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BACKGROUND AND PURPOSE
20-Hydroxyeicosatetraenoic acid (20-HETE), formed from arachidonate by cytochrome P450, regulates vascular smooth
muscle cell (VSMC) function. Because 20-HETE may activate peroxisome proliferator activator receptors (PPARs) and may
participate in inflammatory responses, we asked whether 20-HETE may inhibit cyclooxygenase 2 (COX-2) expression by
activating PPARs in VSMC.

EXPERIMENTAL APPROACH
Quiescent neonatal VSMC (R22D cell line), were incubated with 20-HETE, synthetic ligands of PPARs, or inhibitors of the
extracellular signal regulated kinase (ERK1/2), c-jun N-terminal kinase and the transcription factor activated protein-1 before
adding ATPgS. mRNA and protein expression of COX-2 and the promoter luciferase activity of COX-2 and PPAR response
element were determined.

KEY RESULTS
Pretreatment with 20-HETE (5–10 mM) significantly inhibited ATPgS-induced COX-2 mRNA and protein expression in VSMC.
The inhibitory effect of 20-HETE on COX-2 expression was mimicked by WY14643, a PPARa ligand and inhibited by MK886, a
PPARa inhibitor or by transfection of shRNA for PPARa. Both 20-HETE and WY14643 significantly increased the PPAR-response
element luciferase activity. Furthermore, ATPgS-induced activation of the COX-2 promoter containing the activated protein-1
site was also inhibited by pretreatment with 20-HETE, which was reversed by MK886 or by transfection with shRNA for
PPARa.

CONCLUSIONS AND IMPLICATIONS
The PPARa may mediate the inhibitory effects of 20-HETE on COX-2 expression through a negative cross-talk between PPARa
and the COX-2 promoter.

Abbreviations
20-HETE, 20-hydroxyeicosatetraenoic acid; AP-1, activated protein-1; BADGE, bisphenol A diglycidyl ether; COX-2,
cyclooxygenase 2; PPAR, peroxisome proliferator activator receptor; VSMC, vascular smooth muscle cell
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Introduction

20-Hydroxyeicosatetraenoic acid (20-HETE), a major metabo-
lite of arachidonic acid formed by cytochrome P450 in vas-
cular smooth muscle cell (VSMC), may be an important
player in modulating cardiovascular function under physi-
ological and pathological conditions (Roman, 2002).
20-HETE may exert pro-hypertensive effects (Hoagland et al.,
2003; Benter et al., 2005), regulate proliferation of VSMC
(Uddin et al., 1998; Liang et al., 2008), activate mitogen-
induced activation of extracellular signal regulated kinase
(ERK1/2) in VSMC (Muthalif et al., 1998; Uddin et al., 1998)
and endothelial cells (Ishizuka et al., 2008), and induce pro-
inflammatory effects in endothelial cells (Ishizuka et al.,
2008). In vasculature, 20-HETE may be converted by
cyclooxygenase to prostaglandins (Carroll et al., 1992; Birks
et al., 1997; Oyekan, 2005) or by alcohol dehydrogenase to
20-carboxy-arachidonic acid (Collins et al., 2005). Both
20-HETE and 20-carboxy-arachidonic acid may activate per-
oxisome proliferator-activated receptors (PPARs) (Fang et al.,
2007; Ng et al., 2007). However, the subsequent signalling
events or biological significance of PPAR activation induced
by 20-HETE remains unclear.

