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ABSTRACT

2,6-Dimethoxy-1,4-benzoquinone is a natural phytochemical
present in fermented wheat germ. It has been reported to ex-
hibit anti-inflammatory, antitumor, and antibacterial activ-
ities. However, the anti-adipogenic effects of 2,6-dimethoxy-
1,4-benzoquinone and the mechanisms responsible have not
previously been elucidated. Such findings may have ramifica-
tions for the treatment of obesity. 2,6-Dimethoxy-1,4-benzo-
quinone (5 and 7.5 uM) significantly reduced the expression of
various adipogenic transcription factors, including peroxisome
proliferator-activated receptor-y and CCAAT/enhancer bind-
ing protein o as well as adipocyte protein 2 and fatty acid syn-
thase. 2,6-Dimethoxy-1,4-benzoquinone upregulated AMP-
dependent protein kinase phosphorylation and inhibited the
mature form of sterol regulatory element-binding protein 1c.
Notably, 2,6-dimethoxy-1,4-benzoquinone attenuated mam-
malian target of rapamycin complex 1 activity in 3T3-L1 and
mouse embryonic fibroblast cells. These findings highlight a
potential role for 2,6-dimethoxy-1,4-benzoquinone in the
suppression of adipogenesis. Further studies to determine the
anti-obesity effects of 2,6-dimethoxy-1,4-benzoquinone in
animal models appear warranted.

Introduction

Benzoquinones have been reported to play important roles in bio-
energetic transport, oxidative phosphorylation, electron trans-
port processes, and the inhibition of adipogenesis [1-4]. 2,6-
Dimethoxy-1,4-benzoquinone (DMBQ) is a natural phytochemical
present in fermented wheat germ [5], and has been reported to
exhibit various biological properties including anti-inflammatory,
antitumor, and antibacterial activities [6-8]. Recent research has
shown that wheat germ extract elicits anti-adipogenic and anti-
oxidant effects in 3T3-L1 adipocytes [9]. However, the effect of
DMBQ on adipocyte differentiation has not been previously inves-
tigated.

Obesity is a common metabolic disorder in developed coun-
tries and is associated with metabolic syndrome, which broadly in-

cludes insulin resistance, type 2 diabetes, hyperglycemia, dyslipid-
emia, and various types of cancer [10-13]. An imbalance of en-
ergy intake and expenditure results in the enlargement of adipo-
cytes and their proliferation by adipogenesis, the process by
which a preadipocyte transforms into a mature adipocyte via the
alteration of cellular, morphological, and biochemical properties
within adipose tissue [14-18]. Numerous transcription factors, in-
cluding CCAAT/enhancer binding protein o (C/EBP-a) and peroxi-
some proliferator-activated receptor-y (PPAR-y), play a pivotal role
in the formation of mature adipocytes [19]. Lipid synthesis pro-
teins such as fatty acid synthase (FAS) and sterol regulatory ele-
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ment-binding protein (SREBP) are involved in fatty acid and cho-
lesterol synthesis, and contribute toward lipid homeostasis.

AMP-dependent protein kinase (AMPK) is activated via eleva-
tion of the AMP/ATP ratio, and is a key regulator and energy sen-
sor that integrates nutrients, hormones, and stress signals to
maintain whole-body energy balance [20,21]. AMPK inhibits the
ATP consumption pathway, which includes fatty acid and choles-
terol synthesis, by interfering with transcription factors and meta-
bolic enzymes such as SREBP-1, acetyl-CoA carboxylase 1 (ACC1),
and HMG-CoA reductase [22]. AICAR (5-Aminoimidazole-4-car-
boxamide ribonucleotide) is an activator of AMPK and suppresses
lipid synthesis during adipocyte differentiation by regulating 5-ox-
idation-related proteins [23,24]. For this reason, AMPKa-knock-
out mice exhibit increased body weight and fat mass due to in-
creased lipid accumulation by adipocytes when fed a high-fat diet
[25].

The mammalian target of rapamycin complex 1 (mTORC1) is
another major nutrient sensor that regulates cell metabolism,
growth, and protein synthesis [26]. Several studies have demon-
strated that the mTORC1 pathway is also involved in the regula-
tion of lipid accumulation during the differentiation of 3T3-L1 pre-
adipocytes [27-29]. mTORC1 enhances SREBP-1 activity, result-
ing in increased fatty acid and cholesterol synthesis [30]. mTORC1
activity is under the control of several upstream regulators. The
PI3K-Akt pathway regulates mTORC1 activity via TSC, and
mTORC1 activity is downregulated by AMPK activation in re-
sponse to energy status [31].

