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1. Introduction 1

11.. IInnttrroodduuccttiioonn

11..11.. TThhee CCiirrccuullaattoorryy SSyysstteemm

The blood circulatory system is made up of the heart, the arterial network that distributes 

blood to virtually every part of the body and the venous system which returns it back to the 

heart to close the circuit. The microvascular bed of the various tissues and organs begins with 

arterioles which convey the blood into the dense network of capillaries from which it is 

collected in venules. The circulatory system serves very different physiological tasks reaching 

from the exchange of gases and nutrients to an involvement in the host immune response. The 

latter function requires a tremendous complexity of interactions between parts of the vascular 

wall and cells of the immune system and forms the center of the present investigation. 

The vessel walls as shown in Figure 1.1. are made up of three coats called tunicae: 1) The 

tunica intima consists on its inner surface of the endothelium which is separated by a thin 

basal lamina from the subendothelial layer of loose tissue, 2) The tunica media which in case 

of a muscular artery is composed of circularly arranged smooth muscle cells. The intercellular 

substance holding the smooth muscle cells together is made by the smooth muscle itself and 

includes mainly elastin. 3) The tunica adventitia which particularly contains extracellular 

elastic fibers and collagen secreted by adventitial fibroblasts. The adventitia exerts an 

innervation by nerve fibers of the autonomous nerve system, blood vessels (vaso vasorum) 

and also harbors appreciable amounts of macrophages. The relative thickness of each of these 

coats depends on the type of vessel, arterioles for example can consist only of the 

endothelium and its basement membrane and a media which is made up of only one or two 

circular layers of smooth muscle cells.  
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Arterial vessels are classified as 1) conducting elastic arteries for which the aorta, heart 

carotid arteries and pulmonary arteries are prominent examples. This vessel type is mainly

involved in the maintenance of the diastolic blood pressure, 2) muscular arteries that 

distribute blood to the entire body and 3) arterioles which are defined as arteries with an 

internal diameter of less than 30µm. Veins of the same diameter as their accompanying

arteries usually have thinner walls which however consist of the same three basic tunicae as 

described for the arteries. The veins of lower regions of the body have a thicker media with 

more smooth muscle cells, which is of importance for the active propulsion of the blood back 

to the heart. In contrast, the veins of the upper regions of the body have a thin media and 

essentially drain the blood back to the heart. 

Under physiological conditions, local vascular tone is mainly regulated by the single layer of 

endothelial cells lining the inner surface of a vessel. The main regulators released by an intact 

endothelium are prostacyclin (PGI2) and nitric oxide ( NO) which both evoke relaxation of 

the adjacent smooth muscle. Under severe pathophysiological conditions, the endothelium can 
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become activated which evokes an impairment of its regulatory function as conductor of 

vascular homeostasis. This “endothelial cell activation” has been the subject of previous 

investigations of our group. In the present thesis it was established for the first time that 

vascular smooth muscle cells can act as an alternative regulator of vascular tone by the 

sustained release of PGI2. The biochemistry involved turned out to exert significant 

differences compared with the endothelium and allowed to describe new aspects of redox 

signaling.

11..22.. RReegguullaattiioonn ooff VVaassccuullaarr TToonnee bbyy tthhee EEnnddootthheelliiuumm

Endothelial cells which cover the vast surface of the whole vascular system can be regarded 

as the conductor of local vascular tone and are also involved in the recognition and defence of 

invaded pathogens by orchestrating a complex series of events enabling leukocytes to 

transmigrate from the blood to the sites of infection. Under normal conditions, the 

endothelium senses blood pressure through mechanoreceptors which activate the formation of 

the most relevant endothelial mediators prostacyclin (PGI2) and nitric oxide ( NO) (Vane 

1990; Cines 1998; Vane 1993). Besides their anti-aggregatory and anti-adhesive properties, 

PGI2 and NO both promote relaxation of vascular smooth muscle cells (SMC). PGI2 binds to 

its corresponding (IP) receptor on the surface of SMC thus activating intracellular formation 

of cAMP by adenylyl cyclase which finally results in the lowering of intracellular free Ca2+.

In contrast, NO can freely diffuse across membranes and activates soluble guanylyl cyclase 

in SMC. The subsequent rise of cGMP via several intermediary steps also lowers the levels of 

intracellular free Ca2+ in SMC and therefore causes vasodilation. A third mechanism of 

vasorelaxation can be observed mainly after inhibition of the NO and PGI2 pathways. The so-
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called endothelial derived hyperpolarizing factor(s) (EDHF) are not yet characterized in detail 

however they act by promoting an efflux of potassium from smooth muscle cells (SMC) 

(Fisslthaler 1999; Pfister 1998; Matoba 2003). 

Contraction of the smooth muscle can be evoked by a plethora of mediators among the most 

prominent ones are thromboxane A2 (TxA2), angiotensin II (Ang II), endothelins, thrombin or 

platelet activating factor (PAF). Since a steady influx of Ca2+ into SMC is observed also 

under resting conditions without additional stimulation, relaxation can be regarded as an 

active process. Of particular interest with respect to the questions addressed in this work is the 

observation that the prostanoid precursor PGH2 also acts as a potent vasoconstrictor by 

interacting with the TxA2 (TP)-receptor on the surface of SMC or platelets. This scenario 

arises when PGI2-synthase as the major recipient of PGH2 in endothelial cells is inhibited 

while cellular prostaglandin endoperoxide H2 synthase (PGHS) activity is still high. 

