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Abstract

Prostaglandin-endoperoxide synthase-2 (PGH-synthase) or cyclooxygenase-2 (COX-2) is inducible by a variety of stimuli, e.g.
inflammatory mediators, growth factors and hormones and is believed to be responsible for the majority of inflammatory prostanoid
production. Moreover, it has been demonstrated that COX-2 contributes substantially to prostacyclin-synthesis in patients with
atherosclerosis. In this study, we demonstrate an up-regulation of COX-2 mRNA, protein and product formation by the prostacy-
clin-mimetic iloprost in human vascular smooth muscle cells (hSMC). COX-2 mRNA expression was induced transiently between 1 and
6 hr and returned to basal levels after 16 hr of iloprost stimulation. COX-2 protein was induced concomitantly between 3 and 6 hr of
iloprost stimulation. This was accompanied by an increase in PGI, formation. Forskolin, a direct activator of adenylyl cyclase, and
dibutyryl cAMP, a cell-permeable cAMP analogue-induced COX-2 mRNA, suggesting a cAMP-dependent COX-2 expression in hSMC.
Tloprost-induced COX-2 protein expression and PGI, formation was synergistically elevated by co-stimulation with the phorbolester PMA
(phorbol-12-myristate-13-acetate). It is concluded, that the observed up-regulation of COX-2 with subsequent release of newly
synthesized PGI, and the synergistic effect of iloprost and phorbolester on PGI, formation provide a positive feedback of prostaglandins
on their own synthesizing enzyme. This might be important for control of hSMC proliferation, migration and differentiation as well as

inhibition of platelet aggregation.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Prostaglandin endoperoxide synthase (PGH-synthase) or
COX is the initial enzyme in the conversion of arachidonic
acid to the different prostaglandins [1,2]. COX exists in two
distinct isoforms, namely COX-1 and COX-2 [3,4] which
are specifically regulated at the molecular level and seem to
have different biological functions. While COX-1 is con-
sidered to be expressed constitutively and is generally
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believed to be responsible for physiological “house keep-
ing” prostaglandin synthesis [5,6], COX-2 is inducible by a
variety of stimuli, e.g. growth factors, inflammatory med-
iators, and hormones [6—10], and believed to be responsible
for the majority of inflammatory prostanoid production
[11-13].

Recent studies indicate that prostaglandins themselves
could exert regulatory feedback actions on the expression of
their own synthesizing enzyme COX-2 as demonstrated in
macrophages, monocytes, keratinocytes and osteoblasts
[14-17]. In vascular smooth muscle cells (SMC) it was
demonstrated that exogenously applied prostaglandin E,
(PGE,) strongly inhibited COX-2 expression, whereas PGI,
analogues had no effect on the expression of COX-2
[18,19].

PGI, is the main COX product in endothelial cells
and SMC of large arteries [20], the primary sites of
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atherosclerotic lesions. PGI, acts via G-protein-coupled
prostacyclin receptors (IP-R) and mediates several anti-
atherosclerotic actions, e.g. inhibition of platelet aggrega-
tion, smooth muscle cell migration and proliferation [21],
mostly by stimulation of cellular cAMP formation [22].
Proliferation of SMC is a critical event in the development
of atherosclerosis and in restenosis following vessel injury,
e.g. by coronary angioplasty (PTCA). Recently, Schonbeck
et al. [23] reported enhanced expression of COX-2 in
atherosclerotic blood vessels. The expression of COX-2
with subsequent production of atheroprotective PGI,
might, therefore, be involved in the regulation of prolif-
erative processes in the blood vessel.

In a recent study using microarray analysis to determine
altered gene expression in human SMC (hSMC), we have
found an up-regulation of COX-2 expression by the PGI,
analogue iloprost. The present study investigates the reg-
ulation of COX-2 expression in hSMC by iloprost alone
and under inflammatory and proatherogenic conditions,
mimicked by phorbolester 12-myristate-13-acetate (PMA),
a general PKC activator. We report that iloprost induces
COX-2 expression and product formation via a cAMP-
dependent mechanism and that this effect is synergistically
enhanced by PMA.