The primary objective of this study was to explore the role of
DMBQ in the regulation of adipocyte generation and to investi-
gate the molecular mechanisms of action responsible.

Results

We first examined the effect of DMBQ on MDI-induced (MDI: mix-
ture of isobutylmethylxanthine, dexamethasone, and insulin) adi-
pocyte differentiation in 3T3-L1 cells. The structure of DMBQ is
shown in » Fig. 1A. 3T3-L1 cells were maintained in medium con-
taining MDI for 8 days in the presence or absence of DMBQ. On
day 8, fully differentiated 3T3-L1 cells exhibited lipid droplets that
were strongly stained by Oil Red O, whereas DMBQ (at 2.5, 5, and
7.5 uM) treatment inhibited adipocyte differentiation in a dose-
dependent manner (» Fig. 1B,C). In comparison to the control
cells, treatment with DMBQ significantly downregulated lipid ac-
cumulation by 8.7, 54.1, and 66.9%, respectively. These results in-
dicate that DMBQ prevents MDI-induced lipid accumulation in
3T3-L1 adipocytes. DMBQ did not elicit cytotoxicity up to concen-
trations as high as 10 uM (> Fig. 1D).

PPAR-y and C/EBP-a are critical transcription factors for adipo-
genic differentiation [19]. We next evaluated the effect of DMBQ
on the protein expression of PPAR-y, C/EBP-a, and its downstream
target adipocyte protein 2 (aP2) by immunoblotting. The MDI-de-
pendent increases in PPAR-y, C/EBP-a, and aP2 were significantly
attenuated at the protein level by DMBQ treatment (> Fig. 2A, B).
In addition, marked decreases in protein expression of lipogenic
enzymes such as ACC (acetyl-CoA carboxylase) and fatty acid
synthase (FAS) were observed in DMBQ-treated adipocytes
(» Fig. 2C, D). These findings suggest that DMBQ suppresses adi-
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> Fig. 1 Effect of DMBQ on lipid accumulation in 3T3-L1 adipo-
cytes. A Structure of DMBQ. B DMBQ suppresses lipid accumula-
tion in 3T3-L1 adipocytes. Intracellular lipid content was stained
with Oil Red O. 3T3-L1 preadipocytes were differentiated into adi-
pocytes with MDI treatment in the presence or absence of DMBQ
for 8 days. C Quantification of extracted Oil Red O at 500 nm.

D DMBQ cytotoxicity in 3T3-L1 cells. Cells were incubated with
various concentrations of DMBQ (2.5-50 uM) for 48 h and cytotox-
icity was determined by measuring cell viability. Data are mean
values £SD (n=3); *** p<0.001 versus the group treated with MDI
alone.

pocyte differentiation by downregulating adipocyte-specific tran-
scription factors and downstream target genes involved in adipo-
genesis and lipogenesis.

To clarify whether the activation of AMPK is involved in the
inhibition of adipocyte differentiation in the presence of DMBQ,
we first examined the effect of DMBQ on AMPK phosphorylation
at the protein expression level. DMBQ treatment substantially
increased the phosphorylation of AMPK in preadipocytes
(> Fig. 3A). Activated AMPK is known to inhibit PPAR-y and
SREBP-1 activity [32-34]. Notably, AMPK phosphorylation was
significantly increased by DMBQ on day 2 after differentiation,
and this effect was maintained until day 8 (> Fig. 3B). Compound
C (dorsomorphin), a chemical inhibitor of AMPK, was used to con-
firm the role of DMBQ on AMPK activation. As expected, the up-
regulation of AMPK phosphorylation by DMBQ was inhibited in
the presence of compound C (> Fig. 3C). The precursor SREBP-1
is cleaved and forms mature SREBP-1, which translocates to the
nucleus and activates the transcription of target genes [35]. We
observed that mature SREBP-1 was reduced by DMBQ in a dose-
dependent manner (> Fig.3D). Both nuclear and cytosolic
SREBP-1 were downregulated by DMBQ treatment (> Fig. 3E).