The major enzymatic source of NO in the normal endothelium is NOS-3 (eNOS), but no 

definite answer to the question whether the constitutively expressed PGHS-1 or the inducible 

PGHS-2 mainly contribute to the basal formation of PGI2 could be found so far. Difficulties 

arise from the limited validity of in vitro data with respect to the situation in vivo. In static 

endothelial cell cultures for example, PGHS-1 is solely expressed (Caughey 2001) whereas 

administration of a laminar shear force clearly induces PGHS-2 (Topper 1996; Okahara 

1998). This induction not only depends on a transcriptional activation but also on a 

posttranscriptional stabilization of the corresponding mRNA (Inoue 2002). Clinical studies 

performed with healthy subjects indicated a significant decline in plasma and urinary 6-keto-

PGF1  levels after oral administration of PGHS-2-specific inhibitors (McAdam 1999; 

Muscara 2000). Although the endothelium is a likely candidate for the observed PGI2

formation, the exact sites of formation could not be elucidated in these studies. The initial 

rationale for developing PGHS-2-specific inhibitors was the assumption that physiological 

prostanoids are formed by the constitutive PGHS-1 whereas inflammatory prostanoids are 
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produced via the induction of PGHS-2. In two independent clinical trials (VIGOR, CLASS) 

(Bombardier 2000; Wright 2002; Silverstein 2000) comparing the effects of the new class of 

PGHS-2-specific inhibitors versus classical NSAIDs (Non Steroidal Anti Inflammatory

Drugs), a significantly higher risk of myocardial infarction in the group receiving the newly 

developed coxibs was detected. Based on these novel findings, a reinterpretation of the role of 

PGHS-2 in the endothelium began to emerge. Although PGHS-2 was demonstrated to be 

induced by shear stress in vitro and systemic 6-keto-PGF1  levels were lowered by PGHS-2-

specific inhibitors in healthy subjects, an equally distributed induction of PGHS-2 in the 

vascular endothelium can be ruled out today by the fact 

Figure 1.2. Biochemical pathways in the regulation of vascular tone. (AA: arachidonic acid; Ag: agonist; AC:

adenylyl cyclase; PGHS: prostaglandin endoperoxide H2 synthase; EDHF: endothelium-derived

hyperpolarization factor; EPOX: epoxygenase; G: G protein; NOS: nitric oxide synthase; Rec: receptor; P: 

protein phosphorylation; PGH2: prostaglandin endoperoxide H2; PGI2: prostacyclin; PGIS: prostacyclin

synthase; PKA: protein kinase A; PKG: protein kinase G; PL: phospholipids; PLA2: phospholipase A2; PLC: 

phospholipase C; sGC: soluble guanylyl cyclase; TxA2: thromboxane A2). Adapted from Bachschmid et al.,

Futura 2003. 



1. Introduction 6

that administration of PGHS-2-inhibitors would otherwise have rapid and detrimental effects 

on vascular homeostasis even in healthy subjects, which is definitely not the case. As a more 

convincing approach, it is now assumed that PGHS-2 is induced only in restricted areas like 

branching sites of the vasculature (Verma 2001). For example in patients with atherosclerosis, 

PGHS-2 expression in the lesions and plasma 6-keto-PGF1  levels were markedly elevated 

(Schonbeck 1999; Chenevard 2003; Husain 1998). Since the participants in the VIGOR and 

CLASS studies were at higher risk due to already existing coronary and vascular syndromes, 

the specific inhibition of PGHS-2-derived PGI2 could have further triggered the preexisting 

disorders in these patients.

Classical NSAIDs like aspirin, which inhibit both isoforms of PGHS, did not evoke such an 

imbalance in vascular homeostasis. It has to be remembered that in the vascular system, a 

well balanced interplay between the vasodilatory, anti-adhesive and anti-aggregatory PGI2

and the mainly platelet-derived TxA2, which evokes the opposing effects, exists. In contrast to 

the close coupling of endothelial PGI2 synthesis to the induction of PGHS-2 (Ueno 2001), 

TxA2 nearly exclusively originates from PGHS-1 in platelets. Both mediators interact by 

several pathways in a complex and not yet fully understood network which can be regarded as 

a perfect example of the Yin-Yang principle. In human syndromes with platelet activation for 

example, biosynthesis of PGI2 is elevated due to an upregulation of endothelial PGHS-2 

expression by TxA2 (Fitzgerald 1991, 2001). Arachidonate or PGH2 released by platelets were 

demonstrated to be processed by endothelial cells to PGI2 (Marcus 1980). Furthermore, a 

cross-talk between the TP and IP-receptor-dependent pathways was observed. TP 

desensitization was shown to evoke sensitization to IP agonists whereas IP activation evokes 

desensitization of the TP-mediated signaling cascade (Murray 1990; Walsh 2000; Cheng 

2002). Specific inhibition of PGHS-2 which at least under conditions of cellular activation 

provides PGI2 synthase with substrate would therefore result in an imbalance of this finely 
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tuned and self-regulating Yin-Yang network which exists between vascular endothelial cells 

and platelets. Such an imbalance can also be observed after exposure of a vessel strip to 

endotoxin (LPS, lipopolysaccharide). Under these conditions, endothelial PGI2 synthase 

undergoes a peculiar process of NO/ O2
- dependent Tyr-nitration and inhibition (Zou 1996, 

1997). PGH2 is still formed under such circumstances and can cause contraction of the 

adjacent smooth muscle and aggregation of platelets after about 1h of LPS exposure. Since 

this inhibition of endothelial PGI2 synthase was at variance with clinical observations of a 

PGI2-mediated hypotension in septic patients, vascular smooth muscle cells are suggested in 

this work as an alternative regulator of vascular tone under severe pathophysiological 

conditions.