2. Materials and methods

2.1. Materials

Cell culture reagents and TRIzol™ were purchased
from Gibco Life Technologies. PMA, forskolin, dibutyryl
cAMP (dbcAMP), bovine serum albumin (BSA) and iso-
butyl-methylxanthine IBMX) were from Sigma. Iloprost
was kindly provided by Schering. 3H-6-keto-PGF,, was
from Amersham Pharmacia. Polyclonal COX-2 antibody
was from Cayman Chemical Co and horseradish-perox-
idase-conjugated secondary antibodies were from Santa
Cruz Biotechnology. Primers for RT-PCR were purchased
from MWG-Biotech AG. Dextran 500 was derived from
SERVA. Activated charcoal was from FLUKA-Chemie
AG. The 6-keto-PGF,,-standard was derived from Biomol.

2.2. Cell culture

Human arterial smooth muscle cells (hSMC) were iso-
lated from coronary artery or aorta, respectively, by the
explant technique [24] and were grown in Dulbecco’s
modified eagle medium (DMEM) supplemented with
15% fetal calf serum (FCS), 100 pg/mL streptomycin
and 100 unit/mL penicillin in a humified atmosphere with
5% CO, at 37 °. In general, hSMC of the passages 4-9
were used in the different experiments. If not otherwise
mentioned, cells were washed twice with phosphate-buf-
fered saline and incubated in serum-free DMEM for 24 hr
prior to acute experiments.

2.3. cAMP measurements

hSMC were grown until subconfluence in 24-well plates.
After preincubation in HBSS containing BSA (1 mg/mL),
HEPES (10 mM, pH 7.3) and IBMX (1 mM) for 10 min at
37°, cells were stimulated with iloprost (0.1 uM) or for-
skolin (10 uM) for 10 min. The reaction was stopped by
aspiration and addition of ice-cold ethanol (96%). Dried
samples were overlaid with 300 uL. RIA buffer (NaCl
150 mM, Na,HPO, 8 mM, NaH,PO,, pH 7.4) and stored
overnight at —80°. cAMP in the supernatant was deter-
mined by radioimmunoassay [25]. Protein determination
was performed according to the method of Bradford [26].
The adenylyl cyclase activity was expressed as pmol
cAMP mg ™" protein x 10 min.

2.4. Western blot analysis

SMC were stimulated with iloprost (0.1 uM) for the
indicated times and then lysed in lysis buffer (sodium-
phosphate, 62.5 mM pH 7.0, glycerol 10%, sodium dode-
cyl sulfate (SDS) 2% (w/v), bromphenol blue 0.01% (w/
v)), sonicated for 3 s and heated for 5 min at 95°. Proteins
were separated on a denaturing 10% SDS—polyacrylamide
gel and then electrophoretically transferred to polyvinyli-
dene difluoride membranes (PVDF, Immobilon™™-P, Milli-
pore). Membranes were blocked in TBSTM (Tris 25 mM,
NaCl 0.5 mM, Tween-20 0.1 % (v/v), skim milk powder
5% (w/v)) for 1 hr at room temperature and then probed
with anti COX-2 polyclonal antibody (1:1000) and anti-
actin monoclonal antibody (1:5000) overnight at 4°. Mem-
branes were washed three times with TBS containing 0.1%
Tween-20 (v/v), and then incubated with peroxidase-con-
jugated secondary antibodies (1:3000 in TBSTM) for 1 hr
at room temperature. Finally, the membranes were visua-
lized with enhanced chemiluminescence detection reagent
(ECL, Roche Diagnostics).

2.5. Determination of 6-keto-PGF,

After stimulation with PMA (0.1 pM), iloprost (0.1 pM)
or the combination of both, cells were washed twice with
DMEM and incubated for another 30 min in 0.5 mL fresh
DMEM. The supernatants were collected and the forma-
tion of 6-keto-PGF;,, the stable hydrolysis product of
PGI,, was determined by RIA as described previously
by Schror and Seidel [27]. Briefly, the 6-keto-PGF,,, con-
tent in the cell culture supernatants was determined as
follows: the reaction mix containing 300 pL cell culture
supernatant, 100 pLL diluted specific 6-keto-PGF,, anti-
serum (produced in rabbits) and 500 pL reaction buffer
(200 mg gelatine plus 4000 pg *H-6-keto-PGF, ,, dissolved
in 100 mL RIA buffer) was incubated overnight at room
temperature. Then, 500 pL. dextran-activated charcoal-
suspension was added and then mixed continuously for
5 min. Dextran-activated charcoal-suspension consists of
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a mixture of equal volumes of dextran 500 solution (2.5 g/
500 mL RIA buffer) and activated charcoal solution (25 g
activated charcoal p.a. dissolved in 500 mL RIA buffer).
After incubation with dextran-activated charcoal-suspen-
sion, samples were centrifuged at 11,600 g (3 min). Then,
1 mL of the supernatant was mixed with liquid scintillator
(LUMASAFE-PLUS, PACKARD BioScience) and counted
ina B-counter. The 6-keto-PGF;,-content of the samples was
related to a 6-keto-PGF,-standard curve (Biomol).