To determine whether AMPK could be involved in the regula-
tion of SREBP1 by DMBQ, 3T3-L1 cells were transfected with anti-
AMPK siRNA in the presence or absence of DMBQ. Experiments
were conducted to optimize siRNA concentrations for maximal
efficacy and specificity for knockdown of AMPK. As shown in
» Fig. 3F, a significant reduction in AMPKa expression was only
observed in cells treated with siRNA. Although AMPK was down-
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» Fig. 2 Effect of DMBQ on adipogenic and lipogenic marker protein expression in 3T3-L1 adipocytes. A-D DMBQ inhibits increases in PPAR-y,
C/EBP-a, and aP2 protein expression. B Quantification of PPAR-y, C/EBP-a, and aP2 protein content. C DMBQ suppresses ACC and FAS protein
expression in 3T3-L1 adipocytes. 3T3-L1 preadipocytes were differentiated into adipocytes in the presence of DMBQ (2.5, 5, 7.5 uM) and cell lysates
were recovered after 8 days. Protein expression levels were analyzed by Western blot. Values are means £ SD (n=3); *** p<0.001, ** p<0.01,

* p<0.05 versus the group treated with MDI alone.

regulated by siRNA knockdown, DMBQ suppressed SREBP1 ex-
pression (> Fig. 3F). These observations suggest that DMBQ reg-
ulates SREBP1 through alternative pathways as well as AMPK.

Previous studies have demonstrated that SREBP-1 activation
and lipogenesis require the mTOR pathway [30,36]. We further
examined the effect of DMBQ on mTOR signaling in 3T3-L1 and
mouse embryonic fibroblast (MEF) cells. The phosphorylation lev-
els of mMTOR and 4E-BP1 were reduced in DMBQ-treated cells as
compared to the MDI-differentiated cells (> Fig. 4A). To investi-
gate whether DMBQ regulates insulin-mediated mTOR signaling,
MEF cells were stimulated with insulin for 1h in the presence or
absence of DMBQ. DMBQ attenuated insulin-induced phosphory-
lation of MTOR and 4E-BP1 (> Fig. 4B). However, phosphorylation
of Akt was not decreased by DMBQ (> Fig. 4B). DMBQ also atten-
uated phosphorylation of 4E-BP1 in both wild-type (WT) and
TSC2-/- MEFs (» Fig. 4C).

Discussion

Studies have shown that various phytochemicals present in vege-
tables and plants can requlate the process of adipogenic differen-
tiation [37]. Maslinic acid, a natural triterpene from Olea europaea
L. (Oleaceae), attenuates 3T3-L1 adipocyte differentiation [38],

while Shikonin, a major component of Lithospermum erythrorhizon
Siebold & Zucc. (Boraginaceae), suppresses early stages of adipo-
cyte differentiation in 3T3-L1 cells [3]. Plant-derived baicalein
was also reported to inhibit adipogenesis in 3T3-L1 cells [39].
The present study has identified an anti-adipogenic effect of
DMBQ, and explored the molecular mechanisms responsible.

The modulation of AMPK can inhibit the progression of adipo-
genic differentiation. Fucosterol derived from brown algae sup-
presses adipogenesis via AMPK activation [40], while Arctigenin
found in Arctii Fructus suppresses adipogenic differentiation via
the activation of AMPK and reduces obesity in high-fat diet-in-
duced obese mice [41]. We observed that DMBQ increases phos-
phorylation of AMPK while downregulating mature SREBP-1 and
PPARy expression in 3T3-L1 adipocytes. AMPK inhibits SREBP acti-
vation either by inhibiting mTOR or by directly phosphorylating
SREBP, resulting in the inhibition of cleavage and translocation of
SREBP into the nucleus [34,42]. AMPK also requlates adipogenesis
by inhibiting elF2a-dependent translation in adipocytes [43]. It
has also been reported that activated AMPK inhibits PPARy tran-
scriptional activity [32].

However, our results have shown that AMPK knockdown does
not impact the inhibitory efficacy of DMBQ on SREBP-1, suggest-
ing that other signaling factors are involved in DMBQ-dependent
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» Fig. 3 Effect of DMBQ on phosphorylation of AMPK and regulation of SREBP in 3T3-L1 adipocytes. A DMBQ increases AMPK phosphorylation in a
dose-dependent manner in 3T3-L1 preadipocytes. 3T3-L1 preadipocytes were treated with DMBQ for 24 h. B DMBQ stimulates phosphorylation of
AMPK in 3T3-L1 adipocytes. C Compound Cinhibits DMBQ-dependent increases in AMPK phosphorylation. 3T3-L1 adipocytes were incubated with
the AMPK inhibitor compound C (50 pM) for 3 h prior to treatment with DMBQ, and cell lysates were recovered after 24 h. D DMBQ inhibits SREBP-
1 expression. Differentiating 3T3-L1 cells were treated with varying concentrations of DMBQ (2.5, 5, and 7.5 uM) and cell lysates were recovered
after 8 days. E Both nuclear (NUC) and cytosolic (CYT) levels of SREBP-1 were attenuated by DMBQ. F AMPK knockdown does not affect DMBQ-
dependent inhibition of SREBP-1 expression. 3T3-L1 preadipocytes were transfected with siAMPK (20 nM) or scrambled siRNA (negative control,
NC, 20 nM) and differentiated with MDI for 8 days. Protein expression was analyzed by Western blot. ** P<0.01 versus control. mSREBP-1, mature