11..33.. CCoonnttrraaccttiioonn aanndd RReellaaxxaattiioonn ooff

VVaassccuullaarr SSmmooootthh MMuussccllee CCeellllss

Smooth muscle cells can be found in almost every organ of the mammalian body. In the 

vasculature they are responsible for the generation of the vascular tone under conductorship of 

the endothelium. Single smooth muscle fibers are long, spindle-shaped cells with pointed ends 

(Small 1977) whose mechanical properties arise from the cytoskeleton and the contractile 

apparatus. The cytoskeleton is composed of longitudinal fibrils, consisting of intermediate 

filaments, cytoplasmic actin, and dense bodies. Branching of some intermediate filaments 

between fibrils and attachment to the membrane skeleton serves to maintain the three-

dimensional integrity of the cytoskeleton (Bagby 1983). The contractile apparatus is 

composed of polar myosin filaments and actin filaments which are anchored at the 

cytoplasmatic dense bodies and at the membrane skeleton (Trybus 1991). Smooth muscle 

activation by angiotensin II, thromboxane A2 (TxA2), endothelin etc. results in increased 
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intracellular levels of free Ca2+. The resulting Ca2+/calmodulin complex activates myosin light 

chain kinase (MLCK) which subsequently phosphorylates the myosin light chain and 

therefore enables a myosin/actin-interaction necessary for contraction. The increase of 

intracellular Ca2+ can either be provoked by voltage-gated Ca2+-channels (Hamaguchi 1992, 

Bolotina 1994) or through an inositol trisphosphate (IP3)-mediated release from the 

sarcoplasmic reticulum (Krippeit-Drews 1992, Raeymaekers 1988, Sarcevic 1989). IP3 is 

formed by the catalytic action of phospholipase C (PLC) which is linked via G-proteins with 

the receptors of the corresponding agonists located on the surface of the smooth muscle cell. 

IP3 acts as a receptor agonist on intracellular Ca2+ storage sites causing a transient increase of 

Ca2+.
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Relaxation of smooth muscle cells is mainly mediated by endothelium-derived nitric oxide 

( NO) or prostacyclin (PGI2). While PGI2 activates its corresponding receptor on the surface 

of the cell resulting in a G-protein-mediated activation of adenylyl cyclase and the subsequent 

increase of intracellular cAMP, NO can freely diffuse into the cytosol of the target cell. 

Murad and Ignarro first identified NO as the activator of soluble guanylyl cyclase resulting in 

an increase of intracellular cGMP (Katsuki 1977, Gruetter 1979). Lincoln and Johnson 

reported later that cGMP leads to a lowering of intracellular free Ca2+ by activating the 

energy-dependent uptake of cytosolic Ca2+ into the sarcoplasmic reticulum (Lincoln 1983, 

Johnson 1985). 

The major intracellular targets for cGMP and cAMP are protein kinase G (PKG) and protein 

kinase A (PKA), respectively. The original hypothesis that cAMP-mediated relaxation occurs 

in response to phosphorylation of MLCK by PKA (Conti 1981), which inhibits binding of the 

Ca2+/calmodulin complex, has been modified by newer findings demonstrating that cAMP 

mediates SMC relaxation mainly by the activation of PKG (Francis 1988, Lincoln 1990). It 

was found that PKG expression is lost upon passaging of rat smooth muscle cells and this loss 

was accompanied by a declined capacity of the cells to lower intracellular free Ca2+. Agents 

that elevate cAMP failed to reduce Ca2+ levels even though PKA was present. When PKG 

was restored in these passaged cells, the elevation in cAMP resulted again in the reduction of 

intracellular free Ca2+.

It can be summarized that among all intracellular effectors of the NO signaling pathway the 

most important is PKG. Ca2+-mobilization, activation of Ca2+-activated K+ channels and 

reorganization of the cytoskeleton have already been attributed to PKG activity whereas a 

sensitivity adjustment of the contractile apparatus to Ca2+ or a regulation of gene expression is 

still under debate. 
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11..44.. TThhee PPaatthhoopphhyyssiioollooggyy ooff SSeeppssiiss

Sepsis and its associated syndromes is the leading cause of death in critically ill patients in 

western countries (Angus 2001). It was defined as “the systemic inflammatory response 

syndrome that occurs during infection” (Bone 1992). According to the current view, the 

systemic inflammatory response syndrome (SIRS), sepsis and septic shock represent a 

continuum of severity of the host response, however no clear-cut parameters can be defined to 

distinguish between the different stages (Wort 1999). Mortality rises from 7% for patients 

with SIRS to 50-90% for those with septic shock (Rangel-Frausto 1995; Bone 1991). 

