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Abstract Peroxisome proliferator-activated receptor
(PPAR)y is expressed in adipose tissue and plays a key
role in the regulation of adipogenesis. PPARYy activators
are known to have potent antihyperglycemic activity and
are used to treat insulin resistance associated with diabetes.
Therefore, many natural and synthetic agonists of PPARy
are used in the treatment of glucose disorders. In the pre-
sent study, we found that 13-0x0-9(2),11(E),15(Z)-octade-
catrienoic acid (13-0xo-OTA), a linolenic acid derivative,
is present in the extract of tomato (Solanum lycopersi-
cum), Mandarin orange (Citrus reticulata), and bitter gourd
(Momordica charantia). We also found that 13-ox0-OTA
activated PPARy and induced the mRNA expression of
PPARY target genes in adipocytes, thereby promoting dif-
ferentiation. Furthermore, 13-0x0-OTA induced secretion
of adiponectin and stimulated glucose uptake in adipo-
cytes. To our knowledge, this is the first study to report that
13-0x0-OTA induces adipogenesis through PPARY activa-
tion and to present 13-oxo-OTA as a valuable food-derived
compound that may be applied in the management of glu-
cose metabolism disorders.
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Abbreviations

13-0x0-ODA  13-0x0-9,11-octadecadienoic acid

13-Ox0-OTA  13-0x0-9(Z),11(E),15(Z)-octadecatrienoic
acid

9-0x0-ODA  9-Ox0-10,12-octadecadienoic acid

aP2 Fatty acid-binding protein

BCA Bicinchoninic acid

BSA Bovine serum albumin

CEBP CCAAT/enhancer binding protein

DMEM Dulbecco’s modified Eagle’s medium

EtOH Ethanol

HAD cis-10-Heptadecenoic acid

HKR HEPES-Krebs—Ringer buffer

HMW High molecular weight

HPLC High-performance liquid chromatography

IBMX 1-Methyl-3-isobutylxanthine

LC-MS Liquid chromatography—mass spectrometry

LIA Linoleic acid

LMW Low molecular weight

LNA Linolenic acid

LPL Lipoprotein lipase

PBS Phosphate-buffered saline

PPAR Peroxisome proliferator-activated receptors

PPRE PPAR response elements

PVDF Polyvinylidene difluoride

QTOF-MS Quadrupole-time-of-flight MS

RXR Retinoid X receptor

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel
electrophoresis

TG Triglyceride

TZD Thiazolidinedione

UPLC Ultra performance LC
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Introduction

Peroxisome proliferator-activated receptors (PPAR) are
ligand-activated transcription factors and members of the
nuclear hormone receptor superfamily [1-5]. PPAR are
expressed in many tissues including adipocytes, hepato-
cytes, muscles, and endothelial cells, and play an important
role in lipid and glucose homeostasis [6]. The PPAR family
comprises three isoforms: PPARa, PPARB/3, and PPARY.
PPARY is the master regulator of adipocyte differentiation,
and functions to enhance the numbers of insulin-sensitive
small adipocytes [7]. It is well known that the activation
of PPARy in mature adipocytes regulates several genes
involved in glucose metabolism including fatty acid-bind-
ing protein (aP2), lipoprotein lipase (LPL), and CCAAT/
enhancer binding protein (CEBP) « [8, 9].

PPARy and retinoid X receptor (RXR) heterodimers
bind lipophilic activators, which induce a conformational
change in PPARY and subsequently regulate gene transcrip-
tion. The specific DNA regions of PPARY target genes that
bind PPAR are termed PPAR response elements (PPRE)
[6]. As such, PPRE are found in the promoters of PPARy-
responsive genes. PPARy activators, such as thiazolidinedi-
ones (TZD), are known to have potent antihyperglycemic
activity and are used to treat insulin resistance associ-
ated with diabetes [10]. Moreover, recent studies revealed
that many compounds derived from food or other natural
sources enhance adipocyte differentiation and glucose
uptake by activating PPARy [11-16]. These compounds
have PPARY ligand activity, suggesting that intake of these
compounds is valuable for maintaining health.

