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BACKGROUND AND PURPOSE
Sphingosine 1-phosphate (S1P), an important inflammatory mediator, has been shown to regulate COX-2 production and pro-
mote various cellular responses such as cell migration. Mevastatin, an inhibitor of 3-hydroxy-3-methylglutaryl-CoA reductase
(HMG-CoA), effectively inhibits inflammatory responses. However, the mechanisms underlying S1P-evoked COX-2-dependent
cell migration, which is modulated by mevastatin in human tracheal smooth muscle cells (HTSMCs) remain unclear.

EXPERIMENTAL APPROACH
The expression of COX-2 was determined by Western blotting, real time-PCR and promoter analyses. The signalling molecules
were investigated by pretreatment with respective pharmacological inhibitors or transfection with siRNAs. The interaction be-
tween COX-2 promoter and transcription factors was determined by chromatin immunoprecipitation assay. Finally, the effect of
mevastatin on HTSMC migration and leukocyte counts in BAL fluid and COX-2 expression induced by S1P was determined by a
cell migration assay, cell counting and Western blot.

KEY RESULTS
S1P stimulated mTOR activation through the Nox2/ROS and PI3K/Akt pathways, which can further stimulate FoxO1 phosphor-
ylation and translocation to the cytosol. We also found that S1P induced CREB activation and translocation via an mTOR-
independent signalling pathway. Finally, we showed that pretreatment with mevastatin markedly reduced S1P-induced cell mi-
gration and COX-2/PGE2 production via a PPARγ-dependent signalling pathway.

CONCLUSIONS AND IMPLICATIONS
Mevastatin attenuates the S1P-induced increased expression of COX-2 and cell migration via the regulation of FoxO1 and CREB phos-
phorylation and translocation by PPARγ in HTSMCs. Mevastatin could be beneficial for prevention of airway inflammation in the future.
Abbreviations
BAL, bronchoalveolar lavage; BCECF/AM, 2′,7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl ester;
ChIP, chromatin immunoprecipitation; DCFH-DA, 2′,7′-dichlorodihydrofluorescein diacetate; DHE, dihydroethidium;
DPI, diphenyleneiodonium chloride; HTSMCs, human tracheal smooth muscle cells; Nox, NADPH oxidase
© 2015 The British Pharmacological Society
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Introduction
Airway smoothmuscle is considered as an end-response effec-
tor regulating regional differences in ventilation by
contracting in response to various pro-inflammatory media-
tors and exogenous substances released under homeostatic
or pathological conditions, such as asthma (Lee et al., 2008).
Sphingosine1-phosphate (S1P), a bioactive sphingolipid me-
tabolite, regulates numerous cellular responses, including
motility and cytoskeletal re-arrangements, formation of ad-
heres junctions, proliferation, survival, angiogenesis and
the trafficking of immune cells (Ryan and Spiegel, 2008),
and it plays an important role in asthma (Ammit et al.,
2001). S1P was found to be increased in the bronchoalveolar
lavage (BAL) fluid of asthmatics following allergen challenge
(Ammit et al., 2001) and induces allergic inflammation and
bronchial hyperresponsiveness in murine ‘models’ of the dis-
ease (Kleinjan et al., 2013; Price et al., 2013). Previously, we
demonstrated that S1P-induced IL-6 secretion, not only a pa-
rameter for exacerbated inflammation, but also indicative of
potential lung damage, was mediated through the COX-2/
PGE2 pathway in HTSMCs (Hsu et al., 2015). Therefore, we
suggested that S1P-induced COX-2/PGE2 generation may en-
hance inflammatory responses and exacerbate airway dam-
age. On the other hand, COX is the rate-limiting enzyme
for the production of eicosanoids PGs and thromboxanes
from free arachidonic acid (AA), which is generated from
membrane phospholipids by PLA2 (Lee et al., 2010). The tran-
sient expression of COX-2 is transcriptionally regulated by
various stimuli, including S1P (Nodai et al., 2007; Volzke
et al., 2014). An increased expression of COX-2 and PG pro-
duction are involved in the inflammatory processes. There-
fore, elucidating the signalling mechanisms underlying
COX-2 gene regulation and PGE2 secretion will be beneficial
for the development of therapeutic, anti-inflammatory
strategies.

Inflammatory airway and lung diseases are characterized
by chronic inflammation and an oxidant/antioxidant imbal-
ance. ROS are widely recognized as important mediators of
cell growth, adhesion, differentiation, senescence and apo-
ptosis (Lee and Yang, 2012). Excessive production of ROS
(termed ‘oxidative stress’) by NADPH oxidase (Nox) is
commonly thought to be responsible for tissue injuries asso-
ciated with respiratory inflammatory diseases (Lee and Yang,
2012). The induction of COX-2 is mediated through Nox ac-
tivation and ROS production induced by various stimuli
(Lin et al., 2010; Lee et al., 2013). Recent studies have sug-
gested that the PI3K/Akt pathway plays a crucial role in the
expression of inflammatory mediators, inflammatory cell re-
cruitment, immune cell function, airway remodelling and
corticosteroid insensitivity in chronic inflammatory respira-
tory diseases (Lee and Yang, 2012). Our previous study indi-
cated that ATPγS up-regulates COX-2 expression and PGE2
release via PI3K/Akt activation (Lin et al., 2012). Mammalian
target of rapamycin (mTOR) protein complex functions as a
hub for the integration of various intracellular signalling
pathways involving proliferation, cell survival and angiogen-
esis (Oya, 2010). PGE2 also mediates prostate cancer cell mi-
gration and invasion through activation of the PI3K/Akt/
mTOR pathway (Vo et al., 2013).

The forkhead box O (FoxO) family, downstream of Akt, in
particular FoxO1 has been shown to be involved in various
cellular functions, such as gluconeogenesis, cell cycle and au-
tophagy (Tikhanovich et al., 2013). Recently, FoxO1 has been
shown to participate in IL-1β-induced cytokine production
and increased COX-2 expression (Lappas, 2013). cAMP re-
sponse element-binding protein (CREB) has been shown to
play a critical role in the transcriptional activation of the
COX-2 gene in the early phase of adipogenesis (Fujimori
et al., 2014). Whether these signalling components also par-
ticipate in the increased expression of COX-2 and PGE2 re-
lease in HTSMCs challenged with S1P remains unknown.

Statins are a class of drugs used to lower cholesterol levels
by inhibiting the enzyme HMG-CoA reductase, which plays a
central role in the production of cholesterol in the liver.
Statins also have pleiotropic effects, including an improve-
ment in bone metabolism, immunomodulatory, anti-oxidant
and anti-inflammatory effects (Osmak, 2012; Shao et al.,
2012). Statins have been shown to ameliorate the prolifera-
tion and migration of cells, the expression of inflammatory
proteins and development of pulmonary hypertension via
the up-regulation of haem oxygenase-1 (HO-1), p21 or PPARs
(Esposito et al., 2012; Li et al., 2012). Previous studies indi-
cated that statin use was associated with improved asthma
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control in patients with severe asthma (Maneechotesuwan
et al., 2010; Braganza et al., 2011). However, the mechanisms
of statin-attenuated S1P-induced inflammatory responses are
still unclear in HTSMCs.