2.6. Semi-quantitative RT-PCR

Cells were treated with PMA (0.1 uM), iloprost
(0.1 uM), forskolin (10 uM) or dbcAMP (1 mM) as indi-
cated. Then total RNA was prepared with Trizol-reagent
following the manufacturer’s manual. If not otherwise
mentioned, RT-PCR was performed with Ready-To-Go™
RT-PCR Beads (Amersham Pharmacia Biotech) using
0.5 pg total RNA. COX-2 mRNA was amplified using
the gene-specific primers (15 pmol each), sense: AATGAG-
TACCGCAAACGCTTTATG:; anti-sense: CATCTAGTCC-
GGAGCGGGAAGAAC, resulting in a 421 bp fragment.
For semi-quantitative analysis GAPDH was co-amplified
with the primers (15 pmol each), sense: TGATGACATC-
AAGAAGGTGGTGAA; antisense: TCCTTGGAGGCC-
ATGTAGGCCAT; resulting in a 238 bp fragment. After
reverse transcription for 30 min at 42° and a denaturation
step for 5 min at 95°, the following thermal profile was
used: 1 min 95°, 1 min 55°, 1 min 72° (30 cycles) and a final
elongation step at 72° for 15 min.

RT-PCR for ICER was performed with Qiagen™ one-
step RT-PCR kit and the gene-specific primers, sense:
ATTATGGCTGTAACTGGA; antisense: TCATTAGCCT-
CAGCTCTC,; resulting in a 214 bp fragment. For semi-
quantitative analysis GAPDH was co-amplified, as
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described above. A PCR amplification was subsequently
performed with Ready-To-Go™ RT-PCR Beads (Amer-
sham Pharmacia Biotech). A 5 pL aliquot of the cDNA
generated in RT-PCR was subjected to 35 cycles of ampli-
fication with addition of fresh primers for ICER.

2.7. Statistics

Data are means = SEM from N independent experi-
ments. Statistical analysis was performed using ANOVA
followed by Bonferroni’s multiple comparisons test.
P < 0.05 was considered significant.

3. Results

3.1. Time-dependent effects of iloprost and PMA on
COX-2 mRNA expression in hSMC

Incubation of serum-deprived, unstimulated hSMC with
the stable PGI, mimetic iloprost (0.1 pM) resulted in a
time-dependent induction of COX-2 mRNA. As shown in
Fig. 1A, iloprost induces up-regulation of COX-2 mRNA
within 1-6 hr. The mRNA signal returned to basal levels
after 16 hr of continuous iloprost stimulation. Comparable
kinetics were observed when hSMC were treated with the
phorbolester PMA (0.1 uM), as an PKC-activating inflam-
matory or proatherogenic stimulus (Fig. 1B).

3.2. Time-dependent effects of iloprost and PMA on
COX-2 protein expression and prostacyclin synthesis

in hSMC

Further experiments were focused on the functional
consequences of iloprost- and PMA-induced expression

....=. <500 bp

'«—200 bp
16 24 h M

<+—COX-2

6 16 24h

Fig. 1. RT-PCR analysis of time-dependent expression of COX-2 mRNA in hSMC. Panel (A) hSMC were incubated with iloprost (0.1 pM) for the times
indicated. Shown is a representative experiment out of four with similar results. Panel (B) hSMC were incubated with PMA (0.1 pM) for the time indicated.
Shown is a representative experiment out of three with similar results. M = 100 bp DNA-ladder.