The PPARs belong to the nuclear receptor superfamily,
which are key players in lipid and glucose metabolism
(Bishop-Bailey, 2000). Three PPAR isoforms, a, b, g, have been
identified and all three isoforms are expressed in VSMC
(Bishop-Bailey, 2000). Once activated by their ligands, PPARs
form heterodimers with retinoid X receptor and bind to PPAR
response elements (PPREs) in the promoter region of target
genes and modulate gene expression. Alternatively, PPARs
may repress transcription factors such as NF-kB (Delerive
et al., 1999; Daynes and Jones, 2002) or the activator
protein-1 (AP-1) (Delerive et al., 1999; Grau et al., 2006; Kon-
stantinopoulos et al., 2007) leading to inhibition of target
genes. Previous studies have demonstrated that PPAR ligands
may thus exert an anti-inflammatory effect (Staels et al.,
1998; Bishop-Bailey, 2000; Grau et al., 2006). PPARa ligands
may inhibit interleukin 1-induced cyclooxygenase 2 (COX-2)
expression in human VSMC (Staels et al., 1998), and enhance
degradation of inducible nitric oxide synthase in
lipopolysaccharide-treated macrophages (Paukkeri et al.,
2007). Because COX-2 expression is up-regulated in inflam-
matory cells and VSMC of human atherosclerotic lesions
(Baker et al., 1999; Schonbeck et al., 1999; Belton et al., 2000;
Stemme et al., 2000), these results suggest a potential role of
PPARa in modulating the process of atherosclerosis and
re-stenosis. Although 20-HETE may activate PPAR (Fang et al.,
2007; Ng et al., 2007) and PPARa ligands may inhibit COX-2
expression (Staels et al., 1998; Grau et al., 2006), the action of
20-HETE on COX-2 expression remains to be established.

In addition, COX-2-derived prostaglandins may also par-
ticipate in pathophysiological regulation of vascular tone
(Wong and Vanhoutte, 2010). In rat endotoxaemia,
endotoxin-induced hypotension and attenuation of
systemic/renal 20-HETE levels were restored by COX-2 inhi-
bition (Tunctan et al., 2010), suggesting COX-2 activity may
cause attenuation of 20-HETE formation. It appears that
interactions between COX-2 and 20-HETE may regulate car-
diovascular function.

In addition to its participation in metabolism as the
energy source, ATP has been postulated as a critical mediator
in the development of cardiovascular diseases (Burnstock,
2002; Di and Solini, 2002). Extracellular ATP may function as
an important signalling molecule in pathophysiological pro-
cesses. In the cardiovascular system, such ATP may be sup-
plied by platelets, inflammatory cells, endothelial cells and
VSMC (Gordon, 1986), in concentrations up to several
hundred mM (Traut, 1994). By activating purinergic receptors,
extracellular ATP may stimulate cell proliferation (Wang et al.,
1992)/migration (Chaulet et al., 2001) and secretion of matrix
metalloproteinase (Robinson, III et al., 2006), modulate trans-
formation of VSMC phenotype, and regulate inflammatory
responses (Di and Solini, 2002). ATPgS can activate, the P2Y
receptor (nomenclature follows Alexander et al., 2009) and
subsequently induce a transient COX-2 expression in VSMC
(Lin et al., 2009). In the present study, we tested the hypoth-
esis that 20-HETE may inhibit COX-2 expression induced by
ATPgS via PPARs in VSMC. Our results suggested a potential
role of 20-HETE in modulating the pathophysiological func-
tion of COX-2 via attenuation of COX-2 expression.

Methods

Cell culture
The R22D cells, a primary culture of VSMC isolated from
neonatal rats, was established and selected for abundant pro-
duction of elastin by Jones et al. (1979). These cells were
maintained under 5% CO2 in minimum essential medium
with penicillin-streptomycin (1%), tryptose phosphate broth
(2%) and fetal bovine serum (10%). In most of the experi-
ments, cultured VSMC were made quiescent by incubation
with serum-deprived medium containing transferrin
(5 mg·mL-1) and bovine serum albumin (0.05%) for 24 h.

Prostaglandin E2 (PGE2) measurement
Quiescent cells were incubated with ATPgS for different time
periods. The conditioned medium was collected for measure-
ment of PGE2 with ELISA (Cayman, Ann Arbor, MI, USA)
according to manufacture’s protocol.

Transfection with short hairpin RNA (shRNA)
The designed sequence of rat PPARa was cloned into pGSH1-
GFP shRNA expression vector (Genlantis, San Diego, CA,
USA) as previously described (Huang et al., 2004). The
plasmid DNA (14 mg) was transfected into VSMC (R22D cells)
by electroporation (voltage: 160 V, duration: 7 ms). After
transfection for 48 h, the cells were selected for stable expres-
sion of the shRNA for PPARa by G418 (600 mg·mL-1). The cells
with neomycin-resistance will be collected and cultured for
experiments. Equal amounts of total protein (50 mg) were
loaded to analyse the efficiency of PPARa knock-down by
Western blot, using a PPARa polyclonal antibody (1:1000;
Cayman, Ann Arbor, MI, USA).