Endotoxin is regarded as the initiator of mortality which arises mainly from an 

overproduction of secondary induced host mediators (Warren 1997).  

In higher vertebrates the Gram-negative bacterial cell envelope constituent endotoxin or 

lipopolysaccharide (LPS) evokes a plethora of host-defence mechanisms which often end in 

life-threatening events like vascular collapse when present systemically (Raetz 1990; Raetz 

2002). As the name implies, LPS is a glycolipid composed of lipid A and a polysaccharide 

region which can be divided into a core region and a O-specific chain. The O-specific chain 

elicits the specific immune response of the host and composes of a polymer of repeating 

oligosaccharides which can vary largely from strain to strain and even within a serotype 

(Rietschel 1992, 1993, 1994). Lipid A is a phosphoglycolipid composed of two glucosamine 

sugars, each containing a phosphate group and fatty acid chains and is the portion of the LPS 

molecule detected by the TLR4 receptor (Toll-Like Receptor) of the innate immune system 

and responsible for most of its detrimental biological properties. In an in vivo model of sepsis, 

a biological inactive analog of lipid A protected from LPS-induced reactions of the host 

(Soejima 1996). In cells of the innate immune response, membrane-bound CD14 (mCD14) is 

the receptor which supports binding of LPS and activation of the cell (Viriyakosol 1995). 

Soluble CD14 (sCD14) is present in the blood and responsible for activation of cells that do 
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not express mCD14 (Frey 1992; Arditi 1993). For efficient binding of LPS to the CD14 

receptor, the so-called LPS binding protein (LBP), a hepatocyte-derived acute phase protein 

present in human serum, is believed to shuttle LPS to the cell surface where it supports 

binding of LPS to mCD14 (Schumann 1994; Schumann 1990). As a second task, LBP 

conveys LPS into lipoprotein particles thus supporting neutralization of LPS (Wurfel 1994).  

LPS has been demonstrated to accelerate the movement of radiolabeled tracers across the 

vascular endothelial barrier. Such changes were reported to depend on F-actin 

depolymerization associated with intercellular gap formation in a protein synthesis 

independent way (Goldblum 1993). The sensitivity of endothelial cells towards LPS not only 

depends on the species or the anatomical site within a given species but was also reported 

highly sensitive towards the presence of serum (Meyrick 1986; Ishii 1995; Arditi 1993). 

While in the presence of 10% fetal calf serum LPS concentrations of 0.5ng/ml were sufficient 

to evoke a transendothelial flux of marker molecules, up to 100µg/ml of LPS were required to 

achieve comparable effects in the complete absence of serum. The orchestrated sequence of 

events LPS triggers in confluent vascular endothelial cell barriers finally ends up in 

intercellular gap formation (Brigham 1986), increased transendothelial transport (Goldblum 

1993) and in some cases even in the partial detachment of endothelial cells (Reidy 1983; 

Gaynor 1970). This altogether allows LPS access to the underlying tunica media and was one 

of the rationales for studying the involvement of vascular smooth muscle cells in the 

pathogenesis of septic shock. 

A first approach to block the effects of LPS was the production of monoclonal IgM antibodies 

directed against the lipid A portion of LPS (Ziegler 1991; Greenman 1991). Following first 

promising studies, the attempt failed due to the relatively low affinity of the antibodies used 

and the fact that such treatment can only be performed in response to bacterial infections. A 
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single initial activation of vascular endothelial cells by LPS was demonstrated sufficient for 

the detrimental outcome of sepsis without significant benefit from the removal of endotoxin 

in progressive stages of exposure. Another promising pharmacological target in focus of 

many research groups could be the LPS receptor CD14. CD14 mediates signaling to the 

nucleus of the responding cell by yet poorly understood mechanisms which however could 

become subject of pharmacological interventions in the future (Warren 1997; Viriyakosol 

1995; Ulevitch 1994). The disappointing results obtained with antiinflammatory agents in the 

treatment of the sepsis syndrome, for example corticosteroids (Bone 1987), anti-endotoxin 

antibodies (Ziegler 1991), TNF-antagonists (Fisher 1996; Abraham 1995) or IL-1 receptor 

antagonists (Fisher 1994) raised the question whether death of patients with sepsis really 

results from an uncontrolled systemic inflammation. The multiple organ dysfunction 

syndrome (MODS) is usually regarded as the major cause of death in response to septic 

shock. However, although severe pathological disorders like myocardial depression, 

respiratory distress syndrome, renal failure or liver dysfunction can be observed in septic 

patients, the exact cause of death remains elusive (Hotchkiss 1999).  

It is therefore more and more believed that the failure of these strategies may be due to a 

change in the syndrome over time (Lederer 1999; Oberholzer 2001). Initially, sepsis may be 

indeed characterized by the increase of inflammatory mediators as assumed in the past, but as 

sepsis persists, one could predict a shift towards an antiinflammatory, immunosuppressive 

state. This current view has to be considered when the formation of prostanoids is discussed 

in association with endotoxemia or septic shock conditions. Prostanoids have been implicated 

as important mediators in some of the pathophysiological events occuring during endotoxic 

shock. In several animal models of acute endotoxemia, plasma levels of PGE2, 6-keto-PGF1 ,

PGF2  and TxB2 were elevated (Coker 1983, Bult 1980). Decreased systemic vasomotor tone 

and normal cardiac output are characteristic hemodynamic features of human septic shock. 

