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The present review focuses primarily on the studies we made in recent years to improve the understanding of the
molecular mechanisms of PGF2a-induced hypertrophy of Vascular Smooth Muscle Cells (VSMC). In this review, we
will summarize the recent ˆndings in the context of the PGF2a signaling pathway in three parts: PGF2a binding to its
receptor, transactivation of EGF receptor, two independent signaling transduction pathways increasing the expression
of NOX1 gene.
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INTRODUCTION

Reactive oxygen species (ROS) including su-
peroxide (O2－) and hydrogen peroxide (H2O2) are
recognized as important signaling molecules in car-
diovascular tissues. It has been shown that nicotin-
amide adenine dinucleotide phosphate reduced
(NADPH) oxidases are the major source of O2－ in
vascular cells and myocytes,13) and their activities are
increased by the vasoactive factors such as angioten-
sin II and thrombin.46) Prostaglandin F2a (PGF2a)
is a vasoactive factor that leads to constriction and
hypertrophy of vascular smooth muscle cells (VSMC)
and cardiac myocytes.79) Although O2－ produced by
NADPH oxidase is involved in the PGF2a-induced
hypertrophy of VSMC, the signaling pathways
mediating this eŠect remains unknown.1012) To clari-
fy the molecular mechanisms underlying PGF2a-in-
duced hypertrophy of VSMC, we make research on a
rat vascular smooth muscle cell line, A7r5.

The present review focuses primarily on the studies
we made in recent years to improve the understanding
of the molecular mechanisms of PGF2a-induced
hypertrophy of VSMC. In brief, as illustrated in Fig.
1, PGF2a exerts its biological actions through binding
to its speciˆc receptor, FP, on plasma membranes.

Upon ligand binding, the FP signals to downstream
molecules, protein kinase Cd (PKCd). And then the
activation of Src and MMPs, leading to the excision
of heparin-binding EGF, is involved in the transacti-
vation of the EGF receptor by PGF2a. Once EGF
receptor is phosphorylated, there exist two indepen-
dent pathways, PI3K-ATF1-MEF2B and MEK-ERK1
/2. Activating transcription factor 1 (ATF-1), as a
PI3K intracellular substrate, is activated. Activated
ATF-1 are translocated into the nucleus to regulate
NOX1 gene expression via myocyte enhancer factor
2B (MEF2B) binding to the promoter region of rat
NOX1 gene. Furthermore, we also identiˆed the other
signaling pathway including extracellular signal-regu-
lated kinases1/2 (ERKs1/2), which as the down-
stream molecule of MEK regulates positively the ex-
pression of NOX1 gene. In this review, we will discuss
the recent ˆndings in the context of the PGF2a signal-
ing pathway in three parts: PGF2a binding to its
receptor, transactivation of EGF receptor, two in-
dependent signaling transduction pathways increasing
the expression of NOX1 gene.

Firstly, upon Interacting with Its Receptor, PGF2a
Increases the O2－ Generation through Upregulating

the Expression of NOX1

The phagocyte NADPH oxidase constitutes two
plasma membrane-spanning subunits, gp91phox
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Fig. 1. The Molecular Mechanisms of PGF2a-induced
Hypertrophy of VSMC

PGF2a exerts its biological actions through binding to its speciˆc recep-
tor, FP, on plasma membranes. Upon ligand binding, the FP signals to
downstream molecules, PKCd. And then the activation of Src and MMPs is
involved in the transactivation of the EGF receptor by PGF2a. Once EGF
receptor is phosphorylated, there exists two independent pathways, PI3K-
ATF1-MEF2B and MEK-ERK1/2. ATF-1, as a PI3K intracellular substrate,
is activated. Activated ATF-1 are translocated into the nucleus to regulate
NOX1 gene expression via MEF2B binding to the promoter region of rat
NOX1 gene. Furthermore, the other signaling pathway including ERK1/2,
which as the downstream molecule of MEK regulates positively the exprssion
of NOX1 gene was also identiˆed.

212 Vol. 130 (2010)

(NOX2) and p22phox; two cytosolic subunits,
p47phox and p67phox; and a small G protein, Rac.
To date, seven homologs of the catalytic subunit in-
cluding NOX1, NOX2, NOX3, NOX4, NOX5,
DUOX1 and DUOX2 have been reported.1315)

Among the NOX superfamily, NOX1, NOX4 and
NOX5 have been detected in VSMC.1517) In our stu-
dies, no alteration in the expression levels of NOX4
was found in A7r5 cells stimulated with PGF2a. As
stimulation of FP causes a cytosolic mobilization of
Ca2＋, NOX5, which produces O2－ in a Ca2＋-depen-
dent manner, could be activated indirectly by PGF2a.
But NOX5 has not been identiˆed in rodents and we
could not detect the expression of NOX5 homolog in
A7r5 cells by RT-PCR with primers designed from
the reported human sequence.15) In addition, stimula-
tion with a calcium ionophore, A23187 did not aŠect
the level of O2－ in the PGF2a treated cells. Accord-
ingly, the contribution of other members of the NOX
family to the PGF2a-induced generation of O2－

demonstrated in A7r5 cells seems to be minimal. As a
result, NOX1/NADPH oxidase-derived O2－ plays
pivotal roles in PGF2a-mediated hypertrophy of
VSMC.18,20,23,2527)

The induction of NOX1 expression by PGF2a
seems to be mediated speciˆcally by its receptor, FP,
not by other prostanoid receptors. There are several
possible reasons for this. First, (＋)-‰uprostenol,
which upregulated NOX1 mRNA in a dose-dependent
manner, is a highly selective FP agonist. It was
reported that this compound does not react with other
prostanoid receptors.19) Second, expression of FP
was detected in A7r5 cells,8) and we also veriˆed its
expression by RT-PCR. Third, the concentration of
PGF2a that elicited NOX1 expression was 10－10 M,
much lower than those of other vasoactive prosta-
noids investigated.