RNA extraction and reverse transcriptase-PCR
Quiescent R22D cells, PPARa deficient cells (R22D cells with
shRNA for PPARa) and the vector control cells were incubated
with vehicle or 20-HETE (5 or 10 mM) for 22 h before incuba-
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tion with ATPgS (100 mM) for additional 2 h. In some experi-
ments, quiescent R22D cells were pretreated with PD98059,
SP600125, or tanshinone IIA for 30 min before addition of
ATPgS. RNA was extracted using Trizol reagent (Invitrogen;
Carlsbad, CA, USA) according to the manufacturer’s protocol.
Reverse-transcriptase reaction was carried out by using
Moloney murine leukaemia virus reverse transcriptase (Invit-
rogen; Carlsbad, CA, USA). Total RNA (1 mg) was added to a
reaction mixture containing oligo-deoxythymidine (oligo-dT;
0.5 mg·mL-1), dNTP (20 mM), dithiothreitol (0.1 M), Tris-HCl
(250 mM, pH 8.3), KCl (375 mM) and MgCl2 (15 mM). Reac-
tion mixtures were incubated at 37°C for 90 min. Real-time
PCR was carried out with Smart Quant Green Master Mix
(Protech Technology, Enterprise, Placentia, CA, USA), the
cDNA (50 mg), and following primers: forward 5′-TGGTGC
CGGGTCTGATGATG-3′ and reverse 5′-GCAATGCGGTTCT
GATACTG-3′ for COX-2; forward 5′-GTAACCCGTTGAACCC
CATT-3′ and reverse 5′-CCATCCAATCGGTAGTAGCG-3′ for
18S ribosomal RNA. The reactions were performed with pre-
liminary denaturation at 95°C for 10 min, 40 cycles of dena-
turation at 95°C for 15 min and annealing/extension at 60°C
for 1 min by using ABI Prism 7000 (Applied Biosystems,
Carlsbad, CA, USA). The threshold of cycle was used to cal-
culate the relative COX-2 mRNA expression normalized
against the 18S RNA.

Western blot
Confluent cells were cultured in serum-free medium for 24 h
prior to incubation with ATPgS (30 or 100 mM) for the indi-
cated time. Quiescent R22D, PPARa deficient, or the vector
control cells were incubated with vehicle, 20-HETE (5 or
10 mM), or WY14643 (PPARa ligand; 60–250 mM) for 20 h
before incubation with ATPgS (100 mM) for additional 4 h. In
some experiments, quiescent R22D cells were incubated with
20-HETE, in the presence or absence of MK886 (2, 5, 10 mM),
bisphenol A diglycidyl ether (BADGE) (0.5, 1, 2 mM) or
GW9662 (0.5, 1, 2 mM) for 20 h prior to addition ATPgS
(100 mM). Total protein of each sample was loaded onto 10%
sodium dodecyl sulphate polyacrylamide gel and separated
by electrophoresis for 2 h. The protein samples were trans-
ferred to nitrocellulose membrane in a transfer buffer. The
membranes were washed three times with TTBS solution (1%
Tween 20, Tris base 50 mM and NaCl 150 mM), incubated
overnight with an antibody against COX-2 (1:2000) or
GAPDH (1:5000) at 4°C, and then incubated with a
peroxidase-conjugated secondary antibody (1:5 000) for 1 h.
An enhanced chemiluminescence detection system (Perkin
Elmer, Boston, MA, USA) was employed for detection.

Luciferase activity assay
The luciferase reporter constructs of COX-2 (-459 to +9 bp),
PPRE (PPRE3-TK-LUC) were kindly provided by L. H. Wang
(University of Texas, Houston, TX, USA) and Ronald M. Evans
(Salk Institute, San Diego, CA, USA), respectively. For the AP-1
mutation construct, the COX-2 promoter was constructed
where the upstream region (+34 to -483) of the COX-2 pro-
moter was cloned into the pGL3-basic vector containing the
luciferase reporter system. Introduction of a point mutation
into the AP-1-binding site (AP-1 domain; ACAGTCA to
ACAACCA) to generate pGL-COX-2-DAP1 was performed,

using the following (forward) primer: 5′-AAAGAAACAACC
ATTTCGTC-3 (corresponding to a region from -73 to -54).