PGHS inhibitors were shown to negatively affect this hypotension in systemic endotoxemia 
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(Fletcher 1977, Fletcher 1978, Wise 1980). From these observations cautious optimism may 

arise regarding the clinical efficacy of PGHS-inhibitors as a means of pharmacological 

intervention for the treatment of the sepsis syndrome. However, time-dependent changes in 

the formation of prostanoids, which could be caused by variations in the induction pattern or 

by posttranslational modifications of the enzymes involved, would question a generalized 

strategy for the treatment of such patients with inhibitors of the arachidonic acid cascade.  

11..55.. EEiiccoossaannooiidd BBiioossyynntthheessiiss

The biosynthesis of prostanoids includes a sequence of three enzymatic steps which is 

initiated by the release of arachidonic acid from membrane-glycerophospholipids by 

phospholipase A2 followed by the oxygenation of arachidonate by prostaglandin 

endoperoxide H2 synthase (PGHS) yielding the prostaglandin endoperoxide H2 (PGH2) and 

finally its conversion to the primary prostanoids prostacyclin (PGI2), PGE2, PGD2, PGF2 ,

and thromboxane A2 (TxA2) via their corresponding synthases. 

Arachidonic acid (20:4 n-6) which is usually found in the sn-2 position of membrane 

phospholipids serves as the major precursor of prostanoid biosynthesis and is liberated by 

PLA2-mediated deacylation (Dennis 1994; Dennis 1997). One interesting feature of 

arachidonic acid is that it cannot be synthesized de novo in human cells but must be either 

obtained through the diet or through conversion of linoleic acid by elongation and 

desaturation (Jeffcoat 1979). Two main types of PLA2 are classified with respect to their 

biological properties: secretory PLA2 (sPLA2) (Cupillard 1997; Tischfield 1997) which exerts 

no significant fatty acid selectivity and cytosolic PLA2 (cPLA2) (Leslie 1997; Clark 1995) 

which possesses a preference for phospholipids containing arachidonate. cPLA2 translocates 

to membranes in response to increased intracellular Ca2+ levels and is activated after 
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phosphorylation by MAP-kinases. A general assumption on a specific coupling of one PLA2

isoform to the synthesis of certain prostanoids is hard to deduce however in those cells that 

contain sPLA2 most of the arachidonate release appears to be catalyzed by sPLA2, while 

activation of cPLA2 seems to be a prerequisite for full sPLA2 activity (Balsinde 1996; 

Balsinde 1994; Naraba 1998).

Arachidonic acid is present in relatively high concentrations in plasma at levels ranging from

1-5µg/ml (Manku 1983), though, as it is tightly protein-bound, it cannot exert 

pharmacological effects in this state. In contrast, the intracellular level of free arachidonate in 

resting cells is very low due to the activity of acyl transferases that facilitate the 

reincorporation of unesterified arachidonate into phospholipids (Chilton 1987). 
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The committed step in prostanoid biosynthesis is mediated by prostaglandin endoperoxide H2

synthase (PGHS) which catalyzes the irreversible cyclization and reduction to form the 15-

hydroxy-9,11-endoperoxide (PGH2). The enzyme, which is the main target of NSAIDs (Non-

Steroidal Anti Inflammatory Drugs) like aspirin or diclofenac (Lecomte 1994, Vane 1998) is 

expressed either constitutively (PGHS-1) in most mammalian tissues or it is induced in 

response to endotoxin, cytokines, growth factors, hormones or tumor promoters (PGHS-2). 

The crystal structures of PGHS-1 and PGHS-2 are remarkably similar (Picot 1994), with two 

small variations in the amino acid sequence that lead to a larger side-pocket for substrate 

access in the cyclooxygenase-domain of PGHS-2. Ile in PGHS-1 is exchanged for Val in 

PGHS-2 at the positions 434 and 523 (Luong 1996, Kurumbail 1996). Due to the reduced 

sterical inhibition of the cyclooxygenase channel by Val, PGHS-2 can accept a wider range of 

fatty acids as substrates than PGHS-1 (Otto 1995). PGH2 is then transferred by a variety of 

different terminal synthases and nonenzymatic mechanisms into the primary prostanoids 

which are guided outside the cell in a carrier-mediated process and activate their 

corresponding heterotrimeric G-protein linked receptors on target cells (Wright 2001).  
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11..66.. CCaattaallyyttiicc MMeecchhaanniissmm ooff

PPrroossttaaggllaannddiinn HH22 SSyynntthhaassee

Prostaglandin endoperoxide H2 synthase (PGHS) which is also known as cyclooxygenase 

(COX) is a homodimeric, membrane-bound enzyme which catalyzes the committed step in 

prostanoid biosynthesis (Smith 2000; Garavito 2003; Marnett 1999; Smith 1996). The 

discovery of this enzyme and its mechanistic and crystallographic investigation was 

stimulated by its identification as the major target of acetylsalicylic acid (aspirin) and other 

NSAIDs by Smith and Lands in the 1970s (Smith 1972; Garavito 1999; Hamberg 1973; Vane 

1971). A second wave of attention was focused on this bifunctional enzyme in the early 1990s 

when a second inducible isoform (PGHS-2) was identified (Fu 1990; Xie 1991; Kujubu 1991; 

O´Bannion 1991). Sequence analysis revealed 60-65% identity between the two isoforms 

within the same species while sequence identity between different species varies from 85-

90% for the compared isoforms respectively (Smith 1996; Otto 1996; Spencer 1999; Picot 

1994; Luong 1996; Kurumbail 1996). This similarity is also reflected in the catalytic and 

structural similarities that exist between PGHS-1 and PGHS-2.  