SREBP-1, 68 kDa; precursor SREBP-1, 125 kDa.

SREBP-1 regulation. mTORC1 is a major regulator of SREBP1 activ-
ity and modulates the transcription, cleavage, and stability of
SREBP-1 [44]. It has been demonstrated that mTORC1 regulates
SREBP-1 by controlling the nuclear entry of lipin 1 [30]. In the
present study, we found that DMBQ inhibited the phosphorylation
of MTOR and 4E-BP1 in 3T3-L1 adipocytes without affecting S6K1
phosphorylation. Some studies have shown that mTORC1 regu-
lates the transcription of SREBPs through a mechanism indepen-
dent of S6K1 [45]. Moreover, other studies have shown that S6K1
could be regulated independent of mMTORC1 by Akt-TSC2 [46].
mTORCT also promotes the translation of PPAR-y via the 4E-BP-
elF4E axis, and activates PPAR-y through SREBP-1, which enhances
the production of endogenous PPAR-y ligands [45]. These findings
suggest that DMBQ inhibits PPAR-y by regulatihng mTORC1-

4E-BP1 and mTORC1-SREBP1, which finally contributes to the sup-
pression of adipogenesis.

To better understand how DMBQ regulates mTORC1 activity,
we investigated whether DMBQ regulates insulin signaling. DMBQ
did not appear to affect insulin-induced Akt phosphorylation,
although DMBQ inhibited the phosphorylation of mTOR and
4E-BP1 (data not shown). DMBQ also suppressed the phosphory-
lation of 4E-BP1 in a TSC2-independent manner (> Fig. 4C). These
results mean that DMBQ regulates mTORC1 activity independent
of the Akt-TSC2 pathway. Moreover, mTOR protein content was
downregulated by DMBQ (> Fig.4A,B). These results suggest
that DMBQ influences the mTOR pathway by regulating the stabil-
ity of the mTOR protein. Several molecules were identified to
regulate the stability of mTORC1. For example, the Tel2/Tti1-Tti2
(TTT) complex and Ruvbl1/2 regulate the assembly and stability of
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> Fig. 4 Effect of DMBQ on the mTOR pathway in 3T3-L1 adipocytes and MEF cells. A DMBQ inhibits phosphorylation of mTOR and 4E-BP1 in 3T3-
L1 adipocytes. 3T3-L1 cells were differentiated in the presence or absence of DMBQ for 8 days. For Akt, 3T3-L1 cells were differentiated in the
presence or absence of DMBQ for 2 days. B DMBQ attenuates insulin-stimulated phosphorylation of mTOR and 4E-BP1 in MEF cells. MEF cells were
stimulated with insulin for 1 h in the presence or absence of DMBQ or rapamycin. C DMBQ suppresses phospho-4E-BP1 in TSC2-/- MEF cells.

WT MEF and TSC2-/- MEFs were treated with DMBQ for 24 h. Protein expression was analyzed by Western blot.

mTORCT [47-49]. Further study is needed as to how DMBQ regu-
lates mTOR protein expression. It should also be noted that signal-
ing molecules regulating mTOR protein stability could be a target
for adipogenesis and obesity.

In summary, our findings reveal that DMBQ enhances AMPK
phosphorylation and negatively regulates mTORC1 activity. This
results in the downregulation of SREBP-1 and PPAR-y, and a subse-
quent decrease in aP2 and FAS expression. These events eventu-
ally lead the inhibition of adipocyte differentiation by DMBQ. Fur-
ther studies are needed to clarify whether DMBQ has the potential
to prevent obesity in animal models. Such findings would support
its development as a natural agent to prevent obesity and obesity-
associated metabolic disorders.