Many plant oxylipins are formed from unsaturated fatty
acids in the lipoxygenase cascade. Oxylipins are known
to be potent bioregulators and are involved in the regula-
tion of growth, differentiation, and morphogenesis [17-19].
Recently, it has been reported that various oxylipins iso-
lated from microalgae can inhibit inflammation [20]. Fur-
thermore, our previous studies have revealed that tomatoes
contain the oxidized linoleic acid (LIA) derivatives, 9-oxo-
10,12-octadecadienoic acid (9-o0xo-ODA) and 13-oxo-
9,11-octadecadienoic acid (13-oxo-ODA), which serve as
PPAR« agonists in mouse liver [21, 22]. Interestingly, pre-
vious studies have revealed that 13-oxo-ODA can activate
not only PPARGa, [22] but also PPARYy [23].

Plants contain linolenic acid (LNA) as well as LIA,
and various oxylipins have also been identified [24]. In
this study, we found that 13-0x0-9(Z),11(E),15(Z)-octade-
catrienoic acid (13-0x0-OTA) which is an LNA derivative
is present in tomato (Solanum lycopersicum), Mandarin
orange (Citrus reticulata), and bitter gourd (Momordica
charantia). Although the structure of 13-0x0-OTA is simi-
lar to that of 13-0x0-ODA, little is known about the bio-
function involved in the regulation of PPARY activity.
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We hypothesized that 13-0xo-OTA is a PPARy activator.
Therefore, the aim of the present study was to evaluate the
effect of 13-0x0-OTA on PPARY activity and to elucidate
its role in adipocyte differentiation and glucose uptake.

In the present study, we show that 13-0x0-OTA acti-
vated PPARy and induced mRNA expression of PPARy
target genes, which promoted adipocyte differentiation.
Furthermore, 13-0x0-OTA induced the secretion of adi-
ponectin and glucose uptake in adipocytes. To the best of
our knowledge, this is the first study to report that 13-oxo-
OTA induced adipogenesis through PPARY activation, and
the findings suggest that 13-oxo-OTA might be a valuable
food-derived compound to improve glucose metabolism
disorders.

Materials and Method
Materials

Authentic 13-0x0-ODA and 13-oxo-OTA were purchased
from Indofine Chemical Company (Hillsborough, USA)
and Laroden Fine Chemicals (Malmd, Sweden), respec-
tively. Authentic cis-10-heptadecenoic acid (HDA) was
purchased from Sigma (St. Louis, MO). All other chemi-
cals used were from Sigma or Wako (Osaka, Japan), and
were guaranteed to be high-performance liquid chromatog-
raphy (HPLC) or liquid chromatography—mass spectrom-
etry (LC-MS) grade. Tomatoes, Mandarin oranges, and bit-
ter gourds were obtained from the local market.

13-Ox0-OTA Analysis by Ultra Performance Liquid
Chromatography-Quadrupole Time-of-Flight Mass
Spectrometry (UPLC-QTofMS)

Each freeze-dried sample (10 mg) was homogenized with a
mixer in 1 mL of extraction solvent (99.5 % EtOH contain-
ing 1 yg/mL of HDA). After centrifugation (15,000 rpm,
10 min, 4 °C), the supernatant was collected as an extract.
Using an additional 1 mL of extraction solvent, the same
procedure was then repeated. The pooled extracts were
filtered through a 0.2-pum-pore polyvinylidene difluoride
(PVDF) membrane (Whatman, Brentford, UK), and the fil-
trates were used for LC-MS.