Transfection of luciferase reporter plasmid was carried out
by using a METAFECTENE reagent (Biontex Laboratories,
Martinsreid/Planegg, Germany) according to the manufactur-
er’s instructions. The transfection efficiency was determined
as 13% by transfection of green fluorescence protein, fol-
lowed by flow cytometry. For promoter activity assay, the
cells were lysed in Glo lysis buffer (Promega, Madison, WI,
USA) and equal amount of cell lysates were subjected to
analysis by a luciferase assay system (Promega, Madison, WI,
USA). The luciferase activity was then normalized to amount
of cellular protein. The cell viability 24 h after transient trans-
fection was 92%.

Electrophoresis mobility shift assay
The nuclear protein was extracted by NE-PER reagent (Pierce,
Rockford, IL, USA) according to the manufacturer’s protocol.
Equal amount of nuclear protein was subjected to analysis
AP-1 binding activity by using LightShift Chemiluminescent
EMSA Kit (Pierce, Rockford, IL, USA).

Data analysis
All values are presented as mean � SEM and were analysed
with Student’s t-test or ANOVA, followed by Duncan’s post hoc
test. Statistical significance was determined as P < 0.05.

Materials
20-Hydroxyeicosatetraenoic acid (in ethanol), WY14643, tro-
glitazone and antibody against COX-2 and PPARa were pur-
chased from Cayman Chemicals. (Ann Arbor, MI, USA).
Rabbit polyclonal IgG against GAPDH was purchased from
Santa Cruz (Santa Cruz, CA, USA). Adenosine-5′-o-(3-
thiotriphosphate).4Li (ATPgS), BADGE, GW9662, PD98058,
SP600125 and MK-886 were purchased from Biomol (Ply-
mouth Meeting, PA, USA). Tryptose phosphate broth was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Nitrocel-
lulose membrane was purchased from Pall Life Science
(Pensacola, FL, USA). 20-HETE was dried under N2 gas and
then resuspended in dimethyl sulphoxide (DMSO) before use.
All inhibitors and synthetic PPAR ligands were dissolved in
DMSO and the final concentration of DMSO was 0.1%.

Results

20-HETE inhibited ATP-induced
COX-2 expression
To determine the effect of ATP on COX-2 expression, the cells
were incubated with ATPgS (30 or 100 mM) for the indicated
time. As illustrated in Figure 1, ATPgS-induced COX-2 expres-
sion was time and concentration dependent. At 100 mM of
ATPgS, the COX-2 expression increased significantly and
peaked within 4 h (n = 5, P < 0.05). PGE2 release induced by
this concentration of ATP was significantly increased (18.1 �

1 pg·mL-1) after 12 h, compared with that in the vehicle
group (3.8 � 0.3 pg·mL-1; n = 3).

To determine whether 20-HETE inhibited this ATPgS-
induced COX-2 expression, the cells were pre-incubated with

BJP20-HETE inhibits COX-2 expression

British Journal of Pharmacology (2011) 163 815–825 817



20-HETE (5 or 10 mM) for 20 h and subsequently incubated
with ATPgS for 4 h. Although lower concentrations of
20-HETE (0.1–3 mM) did not alter ATP-induced COX-2
expression in VSMC (n = 3; data not shown), 20-HETE at 5
and 10 mM significantly inhibited ATPgS-induced COX-2
expression (Figures 2A, n = 6–11, P < 0.05). In contrast, COX-1
was constitutively expressed in VSMC and its level was not
altered by ATPgS (Figure S1A). Quantitative PCR revealed that
20-HETE exerted a similar inhibitory effect on COX-2 mRNA
expression (Figure 2B); pre-incubation with 5 and 10 mM of
20-HETE significantly inhibited ATPgS-induced COX-2 mRNA
expression (n = 3, P < 0.05). These results suggested that
inhibition by 20-HETE of the ATPgS-induced COX-2 expres-
sion may be via transcriptional regulation.

Figure 1
ATPgS-induced COX-2 expression in vascular smooth muscle cell.
Confluent vascular smooth muscle cell were made quiescent for 24 h
before incubation with ATPgS (30 and 100 mM) for indicated times.
COX-2 expression in response to ATPgS (100 mM) is shown in the
lower panel (n = 5). Values are mean � SE. *P < 0.05 compared with
the control group.