982 S. Debey et al./Biochemical Pharmacology 65 (2003) 979-988

-

105kDa —» .
76kDa —> |} W T T S <+ COX-2
M 0 1 3 6 16
(A) time (hr)
. <+— 105kDa
cox-2 —» E 5 <+~ 76kDa
0 1 3 6 16 M
(B) time (hr)

Fig. 2. Western blot analysis of time-dependent expression of COX-2 protein in human SMC. Panel (A) hSMC were incubated with iloprost (0.1 uM) for the
times indicated. Shown is a representative experiment out of three with similar results. Panel (B) hSMC were incubated with PMA (0.1 uM) for the times
indicated. Shown is a representative experiment out of three with similar results. M: molecular weight marker, 105 + 76 kDa markers are indicated.

of COX-2 mRNA. As shown in Fig. 2A, COX-2 protein
was also transiently expressed upon iloprost stimulation
(0.1 pM) as COX-2 mRNA. COX-2 protein could be
detected within 3—6 hr and the expression returned to basal
levels after 16 hr of iloprost treatment as examined by
Western blotting. Similar kinetics were obtained when
cells were stimulated with PMA. However, the response
was somewhat stronger (Fig. 2B). As shown in Fig. 3A,
iloprost-induced expression of COX-2 protein was accom-
panied by a slight and time-dependent stimulation of PGI,
formation, determined as its stable metabolite 6-keto-
PGF,, in the cell culture supernatant. After 6 hr of iloprost
stimulation, hSMC released 2.2 4 0.5-fold more 6-keto-
PGF,, than untreated controls. Stimulation of cells with
PMA (0.1 pM) also caused a significant elevation of
6-keto-PGF,, formation after 4.5-8 hr of stimulation
which returned near to basal levels after 16 hr. After
6 hr of PMA stimulation 6-keto-PGF,, formation was
elevated 4.5 £ 1.1-fold over basal values. These results
are consistent with the up-regulation of COX-2 mRNA and
protein expression shown in Figs. 1 and 2.

To examine a possible feedback action of iloprost on
PMA-induced PGI, formation, hSMC were co-incubated
with iloprost and PMA. As demonstrated in Fig. 3B, co-
incubation of hSMC with iloprost and PMA resulted in a
significantly increased 6-keto-PGF,, formation between
4.5 and 8 hr of stimulation which was higher than PMA-
induced 6-keto-PGF,, formation alone. After 6 hr of sti-
mulation with iloprost and PMA, release of 6-keto-PGF,,
was 7.5 + 0.9-fold above basal levels. These data indicate
an additive effect of PGI, on PMA-induced PGI, formation.

To test whether the additive effect of iloprost on PMA-
induced PGI, synthesis was due to enhanced expression of

COX-2, we examined the COX-2 protein expression by
Western blot analysis. As demonstrated in Fig. 4, PMA-
induced COX-2 protein expression was elevated by co-
stimulation with iloprost, indicating that the additive effect
of iloprost on PGI, synthesis can be attributed to enhanced
protein expression and, therefore, exerts positive feedback
actions.

3.3. Regulation of COX-2 expression by iloprost in
hSMC is mediated by cAMP

In order to identify the mechanisms of iloprost action on
COX-2 expression we measured initially cAMP levels in
hSMC. In untreated hSMC basal cAMP formation accu-
mulated to 86 4= 50 pmol/mg protein x 10 min. Stimula-
tion of hSMC with iloprost in a concentration range
between 1 and 100 nM resulted in a concentration-depen-
dent increase in cAMP formation, accumulating to
351 £29 (1 nM), 1250 £ 130 (10 nM) and 2171 £45
(100 nM) pmol/mg protein x 10 min, respectively. Similar
to cAMP levels, COX-2 mRNA was also concentration-
dependently induced with a maximum at 10 nM iloprost, as
examined by RT-PCR (Fig. 5A). These data strongly
suggest a cAMP-depending mechanism in up-regulation
of COX-2 expression. This was further confirmed by the
finding that COX-2 mRNA was induced by forskolin
(10 pM), a direct activator of adenylyl cyclase, or by the
cell-permeable cAMP analogue dbcAMP (1 mM) as shown
in Fig. 5B. As determined by RIA, forskolin (10 pM)-
induced cAMP formation was 345 + 62 pmol/mg
protein X 10 min, while iloprost (100 nM) caused a strong
induction of cAMP formation accumulating to 1814 +
230 pmol/mg protein X 10 min vs. 67 £ 40 pmol/mg
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Fig. 3. Time-course of 6-keto-PGF,, formation in hSMC. Panel (A) hSMC were treated with iloprost (0.1 pM, open bars) or with PMA (0.1 pM, black bars)
for the times indicated. Values are means + SEM of N = 5 (iloprost) or N = 3 (PMA) experiments. “P < 0.05 significant vs. control. Panel (B) comparison
of 6-keto-PGF, formation in hSMC treated with PMA (0.1 uM, black bars) or with iloprost (0.1 pM) plus PMA (0.1 pM; striped bars) for the times
indicated. Values are means + SEM of N = 3 experiments. “P < 0.05 significant vs. control; TP < 0.05 significant vs. PMA. The level of 6-keto-PGF,,,
formation is expressed as fold increase above control.

