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Abstract:

Several indications exist that prostacyclin (PGI�) release in the cardiovascular system might be affected by cyclooxygenase

(COX)-2-specific inhibitors. This could reflect an inhibition of PGI� synthesis in the endothelium although in these cells mainly

COX-1 is expressed. Inflammation and stress induce COX-2 in smooth muscle cells which could have happened in patients with

cardiac diseases. Herein, we show that also cardiomyocytes contain PGI� synthase in intercalated discs as a third source of PGI� in

the cardiovascular system. Another aim of this study was to explain the finding that PGI� synthase in lipopolysaccharide

(LPS)-treated smooth muscle cells, in contrast to endothelial cells, is resistant to nitration and inhibition by peroxynitrite. By using

redox cyclers, the nitration occurred and confirmed our previous hypothesis that a high peroxidative activity of such cells keeps

peroxynitrite below the effective levels of 50 nM. Considering enhanced oxidative stress in aged vessels, we postulated and verified

that endothelial dysfunction in aged vessels is due to nitration and inhibition of PGI� synthase. Such data underline the role of PGI� as

a potent mediator for regaining and maintaining the normal resting state of cells in a COX-2 dependent fashion.
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Introduction

It has been a paradigm in vascular physiology that

prostacyclin (PGI2) is released from the endothelium

by the consecutive action of phospholipase A2, the

constitutive cyclooxygenase-1 (COX-1) and PGI2

synthase [11]. On the other hand, the inducible

COX-2 was considered to provide prostaglandin en-

doperoxide (PGH2) for PGI2 biosynthesis only under

stress conditions [4]. Therefore, the findings that the

newly developed COX-2 inhibitors can affect PGI2

formation under normal conditions asked for a rein-

vestigation of the sources and the regulation of PGI2

release.

A first result in that direction was the old observa-

tion of a localization of PGI2 synthase not only in the

vascular endothelium but also in smooth muscle [6].

However, the levels of COX-1 or COX-2 in resting

smooth muscle cells (SMC) are low, but considering

the large mass of PGI2 synthase, it might be antici-

pated that PGI2 could also be derived from SMC. This

would be favored under inflammatory or stress condi-

tions that would upregulate COX-2. Since adverse re-

actions of COX-2 inhibitors have been noticed in pa-

tients with cardiac problems [9], an endogenous coun-
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terregulation of the diseased state by PGI2 would be

eliminated by these compounds. As an alternative

source of PGI2, one has to consider cardiomyocytes

for which a moderate release of 6-keto-PGF-1� as the

stable metabolite of PGI2 had been reported [5]. An

upregulation of COX-2 in these cells may also con-

tribute to PGI2 synthesis in patients with cardiac prob-

lems. In this paper we therefore have looked on the

localization of PGI2 synthase in cardiomyocytes.

Apart from the knowledge of these three sources of

PGI2 in the cardiovascular system, the regulation of

PGI2 synthesis in these cells is far from being under-

stood. The synthesis of PGH2 either from COX-1 or

COX-2 is essential for the action of PGI2 synthase,

but both isoenzymes differ in their requirement for the

“peroxide tone”. This term describes the initiation and

maintenance of the catalytic turnover by peroxides

and was reported as 21nM for COX-1 and only 2 nM

for COX-2 [10]. This would allow only COX-2 to be-

come active at low peroxide levels. Indeed, for lipo-

polysaccharide (LPS)-treated SMC we have shown

that peroxynitrite, the product of nitric oxide (•NO)

and superoxide (•O2
–), is the dominant provider of the

peroxide tone and is kept at levels of about one nano-

molar [16]. If this principle would also apply to endo-

thelial cells, COX-1 could only become productive

after activation of •O2
– production e.g. from NADPH-

oxidase together with a release of •NO from NO-

synthases.