Figure 2
20-Hydroxyeicosatetraenoic acid (20-HETE) attenuated ATPgS-
induced COX-2 expression in vascular smooth muscle cell. Quiescent
vascular smooth muscle cell were pre-incubated with 20-HETE (5 or
10 mM) or TGF-b (200 pg·mL-1) for 20 h (A,C) or 22 h (B) before
incubation with ATPgS (100 mM) for 2 h (B) or 4 h (A,C). Total
protein and RNA was subjected to analysis of COX-2 expression by
Western blot (A, n = 6–11; C, n = 3) and quantitative-PCR (B, n = 3),
respectively. Values are mean � SE. *P < 0.05 compared with corre-
sponding control groups. #P < 0.05 compared with corresponding
group without 20-HETE.

�
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As we had previously demonstrated that transforming
growth factor-b (TGF-b) may mediate the growth inhibitory
effect of 20-HETE (Liang et al., 2008), we asked whether the
effect of 20-HETE on ATPgS-induced COX-2 expression was
mediated by TGF-b. However, exogenous addition of TGF-b
(200 pg·mL-1) to mimic additional TGF-b released in response
to 20-HETE exerted no effect on ATPgS-induced COX-2
expression (Figure 2C).

PPARa mediated the inhibitory effect of
20-HETE on COX-2 expression
As 20-HETE may activate PPARa and g (Fang et al., 2007; Ng
et al., 2007), we next examined the effects of reagents affect-
ing PPAR activity on ATPgS-induced COX-2 expression.
WY14643, a PPARa activator, inhibited ATPgS-induced
COX-2 expression in a concentration-dependent manner
(Figure 3A, P < 0.05). Both 20-HETE (10 mM) and WY14643
(100 mM) induced a minor, but significant increase in PPRE
luciferase activity (Figure 3B, n = 6), probably due to low
transfection efficiency in these cells. In addition, MK886, a
PPARa inhibitor, effectively reversed the inhibitory effects of
20-HETE on ATPgS-induced COX-2 expression (n = 4, P < 0.05;
Figure 3C). Cells transfected with shRNA against PPARa
reduced the levels of PPARa protein, whereas transfection
with control vector had no effect (Figure 3D). Transfection
with shRNA of PPARa effectively reversed the inhibitory
effect of 20-HETE on ATPgS-induced COX-2 mRNA
(Figure 3E) and protein (Figure 3F) expression; whereas trans-
fection with control vector had no effect on ATPgS-induced
COX-2 expression. In contrast, incubation with PPARg inhibi-
tors GW9662 and BADGE did not affect the inhibitory effect
of 20-HETE on ATPgS-induced COX-2 expression (Figure 3G).
Furthermore, incubation with MK886, GW9662 and BADGE
did not affect ATPgS-induced COX-2 expression (Figure S1B).
These results suggested that the inhibitory effect of 20-HETE
on ATPgS-induced COX-2 expression was mediated by PPARa.

ATP-induced COX-2 expression via activation
of MAPK/AP-1 pathway
To determine the potential target which was negatively regu-
lated by 20-HETE, we examined whether the transcription
factor AP-1 was involved in ATPgS-induced COX-2 expres-
sion. As illustrated in Figure 4, pre-incubation with a ERK1/2
kinase (MEK) inhibitor PD98059 (Figure 4A) or the c-jun
N-terminal kinase (JNK) inhibitor SP600125 (Figure 4B) sig-
nificantly inhibited ATPgS-induced COX-2 expression in a
concentration-dependent manner (n = 3, P < 0.05), suggesting
that the mitogen-activated protein kinase (MAPK) cascade
may mediate COX-2 induction by ATPgS. In addition, pre-
incubation with the AP-1 inhibitor, tanshinone IIA (Park
et al., 1999), inhibited ATPgS-induced COX-2 expression in a
concentration-dependent manner (Figures 4C, n = 3, P <
0.05). Furthermore, ATPgS induced a time-dependent phos-
phorylation of c-jun but not Elk-1. The phosphorylation of
c-jun increased within 10 min and reached a maximal
response within 60 min during the observation periods after
addition of ATPgS (Figure 4D, n = 3). The mRNA expression
induced by ATPgS was also inhibited by pre-incubation with
inhibitors of ERK1/2, JNK and AP-1 (Figures 4E, n = 3, P <
0.05). In addition, ATPgS increased COX-2 promoter activity

in cells transfected with wild type COX-2 promoter. However,
transfection with AP-1 mutation promoter significantly
attenuated the promoter activity induced by ATPgS
(Figures 4F, n = 8, P < 0.05). These results suggested that
ATPgS-induced COX-2 expression in our cell system is likely
to be mediated through the MAPK/AP-1 pathway.

