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Abstract Tangeretin is a natural flavone found mainly in
citrus peels. Although emerging evidence suggests the
beneficial health effects of tangeretin, little is known about
the biological role of tangeretin in the odorant-induced
signal transduction pathway. In this study, the effects of
tangeretin on odorant-stimulated non-neuronal 3T3-L1
cells were evaluated. Here, we present the first evidence
that an olfactory receptor for lyral, an odorant, is expressed
in 3T3-L1 cells and that it responds to its ligand. Stimu-
lation with lyral increased the cyclic adenosine
monophosphate (cAMP) and Ca®" levels as well as the
phosphorylation of cAMP response element binding pro-
tein (CREB). Pretreatment with tangeretin synergistically
enhanced the effects of stimulation with lyral: up-regula-
tion of cAMP and Ca*" levels and CREB phosphorylation.
These data collectively suggest that tangeretin synergisti-
cally enhances the odorant-induced signaling pathway
through modulation of cAMP and CREB signal transduc-
tion in non-chemosensory cells.
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Introduction

Tangeretin (5,6,7,8-tetramethoxy-2-(4-methoxyphenyl)-4H-
1-benzopyran-4-one) is a polymethoxylated flavone found
mainly in tangerine and other citrus peels. The five methylated
hydroxyl groups in the chemical structure of tangeretin confer
high molecular hydrophobicity (Fig. 1) (Murakami et al.
2002), allowing it to be more easily taken up by cells compared
to other flavonoids and, thereby, to exert physiological effects.
Many reports have demonstrated that tangeretin modulates
various physiological processes, including inflammation by
inhibiting p38 and JNK phosphorylation (Sung et al. 2013),
diabetes by increasing glucose uptake (Onda et al. 2013),
atherosclerosis by modulating acetylated low-density lipopro-
teins (Whitman et al. 2005), carcinogenesis by regulating
apoptotic molecules (Dong et al. 2014), and cell cycle by
modulating cell cycle regulatory proteins (Pan et al. 2002).
However, little is known about the effects of tangeretin on the
odorant-induced signal transduction (OST) pathway.
Although OST is crucial to the process of odor perception
for food uptake, mate selection, and fear response to preda-
tors, emerging data demonstrate that OST also affects dif-
ferent physiological functions including muscle regeneration,
cell migration, and sperm motility in non-chemosensory tis-
sues (Fukuda et al. 2004; Griffin et al. 2009; Kang and Koo
2012). In olfactory sensory neurons, binding of odorants to
olfactory receptors (ORs) activates olfactory-specific G pro-
tein (G,¢), which then stimulates type III adenylyl cyclase,
leading to an increase in cyclic adenosine monophosphate
(cAMP) levels. The increased cAMP levels trigger an
increase in Ca’" influx, thereby altering the membrane
potential. The chemical information is converted to electrical
signals and transmitted to the brain for the perception of odor
(Restrepo et al. 1996). In non-chemosensory tissues, the OST
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Fig. 1 Chemical structure of tangeretin

pathway reflects the same process in that the odorants bind to
ORs, while cAMP and Ca”" act as second messengers to relay
the signal and mediate different physiological functions
(Busse et al. 2014; Fukuda et al. 2004; Griffin et al. 2009;
Pluznick et al. 2009). Although many studies have used
heterologous systems to characterize ORs and ligands, ecto-
pic expression of ORs in many different cells presents a
model system for investigating the biological significance of
OST in non-chemosensory tissues (Kang and Koo 2012;
Touhara 2007). In heterologous system and in vivo, one of the
well-characterized olfactory receptors is mOIlfr16 (Fukuda
et al. 2004; Kang and Koo 2012; Touhara 2007). MOIfr16
responds to lyral, a cognate ligand of mOlIfr16, in olfactory
neurons (Grosmaitre et al. 2006; Lee et al. 2009; Touhara
etal. 1999), in heterologous system (Touhara et al. 1999), and
in non-neuronal cells (Fukuda et al. 2004; Griffin et al. 2009)
and triggers lyral-induced signal transduction pathway.
However, the effect of lyral on OST pathway and its regula-
tion in other non-neuronal cells are still unknown.