In this study we found that the increased expression of
COX-2 and PGE2 release in S1P-challenged HTSMCs are me-
diated through Nox2/ROS- and PI3K/Akt-dependent
mTOR/FoxO1 and CREB phosphorylation. Moreover,
mevastatin was shown to inhibit S1P-induced COX-2/PGE2-
dependent cell migration via PPARγ in HTSMCs. These results
provide new insights into the mechanisms by which
mevastatin affects cell migration and thus alleviates the in-
flammatory response in HTSMCs.
Methods

Cell culture
HTSMCs were purchased from ScienCell Research Lab (San
Diego, CA) and grown in DMEM/F-12 containing 10% (v v-1)
FBS and antibiotics (100U·mL�1 penicillin G, 100 μg·mL�1

streptomycin and 250ng·mL�1 fungizone) at 37°C in a hu-
midified 5% CO2. Experiments were performed with cells
from passages 4 to 7.

Transient transfection with siRNAs
Human siRNAs of scrambled, p47phox (SASI_Hs02_00302212),
Nox2 (SASI_Hs01_00086110), p110 (SASI_Hs01_00219338),
Akt (SASI_Hs01_00205545), mTOR (SASI_Hs01_00203144),
CREB (SASI_Hs01_00116985), FoxO1 (SASI_Hs01_00076732)
and PPARγ (SASI_Hs01_00106498) were from Sigma (St.
Louis, MO). Transient transfection of siRNAs was carried out
using Lipofectamine 2000 transfection reagent from
Invitrogen (Carlsbad, CA). siRNA (100 nM) was formulated
with Lipofectamine 2000 transfection reagent according to
the manufacturer’s instruction.

Western blot
Growth-arrested cells were incubated with S1P at 37°C for the
indicated time intervals. The cells were washed, scraped, col-
lected and centrifuged at 45 000× g at 4°C for 1 h to yield the
whole cell extract, as previously described (Hsu et al., 2014).
Samples were denatured, subjected to SDS-PAGE using a
10% running gel, and transferred to nitrocellulose mem-
brane. Membranes were incubated with an anti-COX-2 anti-
body for 24 h, and then membranes were incubated with an
anti-mouse HRP antibody for 1 h. The immunoreactive bands
were detected by ECL reagents. The values of Western blot are
quantified by UN-SCAN-IT gel version 6.1 (Utah, USA) and
normalized to β-actin for five individual experiments. The
blot is labelled with fold change values which are compared
to the basal.

Real-time PCR
Total RNAwas extracted using TRIzol reagent. To avoid the ge-
nomic DNA contamination, mRNA was reverse-transcribed
into cDNA with oligo-dT primer and analysed by real-time
PCR using SYBR Green PCR reagents (Applied Biosystems,
Branchburg, NJ) with primers specific for COX-2 and GAPDH.
The primers used were as follows: 5′-CAAACTGAA
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ATTTGACCCAGAACTAC-3′ (sense), and 5′-ACTGTTGATAGT
TGTATTTCTGGTCATGA-3′ (anti-sense) for COX-2; 5′-
GCCAGCCGAGCCACAT-3′ (sense) and 5′-CTTTACCAGAGT
TAAAAGCAGCCC-3′ (anti-sense) for GAPDH. The level of
COX-2 expression was determined by normalizing it to that
of GAPDH expression. The CT values of COX-2 and GAPDH
were used to measure the ΔCT.
Measurement of COX-2 promoter activity
For construction of the COX-2-luc plasmid, human COX-2
promoter, a region spanning �483 to +37 bp was cloned into
pGL3-basic vector (Promega, Madison, WI). The 5′-flanking
region of the human COX-2 gene was cloned using the Ge-
nomeWalker kit (Clontech, Heidelberg, Germany) with inter-
nal (upstream) and external (downstream) primers from the
human COX-2 cDNA as followed: COX-2 internal primer:
5′-GGTACCGACGTACAGACCAGACACGG-3′ (with a KpnI
site), COX-2 external primer: 5′-CTCGAGGTGCT
CCTGACGCTCACTGC-3′ (with an XHoI site). The point mu-
tation in the CREB binding site of COX-2 promoter was gen-
erated by site-directed mutagenesis that splices by overlap
extension. To generate CREB mut-luc, two PCR fragments (A
and B) were amplified from COX-2-luc. Fragment A-CRE was
generated from a forward primer with a KpnI site (5′-
GGTACCGACGTACAGACCAGACACGG-3′) and reverse
primer (5′-CAGTCATTTAATCACATGGG-3′). Fragment B-CRE
was generated from a forward primer (5′-CCCATGTGATTA
AATGACTG-3′) and reverse primer with an XhoI site (5′-
CTCGAGGTGCTCCTGACGCTCACTGC-3′). Fragment Awas
combined with B, and this combination was amplified by
PCR. The combination of fragments was inserted into
pCRII-TOPO (Invitrogen, CA, USA) and then was digested
with KpnI and XhoI. The digested product was inserted into
KpnI/XhoI-digested pGL3-basic vector. The resulting plasmid
introduced the CREB mutation (the mutated bases are
underscored: TTCGTCA→ TTAATCA). COX-2-luc activity
was determined as previously described using a luciferase as-
say system (Promega, Madison, WI) (Hsu et al., 2015). Firefly
luciferase activities were standardized for β-gal activity.
Measurement of intracellular ROS
accumulation
The intracellular H2O2 levels were determined by measuring
fluorescence of 2′, 7′-dichlorodihydrofluorescin diacetate
(DCFH-DA), and the O2