LC-MS was performed using a Waters Acquity UPLC
system coupled to a Xevo QTOF-MS (Waters), equipped
with an electrospray source, operating in negative ion
mode, with a lock-spray interface for accurate mass meas-
urements. The capillary, sampling cone, and extraction
cone voltages were set at 2,700, 20, and 1 V respectively.
The source and desolvation temperatures were 120 and
450 °C respectively. The mass scan range was set at 50—
1,000 m/z. The cone and desolvation gas flow rates were
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set at 50 and 800 L/h respectively, and leucine enkephalin
was employed as the lock-mass compound. It was infused
straight into the MS at a flow rate of 30 pL/min at a con-
centration of 200 ug/mL (in 50 % acetonitrile, 50 % water,
0.1 % formic acid). The data were acquired with Mass-
Lynx software (Waters). External mass calibration was
performed following the manufacture’s protocol. An ali-
quot of the extracted sample (3 pL) was injected into an
Acquity UPLC BEH-C18 reversed-phase column (column
size 2.1 x 100 mm, particle size 1.7 um). Mobile phases
A (water and 0.1 % formic acid) and B (acetonitrile and
0.1 % formic acid) were used. The column temperature
was set to 40 °C. The buffer gradient consisted of 30-50 %
B for 0—4 min, 50-85 % B for 4—-14 min, and was held at
99 % B for 14-17 min and returned to 30 % B for 3 min
before the next injection, at a flow rate of 300 pL/min.

Luciferase Assay

Luciferase assays were performed as previously described,
using a GAL4/PPAR chimera system [25, 26]. We trans-
fected p4xUASg-tk-luc (a reporter plasmid), pM-hPPARa
(an expression plasmid for a chimera protein of the GAL4
DNA-binding domain and each human PPAR-ligand-
binding domain), and pRL-CMV (an internal control for
normalizing transfection efficiency) into monkey CV1
kidney cells by using Lipofectamine (Life Technologies
Japan Ltd.) according to manufacturer’s protocol. Lucif-
erase activity was assayed using the dual luciferase sys-
tem (Promega, MO, USA) according to the manufacturer’s
protocol.

3T3-L1 Adipocyte Cell Culture

The 3T3-L1 cells were cultured, maintained, and differ-
entiated according to a previously described method [27].
Briefly, 3T3-L1 murine pre-adipocytes were cultured in
growth medium (Dulbecco’s modified Eagle’s medium
[DMEM] supplemented with 10 % (v/v) fetal bovine
serum, 100 units/mL penicillin, and 100 pg/mL streptomy-
cin) at 37 °C in 5 % CO,. At 2 days after reaching conflu-
ence, the cells were incubated in a differentiation medium
(containing 0.25 pM dexamethasone, 10 pg/ml insulin,
and 0.5 mM 1-methyl-3-isobutylxanthine [[BMX]) for 48 h
and then in growth medium containing 5 pg/ml insulin for
an additional 2 days. On the 4th day, this was replaced with
fresh growth medium. 13-Ox0-OTA, 13-0x0-ODA, LNA,
LIA, or troglitazone were treated from day O to day 6. Total
adiponectin was determined using the Mouse Adiponectin
ELISA kit (R&D Systems, Minneapolis, MN). Oil-Red
O staining was performed as described previously [28].
Quantification of triglyceride (TG) using the TG E-test Kit
(Wako) was performed as described previously [29].

Quantification of mRNA Expression Levels

Total RNA was prepared from 3T3-L1 cells by using Sep-
asol (Nacalai Tesque), according to the manufacturer’s pro-
tocols. Using M-MLYV reverse transcriptase (Life Technolo-
gies Japan Ltd.), total RNA was reverse-transcribed using a
thermal cycler (Takara PCR Thermal Cycler SP: Takara Bio
Inc., Shiga, Japan). To determine mRNA expression levels,
real-time quantitative RT-PCR analysis was performed with
a Light Cycler System (Roche Diagnostics) using SYBR
green fluorescence signals as described previously [25, 30].
The oligonucleotide primer sets of mouse 3684 and PPARy
target genes were designed using a PCR primer selection
program at the website of the Virtual Genomic Center from
the GenBank database as follows: mouse PPARy (Fwd:
5'-ggagatctccagtgatatcgacca-3’; Rev: 5’-acggcttctacggate-
gaaact-3'), mouse aP2 (Fwd: 5'-aagacagctcctectcgaaggtt-3/;
Rev: 5'-tgaccaaatccccatttacge-3’), mouse LPL (Fwd: 5'-atc-
catggatggacggtaacg-3’; Rev: 5'-ctggattccaatacttcgacca-3’),
mouse CEBPa (Fwd: 5'-tggacaagaacagcaacgag-3’; Rev:
5'-tcactggtcaactccageac-3'), and mouse 36B4 as an internal
control (Fwd: 5'-tccttcttccaggetttggg-3’; Rev: 5'-gacacc-
ctccagaaagegag-3’). All data indicating mRNA expression
levels are presented as a ratio relative to a control in each
experiment.