This is the first report of non-chemosensory 3T3-L1
cells responding to an odorant, lyral. In this study, we also
investigated the effects of tangeretin on Ca*" and cAMP
levels and the downstream signaling molecules in non-
chemosensory 3T3-L1 cells stimulated by lyral.

Pretreatment with tangeretin enhanced the lyral-induced
increase in cAMP and Ca®" in 3T3-L1 cells. In addition,
tangeretin increased the phosphorylation of CREB, which
plays an important role in the OST pathway. Understanding
the regulation of the OST pathway in non-chemosensory cells
provides a new model to study the physiological roles of ORs
and identify their ligands. It also provides a foundation for the
development of therapeutic approaches involving modula-
tion of the OST pathway in non-chemosensory tissues.

Materials and methods
Chemicals and reagents

All chemicals used in these experiments were purchased
from Sigma (USA). The calcium assay kit was purchased
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from Molecular Devices (USA), and the cAMP assay kit
was obtained from Enzo Life Sciences (USA). The anti-
body against phospho-CREB was purchased from Cell
Signaling Technology (USA) and the LaminB1 antibody
was obtained from Abcam (USA). We generated an ade-
novirus expressing siRNA against mOIfrl6 (5'-
AAAGGCTTTCTTCTGGCCTT-3’; Griffin et al. 2009)
and purchased an adenovirus expressing non-specific
siRNA from SignaGen Laboratories (USA).

Cell culture

3T3-L1 cells were purchased from the American Type
Culture Collection (USA) and grown in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10 % bovine calf
serum (Welgene, Korea) and 1 % antibiotic—antimycotic
solution (Welgene) at 37 °Cin a 5 % carbon dioxide (CO,)
incubator.

Odorant stimulation and calcium influx assay

Cells were seeded in microplates (96-well, black with clear
flat bottoms) and then incubated overnight. Following a
30-min pretreatment with tangeretin (0—1.6 mM), the cells
were incubated with the loading buffer (calcium assay
reagent dissolved in 1 x Hank’s Balanced Salt solution
and 20 mM HEPES buffer, pH 7.4) for 30 min at room
temperature in the dark and then for 15 min at 37 °C. The
assay plate was then transferred directly to the FlexStation3
microplate reader (Molecular Devices, USA), and the cells
were stimulated by the addition of lyral (odorant ligand of
the mouse olfactory receptor 16) or ionomycin (positive
control, 4 uM) (Kim et al. 2015). Intracellular calcium
levels were measured using the assay kit according to the
manufacturer’s instructions, and the results were analyzed
using SOFTmax Pro (Molecular Devices).

Cyclic AMP assay

Cells were serum starved overnight and then treated with
different concentrations of tangeretin (0—1.6 mM) for
30 min and stimulated with lyral for 7 min. The treated
cells were lysed with 0.1 M HCI and the level of cAMP in
the supernatant was measured using the assay kit according
to the manufacturer’s instructions.

Western blot analysis

3T3-L1 cells pretreated with tangeretin for 30 min were
stimulated with lyral for 7 min and then lysed with RIPA
buffer (Biosesang, Korea) containing protease and phos-
phatase inhibitors (Roche, Switzerland). Extracted proteins
were separated by a sodium dodecyl sulfate polyacrylamide
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gel electrophoresis (SDS-PAGE) and transferred to a nitro-
cellulose membrane. Phosphorylation and expression of
proteins were detected with specific antibodies.

Statistical analysis

Data are expressed as mean £ SD of at least three inde-
pendent experiments. Values of p < 0.05 were considered
to be significant. Statistical analyses were conducted using
SPSS version 9.0 (SPSS Inc., USA).