•� levels were determined by measur-
ing the level of dihydroethidium (DHE). The fluorescence for
DCF and DHE staining was detected at 495/529 and
518/605 nm, respectively, using a fluorescence microscope
(Zeiss, Axiovert 200M). For the purpose of these experiments,
HTSMCs were washed with warm HBSS and incubated in
HBSS or cell medium containing 10 μM DCFH-DA or DHE at
37°C for 45min. Subsequently, HBSS or medium containing
DCFH-DA or DHE was removed and replaced with fresh me-
dium. HTSMCs were then incubated with S1P (30 μM). Cells
were washed twice with PBS and detached with
trypsin/EDTA, and the fluorescence intensity of the cells was
analysed using a FACScan flow cytometer (BD Biosciences,
San Jose, CA) at 518 nm excitation and 605 nm emission for
DHE and at 495 nm excitation and 529 nm emission for DCF.
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Determination of NADPH oxidase activity by
chemiluminescence assay
After being incubated, cells were gently scraped and centri-
fuged at 400× g for 10min at 4°C. The cell pellet was resus-
pended with 35 μL per well of ice-cold RPMI-1640 medium,
and the cell suspension was kept on ice. Then, 5 μL of cell sus-
pension (0.2 × 105 cells) were added to a final 200 μL volume
of pre-warmed (37°C) RPMI-1640 medium containing either
NADPH (1 μM) or lucigenin (20 μM), to initiate the reaction,
followed by immediate measurement of chemiluminescence
in an Appliskan luminometer (Thermo®) in out-of-coincidence
mode. Appropriate blanks and controls were established,
and chemiluminescence was recorded. Neither NADPH
nor NADH enhanced the background chemiluminescence
of lucigenin alone (30–40 counts per min). Chemilumines-
cence was continuously measured for 12min, and the activ-
ity of NADPH oxidase was expressed as counts 10-6cells.
Isolation of cell fractions
Cells were harvested, sonicated for 5 s at output 1.5 with a
sonicator (Misonix, Farmingdale, NY) and centrifuged at
6800× g for 15min at 4°C. The pellet was collected as the
nuclear fraction. The supernatant was centrifuged at 20,000× g
at 4°C for 60min to yield the pellet (membrane fraction)
and the supernatant (cytosolic fraction). FoxO1 translocation
from nucleus to cytosol and CREB translocation from cytosol
to nucleus were determined by Western blot.
Chromatin immunoprecipitation assay
To detect the in vivo association of transcription factors with
human COX-2 promoter, chromatin immunoprecipitation
(ChIP) analysis was performed as previously described (Yang
et al., 2012). Briefly, HTSMCs were cross-linked with 1% form-
aldehyde at 37°C for 10min and washed thrice with ice-cold
PBS containing 1mM PMSF and 1% aprotinin. Soluble chro-
matin was prepared using a ChIP assay kit (Upstate) accord
ing to the manufacturer’s recommendations and
immunoprecipitated without (control) or with an anti-FoxO1
or anti-CREB antibody and normal goat immunoglobulin G
(IgG). Following washing and elution, immunoprecipitates
were heated overnight at 65°C to reverse cross-linking of
DNA and protein. DNA fragments were purified by
phenol-chloroform extraction and ethanol precipitation.
The purified DNAwas subjected to PCR amplification using
the forward primer 5′-CACCGGGCTTACGCAATTTT-3′ and
the reverse primer 5′-ACGCTCACTGCAAGTCGTAT-3′, which
were specifically designed from the COX-2 promoter region
(�139 to +29). PCR fragments were analysed on 2% agarose
in 1× TAE gel containing ethidium bromide.
Cell migration assay
HTSMCs were grown to confluence in 6-well plates and
starved by incubating them in serum-free DMEM/F-12 me-
dium for 24 h. The monolayer cells were manually scratched
with a pipette tip to create extended and definite scratches
in the centre of the well with a bright and clear field. The de-
tached cells were removed by washing the cells once with
PBS. Serum-free DMEM/F-12 medium plus 1 μM hydroxyurea
with or without S1P was added to each well as indicated after
pretreatment with the inhibitors for 1 h or mevastatin for
24 h. Images of migratory cells from the scratched boundary
were observed and recorded at 48 h with a digital camera
and light microscope (Olympus, Japan). Number of migra-
tory cells was counted from the resulting four phase images
for each point and then averaged for each experimental con-
dition. The images shown represent one of three individual
experiments.

Animal care and experimental procedures
Male ICR mice aged 6–8weeks were purchased from the Na-
tional Laboratory Animal Centre (Taipei, Taiwan) and han-
dled according to the guidelines of Animal Care Committee
of Chang Gung University and NIH Guides for the Care and
Use of Laboratory Animals. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010). A total of 20 animals were used
in the experiments described here ICR mice were pretreated
with mevastatin (4mg·kg�1 body weight) by i.p. injection
for 24 h, and then anaesthetized by i.p. injection of 200 μL
of pentobarbital sodium (5mg·mL�1), placed individually
on a board in a near vertical position and the tongues were
withdrawn with a lined forceps. The depth of anaesthesia
was evaluated by pinching the animal’s paw with forceps
and all efforts were made to minimize suffering. S1P
(0.03mg·kg�1 body weight) was placed posterior in the throat
and aspirated into lungs. Control mice were administered
sterile 0.1% BSA. Mice regained consciousness after 30min.
BAL fluid was obtained through a tracheal cannula using 1
mL aliquots of ice-cold PBS solution. BAL fluid was centri-
fuged at 500× g at 4°C, and cell pellets were washed and re-
suspended in PBS. Leukocyte count was determined by a
haemocytometer.

Analysis of data
All the data are expressed as the mean or mean ± SEM of five
individual experiments performed in duplicate or triplicate.
The significance of differences between two groups was deter-
mined by Student’s paired two-tailed t-test for Western blot
data. For all other statistical analyses and comparisons of
multiple groups, a GraphPad Prism Program (GraphPad, San
Diego, CA) using ANOVA followed by Tukey’s post hoc test
has been used. A P< 0.05 value was considered significant.

Materials
Anti-COX-2 antibody was from Abcam (ab62331) (Burlingame,
CA). Anti-p47phox (sc-14015), anti-Nox2 (sc-20782), anti-p110
(sc-7189), anti-Akt (sc-8312), anti-CREB2 (sc-200), anti-
FoxO1 (sc-374427), anti-PPARγ (sc-7273), anti-β-actin (sc-
47778) and anti-lamin A (sc-20680) antibodies were from
Santa Cruz (Santa Cruz, CA). Anti-mTOR (#2972), anti-
phospho-mTOR (#5536), anti-phospho-Akt (#9271), anti-
phospho-CREB (#9191) and anti-phospho-FoxO1 (#9461)
antibodies were from Cell Signaling (Danver, MA). S1P and
mevastatin were from Cayman (Ann Arbor, MI). NS-398 (N-[2-
(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide), celecoxib,
edaravone, apocynin (APO), diphenyleneiodonium chloride
(DPI), LY294002, SH-5 (D-3-deoxy-2-O-methyl-myo-inositol
British Journal of Pharmacology (2015) 172 5360–5376 5363
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1-[(R)-2-methoxy-3-(octadecyloxy)propyl hydrogen phosphate]),
rapamycin, H89, AS1242586 (5-amino-7-(cyclohexylamino)-
1-ethyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid)
and GW9662 were from Biomol (Plymouth Meetings, PA).
Luciferase assay kit was from Promega (Madison, WI). 2′,7′-
Dichlorodihydrofluorescein diacetate (DCFH-DA) and 2′,7′-
bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl
ester (BCECF/AM) were from Molecular Probes (Eugene, OR).
SDS-PAGE supplies were from MDBio Inc. (Taipei, Taiwan).
CAY10444 (2-undecyl-thiazolidine-4-carboxylic acid), W123
(3-(2-(3-hexylphenylamino)-2-oxoethylamino)propanoic acid)
and all other reagents were from Sigma (St. Louis, MO).
Results