The PGHS enzyme consists of two distinct but interconnected catalytic sites: the 

cyclooxygenase domain is localized in a hydrophobic channel near the core of the enzyme 

whereas the peroxidase active site is located on the surface of the enzyme (Marnett 2000). 

The mechanism which connects the cyclooxygenase and the peroxidase domain has been 

discussed controversial (Bakovic 1994; Wei 1995). A branched-chain reaction mechanism for 

PGHS, which is generally accepted today, was first proposed by Ruf and colleagues and 

further confimed by Kulmacz (Karthein 1988; Dietz 1988; Wei 1995). According to this 

model, the catalytic cycle is initiated by a peroxide which oxidizes the heme prosthetic group 
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of the peroxidase domain to form Intermediate I (Fe4+=O PPIX+ ) which carries one oxidizing 

equivalent on the ferryl iron and the other as a protoporphyrin radical cation (Landino 1997; 

Lambeir 1985; Lu 1999). 

The connection between the cyclooxygenase and the peroxidase site is provided by an 

intramolecular electron transfer from Fe4+=O PPIX+  to a tyrosine residue (Tyr385 in PGHS-1, 

Tyr371 in PGHS-2) in the cyclooxygenase site yielding Intermediate II (Fe4+=O PPIX) and a 

tyrosyl radical (Tyr ) (Tsai 2000; Tsai 1994; Shimokawa 1990; Xiao 1997; Tsai 1998). When

arachidonate as the preferred fatty acid substrate is bound at the cyclooxygenase active site, 

the tyrosyl radical initiates the cyclooxygenase reaction by abstracting a hydrogen atom at C-

13 of arachidonate yielding an arachidonate radical (Tsai 1998). This radical reacts with a first 

molecule of dioxygen to form a C9- C11 endoperoxide bond and then with a second molecule

of dioxygen to generate a hydroperoxy-endoperoxide at C15 (PGG2) which is subsequently 

reduced by the peroxidase domain to yield the 15-hydroxy-9,11-endoperoxide (PGH2)
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(Hamberg 1973; Hamberg 1974). Under in vitro conditions, the interplay between the 

cyclooxygenase and the peroxidase sites represents a cycle which requires a first initiation by 

peroxides and would afterwards maintain catalysis in an autocatalytic manner since PGG2 is 

itself a hydroperoxide with the capacity to regenerate Intermediate II (Fe4+=O PPIX Tyr ) and 

therefore allow a new catalytic cycle (Camper 1985; Montesano 1985). In a cell however, a 

large excess of antioxidants and peroxide scavengers like urate, ascorbate or glutathione 

peroxidase/ glutathione exists which efficiently keep the intracellular hydroperoxide level low 

(Capdevila 1995; Buckley 1991). Therefore, for sustained formation of PGH2 the presence of 

constant intracellular levels of peroxides for reactivation of the enzyme is required. This 

necessity of peroxides for full PGHS catalytic turnover was summarized in literature with the 

term “peroxide tone”. Interestingly, the peroxide tone for the constitutively expressed PGHS-

1 (21nM) was described 10-fold higher than that of the inducible PGHS-2 (2nM) (Kulmacz 

1995). As a result of this work, this difference has profound effects on the outcome of 

prostanoid biosynthesis both under physiological and pathophysiological conditions. 
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11..77.. CCaattaallyyttiicc MMeecchhaanniissmm ooff

NNiittrriicc OOxxiiddee SSyynntthhaasseess

In the early 1980s, Tannenbaum and colleagues realized that animals excreted more nitrate 

than they were supplied with the food (Tannenbaum 1978; Green 1981). A couple of years 

later the group of Furchgott described an endothelium-dependent mediator evoking relaxation 

of vascular smooth muscle cells (Furchgott 1984). Since the chemical structure was unknown 

at that time, the metabolite was termed “Endothelium Derived Relaxing Factor” (EDRF) and 

later identified as nitric oxide ( NO) (Ignarro 1987).

The ubiquitous intracellular messenger NO is produced by the oxygenation of L-arginine to 

L-citrulline by one of three described isoforms of the heme-containing NO-synthase 

according to the equation:

2 L-arginine + 4 O2 + 3 NADPH + 3H+   2 L-citrulline + 2 NO + 4 H2O + 3 NADP+

(Griffith 1995).