A second mechanism of regulation of PGI2 release

is also connected with peroxynitrite, which is able to

inhibit PGI2 synthase by nitration of a Tyr residue at

the active site. This occurs at levels of 50–100 nM

peroxynitrite [20] and requires a richer source of •O2
–,

like xanthine oxidase as observed in the LPS activated

endothelium [3]. So far we were unable to show this

down-regulation also in SMC. Here we provide indi-

rect evidence that the reductive power of LPS-treated

SMC prevents an accumulation of peroxynitrite to

levels sufficient for the nitration and inhibition of

PGI2 synthase. Recently we could show that in the en-

dothelium of aged rats a breakdown of the reductive

potential takes place which was concluded from an

enhanced •O2
– production and a nitration of

manganese-superoxide dismutase (Mn-SOD) [19].

Our results now confirm this by demonstrating PGI2

synthase nitration also in the endothelium of aged

rats.

Materials and Methods

Animals

F1 (F344 x BN) healthy male rats, fed ad libitum,

were obtained from the National Institutes of Health,

National Institute on Aging (Bethesda, MD). The

colonies were maintained under contractual arrange-

ment with Harlan Sprague Dawley, Inc. Studies were

performed with two different age groups: 4–6-month

old (“young”), 19 (“middle”), and 32–35-month old

(“old”) rats. Immunohistochemical localization of

PGI2 synthase was conducted on hearts from adult

male Wistar rats (Harlan Europe). All work with ani-

mals was carried out according to national bioethical

standards and was approved by the local authorities

for animal research (Freiburg i.B., Germany).

Bovine smooth muscle cells

Primary cultures of bovine aortic smooth muscle cells

(SMC) were obtained by collagenase digestion (Type

CLS, Biochrom, Berlin, Germany) of endothelium-

denuded aortic media strips. Cells were grown in

M199-medium supplemented with 10% FCS and

100 U/ml penicillin/streptomycin (Biochrom). Ex-

periments were performed with cells of passage 1,

maintained in a 37°C humidified incubator in an at-

mosphere of 95% air and 5% CO2.

For all experiments, primary cultures of bovine

aortic SMC in passage 1 were used. With higher pas-

sages the amount of PGI2 synthase decreased whereas

the content of COX-2 increased. Therefore cells were

incubated without serum for 24 h prior to experi-

ments. For a single experiment, cells from the same

batch were used.

Western blot

Proteins were separated electrophoretically by 8%

SDS-PAGE and then transferred onto nitrocellulose

membranes (HybondTM-C extra, Amersham, GB) by

semidry blotting. The membrane was blocked for 2 h

in 5% milk-powder. It was then incubated with the

primary antibodies for 2 h at room temperature or at

4°C overnight and for 45 min with a peroxidase-

conjugated secondary antibody at room temperature.

Bands were visualized using the enhanced chemilu-

minescence (ECL) system (Interchim, Montlucon,
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France). Anti-PGHS-2 monoclonal antibody was pur-

chased from Transduction Laboratories, Lexington,

USA; monoclonal anti-3-nitrotyrosine (3-NT) was from

HBT (Uden, The Netherlands), anti-PGI2-synthase

polyclonal antibody was a kind gift from Prof. Tan-

abe, Osaka, Japan. The site-specific antibody P692

against nitrotyrosine 430 of PGI2 synthase was raised in

rabbits by standard immunization protocols against the

nitrated peptide CRLKNY(NO2)SLPW (position 430,

bovine sequence) conjugated with haemocyanin. Im-

munoglobulin G (IgG) was obtained by affinity puri-

fication of the serum against the peptide.

Immunohistochemistry

Tissues were fixed in 4% buffered formalin for 15

min followed by cryoprotection at 1h incubations in

0.1 M sodium cacodylate buffer containing 10, 20,

and 30% sucrose. Tissues were then embedded in

pre-cooled, OCT-Tissue Tec, snap frozen and sec-

tioned with 7 µm thickness. Sections were mounted

on poly-L-lysine-coated glass slides and air-dried.