S1P induces COX-2 expression via
Nox2-dependent ROS generation
S1P has been shown to regulate the development of
hyperoxia-induced lung injury via increased Nox-
dependent ROS generation (Harijith et al., 2013). We have
demonstrated that S1P induced COX-2 expression via S1P
receptors in HTSMCs (Hsu et al., 2015). We found that
increased the expression of COX-2 by about onefold. Pre-
treatment with either a ROS scavenger (edaravone) or Nox
inhibitors (apocynin and DPI) dose-dependently attenu-
ated the S1P-induced increase in COX-2 expression
(Figure 1A). In addition, the increase in COX-2 mRNA
levels and promoter activity were also significantly attenu-
ated by edaravone (mRNA, 75%; promoter, 40%),
apocynin (mRNA 88%; promoter, 45%) or DPI (mRNA
85%; promoter, 44%) in HTSMCs (Figure 1B). We further
observed that S1P markedly increased Nox activation and
ROS generation, which were inhibited by apocynin, DPI,
edaravone, W123 (S1P1 receptor antagonist) or CAY10444
(S1P3 receptor antagonist) (Figures 1C and D). Previous
report indicates that activated Nox is a multimeric protein
complex consisting of at least three cytosolic subunits of
p47phox, p67phox and p40phox. Phosphorylation of p47phox

leads to a conformational change allowing it to interact
with p22phox (Lee et al., 2008). The p47phox organizes the
translocation of other cytosolic factors; hence it is desig-
nated as an ‘organizer subunit’ (Lee et al., 2008). More-
over, we showed that transfection with siRNA of Nox2
or p47phox significantly inhibited S1P-induced COX-2
expression (Figure 1E). We also observed that transfection
with Nox4 siRNA had no effect on S1P-induced COX-2
expression (data not shown). These data suggested that
S1P increases COX-2 expression through Nox2-dependent
ROS generation in HTSMCs.

Participation of PI3K/Akt/mTOR in
S1P-induced COX-2 expression
PI3K/Akt/mTOR activation by S1P leads to cell migration, differ-
entiation or mineralization in various cell types (Kalhori et al.,
2013; Matsuzaki et al., 2013). Therefore, we suggested that the
PI3K/Akt/mTOR pathway is involved in S1P-induced increase
in COX-2 expression in HTSMCs. As shown in Figure 2A, pre-
treatment with the inhibitor of PI3K (LY294002), Akt (SH-5) or
5364 British Journal of Pharmacology (2015) 172 5360–5376
mTOR (rapamycin) significantly attenuated the S1P-induced in-
crease in COX-2 expression. In addition, LY294002 (mRNA,
80%; promoter, 45%), SH-5 (mRNA, 77%; promoter, 48%) and
rapamycin (mRNA, 79%; promoter, 47%) also inhibited the
S1P-induced increase inCOX-2mRNA expression and promoter
activity (Figure 2B). Furthermore, we demonstrated that S1P
time-dependently stimulated Akt phosphorylation in HTSMCs,
which was reduced byW123, CAY10444, LY294002 or SH-5, but
not rapamycin (Figure 2C). We noticed that S1P also stimulated
mTOR phosphorylation, which was reduced by W123,
CAY10444, LY294002, SH-5 or rapamycin (Figure 2C). ROS
have been shown to regulate Akt/mTOR activation induced
by various stimuli (Chen et al., 2013; Dilshara et al., 2014).
Here, we found that S1P-induced mTOR phosphporylation
was inhibited by edaravone, apocynin or DPI in HTSMCs
(Figure 2C). We also demonstrated that ROS-dependent mTOR
phosphorylationwas notmediated through Akt (Figure 2C). To
confirm the roles of PI3K, Akt and mTOR in S1P-induced
increase in COX-2 expression, as shown in Figure 2D, transfec-
tion with siRNA of p110, Akt or mTOR attenuated the
S1P-induced increase in COX-2 protein levels in HTSMCs.
These results suggest that S1P-induced COX-2 up-regulation
is mediated through PI3K/Akt- and Nox2/ROS-dependent
mTOR activation in HTSMCs.
S1P induces FoxO1 activation and
translocation via an mTOR-dependent
pathway
FoxO1 has been shown to be involved in the expression of
various genes, such as HO-1, catalase, sod2 and COX-2 (Liu
et al., 2013). Previously, it was demonstrated that insulin
induces FoxO1 activation and translocation from the nucleus
to the cytosol (Banerjee et al., 2010). Here, we investigated
whether the S1P-induced increase in COX-2 expression was
mediated through FoxO1. As shown in Figure 3A, S1P stimu-
lated FoxO1 phosphorylation and translocation from the
nucleus to the cytosol in a time-dependent manner. We fur-
ther investigated the relationship between NADPH
oxidase/ROS, PI3K/Akt/mTOR and FoxO1 in response to
S1P. As shown in Figure 3B, pretreatment with W123,
CAY10444, edaravone, apocynin, DPI, LY294002, SH-5 or
rapamycin attenuated FoxO1 translocation from the nucleus
to the cytosol. In addition, S1P-stimulated FoxO1 phosphor-
ylation was markedly inhibited by pretreatment with W123,
CAY10444, apocynin, DPI, edaravone, rapamycin, LY294002
or SH-5 (Figure 3C). Finally, we used a ChIP assay to deter-
mine whether S1P could stimulate the dissociation of FoxO1
from the COX-2 promoter region. We showed that S1P stimu-
lated FoxO1 dissociation in a time-dependent manner
(Figure 3D), which was reversed by W123, CAY10444,
edaravone, apocynin, DPI, LY294002, SH-5 or rapamycin
(Figure 3E). These results demonstrate that S1P stimulates
FoxO1 activation and translocation via PI3K/Akt- and
Nox2/ROS-dependent mTOR cascades.
The involvement of CREB in the up-regulated
expression of COX-2 induced by S1P
CREB has been shown to play a critical role in the transcrip-
tional activation of the COX-2 gene in the early phase of