Materials and Methods

Materials

DMEM, FBS, bovine calf serum (CS), and penicillin-streptomycin
were obtained from Gibco BRL. Antibodies against pAMPK, AMPK,
p-mTOR, mTOR, p4E-BP1, 4E-BP1, TSC2, pAkt, Akt, PPAR-y, ACC,
FAS and C/EBP-a were purchased from Cell Signaling. Anti-B-actin,
SREBP-1, aP2, and secondary antibodies were purchased from
Santa Cruz Biotechnology. Anti-Lamin B was obtained from
Abcam. Isobutylmethylxanthine (IBMX), dexamethasone, insulin,
Oil Red O, and DMBQ (purity 97 %) were purchased from Sigma-

Aldrich. Compound C (dorsomorphin, purity = 98 %) was obtained
from Cayman Chemical and rapamycin (purity 298%) was pur-
chased from Tocris Bioscience.

Cell culture

3T3-L1 mouse preadipocytes (ATCC) were cultured in DMEM with
10% CS and 1% penicillin-streptomycin-L-glutamine at 37°Cin an
atmosphere of 5% CO,. TSC27/~ MEFs and littermate control wild-
type MEFs were kindly provided by John Blenis’s laboratory (Weill
Cornell Medicine) and cultured in DMEM supplemented with 10%
FBS and 1% penicillin-streptomycin at 37°Cin 5% CO,.

Cell viability assay

The 3T3-L1 preadipocytes were seeded in 96-well plates at a den-
sity of 4x 103 cells/well. After the cells were preconditioned for
24 h, they were treated with various concentrations of DMBQ for
24 or 48 h. Subsequently, 10 pL of MTT solution in PBS were added
to each well, followed by further incubation at 37°C for 3 h. Cell
viability was determined by measuring the absorbance at 450 nm
using a microplate reader (Tecan, Infinite M200).

Cell differentiation of 3T3-L1 preadipocytes
and Oil Red O staining

3T3-L1 preadipocytes were seeded in 6-well plates at a density of
4 % 10° cells/well. Two days after the cells had reached confluence,
they were treated with various concentrations of DMBQ and me-
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dium containing 0.5 mM of 3-IBMX, 1 uM of dexamethasone, and
1 pg/mL of insulin (MDI) in DMEM with 10% FBS for 2 days. The
medium was then changed to DMEM containing 10% FBS, 1 ug/
mL of insulin, and DMBQ for 2 days, and this was changed to fresh
DMEM and 10% FBS with DMBQ every 2 days. Following the induc-
tion of differentiation, cells were fixed in 10% formaldehyde in PBS
for 1 h and stained with a solution of 0.5% Oil Red O in 60 % isopro-
panol for 30 min at room temperature, washed four times with
water, and dried. Differentiation was monitored under a micro-
scope and quantified by elution with DMSO before the absorbance
was measured at 490 nm.

Cytoplasmic-nuclear fractionation

For nuclear SREBP fractionation studies, protease pellets were
added to NE-PER buffer (Thermo Fisher Scientific), and nuclear ex-
tracts were prepared according to the manufacturer’s protocol.
Whole cell lysates were prepared by mixing matched cytoplasmic
fractions and nuclear fractions.

siRNA transient transfection

Gene expression was silenced with specific AMPK siRNA (Dharma-
con). 3T3-L1 preadipocytes were transfected when preadipocytes
reached 50-60% confluence using Lipofectamine RNAIMAX (Invi-
trogen) according to the manufacturer’s instructions. All treat-
ments were administered after 48 h of transfection. Knockdown
efficiencies at mRNA and protein levels were tested 8 days after
differentiation. The efficiency of transfection was confirmed by
Western blot.

Protein extraction and immunoblotting

The cells were lysed in lysis buffer containing 40 mM HEPES
(pH 7.4), 120 mM sodium chloride (NaCl), 1 mM ethylenediamine-
tetraacetic acid (EDTA), 50 mM sodium fluoride (NaF), 1.5 mM so-
dium orthovanadate (Na3VO,4), 10 mM [-glycerophosphate, and
1% Triton X-100 supplemented with EDTA-free phosphatase and
protease inhibitor cocktail (Thermo Fisher Scientific Inc.). After
centrifugation at 13000 x g for 10 min at 4°C, the supernatants
were boiled in SDS loading buffer. Protein extracts (30 or 50 ug)
were separated by SDS-PAGE and transferred to a nitrocellulose
membrane. Membranes were blocked and immunoblotted with
specific primary antibodies.

Statistical analysis

The results are presented as mean values + standard deviation.
The differences between groups were evaluated using one-way
analysis of variance (ANOVA) and Bonferroni’s post hoc test with
GraphPad Prism 5 software.