Subsequently, PKCd Mediates Transactivation of the
EGF Receptor through Src, MMP

A time-dependent increase in the phosphorylation
of the EGF receptor was demonstrated in the cells
stimulated with PGF2a, while tyrphostin AG1478, an
inhibitor of EGF receptor, signiˆcantly suppressed
PGF2a-induced increase in NOX1 mRNA. These
results indicate the EGF receptor is activated follow-
ing the binding of PGF2a to its receptor.20)

Involvement of PKCd in the transactivation of the
EGF receptor was reported in ATP-stimulated

VSMC21) and in angiotensin-II stimulated hepatic C9
cells.22) Similarly, involvement of PKC in up-regula-
tion of NOX1 expression by PGF2a was investigated
by the diŠerent kinds of PKC inhibitors. For exam-
ple, GF109203x, a non-selective inhibitor of PKC,
dose-dependently suppressed the induction of NOX1
mRNA by PGF2a. Whereas an inhibitor of the con-
ventional PKC, G äo6976, and a PKCe translocation-
inhibitor peptide had no eŠect, an inhibitor of PKCd,
rottlerin, signiˆcantly attenuated the PGF2a-induced
increase in NOX1 mRNA. Gene silencing of PKCd by
RNA interference signiˆcantly suppressed the
PGF2a-induced increase in NOX1 mRNA, as well as
phosphorylation of the EGF receptor, ERK1/2 and
ATF-1. Moreover, the augmented synthesis of the
protein induced by PGF2a was abolished by gene
silencing of PKCd. These results suggest that PKCd
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mediated transactivation of the EGF receptor.23)

Transactivation of the EGF receptor by angiotensin
II is mediated by the activation of tyrosine kinases Src
and Pyk2, and the ADAM family of MMPs, leading
to the excision of heparin-binding EGF.24) Therefore,
eŠects of inhibitors of Src and MMPs were investigat-
ed. A Src inhibitor PP2 and a MMP inhibitor
GM6001 suppressed the PGF2a-induced NOX1 ex-
pression. These results suggest that the activation of
Src and MMPs is involved in the transactivation of
the EGF receptor by PGF2a, which leads to the in-
creased expression of the NOX1 gene.20)

Thirdly, Two Independent Pathways, PI3K-ATF1-
MEF2B and MEK-ERK1/2 Are Activated following
EGF Receptor Transactivation in the PGF2a-induced

Upregulation of NOX1

We demonstrated that PI3K is the upstream mole-
cule that activates ATF-1 and induces the expression
of the NOX1 gene. PI3K inhibitors, but not a MEK
inhibitor, suppressed the PGF2a-induced phosphory-
lation of ATF-1. On the other hand, PGF2a-induced
phosphorylation of ERK1/2 was not aŠected by PI3K
inhibitors, or by depletion of ATF-1 with RNAi.
Thus, the PI3K-ATF-1 pathway and the MEK-ERK
1/2 pathway, both located downstream of the EGF
receptor, are independently activated to elicit induc-
tion of NOX1.20)

Later in 2007, we found a PGF2a-responsive ele-
ment located between －146 and －125 in the 5'‰ank-
ing region contains a consensus binding site for
MEF2B, to which binding of MEF2B was augmented
by PGF2a. Gene silencing of MEF2B by RNA inter-
ference signiˆcantly suppressed the expression of
NOX1, while silencing of activating transcription fac-
tor ATF-1, previously implicated in up-regulation of
NOX1, abolished the PGF2a-induced expression of
MEF2B. These results indicate that superoxide
production in vascular smooth muscle cells is regulat-
ed by the ATF-1-MEF2B cascade through the induc-
tion of the expression of the NOX1 gene.25)

CONCLUSION

On the whole, we make research in the ˆeld of
PGF2a intercellular signal transduction with the fol-
lowing assays. Based on the knowledge of signaling
pathways of other vasoactive factors including an-
giotension II and PDGF, we use kinds of speciˆc inhi-
bitors to clarify the PGF2a pathway. In addition,

gene silencing is used to verify the above results. To
elicit the molecular basis of trascriptional activation,
we analyzed the promoter region of the rat NOX1
gene and subcloned diŠerent region of NOX1 promo-
tor into a reportor vector. Electrophoretic mobility
shift assay (EMSA) was carried out to identify
whether the transcriptional factors binds to the se-
quence in the NOX1 promoter. So MEF2B is demon-
strated to act as a downstream molecule of ATF-1
and increase PGF2a-induced NOX1 transcription
directly via binding to its promoter. We found acci-
dently that DPI, an inhibitor of NADPH oxidase did
not only reduce NADPH activity, but also down-
regulate NOX1 expression, which demonstrated the
involvement of the mitochondrial respiratory chain in
PGF2a-induced upregulation of NOX1.26)

However there are still many questions waiting for
answers, such as, what is the relationship between the
two independent signaling pathways following EGF
receptor? Which one contributes more on the PGF2a-
induced upregulation of NOX1? Do other proteins
exist as downstream molecules of ERK1/2 just like
MEF2B? In order to cast more light on the PGF2a
pathways, further investigation is needed.27)
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