Myocardial sections were separately treated with

100 mM citrate pH 4.0 for 10 min and autoclaved at

120°C for antigen demasking. Slides were blocked for

1h with 10% BSA and 3% Triton X-100 in PBS pH

7.4. This was followed by incubation with the primary

antibodies overnight at 4°C (monoclonal COX-2,

1:50, Transduction Laboratories; polyclonal PGI2

synthase, K828 1:100; monoclonal Connexin 43, 1:50

Upstate; monoclonal nitrotyrosine 1A6, 1:50, Up-

state; polyclonal site-specific antibody against ni-

trated PGI2 synthase (P692), 1:100). After three

washes in PBS, antibody binding was visualized by

coincubation with a fluorescent dye labeled secondary

antibody Alexa™ red 568 conjugated anti-rabbit IgG

(1:300) or Alexa™ green 488 conjugated anti-mouse

IgG (1:300). Appropriate controls were performed by

omitting the primary antibody and using the secon-

dary antibody only. Sections were rinsed and exam-

ined under a Leica fluorescence microscope DMRIB

(Leica, Wetzlar, Germany). All pictures were obtained

with identical digital camera (RT-Spot, Diagnostic In-

struments, Visitron Systems, Munich, Germany) and

print settings.

Results

PGI
2

synthase in cardiomyocytes

With regard to the reported adverse effects of COX-2

inhibitors in patients with cardiac problems, we

probed the localization of PGI2 synthase in cardio-

myocytes. These cells produce low levels of 6-keto-
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PGF1�
but the function of PGI2 and the localization of

PGI2 synthase is not known. Immunohistochemistry

revealed staining of the enzyme, however its localiza-

tion was confined to distinct areas between the single

cardiomyocytes, known as intercalated discs (Fig. 1)

as indicated by connexin 43. It is evident from the

staining that the areas of PGI2 synthase and connexin

43 are not overlapping but in close neighborhood.

From the known mechanism of cyclic adenosine-

monophosphate (cAMP)-dependent phosphorylation

of connexin 43 and the related increase of the electro-

chemical coupling between cardiomyocytes, one can

postulate a role of PGI2 in raising cAMP via its IP-

receptor. The presence of this receptor at the interca-

lated discs has been identified (Nuesing, Klumpp,

Muessig, unpublished) and studies on the influence of

PGI2 on the electric coupling are ongoing. In a cardio-

myocyte cell line (H9c2), endotoxin exposure upregu-

lated COX-2 expression (Klumpp, unpublished). Thus,

not only PGI2 synthesis in the vascular endothelium

and in smooth muscle but also in cardiomyocytes has

to be considered as a possible point of intervention by

COX-2 inhibitors in the diseased heart.

Severe oxidative stress allows PGI
2

synthase

nitration in SMC

The observation that PGI2 synthase in LPS-treated

SMC could not be nitrated by added peroxynitrite or

by incubation with Sin-1 (source of •NO and •O2
–)

had been puzzling, but could be explained by a high

peroxidase activity. According to this assumption,

a lowering of intracellular reductants should facilitate

the nitration process. Therefore, the hydrogen perox-

ide generating redox cyclers paraquat and DMNQ

(2,3-Dimethoxy-1,4-naphthoquinone) were applied in

order to challenge the peroxidative power competi-

tively. If such pretreated cells were incubated with the

peroxynitrite-generating compound Sin-1, a nitration

of PGI2 synthase was detected in a concentration-

dependent manner (Fig. 2B, C). The staining of nitrated

PGI2 synthase was performed with an antibody pre-

pared against the nitrated peptide [RLKNY(NO2)

SLPW] which detected the nitrated enzyme but not

the native form (Fig. 2A). This antibody proved to be

unstable and lost its activity after 12 months even

when stored at –80°C. It is our experience that nitroty-

rosine epitopes are unstable in general.

Nitration of PGI
2

synthase in the aged rat aorta

In endothelial cells the nitration of PGI2 synthase re-

quired the activation of xanthine oxidase as a potent

source of •O2
–, whereas weaker sources like NADPH-

oxidase stimulation by agonists, e.g. angiotensin II,

were ineffective. This situation should change with

increased oxidative stress as it is supposed to occur in

aging. In a model of the aging rat, endothelial-derived

reactive oxygen production was indeed increased,
•NO levels were decreased in spite of higher NOS-3

levels, and Mn-SOD was nitrated. Using the colocal-

ization technique and the site-specific antibody raised

against the nitrotyrosine containing decapeptide of

PGI2 synthase, nitration of PGI2 synthase in aged rat

coronary arteries in contrast to those from young rats

could be detected (Fig. 3). This result would be in
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agreement with the endothelial dysfunction occuring

in old age and would be in line with an enhanced rate

of •O2
– formation probably arising from mitochon-

drial autoxidations as postulated for the aging pro-

cess.