Glucose Uptake into 3T3-L1 Adipocytes

2-Deoxy-p-[3H] glucose (Amersham Biosciences, Piscata-
way, NJ, USA) uptake was assayed as described previously
with modifications [31]. Briefly, prior to the assay, the
cells were deprived of serum for 18 h. The cells were then
incubated in HEPES-Krebs—Ringer (HKR) buffer (with
0.1 % BSA) in the presence or absence of 100 nM insulin
for 20 min at 37 °C. At the end of the incubation period,
2-deoxy-p-[3H] glucose was added to a final concentra-
tion of 0.5 uCi/mL. After incubation for 10 min, the reac-
tion was terminated by three washes of ice-cold phosphate-
buffered saline (PBS). The cells were solubilized in 0.1 N
NaOH, and aliquots of the cell lysate were transferred to
scintillation vials for radioactivity counting. Non-specific
deoxyglucose uptake was measured in the presence of
10 uM cytochalasin B.

The remainder of the lysate was used for measuring pro-
tein content with a bicinchoninic acid (BCA) protein assay
kit (Pierce, Rockford, IL, USA). The radioactivity meas-
urements were normalized by protein concentrations.

Immunoblotting
Total cellular proteins were solubilized in lysis buffer

(20 mM Tris—HCI, 150 mM NaCl, 1 % Triton X-100, 0.5 %
deoxycholate, 0.1 % sodium dodecyl sulfate [SDS]; pH
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Fig. 1 Identification of 13-oxo- A
octadecatrienoic acid (13-oxo-

OTA) by LC-MS. a The

structure of 13-ox0-OTA and
13-0x0-ODA. b Extracted ion (@)
chromatogram (m/z = 291.20)
data and c full mass data of
13-0x0-OTA in authentic sam-
ple and plant extraction sample.
The elution peak (Rt = 7.7 min,
miz =291.20) is 13-0x0-OTA
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concentration of samples was determined using a protein
assay kit (Bio-Rad Laboratories). Protein samples (20 pg)
were subjected to sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) on a 5 % gel. Separated
proteins were transferred electrophoretically to PVDF
membranes (Millipore, MA), which were blocked with
5 % nonfat dried milk in PBS. The membranes were incu-
bated with antibodies to PPARy (Cell Signaling Technol-
ogy, MA) and B-actin (Cell Signaling Technology, MA),
and then with peroxidase-conjugated anti-mouse and anti-
rabbit IgG antibodies (Santa Cruz, CA), respectively. To
study adiponectin isoforms, we performed western blotting
with Mini-PROTEAN® TGX™ Gels 4-15 % (BIO RAD,
Tokyo, Japan) and used an antibody against adiponec-
tin (Affinity BioReagents™, Golden, CO). Proteins were
detected using an ECL western blotting detection system
(GE Healthcare, NJ).
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Data are presented as means + SEM. Differences between
groups were determined with one-way analysis of variance
(ANOVA), followed by Duncan’s test. Values of p < 0.05
were considered statistically significant.