| e T - cox

15
0
W
(0]
g0
c -
S, @ 10
Iti E
w g
©
T e
27
e
w
0 |
con iloprost PMA iloprost
0.1 uM 0.1 uM :
¥ 5 PMA

Fig. 4. Effect of iloprost on PMA-induced 6-keto-PGF;, formation (lower panel) and COX-2 protein expression (upper panel). hNSMC were treated with
iloprost (0.1 pM), PMA (0.1 pM) or with iloprost plus PMA for 6 hr. Supernatants were collected and the stable PGI, hydrolysis product 6-keto-PGF,,, was
determined by RIA. The level of 6-keto-PGF,,, formation is expressed as fold increase above control. Values are means == SEM of N = 3 experiments. COX-2
protein expression was detected by Western blotting using anti-COX-2 antibody. Shown is a representative experiment out of three with similar results.
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Fig. 5. cAMP-dependent induction of COX-2 mRNA expression in hSMC. Panel (A) RT-PCR analysis of concentration-dependent induction of COX-2
mRNA expression after stimulation with iloprost for 3 hr. Shown is a representative experiment out of three with similar results. Panel (B) influence of
iloprost (0.1 pM), forskolin (10 uM) and dbcAMP (1 mM) on COX-2 mRNA expression in hSMC. Cells were treated for 3 hr with the substances as
indicated. Thereafter, total RNA was isolated and COX-2 mRNA expression was analyzed by semi-quantitative RT-PCR. Shown is a representative
experiment out of three with similar results. M = 100 bp DNA-ladder.

protein X 10 min in control cells. The lesser extent of Besides its coupling to Gy, IP-R may also couple to Gq
forskolin-induced cAMP formation could explain why protein-mediated stimulation of phospholipase C/PKC
forskolin was less potent than iloprost in induction of pathway [28]. To investigate a possible involvement of

COX-2 mRNA and suggests that the intensity of COX-2 Gq-coupling in iloprost-mediated COX-2 induction, hSMC
mRNA expression indeed correlates with cAMP formation. were pretreated for 24 hr with PMA (0.1 uM). After that
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Fig. 6. (A) hSMC were treated for 24 hr with PMA (0.1 pM) to reach PKC-desensitization. After that, cells were restimulated with iloprost (0.1 uM) or PMA
(0.1 uM) for 3 hr (left panel). For comparison nonpretreated cells were also stimulated with iloprost (0.1 uM) or PMA (0.1 uM) for 3 hr (right panel) and
COX-2 mRNA expression was determined by RT-PCR. Shown is a representative experiment out of three with similar results. M = 100 bp DNA-ladder. (B)
hSMC were either untreated or treated with the PKC-inhibitor calphostin (1 pM) in the indicated lanes 30 min prior to stimulation with either iloprost
(0.1 pM) or PMA (0.1 uM) for 3 hr. COX-2 mRNA expression was determined by RT-PCR. Shown is a representative experiment out of two with similar
results. M = 100 bp DNA-ladder.
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Fig. 7. RT-PCR analysis of time-dependent expression of ICER mRNA in hSMC in response to iloprost (0.1 uM) for the times indicated. Shown is a

representative experiment out of three with similar results. M =

time COX-2 mRNA levels returned to control levels and
reapplication of PMA had no effect on COX-2 expression,
indicating complete desensitization of PKC (Fig. 6A).
When PMA-pretreated cells were stimulated with iloprost
(0.1 uM), a comparable induction of COX-2 mRNA
occurred as in control cells. These data suggest that
induction of COX-2 mRNA upon iloprost stimulation is
substantially not influenced by the G,/PKC pathway. These
findings were further substantiated by the observation that
the PKC-inhibitor calphostin C (1 uM) had no effect on
iloprost-induced COX-2 induction. As expected, PMA-
induced COX-2 expression was markedly reduced by
calphostin C (Fig. 6B), reflecting its efficient PKC-inhibi-
tion.

