascular
disease. Arterioscler. Thromb. Vasc. Biol. 2012, 32, 2052–2059. [CrossRef]

39. Kaestner, K.H.; Christy, R.J.; Lane, M.D. Mouse insulin-responsive glucose transporter gene: Characterization
of the gene and trans-activation by the CCAAT/enhancer binding protein. Proc. Natl. Acad. Sci. USA 1990,
87, 251–255. [CrossRef]

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

41. Watanabe, M.; Hisatake, M.; Fujimori, K. Fisetin suppresses lipid accumulation in mouse adipocytic 3T3-L1
cells by repressing GLUT4-mediated glucose uptake through inhibition of mTOR-C/EBPα signaling. J. Agric.
Food Chem. 2015, 63, 4979–4987. [CrossRef] [PubMed]

42. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods
2012, 9, 671–675. [CrossRef] [PubMed]

43. Nishiumi, S.; Ashida, H. Rapid preparation of a plasma membrane fraction from adipocytes and muscle cells:
Application to detection of translocated glucose transporter 4 on the plasma membrane. Biosci. Biotechnol.
Biochem. 2007, 71, 2343–2346. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.

© 2019 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/10.2147/DMSO.S48260
http://www.ncbi.nlm.nih.gov/pubmed/24611020
http://dx.doi.org/10.1016/j.cmet.2007.03.006
http://www.ncbi.nlm.nih.gov/pubmed/17403369
http://dx.doi.org/10.1128/MCB.21.7.2521-2532.2001
http://dx.doi.org/10.1038/nrm2066
http://www.ncbi.nlm.nih.gov/pubmed/17139329
http://dx.doi.org/10.1016/j.amjmed.2006.01.009
http://www.ncbi.nlm.nih.gov/pubmed/16563942
http://dx.doi.org/10.1194/jlr.M021485
http://www.ncbi.nlm.nih.gov/pubmed/22467681
http://dx.doi.org/10.1210/jc.2008-0782
http://www.ncbi.nlm.nih.gov/pubmed/18697866
http://dx.doi.org/10.1002/pro.2858
http://dx.doi.org/10.1038/35055575
http://www.ncbi.nlm.nih.gov/pubmed/11217863
http://dx.doi.org/10.1530/JOE-13-0584
http://www.ncbi.nlm.nih.gov/pubmed/24431466
http://dx.doi.org/10.1161/ATVBAHA.111.241919
http://dx.doi.org/10.1073/pnas.87.1.251
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1021/acs.jafc.5b00821
http://www.ncbi.nlm.nih.gov/pubmed/25945786
http://dx.doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://dx.doi.org/10.1271/bbb.70342
http://www.ncbi.nlm.nih.gov/pubmed/17827673
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Extraction, Purification, and Structural Identification of the Limonoid CG-1 
	Decrease in Lipid Accumulation by CG-1 
	Effect of CG-1 on Expression of Adipogenic, Lipogenic, and Lipolytic Genes in Adipocytes 
	Suppression of Early Phase of Adipogenesis by CG-1 
	Inhibition of Activation of IRS-1/Akt Axis by CG-1 
	Inhibition of Translocation of GLUT4 and Glucose Uptake by CG-1 

	Discussion 
	Conclusions 
	Materials and Methods 
	Materials 
	Purification of A Limonoid CG-1 from Andiroba 
	Cell Culture 
	Cytotoxicity Assay 
	Intracellular Triglyceride Level 
	Quantitative PCR 
	Glycerol Release Assay 
	Western Blot Analysis 
	GLUT4 Translocation Assay 
	Glucose Uptake Assay 
	Statistical Analysis 

	References