Results

Identification of 13-Ox0-OTA in Tomato, Mandarin
Orange, and Bitter Gourd Extraction

We first explored the oxylipins induced LNA from plants
extract using an LC-MS system. LC-MS was performed
to reveal that 13-0x0-9(2),11(E),15(Z)-octadecatrienoic
acid (13-oxo-OTA, Fig. 1a), which is analogous to 13-oxo-
9(2),11(E)-octadecadienoic acid (13-0x0-ODA, Fig. 1a), was
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Fig. 2 13-Ox0-OTA promoted adipogenesis and induced the secre-
tion of adiponectine in 3T3-L1 adipocytes. a, b lipid accumulation
and the secretion of ¢ total-adiponectin or d HMW-adiponectin in
3T3-L1 adipocytes treated with 13-0x0-OTA, 13-0x0-ODA, LNA,

contained in the extract of tomato (Solanum lycopersicum),
Mandarin orange (Citrus reticulata), and bitter gourd (Momor-
dica charantia) (Rt = 7.72 min, m/z = 291.20, Fig. 1b, c). The

LIA (10 pM), or Tro (5 uM). Data are presented as the mean += SEM
(n = 3-5). *p < 0.05, **p < 0.01 vs. Cont. Magnification is x 200
(white bar is 125 um). Cont Control, Tro troglitazone, LNA linolenic
acid, LIA linoleic acid

peak of 13-0x0-OTA was detected as unfragmented deproto-
nation ion (C,gH,,05~, [M-H]", Fig. 1c) under conditions of
electrospray negative ionization mass spectrometry.
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Fig. 3 13-Ox0-OTA activated A
PPARY. a Evaluation of PPARy 2500 1 a a
activity in luciferase reporter -
assay treated with 13-oxo- :E 2000 1 a
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13-Ox0-OTA Promoted TG Accumulation and Induced
Secretion of Adiponectin in Adipocytes

To investigate the effects of 13-0x0-OTA, 13-0x0-ODA,
LNA, and LIA on triglyceride (TG) accumulation, 3T3-
L1 adipocytes were cultured in a medium containing these
compounds. Oil Red-O staining revealed that lipid accumu-
lation in 3T3-L1 adipocytes increased following 13-oxo-
OTA treatment compared to that observed with LNA and
LIA (approximately 1.3-fold, Fig. 2a, b). We also investi-
gated the effect of 13-0x0-OTA on secretion of adiponec-
tin in 3T3-L1 adipocytes and found that secretion of total
adiponectin increased because of 13-oxo-OTA treatment
(approximately 1.6-fold, Fig. 2c¢). In particular, 13-oxo-
OTA increased the secretion of high-molecular-weight
(HMW) adiponectin (Fig. 2d). These data suggest that
13-0x0-OTA promotes TG accumulation and induces adi-
ponectin secretion in 3T3-L1 adipocytes.

13-Ox0-OTA Activated PPARYy and Induced mRNA
Expression of PPARy Target Genes

PPARy is the master regulator of adipocytes differen-
tiation [7]. To elucidate the contribution of 13-0x0-OTA to
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PPARYy activation, we investigated whether 13-oxo-OTA
activated PPARY in a luciferase ligand assay. 13-Oxo-OTA
and 13-0x0-ODA increased luciferase activity remarkably
compared to their precursors, LNA and LIA, respectively
(Fig. 3a). This activity was increased in a concentration-
dependent manner by 13-0xo-OTA treatment (Fig. 3b)
and inhibited by PPARy antagonist (GW9662) treatment
(Fig. 3c). In 3T3-L1 adipocytes, the expression level of
PPARY was increased by 13-oxo-OTA treatment (approxi-
mately 1.6-fold, Fig. 4a). In addition to increased mRNA
levels, up-regulation of PPARY protein levels was observed
(Fig. 4b). Furthermore, mRNA expression levels of PPARy
target genes, such as aP2, LPL, and CEBP«, were increased
in 3T3-L1 adipocytes because of treatment with 13-OTA
(approximately 1.9-, 2.1-, and 1.9-fold respectively, Fig. 4c—
e). These findings suggest that 13-OTA promotes adipocyte
differentiation via a PPARy-dependent pathway.