Figure 1
NADPH oxidase/ROS play key roles in S1P-induced COX-2 expression. (A) HTSMCs were pretreated with edaravone, apocynin (APO) or DPI for
2 h, and then incubated with S1P for 6 h. The COX-2 protein expression was determined by Western blot. (B) Cells were pretreated with
edaravone (Edar, 10 μM), apocynin (APO, 10 μM) or DPI (1 μM) for 2 h, and then incubated with S1P for 4 h or 1 h. The COX-2 mRNA expression
and promoter activity were determined by real-time PCR and promoter assay respectively. (C) Cells were treated with S1P for the indicated time
intervals or pretreated with edaravone (Edar, 10 μM), apocynin (10 μM) and DPI (1 μM) for 2 h, or W123 (10 μM) and CAY10444 (CAY, 10 μM) for
1 h, and then incubated with S1P for 30min. The ROS generation was measured (upper panel). Cells were treated with S1P for the indicated time
intervals or pretreated with apocynin (10 μM), DPI (1 μM) for 2 h, or W123 (10 μM), CAY10444 (CAY, 10 μM) for 1 h, and then incubated with S1P
for 5min. The NADPH oxidase activity was measured (lower panel). (D) Cells were incubated with S1P (30 μM) for the indicated time intervals or
pretreated with apocynin or edaravone (Edar) for 2 h, or W123, CAY10444 (CAY) for 1 h and then incubated with S1P for 30min. DHE fluores-
cence images were observed. Images shown are representative of three independent experiments with similar results. (E) Cells were transfected
with siRNA of scrambled, Nox2 or p47phox, and then incubated with S1P for 6 h. The protein levels of Nox2, p47phox and COX-2 were determined
by Western blot. Data are expressed as mean (A and E) or mean ± SEM (B and C) of five independent experiments. *P< 0.05; #P< 0.01, as com-
pared with the cells exposed to S1P alone (A and B), vehicle (C) or S1P + scrambled siRNA (E). δP< 0.05, as compared with the cells exposed to S1P
alone (C).
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Figure 2
S1P induces COX-2 expression via PI3K/Akt-dependent mTOR. (A) HTSMCs were pretreated with LY294002 (LY), SH-5 or rapamycin (Rapa) for
1 h, and then incubated with S1P for 6 h. The COX-2 protein expression was determined by Western blot. (B) Cells were pretreated with
LY294002 (LY, 10 μM), SH-5 (100 nM) or Rapamycin (Rapa, 1 μM) for 1 h, and then incubated with S1P for 4 h or 1 h. The COX-2 mRNA expres-
sion and promoter activity were determined by real-time PCR and promoter assay, respectively. (C) Cells were pretreated without or with W123,
CAY10444, LY294002, SH-5 or rapamycin for 1 h or edaravone, apocynin or DPI for 2 h, and then incubated with S1P (30 μM) for the indicated
time intervals. The levels of phospho-mTOR and phospho-Akt were determined by Western blot. (D) Cells were transfected with siRNA of scram-
bled, p110, mTOR or Akt, and then incubated with S1P for 6 h. The protein levels of p110, mTOR, Akt and COX-2 were determined by Western
blot. Data are expressed as mean (A, C and D) or mean ± SEM (B) of five independent experiments. *P< 0.05; #P< 0.01, as compared with the
cells exposed to S1P alone or S1P + scrambled siRNA (D).
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Figure 3
S1P induces FoxO1 activation and translocation via an mTOR-dependent pathway. HTSMCs were (A) incubated with S1P (30 μM) for the indi-
cated time intervals or (B) pretreated with W123, CAY10444 (CAY), apocynin (APO), DPI, edaravone (Edar), LY294002 (LY), SH-5 or rapamycin
(Rapa) for 1 h, and then incubated with S1P for 30min. The cytosolic and nuclear fractions were prepared and subjected to Western blot analysis
using an anti-FoxO1 or anti-phospho-FoxO1 antibody. Lamin A and β-actin were used as a marker protein for nuclear and cytosolic fractions, re-
spectively. (C) Cells were pretreated without or with W123, CAY10444, apocynin, DPI, edaravone, rapamycin, LY294002 or SH-5, and then incu-
bated with S1P for the indicated time intervals. The levels of phospho-FoxO1 were determined byWestern blot. Cells were (D) incubated with S1P
(30 μM) for the indicated time intervals or (E) pretreated with W123, CAY10444 (CAY), LY294002 (LY), SH-5 and rapamycin (Rapa) for 1 h, or
apocynin, DPI and edaravone (Edar) for 2 h, and then incubated with S1P for 30min. The FoxO1 binding activities were analysed by a ChIP assay.
Data are expressed as mean (A, B and C) of five independent experiments. *P< 0.05; #P< 0.01, as compared with the cells exposed to vehicle (A)
or S1P alone (B and C).
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adipogenesis (Fujimori et al., 2014). Therefore, we deter-
mined whether the S1P-induced increased COX-2 expres-
sion was mediated via activation of CREB in HTSMCs. As
shown in Figure 4A, S1P-induced COX-2 expression was
reduced by pretreatment with the inhibitor of PKA (H89)
which is an upstream signalling molecule of CREB. In addi-
tion, pretreatment with H89 also diminished S1P-induced
COX-2 mRNA levels (80%) and promoter activity (43%)
(Figure 4B). To further confirm the role of CREB in S1P-
mediated COX-2 promoter activity, a point-mutated CREB
COX-2 promoter plasmid was used. As shown in Figure 4C,
S1P-stimulated COX-2 promoter activity was prominently
lost in HTSMCs transfected with the point-mutated CREB
COX-2 promoter plasmid. To investigate whether S1P could
stimulate CREB promoter activity, as shown in Figure 4D,
S1P time-dependently increased CREB promoter activity
and this was attenuated by H89, W123 or CAY10444. We
also found that S1P markedly stimulated CREB phospho-
rylation (Figure 4E) and translocation from the cytosol
into the nucleus, which was inhibited by W123 or CAY10444
(Figure 4F). However, pretreatment with edaravone, apocynin,
DPI, LY294002, SH-5 or rapamycin had no effect on S1P-
mediated CREB phosphorylation and translocation (data not
shown). To further confirm the role of CREB in S1P-induced
increased COX-2 expression in HTSMCs, as shown in
Figure 4G, transfection with CREB siRNA significantly reduced
CREB protein expression, and then inhibited S1P-induced
COX-2 expression in HTSMCs. Finally, we showed that S1P
induced the binding of CREB to the COX-2 promoter in a
time-dependent manner, which was reduced by W123,
CAY10444, but not edaravone, apocynin, DPI, LY294002,
SH-5 or rapamycin (Figure 4H). Our results suggest that CREB
acts as a crucial transcription factor in S1P-induced increase
in COX-2 expression in HTSMCs.
S1P induces cell migration via
COX-2-dependent PGE2 production
S1P has been shown to induce the migration of renal
mesangial cells via the production of COX-2/PGE2 (Volzke
et al., 2014). The migration of airway smooth muscle cells
plays an important role in the development of various
airway diseases. Therefore, we explored whether S1P could
induce cell migration via COX-2-dependent PGE2 pro-
duction in HTSMCs. As shown in Figure 5A, S1P induced
an increase in cell migration, which was inhibited by
pretreatment with the inhibitor of COX-2 (CLC or NS-
398), suggesting that COX-2 plays an essential role in
S1P-induced cell migration. ROS have been shown to
induce cell migration induced by various stimuli (Bruder-
Nascimento et al., 2014; Kastl et al., 2014). In addition,
the PI3K/Akt/mTOR pathway has been shown to be in-
volved in cell migration induced by overexpression of
the estrogen receptor (ER)α (Hou et al., 2014). Here, we
found that pretreatment with W123, CAY10444, apocynin,
DPI, edaravone, LY294002, SH-5, rapamycin or H89 mark-
edly attenuated cell migration induced by S1P (Figure 5B).
We further determined whether S1P-induced cell migration
was mediated through PGE2. As shown in Figure 5C,
PGE2 (30 μM) time-dependently increased cell migration.
However, S1P-induced PGE2 generation was inhibited by
5368 British Journal of Pharmacology (2015) 172 5360–5376
apocynin, DPI, edaravone, LY294002, SH-5, rapamycin or
H89 (Figure 5D). Taken together, these results indicate that
S1P induces cell migration via a COX-2/PGE2-dependent
pathway.
Mevastatin inhibits S1P-induced COX-2/PGE2-
dependent cell migration via PPARγ receptors
Mevastatin has been reported to alleviate inflammatory re-
sponses by reducing the secretion of inflammatory cytokines
and expression of adhesion molecules (Akasaki et al., 2009;
Helbing et al., 2010). In addition, statins have been shown
to play a protective role in coronary artery disease by induc-
ing the expression of PPARγ (Pucci et al., 2011). Thus, we in-
vestigated whether mevastatin could inhibit S1P-induced
cell migration by inhibiting the generation of COX-2/
PGE2. As shown in Figures 6A and B, mevastatin signifi-
cantly reduced S1P-stimulated cell migration and PGE2 gen-
eration. In addition, pretreatment with GW9662 (a potent
antagonist of PPARγ) reversed mevastatin-reduced cell
migration and PGE2 generation (Figures 6A and B). We also
observed that mevastatin markedly inhibited S1P-induced
increased COX-2 expression, which was reversed by
GW9662 (Figure 6C, upper panel). To further confirm the
role of PPARγ in mevastatin-reduced S1P-induced increase
in COX-2 expression, a PPARγ agonist (rosiglitazone) was
used. In this study, pretreatment with rosiglitazone inhi-
bited S1P-induced increased COX-2 expression, which was
reversed by GW9662 (Figure 6C, lower panel). Moreover,
transfection with PPARγ siRNA significantly reduced PPARγ
protein expression, and then reversed the mevastatin-
reduced COX-2 expression in S1P-stimulated HTSMCs
(Figure 6D). We also demonstrated that mevastatin inhibited
S1P-stimulated FoxO1 and CREB translocation (Figure 6E).
Ultimately, we investigated whether mevastatin could medi-
ate the interaction of CREB and FoxO1 with the COX-2 pro-
moter region. As shown in Figure 6F, mevastatin inhibited
the S1P-induced FoxO1 dissociation and CREB association
with the COX-2 promoter region, and these effects were re-
versed by GW9662. Taken together, these results show that
mevastatin inhibits S1P-induced COX-2/PGE2-dependent
cell migration via PPARγ.
Mevastatin attenuates S1P-evoked airway
inflammation and leukocyte infiltration in vivo
Moreover, we determined whether S1P could induce airway
inflammation in vivo. In an in vivo study, mice were
intratracheally administered S1P. As shown in Figure 7A, S1P
caused a pulmonary haematoma, which was inhibited by pre-
treatment with mevastatin. In addition, BAL fluid was
acquired, and airway tissues were homogenized to extract
proteins. As shown in Figure 7B, S1P significantly enhanced
the number of leukocytes (eosinophils and neutrophils) in
BAL fluid, an effect attenuated by pretreatment with
mevastatin. The effect of mevastatin on COX-2 protein
expression was also confirmed by using mice as an animal
model (Figure 7C). These data suggest that pretreatment with
mevastatin inhibits S1P-induced airway inflammatory
responses both in vitro and in vivo.