Acknowledgements

This research was supported by the Main Research Program E0160500-
03 of the Korea Food Research Institute (KFRI) funded by the Ministry of
Science, ICT & Future Planning.

Conflict of Interest

The authors declare no conflict of interest.

Son HJ et al. 2,6-Dimethoxy-1,4-benzoquinone Inhibits 3T3-L1... Planta Med 2019; 85: 210-216

References

[1] Drewes SE, Khan F, van Vuuren SF, Viljoen AM. Simple 1,4-benzoqui-
nones with antibacterial activity from stems and leaves of Gunnera per-
pensa. Phytochemistry 2005; 66: 1812-1816

[2] Koyama . Anti-infective quinone derivatives of recent patents. Recent
Pat Antiinfect Drug Discov 2006; 1: 113-125

[3] Gwon SY, Ahn Y, Jung CH, Moon BK, Ha TY. Shikonin suppresses ERK 1/2
phosphorylation during the early stages of adipocyte differentiation in
3T3-L1 cells. BMC Complement Altern Med 2013; 13: 207

[4] Jang Y], Jung CH, Ahn |, Gwon SY, Ha TY. Shikonin inhibits adipogenic
differentiation via requlation of mir-34a-FKBP1B. Biochem Biophys Res
Commun 2015; 467: 941-947

[5] Otto C, Hahlbrock T, Eich K, Karaaslan F, Jurgens C, Germer CT,
Wiegering A, Kammerer U. Antiproliferative and antimetabolic effects
behind the anticancer property of fermented wheat germ extract. BMC
Complement Altern Med 2016; 16: 160

[6] Mueller T, Jordan K, Voigt W. Promising cytotoxic activity profile of
fermented wheat germ extract (Avemar®) in human cancer cell lines.
] Exp Clin Cancer Res 2011; 30: 42

[7] Reddy BS, Hirose Y, Cohen LA, Simi B, Cooma |, Rao CV. Preventive
potential of wheat bran fractions against experimental colon carcino-
genesis: implications for human colon cancer prevention. Cancer Res
2000; 60: 4792-4797

[8] Jeong HY, Choi YS, Lee JK, Lee BJ, Kim WK, Kang H. Anti-inflammatory
activity of citric acid-treated wheat germ extract in lipopolysaccharide-
stimulated macrophages. Nutrients 2017; 9: E730

[9] Park E, Kim HO, Kim GN, Song JH. Anti-oxidant and anti-adipogenic ef-
fects of ethanol extracts from wheat germ and wheat germ fermented
with Aspergillus oryzae. Prev Nutr Food Sci 2015; 20: 29-37

[10] Grundy SM. Obesity, metabolic syndrome, and cardiovascular disease.
] Clin Endocrinol Metab 2004; 89: 2595-2600

[11] Calle EE, Kaaks R. Overweight, obesity and cancer: epidemiological evi-
dence and proposed mechanisms. Nat Rev Cancer 2004; 4: 579-591

[12] Parekh N, Chandran U, Bandera EV. Obesity in cancer survival. Annu Rev
Nutr 2012; 32: 311-342

[13] Guilherme A, Virbasius |V, Puri V, Czech MP. Adipocyte dysfunctions link-
ing obesity to insulin resistance and type 2 diabetes. Nat Rev Mol Cell
Biol 2008; 9: 367-377

[14] Klyde BJ, Hirsch |. Increased cellular proliferation in adipose tissue of
adult rats fed a high-fat diet. | Lipid Res 1979; 20: 705-715

[15] Hamdy O, Porramatikul S, Al-Ozairi E. Metabolic obesity: the paradox
between visceral and subcutaneous fat. Curr Diabetes Rev 2006; 2:
367-373

[16] Farmer SR. Transcriptional control of adipocyte formation. Cell Metab
2006; 4: 263-273

[17] Gesta S, Bluher M, Yamamoto Y, Norris AW, Berndt J, Kralisch S, Boucher
], Lewis C, Kahn CR. Evidence for a role of developmental genes in the
origin of obesity and body fat distribution. Proc Natl Acad Sci U S A
2006; 103: 6676-6681

[18] Rosen ED, Spiegelman BM. Adipocytes as requlators of energy balance
and glucose homeostasis. Nature 2006; 444: 847-853

[19] Rosen ED, Hsu CH, Wang X, Sakai S, Freeman MW, Gonzalez F|,
Spiegelman BM. C/EBPalpha induces adipogenesis through PPARgam-
ma: a unified pathway. Genes Dev 2002; 16: 22-26

[20] Kim WS, Lee YS, Cha SH, Jeong HW, Choe SS, Lee MR, Oh GT, Park HS,
Lee KU, Lane MD, Kim |B. Berberine improves lipid dysregulation in obe-
sity by controlling central and peripheral AMPK activity. Am | Physiol
Endocrinol Metab 2009; 296: E812-E819

[21] Lee JW, Choe SS, Jang H, Kim ], Jeong HW, Jo H, Jeong KH, Tadi S, Park
MG, Kwak TH, Man Kim J, Hyun DH, Kim JB. AMPK activation with glabri-

215

Downloaded by: University of California, Merced. Copyrighted material.