13-Ox0-OTA Promotes Glucose Uptake in 3T3-L1
Adipocytes

To elucidate the contribution of 13-0x0-OTA to glucose uptake,
we investigated whether 13-0x0-OTA promotes glucose uptake
in a radio isotopic assay. We demonstrate here that 13-oxo-OTA
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Fig. 4 13-Ox0-OTA activated PPARy target genes expression in
3T3-L1 adipocytes. Effect of 13-0xo-OTA (10 uM) on a PPARy gene
expression and b protein level. Effect of 13-0xo-OTA on ¢ Ap2, d

promoted glucose uptake in 3T3-L1 adipocytes treated with
(approximately + 0.9 pmol/min/ug protein compared with
control, Fig. 5b) or without (approximately + 0.3 pmol/min/ug
protein compared with control, Fig. 5a) insulin. As compared
with 13-0x0-ODA, 13-0x0-OTA has an intense effect on glu-
cose uptake in adipocytes treated with insulin (13-0xo-OTA:
approximately 1.6 pmol/min/ug protein, 13-oxo-ODA: approx-
imately 1.0 pmol/min/ug protein, Fig. 5b). Although 13-oxo-
OTA stimulated glucose uptake, LIN and LNA inhibited this
phenomenon in 3T3-L1 adipocytes treated with or without
insulin (Fig. 5a, b). These findings suggest that 13-0xo-OTA
stimulates glucose uptake in 3T3-L1 adipocytes.

Discussion

In the present study, the analysis of metabolites in plant
extracts by using LC-MS revealed that 13-oxo-OTA in

P 00(\\ SR AR
INAN-1

RN OO(\\ S P P P
N RY

CEBPa, and e LPL, PPARYy target genes expression. Data are pre-
sented as means £ SEM (n = 3-5). *p < 0.05, **p < 0.01 vs. Cont.
UD undifferentiated 3T3-L1 cells

extracts of tomato, Mandarin orange, and bitter gourd.
13-Ox0-OTA is an LNA derivative. We confirmed that LNA
was present in these plants as well (data not shown). It is
proposed that 13-0x0-OTA can be derived from LNA via a
non-enzymatic and/or enzymatic reaction. It is possible that
LNA is susceptible to oxidation at C13 by an auto-oxida-
tion reaction and/or that the activity of 13-lipoxygenase is
involved in the production of 13-0x0-OTA in these fruits.

PPARY is expressed principally in adipose tissue and plays
a key role in the regulation of adipogenesis, energy balance,
and lipid biosynthesis [9, 32-34]. Many natural and synthetic
agonists of PPARY are used in the treatment of glucose disor-
ders [6]. Although previous studies have reported that 13-oxo-
ODA derived from LIA contributes to activate PPARy [23],
little is known about the effect of 13-oxo-OTA on PPARYy.
The structure of 13-0xo0-OTA is similar to that of 13-oxo-
ODA, which is derived from LIA. We therefore hypothesized
that 13-0x0-OTA also has an ability to activate PPARYy.
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Fig. 5 13-Ox0-OTA enhanced glucose uptake in 3T3-L1 adipo-
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We demonstrated for the first time that 13-oxo-OTA
activates PPARy and contributes to increased mRNA
expression of PPARy target genes including aP2, LPL,
and CEBP«, which are differentiation markers in adipo-
cytes [35]. These findings suggested that 13-0x0-OTA pro-
motes differentiation in 3T3-L1 adipocytes via a PPARy-
dependent pathway. Oil Red-O staining definitively
demonstrated that lipid accumulation in 3T3-L1 adipocytes
increased owing to 13-oxo-OTA treatment, corroborating
our observations following analysis of gene expression.
Although 13-0x0-OTA and 13-oxo-ODA both activated
PPARY, LIA and LNA had little effect on PPARY, suggest-
ing that the keto group (C13 position) plays an important
role in binding to PPARYy. In a previous study, it was dem-
onstrated that LIA and LNA have no effect on the expres-
sion of PPARY [36]. Our data confirm the finding from this
previous study.