Results and discussion

Lyral increased Ca** and cAMP levels and CREB
phosphorylation in 3T3-L1 cells expressing murine
olfactory receptor 16

ORs are expressed in both chemosensory and non-
chemosensory tissues and mediate the first step in the
odorant-induced signal transduction pathway (Kang and
Koo 2012). Although numerous studies demonstrate that
ORs play various physiological roles in different tissues,
Ca®" and CREB are crucial molecules in the odorant-
induced signal cascade in non-chemosensory tissues and
olfactory perception in olfactory sensory neurons (Moon
et al. 1999; Fukuda et al. 2004; Griffin et al. 2009;
Pluznick et al. 2009). Recently, it was demonstrated that
several olfactory receptors are expressed in 3T3-L1 cells
(Choi et al. 2013; von der Heyde et al. 2014). However,
there functional roles and their regulations in non-neu-
ronal fat tissues and 3T3-L1 cells have not yet under-
stood. In addition, their putative ligands were not yet
characterized. Here we report for the first time, the
expression of the murine olfactory receptor 16 (mOlfr16)
known as a lyral receptor in 3T3-L1 cells (Fig. 2A). The
receptor was significantly reduced by siRNA against
mOIlfrl6, while non-specific siRNA did not affect the
expression of mOIfr16. This suggests that mOIfrl6 is, at
least, one of the expressed olfactory receptors in 3T3-L1
cells and may be involved in physiological roles of 3T3-
Llcells.

Investigation of the signal transduction cascade induced
by odorant revealed that lyral significantly increased Ca®"
levels in a dose-dependent manner (Fig. 2B). To determine
the change of cAMP levels in 3T3-L1 cells, lower con-
centrations of lyral were used because higher concentra-
tions of lyral induced cell death. It may be due to much
longer incubation time for cAMP assay (7 min) while short
stimulation (less than 12 s) by lyral in calcium assay.
Considering experiments with tangeretin, it is important to
determine an appropriate concentration of lyral increasing

both calcium and cAMP without cell toxicity. After care-
fully examination of different concentrations of lyral, we
found that lyral at 100 uM significantly increased cAMP
levels (threefold) without toxicity (Fig. 2C). However, the
pattern was not dose dependent. It is may be due to an
intrinsic problem of cAMP assay using antibody which is
not fully optimized. Compared with Fig. 3A, B, we also
found the same results showing that calcium level was
changed in dose-dependent manner but not in cAMP. This
phenomenon is also supported our previous report showing
increase of cAMP by odorant not in dose-dependent
manner in AGS cells (Kim et al. 2013). Although assay of
cAMP is still controversial, these results at least showed
that Ca>" and cAMP are crucial molecules in the odorant-
induced signal transduction pathway in non-chemosensory
tissues the same as previous reports (Busse et al. 2014;
Fukuda et al. 2004; Griffin et al. 2009; Pluznick et al.
2009).

Western blot analysis for investigating the effects of
changes in cAMP levels on phosphorylation of CREB
revealed that treatment with lyral enhanced CREB phos-
phorylation in a dose-dependent manner. Since phospho-
rylation of CREB was also saturated with stimulation with
25 puM lyral, in the following experiments, lower concen-
tration of lyral would be used to investigate the effect of
tangeretin. Collectively, these data show the expression of
mOIfr16 in non-chemosensory 3T3-L1 cells as well as
increase in cAMP and Ca’?" levels following treatment
with lyral, a ligand of mOIlfr16. Phosphorylation of CREB
was also increased by lyral. These results suggest that 3T3-
L1 cells could serve as a model system to investigate the
physiological roles of mOlIfrl6 and its regulation by
exogenous molecules (as described below) in non-
chemosensory cells.

Tangeretin synergistically enhanced lyral-induced
increases in intracellular Ca®>* and cAMP levels
in 3T3-L1 cells