@ Thieme

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

216

din ameliorates adiposity and lipid dysregulation in obesity. ] Lipid Res
2012;53:1277-1286

Li Y, Xu S, Mihaylova MM, Zheng B, Hou X, Jiang B, Park O, Luo Z, Lefai E,
Shyy |Y, Gao B, Wierzbicki M, Verbeuren TJ, Shaw R}, Cohen RA, Zang M.
AMPK phosphorylates and inhibits SREBP activity to attenuate hepatic
steatosis and atherosclerosis in diet-induced insulin-resistant mice. Cell
Metab 2011; 13: 376-388

Rosen ED, Walkey CJ, Puigserver P, Spiegelman BM. Transcriptional regu-
lation of adipogenesis. Genes Dev 2000; 14: 1293-1307

Habinowski SA, Witters LA. The effects of AICAR on adipocyte differen-
tiation of 3T3-L1 cells. Biochem Biophys Res Commun 2001; 286: 852-
856

Villena JA, Viollet B, Andreelli F, Kahn A, Vaulont S, Sul HS. Induced
adiposity and adipocyte hypertrophy in mice lacking the AMP-activated
protein kinase-alpha2 subunit. Diabetes 2004; 53: 2242-2249

Catania C, Binder E, Cota D. mTORC1 signaling in energy balance and
metabolic disease. Int ] Obes (Lond) 2011; 35: 751-761

Seo MJ, Choi HS, Jeon HJ, Woo MS, Lee BY. Baicalein inhibits lipid accu-
mulation by reqgulating early adipogenesis and m-TOR signaling. Food
Chem Toxicol 2014; 67: 57-64

Laplante M, Sabatini DM. An emerging role of mTOR in lipid biosynthe-
sis. Curr Biol 2009; 19: R1046-R1052

Jung CH, Kim H, Ahn J, JeonTl, Lee DH, Ha TY. Fisetin regulates obesity by
targeting mTORC1 signaling. | Nutr Biochem 2013; 24: 1547-1554

Peterson TR, Sengupta SS, Harris TE, Carmack AE, Kang SA, Balderas E,
Guertin DA, Madden KL, Carpenter AE, Finck BN, Sabatini DM. mTOR
complex 1 regulates lipin 1 localization to control the SREBP pathway.
Cell 2011; 146: 408-420

Laplante M, Sabatini DM. mTOR signaling at a glance. | Cell Sci 2009;
122: 3589-3594

Sozio MS, Lu C, Zeng Y, Liangpunsakul S, Crabb DW. Activated AMPK
inhibits PPAR-{alpha} and PPAR-{gamma]} transcriptional activity in
hepatoma cells. Am ] Physiol Gastrointest Liver Physiol 2011; 301:
G739-G747

He Y, Li Y, Zhao T, Wang Y, Sun C. Ursolic acid inhibits adipogenesis in
3T3-L1 adipocytes through LKB1/AMPK pathway. PLoS One 2013; 8:
e70135

Li Y, Xu S, Mihaylova MM, Zheng B, Hou X, Jiang B, Park O, Luo Z, Lefai E,
Shyy |Y, Gao B, Wierzbicki M, Verbeuren TJ, Shaw R, Cohen RA, Zang M.
AMPK phosphorylates and inhibits SREBP activity to attenuate hepatic
steatosis and atherosclerosis in diet-induced insulin-resistant mice. Cell
Metab 2011; 13:376-388

Hasty AH, Shimano H, Yahagi N, Amemiya-Kudo M, Perrey S, Yoshikawa
T, Osuga |, Okazaki H, Tamura Y, lizuka Y, Shionoiri F, Ohashi K, Harada K,
Gotoda T, Nagai R, Ishibashi S, Yamada N. Sterol regulatory element-
binding protein-1 is regulated by glucose at the transcriptional level.
] Biol Chem 2000; 275: 31069-31077