Figure 4
CREB is involved in S1P-induced COX-2 expression. (A) HTSMCs were pretreated with H89 for 1 h, and then incubated with S1P for 6 h. The COX-
2 protein expression was determined by Western blot. (B) Cells were pretreated with H89 (10 μM) for 1 h, and then incubated with S1P for 4 h or
1 h. The COX-2 mRNA expression and promoter activity were determined by real-time PCR and promoter assay, respectively. (C) Cells were
transfected with wild-type COX-2 promoter reporter gene (WT-COX-2) or CREB-mutated COX-2 promoter reporter gene (mCREB-COX-2),
and then incubated with or without S1P for 1 h. The COX-2 promoter activity was determined. (D) Cells were treated with S1P for the indicated
time intervals or pretreated with H89, W123 or CAY10444 (CAY) for 1 h, and then incubated with S1P for 2 h. The CREB promoter activity was
measured. (E) Cells were pretreated without or with H89, W123 or CAY10444 for 1 h, and then incubated with S1P (30 μM) for the indicated time
intervals. The levels of phospho-CREB were determined by Western blot. (F) Cells were incubated with S1P (30 μM) for the indicated time intervals
or pretreated with W123 or CAY10444 (CAY) for 1 h. The cytosolic and nuclear fractions were prepared and subjected to Western blot analysis
using an anti-CREB or anti-phospho-CREB antibody. Lamin A and β-actin were used as a marker protein for nuclear and cytosolic fractions, respec-
tively. (G) Cells were transfected with siRNA of scrambled or CREB, and then incubated with S1P for 6 h. The levels of CREB and COX-2 were de-
termined. (H) Cells were treated with S1P for the indicated time intervals or pretreated with W123 (10 μM), CAY10444 (CAY, 10 μM), LY294002
(LY, 10 μM), SH-5 (10 nM) and rapamycin (Rapa, 1 μM) for 1 h, or apocynin (10 μM), DPI (1 μM) or Edaravone (Edar, 10 μM) for 2 h, and then
incubated with S1P (30 μM) for 30min. The CREB binding activities were analysed by a ChIP assay. Data are expressed as mean (A, E, F and G)
or mean ± SEM (B–D) of five independent experiments. *P< 0.05; #P< 0.01, as compared with the cells exposed to S1P alone (A, B and E), vehicle
(D and F) or S1P + scrambled siRNA (D). #P< 0.01, as compared with cells transfected with WT COX-2 promoter stimulated by S1P (C). δP< 0.05,
as compared with the cells exposed to S1P for 2 h (D).
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Figure 5
S1P induces COX-2/PGE2-dependent cell migration. (A) HTSMCs were treated with S1P (30 μM) for the indicated time intervals or pretreated
without or with CLC (10 μM) or NS398 (NS, 10 μM) for 1 h, and then incubated with S1P (30 μM) for 48 h. Representative images are shown
in the upper panel, and quantification of the images is shown in the lower panel. (B) Cells were pretreated without or with W123, CAY10444
(CAY), LY294002 (LY), SH-5, rapamycin (Rapa), H89, edaravone (Edar), apocynin (APO) or DPI, and then incubated with S1P (30 μM) for 48 h.
(C) Cells were treated with PGE2 (30 μM) for the indicated time intervals. Images shown are representative of three independent experiments with
similar results. (D) Cells were pretreated with LY294002 (LY), SH-5, rapamycin (Rapa), H89, edaravone (Edar), apocynin or DPI, and then incu-
bated with S1P for 6 h. The release of PGE2 was measured. Data are expressed as mean ± SEM of five independent experiments. #P< 0.01, as com-
pared with the cells exposed to S1P alone (B and D) or vehicle (A and C). δP< 0.01, as compared with the cells exposed to S1P for 48 h (A).
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Figure 6
Mevastatin (MVS) attenuates S1P-promoted cell migration via PPARγ. (A, B) HTSMCs were pretreated with GW9662 (30 μM) for 1 h, and then
treated with mevastatin (15 μM) for 24 h, followed by incubation with S1P (30 μM) for 48 h (cell migration) or 6 h (PGE2 generation). (A) Repre-
sentative images of cell migration are shown in the upper panel, and quantification of the images is shown in the lower panel. (B) The PGE2 levels
were measured. (C) Cells were pretreated with GW9662 (30 μM) for 1 h, and then treated withmevastatin (15 μM) or Rosiglitazone (Rosi) (30 μM)
for 24 h, followed by incubation with S1P (30 μM) for 6 h. The levels of COX-2 were determined by Western blot. (D) Cells were transfected with
siRNA or scrambled of PPARγ, pretreated with mevastatin for 24 h and then incubated with S1P for 6 h. The levels of PPARγ and COX-2 protein
were determined by Western blot. (E) Cells were pretreated with GW9662 (30 μM) for 1 h, and then treated with mevastatin (15 μM) for 24 h,
followed by incubation with S1P (30 μM) for 30min. The cytosolic and nuclear fractions were prepared and subjected to Western blot analysis
using an anti-CREB, anti-FoxO1, anti-phospho-CREB or anti-phospho-FoxO1 antibody. (F) Cells were pretreated with GW9662 (30 μM) for 1 h,
and then treated with mevastatin (15 μM) for 24 h, followed by incubation with S1P (30 μM) for 30min. The CREB and FoxO1 binding activities
were analysed by a ChIP assay. Data are expressed as mean ± SEM (A and B) or mean (C, D and E) of five independent experiments. *P< 0.05;
#P< 0.01, as compared with the cells exposed to S1P alone (A, B, C and E) or S1P + scrambled siRNA (D). δP< 0.05, as compared with the cells
exposed to S1P +mevastatin (A, B, C and E), S1P + Rosi (C), or S1P +mevastatin + scrambled siRNA (D).
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Figure 7
Mevastatin (MVS) attenuates S1P-induced airway inflammatory re-
sponses in vivo. (A) Mice were pretreated with mevastatin or vehicle
(Sham), i.p., for 24 h, and then administered mevastatin with or
without S1P (S1P), i.t., for 24 h. Changes in the appearance of the
lung were observed. (B) BAL fluid was acquired, and the number of
leukocytes was counted with a haemocytometer. (C) The proteins
were extracted from airway tissues, and the protein levels of COX-2
and β-actin were determined by Western blot. Data are expressed
as mean ± SEM of five mice in each group. #P< 0.01, as compared
with mice injected with vehicle. δP< 0.05, as compared with the cells
exposed to S1P alone.
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Discussion and conclusions
COX-2 plays a pivotal role in the production of pro-
inflammatory eicosanoids. Moreover, COX-2 is thought to
be an important mediator in airway inflammatory responses.
Several lines of evidence indicate that high levels of PGE2,
synthesized by COX-2, are also involved in inflammatory
responses (Lee et al., 2010). COX-2 inhibitors, such as
5372 British Journal of Pharmacology (2015) 172 5360–5376
etodolac, weaken the cough reflex and inflammatory re-
sponses in the airways of asthmatic patients, suggesting that
COX-2 plays a critical role in airway diseases (Ishiura et al.,
2009). S1P plays an important role in allergic responses, in-
cluding asthma and anaphylaxis (Ammit et al., 2001). Several
reports indicate that statins possess anti-inflammatory and
anti-oxidant properties in vitro and in vivo (Akasaki et al.,
2009; Li et al., 2012; Shao et al., 2012; Wu et al., 2013). Statins
have been shown to inhibit oxLDL-induced COX-2 expres-
sion (Shao et al., 2012). However, the molecular mechanisms
underlying the inhibitory effect of mevastatin on the increase
in COX-2/PGE2 induced in HTSMCs remain unclear.