PPARa mediated the inhibitory effect of
20-HETE on COX-2 transcription
We next asked whether 20-HETE inhibited AP-1-mediated
COX-2 expression via PPARa. VSMC were transfected with
the COX-2 luciferase plasmid containing AP-1 site. Pre-
incubation with 20-HETE (10 mM) significantly attenuated
ATPgS-induced COX-2 promoter activity (Figures 5A, n = 3,
P < 0.05). In addition, MK886 effectively reversed the inhibi-
tory effect of 20-HETE on ATPgS-induced COX-2 promoter
activity (Figure 5B, n = 3, P < 0.05). Furthermore, transfection
with shRNA for PPARa effectively reversed the inhibitory
effects of 20-HETE on ATPgS-induced promoter activity
(Figure 5C, n = 3); whereas transfection with control vector
did not. Similar results were also obtained from the cells
incubated with WY14643 (100 mM, n = 3; Figure 5E). In addi-
tion, pre-incubation with WY14643 significantly attenuated
ATPgS-induced COX-2 promoter activity, which was reversed
by MK886 (Figures 5D, n = 3, P < 0.05). In addition, 20-HETE
or WY14643 did not alter AP-1/DNA binding induced by
ATPgS (Figure S1C). These results suggested that PPARa may
mediate the inhibitory effect of 20-HETE on ATPgS-induced
COX-2 expression.

Discussion and conclusions

In the present study, we have demonstrated that 20-HETE
inhibited ATPgS-induced COX-2 expression via PPARa activa-
tion in a VSMC cell line (R22D cells). To our knowledge, this
is the first report demonstrating that 20-HETE may regulate
COX-2 expression. 20-HETE inhibited ATPgS-induced COX-2
mRNA as well as protein expression. The inhibitory effect of
20-HETE appeared to be mediated by activation of PPARa,
because an inhibitor of PPARa and shRNA for PPARa reversed
the effect of 20-HETE on COX-2 expression and promoter
activity.