(36]

(37]

(38]

(39]

[40]

[41]

[42]

(43]

[44]

[45]

[46]

(47]

(48]

(49]

Porstmann T, Santos CR, Griffiths B, Cully M, Wu M, Leevers S, Griffiths
JR, Chung YL, Schulze A. SREBP activity is requlated by mTORC1 and con-
tributes to Akt-dependent cell growth. Cell Metab 2008; 8: 224-236

Rayalam S, Della-Fera MA, Baile CA. Phytochemicals and regulation of
the adipocyte life cycle. | Nutr Biochem 2008; 19: 717-726

Perez-Jimenez A, Rufino-Palomares EE, Fernandez-Gallego N, Ortuno-
Costela MC, Reyes-Zurita FJ, Peragon |, Garcia-Salguero L, Mokhtari K,
Medina PP, Lupianez JA. Target molecules in 3T3-L1 adipocytes differen-
tiation are requlated by maslinic acid, a natural triterpene from Olea
europaea. Phytomedicine 2016; 23: 1301-1311

Nakao Y, Yoshihara H, Fujimori K. Suppression of very early stage of adi-
pogenesis by Baicalein, a plant-derived flavonoid through reduced Akt-
C/EBPalpha-GLUT4 signaling-mediated glucose uptake in 3T3-L1 adipo-
cytes. PLoS One 2016; 11: e0163640

Song Y, Oh GH, Kim MB, Hwang JK. Fucosterol inhibits adipogenesis
through the activation of AMPK and Wnt/B-catenin signaling pathways.
Food Sci Biotechnol 2017; 26: 489-494

Han YH, Kee ]Y, Park ], Kim HL, Jeong MY, Kim DS, Jeon YD, Jung Y, Youn
DH, Kang J, So HS, Park R, Lee |H, Shin S, Kim SJ, Um |Y, Hong SH. Arcti-
genin inhibits adipogenesis by inducing AMPK activation and reduces
weight gain in high-fat diet-induced obese mice. | Cell Biochem 2016;
117: 2067-2077

Liu X, Yuan H, Niu Y, Niu W, Fu L. The role of AMPK/mTOR/S6K1 signaling
axis in mediating the physiological process of exercise-induced insulin
sensitization in skeletal muscle of C57BL/6 mice. Biochim Biophys Acta
2012; 1822: 1716-1726

Dagon Y, Avraham Y, Berry EM. AMPK activation regulates apoptosis,
adipogenesis, and lipolysis by elF2alpha in adipocytes. Biochem Biophys
Res Commun 2006; 340: 43-47

Quinn W| 3rd, Birnbaum M]. Distinct mTORC1 pathways for transcrip-
tion and cleavage of SREBP-1c. Proc Natl Acad Sci U S A 2012; 109:
15974-15975

Laplante M, Sabatini DM. Regulation of mTORC1 and its impact on gene
expression at a glance. ] Cell Sci 2013; 126: 1713-1719

McManus EJ, Alessi DR. TSC1-TSC2: a complex tale of PKB-mediated S6K
regulation. Nat Cell Biol 2002; 4: E214-E216

Kim SG, Hoffman GR, Poulogiannis G, Buel GR, Jang Y|, Lee KW, Kim BY,
Erikson RL, Cantley LC, Choo AY, Blenis ]. Metabolic stress controls
mTORC1 lysosomal localization and dimerization by regulating the TTT-
RUVBL1/2 complex. Mol Cell 2013; 49: 172-185

Kaizuka T, Hara T, Oshiro N, Kikkawa U, Yonezawa K, Takehana K, lemura
S, Natsume T, Mizushima N. Tti1 and Tel2 are critical factors in mamma-
lian target of rapamycin complex assembly. | Biol Chem 2010; 285:
20109-20116

Javary ], Allain-Courtois N, Saucisse N, Costet P, Heraud C, Benhamed F,
Pierre R, Bure C, Pallares-Lupon N, Do Cruzeiro M, Postic C, Cota D,
Dubus P, Rosenbaum ], Benhamouche-Trouillet S. Liver Reptin/RUVBL2
controls glucose and lipid metabolism with opposite actions on mTORC1
and mTORC2 signalling. Gut 2017. doi: 10.1136/gutjnl-2017-314208

Son HJ et al. 2,6-Dimethoxy-1,4-benzoquinone Inhibits 3T3-L1... Planta Med 2019; 85: 210-216

Downloaded by: University of California, Merced. Copyrighted material.