In this study, as depicted in Figure 8, S1P markedly in-
creased Nox/ROS production and COX-2/PGE2-dependent
cell migration. Pretreatment with mevastatin inhibited S1P-
induced increased COX-2 expression, PGE2 release, cell mi-
gration, and FoxO1 and CREB activation and translocation.
The observed suppression of S1P-induced COX-2 expression
and PGE2 release by mevastatin was attenuated by GW9662
or transfection with PPARγ siRNA in HTSMCs (Figure 6). The
in vivo results also indicate that mevastatin blocks the S1P-
induced pulmonary haematoma (Figure 7); the S1P-
enhanced leukocyte count in BAL and COX-2 expression
was attenuated in mevastatin-pretreated mice.

Several lines of evidence indicate that S1P-induced di-
verse biological effects are mediated through S1P receptors
(Aarthi et al., 2011). These various effects are partly elicited
by the binding of S1P to a family of five GPCRs (S1P recep-
tors), termed S1P1-5. S1P1, S1P2 and S1P3 receptors have been
shown to be expressed on various cell types, including airway
smooth muscle cells (Ishii et al., 2004; Brinkmann, 2007).
Indeed, we found that S1P1, S1P2 and S1P3 receptors are
expressed on HTSMCs (Hsu et al., 2015). Moreover, we dem-
onstrated that the inhibition of S1P1 and S1P3 receptors
significantly attenuated S1P-induced increased COX-2
expression in HTSMCs (Hsu et al., 2015). Thus, we proposed
that S1P1 and S1P3 receptors play key roles in S1P-induced
increase in COX-2 expression in these cells.

Our report also indicated that cells and tissues are rou-
tinely subjected to sublethal doses of various oxidants, either
exogenously through environmental exposure or endoge-
nously through inflammatory processes (Lee and Yang,
2012). ROS are intracellularly generated from several sources,
including mitochondrial respiration, cytochrome P450, the
Nox system, xanthine/xanthine oxidase and metabolism of
arachidonic acid (Lee and Yang, 2012). In in vitro experiments
using human lung microvascular endothelial cells, it was
shown that exogenous S1P stimulated intracellular ROS gen-
eration (Harijith et al., 2013). S1P also caused Nox activation
and intracellular H2O2 generation in NIH3T3 fibroblasts
(Catarzi et al., 2011). Moreover, in HTSMCs, our data, for the
first time, show a novel role of Nox in the S1P-induced ROS
production and the resulting increase in the induction of
COX-2/PGE2. Here, we believed that S1P-induced ROS gener-
ation was, at least in part, due to Nox activation in HTSMCs.
In the future, we will investigate whether S1P-induced ROS
production can be mediated via other sources, such as xan-
thine oxidase or mitochondrial respiration in these cells.