While neuronal NOS-1 (nNOS) and endothelial NOS-3 (eNOS) (Bredt 1990; Schmidt 1991) 

are constitutively expressed and activated by increased levels of intracellular free Ca2+,

inducible NOS-2 (iNOS) (Hevel 1991; Stuehr 1991) is usually induced in response to various 

pathological stimuli and tightly binds Ca2+/calmodulin which allows independence from 

varying intracellular Ca2+ levels. Active NO-synthases possess a homodimeric structure in a 

head to head subunit alignment connected by a central Ca2+/calmodulin binding region 

(Marletta 1993). The distal C-terminal half of a NOS monomer functions as a reductase 

domain transferring electrons from NADPH to the heme prosthetic group of the oxygenase 

domain. Electrons from the reductase domain of one subunit are shuttled via four redox active 

prosthetic groups (FAD, FMN, PPIX and BH4) to the oxidase domain of the other subunit to 

finally activate O2 at the heme (Siddhanta 1998).
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The NOS heme is bound at the bottom of a substrate binding channel with free access to the 

surrounding milieu which allows binding of O2 (Crane 1997; Abu-Soud 2000). To generate 

NO, NOS must bind and activate O2 twice (Stuehr 1991). The NOS oxy-heme intermediates

are unstable and tend to release O2
- and H2O2 in the absence of substrate L-arginine. In case 

of reduced availability of L-arginine or under oxidative conditions accompanied by decreased 

levels of the cofactor BH4 which guarantees rapid reduction of the oxycomplex, the electron 
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transfer can become “uncoupled” from NO synthesis and instead of NO, NOS can become a 

source of O2
- (Stuehr 2001). Several reports suggested BH4 as a target for oxidation by 

peroxynitrite due to a 6-10 times faster reaction than with ascorbate or thiols (Kuzkaya 2003). 

Alternatively, peroxynitrite was shown to release zinc from the zinc-thiolate cluster of eNOS 

resulting in the formation of disulfide bonds between the monomers (Zou 2002). In both cases 

an initial exposure to peroxynitrite results in an uncoupling of NO synthase which then 

releases both NO and O2
-.

11..88.. FFoorrmmaattiioonn ooff SSuuppeerrooxxiiddee iinn tthhee VVaassccuullaattuurree

Besides formation of NO, the release of O2
- is essentially involved in redoxregulation of 

prostanoid biosynthesis by the vasculature. O2
- is far less reactive against biological 

macromolecules than one would expect from its radical nature. Due to the diffusion-limited 

reaction with NO, O2
- represents a central regulatory molecule which can directly adjust the 

levels of free NO and therefore indirectly the formation of prostanoids as described in this 

work.
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11..88..11.. NNAADDPPHH OOxxiiddaassee

During the past years more and more evidence indicated NADPH oxidase as a major source 

of O2
- generation in various cell types and tissues according to the equation : 

2 O2 + NADPH   2 O2
- + NADP+ + H+ (Griendling 1997). 

Originally discovered in neutrophil granulocytes involved in host defence mechanisms 

(Woodman 1991), it has also been identified abundantly in vascular endothelial cells (Pagano 

1993), smooth muscle cells (Griendling 1994) and fibroblasts (Pagano 1997) with a capacity 

of about one third compared with the neutrophil oxidase (Griendling 1998). In the resting 

phagocyte the subunits p40phox, p47phox and p67phox exist as a complex whereas p22phox and 

gp91phox are located in the membranes of secretory vesicles where they occur as cytochrome 

b558 (Griendling 2000). Such separation of the two components prevents from uncontrolled 

activation of the entire complex in resting cells. Following stimulation, p47phox becomes 

phosphorylated and the entire cytosolic complex migrates to the membrane to associate with 

cytochrome b558. As the central subunit, gp91phox couples the oxidation of NADPH via an 

electron shuttle over flavin- and heme- containing proteins with the final one-electron 

reduction of O2 (Babior 1999). An increase in the assembly of the subunits to form the active 

vascular NADPH oxidase complex was observed by Ang II, TNF- , PAF, LPS and proceeds 

within minutes to hours (Pagano 1998; Ohara 1993) whereas neutrophil NADPH oxidase can 

release O2
- after 20-30 seconds (Jones 1994). 



1. Introduction 23

Activation of protein kinase C (PKC) by O2
- which additionally phosphorylates the cytosolic 

p47phox and p67phox subunits indicates on a positive feed-back loop allowing a sustained 

activation of the neutrophil NADPH oxidase complex (Griendling 2000). Although vascular 

oxidases are similar to that in neutrophils, they represent a separate family of enzymes. The 

major functional difference however is that neutrophil oxidases utilize intracellular NADH or 

NADPH and transfer the electrons across the membrane to extracellular oxygen whereas 

cardiovascular NADPH oxidases mainly produce intracellular O2
- (Zafari 1998). Since O2

-

cannot easily pass biological membranes, the large quantities of intracellular O2
- generated 

by the vascular NADPH oxidase complex represent a key regulator of the intracellular redox 

potential.
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11..88..22.. XXaanntthhiinnee OOxxiiddaassee

The widely distributed enzyme xanthine oxidoreductase (XOR) was first recognized in 

association with its involvement in nucleic acid degradation but has in the meantime emerged 

as a potent source of O2
- in the vascular system (Parks 1986). Ever since McCord and 

Fridovich reported that superoxide dismutase functions primarily as an endogenous free 

radical scavenger (McCord 1968; McCord 1969), XOR became of interest as a cellular 

generator of superoxide and therefore a potential mediator of physiological and 

pathophysiological processes in vivo. The name xanthine oxidoreductase implies the two 

distinct forms of the enzyme which can be found as a homodimer in two forms: the 

constitutively expressed xanthine dehydrogenase (XDH) and the posttranslational modified 

form xanthine oxidase (XO) usually found under pathological conditions (Hille 1995; Euroth 