Our present study also showed that 13-OTA induced
the secretion of adiponectin and promoted glucose uptake
in 3T3-L1 adipocytes. PPRE exists in the adiponectin pro-
moter region [37]. PPARy agonists therefore stimulate
the release of adiponectin from adipocytes. Adiponectin
stimulates fatty acid oxidation and contributes to improv-
ing glucose metabolism disorders, including insulin resist-
ance [38]. In the present study, 13-0x0-OTA increased the
secretion of high-molecular-weight (HMW) adiponectin.
Recently, several studies have designated adiponectin iso-
forms as low (LMW)- or HMW-adiponectin [39]. It has
also been suggested that the treatment of diabetic subjects
with TZD (PPARy ligands) specifically increases blood
levels of the HMW-adiponectin, and HMW-adiponec-
tin correlates strongly with increased insulin sensitivity
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[39, 40]. This evidence suggests that HMW-adiponectin
induced by 13-OTA treatment contributes to an improve-
ment in glucose metabolism disorders. Indeed, our findings
demonstrate that 13-oxo-OTA stimulates glucose uptake in
3T3-L1 adipocytes.

Interestingly, 13-0x0-OTA promotes glucose uptake in
3T3-L1 adipocytes treated with or without insulin, sug-
gesting that 13-0x0-OTA is capable of enhancing glucose
uptake via both insulin-dependent and -independent path-
ways. In a previous study, it was reported that coyote melon
(Ibervillea sonorae) extract induces glucose uptake in adi-
pocytes without insulin and that this effect is exerted by
activation of a PI3 K-independent pathway [41]. This find-
ing raises the possibility that the effect of 13-0x0-OTA is
also exerted by a similar mechanism. The preceding study
also revealed that the oxidative stress in adipocytes might
be the origin of obesity [42]. Oxidative stress in adipocytes
impaired insulin signals and decreased insulin-stimulating
glucose uptake [43]. Our data showed the possibility that
13-0x0-OTA is effective in improving oxidative stress in
adipocytes. Although 13-0x0-OTA and 13-oxo-ODA con-
tributed to the stimulation of glucose uptake, LIA and LNA
inhibited glucose uptake in adipocytes, with or without
insulin. Further examination is necessary to determine the
mechanism of glucose uptake in adipocytes treated with
13-0x0-OTA or LNA.

Although our present study reveals that 13-oxo-OTA
is involved in PPARy activation in vitro, little is known
about 13-0x0-OTA bioactivation in vivo. It is expected that
13-0x0-OTA contained in food (exogenous 13-0x0-OTA)
effects adipocytes throughout the bloodstream. 13-Oxo-
OTA is one of the oxylipins that have various patterns
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including fatty acid hydroperoxides, hydroxyl-, oxo-,
epoxy, or keto fatty acids, divinyl ethers, aldehydes, or jas-
monic acid [17]. Oxylipins are widespread in nature, occur-
ring in plants, animals, mosses, algae, bacteria, and fungi
[20]. Indeed, several oxygenated derivative of fatty acids in
animal have been found to be biological activity [44, 45].
In a previous study, it was demonstrated that nitroalkene
derivatives of LIA serves as an endogenous PPARY ligand
[46]. These findings raise the possibility that not only exog-
enous, but also endogenous 13-0x0-OTA, is involved in
bioactivity in animals. Therefore, it is necessary to evaluate
oxylipins in vivo to investigate the effect of both exogenous
and endogenous oxylipins.

In conclusion, 13-0x0-OTA contained in tomato, Man-
darin orange, and bitter gourd activates PPARy and induces
mRNA expression of PPARY target genes. These, in turn,
promote differentiation and induce secretion of adiponectin
and glucose uptake in 3T3-L1 adipocytes. These findings
provide the first evidence that 13-0xo-OTA induces adi-
pogenesis through a PPARy-dependent pathway and con-
tributes to improving treatments for glucose metabolism
disorder. These data suggest that 13-oxo-OTA might be a
valuable, food-derived compound for maintaining health.
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