The PI3Ks are a conserved family of signal transduction
enzymes that are involved in cellular activation, inflamma-
tory responses, chemotaxis and apoptosis. PI3K/Akt have



Figure 8
Schematic diagram illustrating the proposed signalling pathways involved in S1P-induced COX-2 expression and cell migration in HTSMCs. S1P
induces COX-2/PGE2-dependent cell migration via Nox2/ROS- and PI3K/Akt-dependent mTOR/FoxO1 and CREB phosphorylation. Moreover,
mevastatin (MVS) inhibits S1P-induced FoxO1 and CREB phosphorylation and translocation, and then suppresses cell migration via PPARγ.
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been shown to be downstream components of ROS activated
by different stimuli in various cell types (Lee and Yang, 2012;
Yang et al., 2012). However, we showed that, in HTSMCs, S1P
stimulated Akt activation in a Nox/ROS-independent man-
ner. mTOR, initially known as the mammalian target of
rapamycin, integrates the input from upstream pathways, in-
cluding insulin, growth factors and amino acids (Oya, 2010).
mTOR also senses cellular nutrients, oxygen and energy
levels. In addition, the PI3K/Akt/mTOR signalling pathway
plays a central role in cell proliferation, growth and survival
under physiological conditions (Oya, 2010). Here, we showed
that S1P-induced increased COX-2 expression was reduced
via the inhibition of mTOR. However, we also found that
PI3K/Akt and Nox/ROS play key roles in mediating mTOR
phosphorylation in these cells. Thus, S1P stimulated mTOR
activation via the PI3K/Akt- and Nox/ROS-dependent
pathways.

FoxO transcription factors are involved in several physio-
logical and pathological processes, including ageing, cancer
and neurological diseases (Tikhanovich et al., 2013). There
are four isoforms, FoxO1, FoxO3, FoxO4 and FoxO6 in mam-
mals. Among the FoxO family members, FoxO1 has been
shown to be involved in various cellular functions, such as
gluconeogenesis, cell cycle and autophagy (Tikhanovich
et al., 2013). We noticed that FoxO1 can be induced by IL-1β
at early treatment and mediates the downstream expression
of genes such as COX-2 (Lappas, 2013). In the presence of in-
sulin and insulin-like growth factor, the PI3K/Akt signalling
pathway is activated, and the protein kinases such as Akt di-
rectly phosphorylate FoxO factors (Webb and Brunet, 2014).
FoxO1 is phosphorylated by Akt at Thr24, Ser256 and Ser319

and translocated from the nucleus to the cytoplasm and
degradation (Banerjee et al., 2010). In this study, we found that
S1P induced PI3K/Akt/mTOR-dependent FoxO1 phosphorylation,
and the phosphorylated FoxO1was translocated from the nu-
cleus to the cytoplasm in HTSMCs. In addition, Nox/ROS also
play key roles in regulating FoxO1 phosphorylation. These
findings were similar to those from a previous study showing
that insulin induces FoxO1 phosphorylation and transloca-
tion from the nucleus to the cytosol (Banerjee et al., 2010).
In this situation, FoxO1 dissociated from the promoter of
the target gene an enabled the gene to be expressed. In this
study, we found that S1P induced FoxO1 translocation and
dissociation from the COX-2 promoter region via PI3K/Akt-
and Nox/ROS-dependent mTOR activation. However, CREB,
a cellular transcription factor, also binds to certain DNA se-
quences (CRE, cAMP response elements) and thereby regu-
lates their downstream expressions. CREB has been shown
to play a critical role in the transcriptional activation of the
COX-2 gene in the early phase of adipogenesis (Fujimori
et al., 2014). Here, we showed that S1P also induced the ex-
pression of CREB associated with the COX-2 promoter to fa-
cilitate the COX-2 expression, which was reduced by
inhibiting CREB in HTSMCs (Figure 4). Choi et al. have also
indicated that luteolin induces PI3K/Akt-dependent CREB
activation (Choi, 2011). Lee et al. (2011) also showed that
raloxifene had an inhibitory effect on LPS-induced NO pro-
duction in RAW264.7 cells and that this was mediated
through a ROS/p38 MAPK/CREB pathway via the up-
regulation of HO-1, independently of oestrogen receptors.
However, our results indicated that S1P-induced CREB acti-
vation and translocation from the cytosol into the nucleus
were not mediated through PI3K/Akt- and Nox/ROS-
dependent mTOR activation.

The migration of airway smooth muscle cells plays an
important role in the development of various airway
diseases. S1P has been shown to induce the migration of
renal mesangial cells via COX-2/PGE2 production (Volzke
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et al., 2014). Results from a previous study indicated that
angiotensin II induces vascular smooth muscle cell
migration via Nox1-dependent ROS generation (Bruder-
Nascimento et al., 2014). In addition, Yang et al. (2015)
demonstrated that the transcription factor SOX2 promotes
the migration and invasion of laryngeal cancer cells by
the induction of MMP-2 via the PI3K/Akt/mTOR pathway.
In this study, we established that S1P induced COX-2/
PGE2-dependent cell migration via Nox2/ROS- and
PI3K/Akt-dependent mTOR/FoxO1 and CREB phosphoryla-
tion in HTSMCs.

Statins are now recognized as powerful anti-
inflammatory agents that exert beneficial effects beyond
low-density lipoprotein cholesterol reduction (Lefer,
2002). However, the effect of statins on airway diseases
is still unclear. The use of statins in the treatment of
asthma patients is still controversial. Ostroukhova et al.
(2009) demonstrated that statins could promote allergic
responses in asthma. However, results from other studies
suggested that treatment with statins can increase lung
function, enhance the ability of anti-inflammatory drugs,
and improve the symptoms of asthma (Maneechotesuwan
et al., 2010; Braganza et al., 2011). In addition, simva-
statin and mevastatin have been shown to reduce airway
inflammation, epithelial injury, cytokine secretion and
airway hyperresponsiveness via PPARγ in asthma (Pucci
et al., 2011; Osmak, 2012). Moreover, statins have been
shown to inhibit oxidant enzyme activity, such as that
of reduced Nox and myeloperoxidase and up-regulate the
activity of antioxidant enzymes such as catalase and
paraoxonase (Davignon et al., 2004). Zhu et al. (2012)
demonstrated that the reduction in mucus secretion
induced by rosuvastatin in airway remodelling and
asthma was mediated through an attenuation of GABA A

receptor-mediated activity. On the other hand, mevastatin
also reduced S1P-induced FoxO1, CREB phosphorylation
and translocation in HTSMCs (Figure 6). These
mevastatin-induced responses were reversed by GW9662
and PPARγ knockdown. These findings were consistent
with the results observed in our in vivo animal experi-
ments. S1P-induced pulmonary haematoma was attenu-
ated by mevastatin treatment and both the number of
leukocytes and expression of COX-2 were also reduced
by mevastatin. Similar to our results, simvastatin has been
shown to attenuate the OVA-induced airway responsive-
ness and eosinophilia in BAL fluid (Liu et al., 2014). The
results of the present study suggest that mevastatin atten-
uates the airway inflammatory response and reduces
leukocyte (eosinophil and neutrophil) infiltration in ani-
mals in vivo. Mevastatin also attenuates S1P-induced
COX-2/PGE2-dependent cell migration via PPARγ in
HTSMCs. In the future, we will determine which type of
leukocyte (eosinophil or neutrophil) is attenuated by
mevastatin in HTSMCs.

In summary, as depicted in Figure 8, our data indicate
that S1P induces COX-2/PGE2-dependent cell migration
via Nox2/ROS- and PI3K/Akt-dependent mTOR/FoxO1 and
CREB phosphorylation, in HTSMCs. Moreover, mevastatin
inhibits S1P-induced FoxO1 and CREB activation and
translocation, and then suppresses cell migration via
PPARγ.
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