3.4. lloprost induces the expression of the transcriptional
repressor ICER

The promotor of the COX-2 gene contains a consensus-
site for a cAMP responsive element (CRE) [29], which
could control transcriptional activation in hSMC upon
iloprost treatment. To test this hypothesis, we investigated
the expression of the transcriptional repressor ICER.
cAMP-regulated expression of ICER is directed by a
cluster of four cAMP responsive elements (CREs) in an
intronic promoter inside the CREM gene due to binding of
the transcription factors CREB and CREM. ICER, in turn,
strongly binds to CREs as a homodimer or heterodimer
with CREB or CREM and thereby represses the activity of
its own promoter, thus constituting a negative autoregula-
tory loop [30]. Accordingly, ICER is known to turn off the
expression of cAMP responsive genes in general.

As shown in Fig. 7, iloprost (0.1 uM)-induced transient
ICER mRNA expression, which was similar to the COX-2
mRNA kinetics shown in Fig. 1. ICER mRNA is induced
over a period of 1-6 hr and declines after 16 hr of iloprost
treatment.

4. Discussion

The present study demonstrates an up-regulation of
COX-2 mRNA and protein expression by the PGI, mimetic
iloprost in hSMC. Several previous studies have demon-
strated that prostaglandins could exert regulatory feedback

100 bp DNA-ladder.

actions via the expression of their own synthesizing
enzymes, however, the results are nonequivalent. In
RAW 264.7 macrophages and in human monocytes,
PGE, has no direct effect on COX-2 expression but
potentiates LPS-induced COX-2 expression in a cAMP-
dependent manner [14,15]. A direct effect of PGE, and
cAMP on COX-2 expression was seen in rat mesangial
cells [31] and murine keratinocytes [16]. These conflicting
data suggest that prostaglandins regulate COX-2 expres-
sion in a cell-specific manner. Interestingly, in porcine and
hSMC, PGE, and other cAMP-elevating substances caused
a decrease in COX-2 expression, whereas PGI, analogues
had no effect [18,19]. These findings are in contrast to our
results, demonstrating up-regulation of COX-2 by iloprost
and other cAMP-elevating substances. This discrepancy
might be explained by variations in the prostaglandin
receptor population expressed on the SMC of different
origins. Moreover, the above mentioned studies used
PGE,, whose cAMP stimulation was considered to be
mediated mainly via the EP, receptor, and the failure of
PGI, analogues to modulate COX-2 expression indicates
low expression of IP-receptors. In contrast to that, our
results indicate strong expression of IP-receptors and only
little presence of the Gs-coupled EP,- and EP4-receptors as
determined by RIA with the specific agonists butaprost
(EP,) or Ono AE-1329 (EP,), respectively (data not
shown). The opposite actions of cAMP in regulating
COX-2 expression may be explained by different effector
systems coupled to PKA [32].

Our results on iloprost-mediated up-regulation of COX-
2 expression point toward a crucial role for cAMP, the
second messenger generated upon activation of the Gy
coupled IP-R, without participation of the Go/PKC signal
transduction pathway. According to these findings, COX-2
mRNA was up-regulated by the cell-permeable cAMP
analogue dbcAMP or the adenylyl cyclase activator for-
skolin, respectively. These findings are in agreement with
Samokovlisky et al. [33] who demonstrated up-regulation
of COX-2 by cAMP in bovine aortic endothelial cells.

The elevation of COX-2 mRNA level upon iloprost
treatment might be attributed to two mechanisms: a sta-
bilization of COX-2 mRNA or an enhanced transcription of
the COX-2 gene. In recent studies, we have observed that
up-regulation of COX-2 mRNA was completely abolished
when the transcription inhibitor actinomycin D was added
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Fig. 8. Schematic representation of the iloprost-induced expression of COX-2. Prostacyclin (PGI,) binding to the G,-coupled IP-R activates the membrane-
associated adenylyl cyclase (AC). This converts ATP to cAMP which causes dissociation of the inactive tetrameric PKA complex into the active catalytic
subunits (C) and the regulatory subunits (R). The catalytic subunits migrate into the nucleus where they phosphorylate (P) and thereby activate transcriptional
activators like CREB. (A) Phosphorylated CREB then interacts as a dimer with the cAMP response element (CRE) in the promotor of the COX-2 gene and
activates transcription. Synthesis of COX-2 protein is accompanied by synthesis of PGI, which in turn could activate IP-R. (B) Phosphorylated CREB
interacts with CRE in the promotor of the CREM-gene and activates the transcription of ICER. ICER then binds to the CRE regions of cAMP inducible
genes, and thereby interrupts their transcription, e.g. COX-2. Furthermore, the expression of ICER itself is repressed by a negative autoregulatory feedback.