Our results indicated that ATPgS induced expression of
COX-2 in VSMC, in a concentration- and time-dependent
manner. Although a previous study had indicated that the
COX-2 expression may be sustained over 18 h in response to
stimulation (Callejas et al., 2002), our results are consistent
with previous findings that ATPgS induced a transient expres-
sion of COX-2 protein in VSMC (Lin et al., 2009). Mutation of
the AP-1 site effectively attenuated ATPgS-induced COX-2
promoter activity, suggesting that the transcription factor
AP-1 was required for COX-2 transcription in response to
ATPgS (Figure 6). Because 20-HETE did not inhibit ERK/JNK
phosphorylation in R22D cells (Liang et al., 2008), 20-HETE
may act on AP-1, the downstream molecule of ERK/JNK, to
exert its inhibitory effect on COX-2 expression (Figure 6). The
luciferase activity assay with an AP-1 containing COX-2 pro-
moter further demonstrated that 20-HETE inhibited ATPgS-
induced transcription via PPARa (Figure 5). In addition, our
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Figure 3
Peroxisome proliferator activator receptor-a (PPARa) mediated the inhibitory effects of 20-hydroxyeicosatetraenoic acid (20-HETE) on COX-2
expression. (A) Quiescent vascular smooth muscle cell (VSMC) were pre-incubated with WY14643 for 20 h followed by incubation with or without
ATPgS (100 mM) for additional 4 h (n = 3). (B) VSMC was transfected with PPAR response element promoter luciferase for 24 h before incubation
with or without 20-HETE (10 mM) or WY14643 (100 mM) for 24 h (n = 6). Quiescent VSMC were pre-incubated with or without MK886 (2 mM;
C), GW9662 or bisphenol A diglycidyl ether (in mM; G) in the presence or absence of 20-HETE for 20 h before incubation with ATPgS (n = 4). (D)
The VSMC were transfected with shRNA for PPARa or control vector and the PPARa expression level was determined by Western blot. The PPARa
deficient or control cells were incubated with or without 20-HETE before incubation with ATPgS (E,F). COX-2 expression was analysed with
quantitative PCR (E) or Western blot (F). Values of luciferase activity or COX-2 protein expression are presented as mean � SEM. *P < 0.05
compared with corresponding control groups. #P < 0.05 compared with the corresponding group without WY-14643 (B) or 20-HETE (E).
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Figure 4
Effects of inhibitors on ATPgS-induced COX-2 expression. Quiescent vascular smooth muscle cell (VSMC) was incubated with concentrations (mM)
of inhibitors (PD98059, A; SP600125, B; tanshinone IIA, C) prior to addition of ATPgS (100 mM). The expression of COX-2 was determined by
Western blot. Quiescent VSMC were incubated with ATPgS at indicated times prior to cell harvest for determination of phosphorylation levels of
c-jun and Elk 1 by Western blot (D). Quiescent VSMC were incubated with PD98059, SP600125 or tanshinone IIA for 30 min before incubation
with ATPgS for 2 h (E). The cells were transiently transfected with the COX-2 promoter luciferase plasmid containing wild type or mutated activated
protein-1 (AP-1) site followed by addition of ATPgS for 4 h (F). Values are presented as mean � SEM. *P < 0.05 compared with corresponding
control groups. #P < 0.05 compared with corresponding group without inhibitor. †P < 0.05 compared with ATPgS group in wild type.
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Figure 5
20-Hydroxyeicosatetraenoic acid (20-HETE) inhibited activated protein-1 (AP-1) mediated transcription of COX-2 via peroxisome proliferator
activator receptor-a (PPARa). The cells were transiently transfected with the COX-2 promoter luciferase plasmid containing AP-1 binding site for
24 h, followed by pre-incubation with 20-HETE for 20 h before incubation with ATPgS (100 mM; A). After transfection, quiescent vascular smooth
muscle cell were pre-incubated with MK886 (2 mM) in the presence or absence of 20-HETE (10 mM; B) or WY14643 (100 mM; D) for 20 h before
incubation with ATPgS (100 mM) and incubated for additional 4 h. The PPARa deficient or control cells were transfected with the COX-2 promoter
luciferase plasmid containing AP-1 binding site for 24 h before incubation with ATPgS in the presence or absence of 20-HETE (C) or WY14643 (E).
Values are presented as mean � SEM. *P < 0.05 compared with corresponding control groups. #P < 0.05 compared with corresponding group
without 20-HETE. †P < 0.05 compared with the indicated group.
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previous study in VSMC demonstrated that 20-HETE may
increase TGF-b levels (Liang et al., 2008), which has been
shown to regulate stability of COX-2 mRNA (Harding et al.,
2006). However, our current results indicated that exogenous
addition of TGF-b did not affect ATP-induced COX-2 expres-
sion, suggesting that effects of 20-HETE on COX-2 expression
is unlikely to be mediated via regulation of COX-2 mRNA
stability. Nevertheless, we cannot rule out the possibility that
20-HETE may enhance degradation of COX-2 protein or
mRNA via activation of PPARs, because PPAR ligands may
enhance degradation of other inflammation-related mol-
ecules, such as iNOS (Paukkeri et al., 2007).

Although 20-HETE may activate both PPARa and g (Fang
et al., 2007; Ng et al., 2007), little is known about the biologi-
cal consequences of PPAR activation by 20-HETE. Previous
studies indicated that activation of PPARa or g may exert an
anti-inflammatory effect via suppression of target gene
expression (Bishop-Bailey, 2000). In the current study,
20-HETE inhibited ATPgS-induced COX-2 expression, and the
effects of 20-HETE were reversed by shRNA for PPARa or a
PPARa inhibitor but not by a PPARg inhibitor. These results
suggested that 20-HETE inhibited ATPgS-induced COX-2
expression that was mediated by PPARa but not PPARg,
although both forms were present in VSMC (Staels et al.,
1998). This is consistent with previous findings that activa-
tion of PPARa by synthetic ligands inhibited COX-2 expres-
sion in VSMC (Staels et al., 1998; Hu et al., 2002). In addition,
20-HETE may be further converted to 20-carboxy-arachidonic
acid (Collins et al., 2005), which may act as a more potent
activator of PPARs with a higher binding affinity to PPARa
than that to PPARg (Fang et al., 2007). In vascular tissue,
cyclooxygenase prostanoid metabolites of 20-HETE may acti-
vate PPAR. However, the effect of 20-HETE on PPAR activation
is not likely to be mediated by its potential PGE or PGF
metabolites (Carroll et al., 1992; Birks et al., 1997; Oyekan,
2005), because neither activates PPAR (Bishop-Bailey, 2000).