We investigated the effects of tangeretin on the lyral-induced
increase in intracellular calcium influx in 3T3-L1 cells.
Pretreatment with tangeretin synergistically enhanced the
lyral-induced increase in cytosolic Ca®" levels, while tan-
geretin without lyral stimulation did not (Fig. 3A). Although
little change was observed with 0.2 mM tangeretin (data not
shown), Ca®" levels were significantly increased by 25, 60,
and 80 % following treatment with 0.4, 0.8, and 1.6 mM
tangeretin, respectively. Although Takano previously
demonstrated that tangeretin regulates Ca*" level and pre-
vents cell death in neuronal cells (Takano et al. 2007), here
we report for the first time that tangeretin synergistically
enhances the increase in Ca® " levels induced by the odorant
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Fig. 2 Stimulation of chemosensory signal transduction pathway by
lyral in non-neuronal 3T3-L1 cells. (A) Expression of murine lyral
receptor (mOIfr16) in 3T3-L1 cells. (B) Changes in Ca>" level
induced by lyral in 3T3-L1 cells. Cells were stimulated with
increasing concentrations of lyral (0—4 mM). Ionomycin (4 uM)
was used as a positive control, and DMSO (1 %) was used as a
negative control. Data are represented as the mean + SD, n = 3.
*#p < 0.01. ARFU, change in relative fluorescence unit. (C) Changes

lyral in non-neuronal cells. We also examined calcium levels
after stimulation with mixture of tangeretin and lyral instead
of pretreatment with tangeretin and found that there was no
synergistic effect. It suggests that tangeretin could not
interact with lyral receptor or lyral and not affect the
receptor—ligand interaction. Instead, it is possible that tan-
geretin in cytosol may affect OST pathway although its
underlying mechanism is not yet elucidated. As previously
described in the result, lower concentration of lyral was used
because of longer stimulation time for cAMP assay than that
for calcium assay. It was evident that tangeretin synergisti-
cally increased cAMP levels by more than twofold after
stimulation with lyral while tangeretin without lyral did not
(Fig. 3B). In addition, the pattern of cAMP changes was not
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in cAMP level induced by lyral in 3T3L1 cells. Cells were stimulated
with increasing concentrations of lyral (0-0.1 mM). The final
concentration of DMSO in all samples was 1 %. The data are shown
as the mean £ SD, n = 3. **p < 0.01. (D). Western blot analysis of
phosphorylated CREB by stimulation with 0—0.1 mM lyral for 7 min.
Protein (45 pg) was separated by SDS-PAGE. The final concentration
of DMSO in all samples was 1 %

the same as that of calcium as previous described in the
result.

Tangeretin increased lyral-induced CREB
phosphorylation

Next, we investigated the effects of tangeretin on phos-
phorylation of CREB, which is an important transcription
factor that regulates OST pathway genes (Moon et al.
1999). As shown in Fig. 3C, increase in the phosphoryla-
tion of CREB by lyral treatment was synergistically
enhanced by pretreatment with tangeretin.

In conclusion, in the present study, we demonstrated that
tangeretin, which is found in abundance in citrus fruit
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Fig. 3 Effects of tangeretin on lyral-induced signal transduction
pathway in 3T3-L1 cells. (A) Changes in lyral-induced Ca*" level in
3T3-L1 cells following pretreatment with increasing concentrations of
tangeretin (0—1.6 mM) for 30 min and stimulation with 0.1 mM lyral.
DMSO (1 %) was used as a negative control. Data are represented as
the mean + SD, n = 3. *p < 0.05, ** p < 0.01. ARFU, change in
relative fluorescence unit. (B) Changes in lyral-induced cAMP level
in 3T3-L1 cells following pretreatment with increasing concentrations
of tangeretin (0-1.6 mM) for 30 min and stimulation with 1. 6 uM
lyral for 7 min. DMSO (1 %) was used as a negative control. Data are
represented as the mean + SD, n = 3. *p <0.05, ** p <0.01.
(C) Western blot analysis of phosphorylated CREB following
pretreatment  with  increasing concentrations of tangeretin
(0-1.6 mM) for 30 min and stimulation with 12.5 uM lyral for
7 min. Protein (45 pg) was separated by SDS-PAGE. The final
concentration of DMSO in all samples was 1 %

peels, synergistically enhanced the odorant-induced
increase in cAMP and Ca”" levels and phosphorylation of
CREB in non-chemosensory cells. These findings expand
our understanding of physiological roles of ORs and the
regulation of the OST pathway in non-neuronal tissues.
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