to hSMC, indicating that iloprost-mediated up-regulation
depends on transcriptional activation of the COX-2 gene.
According to these findings, iloprost-induced up-regula-
tion of COX-2 might be mediated by a cAMP/PKA-
dependent phosphorylation of the transcription factor
CREB which subsequently binds to the CRE region of
the human COX-2 promotor [29] resulting in enhanced
transcription (Fig. 8). This hypothesis is supported by the
observation that iloprost induces ICER mRNA expression.
ICER is strongly induced by cAMP/CREB by an internal
promotor of the CREM gene, containing four CRE binding
sites [30,34]. ICER is known to block the transcription of
cAMP-inducible genes by binding as homodimers or het-
erodimers with CREB or CREM to the CREs in the
promotor of the respective gene (reviewed in [35]). The
induction of ICER upon iloprost treatment, therefore,
represents a regulatory mechanism to turn-off the expres-
sion of cAMP-inducible genes. It might be speculated, that
the induction of ICER is involved in the down-regulation of
COX-2 expression following persistent (16—-24 hr) iloprost
stimulation (Fig. 8), in addition to instability of COX-2
mRNA and protein, common regulatory mechanisms of
immediate early gene expression.

The duration of the IP-R-mediated signaling is critically
dependent on the number of functionally active receptors.
Thus, the agonist-induced down-regulation of IP-R [36,37]
might be an alternative mechanism in the regulation of
iloprost-mediated COX-2 expression. However, in recent

studies we demonstrate that forskolin, a direct activator of
the adenylyl cyclase, induces as well transient expression
of COX-2 mRNA as iloprost, indicating a receptor-inde-
pendent mechanism to turn-off COX-2 expression.

In this study, we demonstrate that time-dependent up-
regulation of COX-2 mRNA and protein expression by
iloprost was accompanied by a slight increase in PGI,
synthesis, whereas PMA induced significant production of
PGI, after 4.5-8 hr of stimulation. Furthermore, when
hSMC were co-incubated with iloprost and PMA to
mimick an inflammatory state, a synergistic effect in
PGI, synthesis could be demonstrated, which seems to
depend on increased COX-2 protein expression, as demon-
strated in Western blot studies. Similar results were
obtained when hSMC were co-incubated with iloprost
and platelet-derived growth factor (PDGF-BB, data not
shown). The synergism of iloprost- and PMA-actions
suggests that the PKA and PKC signaling pathways con-
verge at the transcriptional level, as described in other
systems [38], leading to increased COX-2 expression in
hSMC. Therefore, the synergistic effect of iloprost and
PKC activators in COX-2 induction in hSMC might reflect
situations of inflammatory states in vascular injury and
atherosclerotic lesion where several mediators of COX-2
induction, including proinflammatory cytokines, tumor
necrosis factor and growth factors act on SMC. This could
finally contribute to increased COX-2 expression and
prostaglandin formation [23,39].
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Recently Caughey et al. [40] demonstrated that platelet-
derived thromboxane A, (TXA,), an activator of the G/
PKC-signal transduction pathway, up-regulates endothelial
COX-2 expression and PGI, synthesis. Thus, endothelial-
derived PGI, might contribute to enhanced COX-2 expres-
sion and PGI, formation in hSMC.

In conclusion, the augmentation of COX-2 induction by
a prostaglandin-dependent mechanism provides a positive
feedback loop in prostaglandin synthesis by hSMC. The
subsequent increased release of PGI, upon induction of
COX-2 might contribute to its anti-atherosclerotic actions,
i.e. inhibition of monocyte/macrophage adhesion to the
endothelium, inhibition of smooth muscle cell prolifera-
tion and migration as well as inhibition of platelet aggre-
gation and secretion.
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