Although it is not known whether 20-HETE exerts different
binding affinity for PPARs, the expression level of PPARa is
much higher than that of PPARg in VSMC (Staels et al., 1998).

Several molecular mechanisms have been proposed for
the repressive effects of PPAR on target gene expression. PPAR
may mediate repression of NF-kB (Delerive et al., 1999;
Daynes and Jones, 2002) or AP-1 (Delerive et al., 1999; Grau
et al., 2006; Konstantinopoulos et al., 2007). Our results dem-
onstrated that PPARa mediated the inhibitory effect of
20-HETE on COX-2 expression, at least in part, by repressing
transcription mediated by AP-1 (Figure 5). Cross-talk between
PPARa and AP-1 is known. Thus, PPARa may directly interact
with c-jun (Delerive et al., 1999), a component of AP-1, and
subsequently attenuate AP-1 binding to the promoter of
target genes. Nevertheless, our results (Figure S1C) indicated
that AP-1/DNA binding induced by ATP was not attenuated
by 20-HETE or WY14643. Alternatively, 20-HETE-activated
PPARa may compete for the limited numbers of co-activators
that are essential for the AP-1-mediated transcription
(Delerive et al., 1999; Daynes and Jones, 2002; Mochizuki
et al., 2002). In addition, 20-HETE may be converted by
cyclooxygenase to prostaglandins in the vasculature (Carroll
et al., 1992; Birks et al., 1997; Oyekan, 2005) and, in this way,
20-HETE may down-regulate the enzyme that metabolizes
itself. Recent studies demonstrated that endotoxin reduced
systemic and renal 20-HETE levels, which were restored by
COX-2 inhibition (Tunctan et al., 2010), suggesting that
COX-2 may directly or indirectly attenuate 20-HETE produc-
tion in certain vascular beds. However, the pathophysiologi-
cal role of this negative feedback of 20-HETE on COX-2
expression in VSMC remains to be further investigated. In
contrast to our findings, 20-HETE at lower concentrations
may induce pro-inflammatory effects via activation of NF-kB
in endothelial cells (Ishizuka et al., 2008), whereas activation
of PPARa by endogenous polyunsaturated fatty acids requires
concentrations in the mM range (Robinson and Grieve, 2009).
The different effects of 20-HETE on inflammation is likely to
be due to cell-specific effects.

In conclusion, results of the present study demonstrated
that activation of PPARa by 20-HETE inhibited ATPgS-
induced COX-2 expression by suppressing its transcription,
perhaps via a negative interaction with the COX-2 promoter.
Our results also revealed a potential role of 20-HETE in modu-
lating inflammatory responses of VSMC.
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Figure 6
Diagram of mechanism(s) underlying the inhibitory effects of
20-hydroxyeicosatetraenoic acid (20-HETE) on COX-2 expression in
vascular smooth muscle cell. ATP binds to purinergic receptors and
activates mitogen-activated protein kinase/activated protein-1 (AP-1)
pathways to induce COX-2 expression. 20-HETE activates peroxi-
some proliferator activator receptor-a (PPARa) to suppress AP-1-
mediated COX-2 transcription.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 (A) 20-HETE did not alter COX-1 expression in
VSMC. Quiescent VSMC was pre-incubated with 20-HETE
(10 mM) for 20 h prior to addition of ATPgS (100 mM) for 4 h
(B) Inhibitors did not alter ATPgS-induced COX-2 expression.
Quiescent VSMC was pre-incubated with MK (MK886, 2 mM),
GW (GW9662, 2 mM) and BA (BADGE, 2 mM) for 20 h prior to
addition of ATPgS for 4 h. (C) ATPgS-induced AP-1 activation
was not inhibited by pre-incubation of 20-HETE (5 and
10 mM) or WY14643 (250 mM) for 1 h. The nuclear protein
was extracted and subjected to analysis of AP-1 activation by
EMSA.
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