During these investigations we noted the staining

of nitrated PGI2 synthase also in the transition area

between the media and adventitia of the aortic seg-

ments in old rats. The significance of this finding is

not clear, since it could not yet be decided whether it

represents hyperplasia of the smooth muscle layer or

the invasion of differentiating fibroblasts.

Discussion

The localization of PGI2 synthase at the intercalated

discs favors a new function of PGI2 in the heart. Since

the prostacyclin (PGI2)-receptor (IP-receptor) is also

present in the same compartment, a cAMP-dependent

phosphorylation of connexin 43 leading to increased

electrical coupling of cardiomyocytes could be

a physiological role of PGI2 in these cells. This

strengthens the current view that PGI2 appears to be

more than just a vasorelaxant and antiaggregatory

substance. There seem to be silent reservoirs of PGI2

synthase in most tissues which can be activated by the

induction of COX-2 in response to stress conditions,

especially by inflammatory stimuli. LPS is very po-

tent with this respect and can induce COX-2 in the en-

dothelium, in the smooth muscle and in cardiomyo-

cytes [12, 15, 17]. For the cardiovascular system,

ischemia-reperfusion is another stimulus for COX-2

induction [2] leading to a physiological counterregu-

lation by the release of PGI2 as a potent vasorelaxing,

antiaggregatory and antiproliferative substance. Inter-

fering with such actions, COX-2 inhibitors would pre-

vent the repair of cardiac stress conditions. It is less

clear why under normal physiological conditions

PGI2 synthesis would be inhibited by COX-2 inhibi-

tors [13]. A likely explanation would be a locally lim-

ited COX-2 induction in the endothelium by mechani-

cal stimuli like shear stress to which endothelial cells

respond [8].
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Concerning the regulation of PGI2 synthase by ni-

tration, we now are able to explain the lack of nitra-

tion by peroxynitrite in living LPS-stimulated SMC

not only by the lack of NOS-2 induction [17] but also

by their high antioxidant potential and high peroxi-

dase activity. This peroxidase activity was challenged

by applying redox cyclers which allowed the nitration

of PGI2 synthase by Sin-1. A similar situation of

weakening the antioxidant potential by oxidants

seems to apply also for the aging process. Many re-

ports in literature demonstrate oxidative stress to ac-

company or even trigger aging. In our model of aging

rats, this was confirmed previously [19] and now we

could detect nitration of PGI2 synthase as a sign of en-

dothelial dysfunction with age. An increase in reac-

tive oxygen (ROS) formation together with a decrease

in the antioxidant potential would be a sufficient ex-

planation. There is plenty of evidence for such effects

in aged tissues. It should be mentioned that ROS for-

mation is a tightly controlled process involving

NADPH-oxidase, mitochondria, xanthine oxidase or

uncoupled NO-synthases [1, 7, 14, 18]. These mecha-

nisms all form •O2
– as the primary species which re-

acts with •NO from various sources to yield peroxyni-

trite at different levels. In the low range (2 nM), per-

oxynitrite activates COX-2, at higher levels (21 nM) it

activates COX-1 while above these levels (50–100 nM)

nitration of PGI2 synthase takes place. At even higher

concentrations which depend on the induction of

NOS-2, the nitration and oxidation of other proteins

follows and characterizes the transition from redox

regulation to oxidative stress.

In summary, our three new findings underscore the

significance of PGI2 as a potent and beneficial media-

tor which seems to be often coupled to the induction

of COX-2 in order to counteract stress or patho-

physiological conditions. This would limit the use of

COX-2 inhibitors. It should be mentioned that these

inhibitors could become beneficial under conditions

of a nitrated PGI2 synthase by inhibiting a PGH2-

mediated stimulation of the thromboxane (TxA2)-

receptor (TP-receptor). Thus, a complex picture arises

on the use of COX-2 inhibitors and on the function

and regulation of PGI2.
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