2001). Transition from the dehydrogenase to the oxidase form requires either reversible thiol 

oxidation of sulfhydryl residues or irreversible proteolytic cleavage of a segment of XDH 

(Ichida 1993). A pathophysiological involvement of XO has been found associated with 

ischemia-reperfusion injury (McCord 1985). During the phase of insufficient supply with O2,

both the conversion from XDH to XO and the accumulation of hypoxanthine as a AMP 

degradation product can be observed (Meneshian 2002). Following reperfusion, O2 becomes 

again available and is effectively reduced by XO yielding high amounts of O2
-. Apart from 

O2
-, active XO also releases uric acid as an end product of adenosine nucleotide depletion 

which on the other hand is a potent scavenger of peroxynitrite. In contrast to the situation with 

active NADPH oxidase whose O2
- also interacts with NO and therefore regulates the 

intracellular levels of peroxynitrite, activation of XO could rather be regarded as a NO-sink

by supporting the formation of peroxynitrite which would subsequently be scavenged by its 

interaction with uric acid. Since peroxynitrite was elaborated a potent intracellular activator of 

PGHS in this thesis, the conversion of XDH to XO in progressive stages of cell stimulation 
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may limit prostanoid biosynthesis and should rather be associated with conditions of severe 

oxidative stress than with redoxregulation.

11..88..33.. MMiittoocchhoonnddrriiaa aass SSoouurrcceess ooff OO22
-- aanndd NNOO

It is more and more realized that mitochondria are not only autonomous cell organelles but 

can actively participate in cellular signal transduction pathways. Apart from the described 

interaction of NO with mitochondrial cytochrome c oxidase and the release of cytochrome c 

into the cytosol, emphasis is focused on the mitochondrial formation of NO and O2
-. Normal

electron transport of the mitochondrial respiratory chain involves a coordinated four electron 

reduction of O2 to H2O by electrons originating from NADH or succinate. Superoxide is 

continuously formed as a by-product of accidental one-electron dioxygen reduction and was 

estimated to account for 1-2% of the total electron flux (Loschen 1973; Loschen 1974). 

However, due to an exaggerated O2 pressure and elevated substrate availability in these in
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vitro experiments, the reported values appear quite overestimated. Similar predictions by 

other groups were performed in the presence of electron transport chain inhibitors which 

favor an accumulation of upstream carriers in their reduced form and therefore trigger an 

elevated rate of autoxidation. Together with findings performed in subcellular fractions of E. 

coli under conditions comparable to those in mitochondria, an effective electron leakage of 

approximately 0.1% appears as a more plausible value (Fridovich 2004; Imlay 1991). 

Mitochondrial NO-synthase (mtNOS) activity was first identified in the mid 1990s and 

although several doubts had been raised, numerous reports revealed the presence of a NOS in 

mitochondria (Ghafourifar 1997; Giulivi 1998). Deduced from immunocytochemical and 

knock-out studies, mtNOS was classified as a constitutively active eNOS-like isoform 

however different opinions exist (Bates 1995; Kanai 2001). Since all necessary cofactors like 

L-Arg, L-Arg-transporters, Ca2+, calmodulin, NADPH and O2 are present (Freedland 1984; 

Hatare 1982; McCormack 1989), mitochondria can be regarded as a potential source of 

cellular NO production. NO reversibly inhibits oxygen consumption and ATP synthesis by 

competitive binding to cytochrome oxidase which stimulated the hypothesis that cellular 

energy supply might depend on the mitochondrial NO/ O2
- ratio (Sarkela 2001; Brown 

1994). The impact of mitochondrial NO and O2
- production on the cellular redox potential 

appears rather difficult to estimate. Since O2
- cannot easily pass biological membranes and 

due to a high mitochondrial Mn-SOD activity which prevents an accumulation of O2
-, a 

direct involvement of mitochondrial O2
- in cellular redoxregulation seems of minor 

biological importance. In contrast, intramitochondrially formed NO and peroxynitrite can 

diffuse into the cytosol and could affect redox-sensitive cytosolic processes. Due to the high 

sensitivity of the mitochondrial electron transport chain towards reactive nitrogen species, a 

flux vice versa affecting the respiratory chain by cellular NO derivatives may however play a 

more pronounced role. 
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11..99.. RReeddooxxrreegguullaattiioonn ooff

PPrroossttaannooiidd BBiioossyynntthheessiiss bbyy NNOO// OO22
--

Redoxregulation of prostanoid biosynthesis seems to be basically mediated by NO and its 

derivatives originating from the interaction with molecular oxygen, O2
- or other reactive 

oxygen species. The chemical properties of these players, their time- and compartment-

specific formation and degradation as well as feedback inhibitory effects of the NO and O2
-

forming enzymes exert profound consequences on the outcome of prostanoid biosynthesis 

(Salvemini 1995; Wen 2000; Stadler 1993). The simple molecule NO whose biological 

properties were known for a long time and described with the term “Endothelium Derived 

Relaxing Factor” (EDRF) turned out as a key intra- and intercellular messenger regulating 

vessel tension, thrombosis and neuronal activity (Gruetter 1979; Radomski 1990; Garthwaite 

1988). The binding of NO evokes a large increase in the Vmax of guanylyl cyclase enabling 

the conversion of GTP to cGMP. At low concentrations (<1µM), such direct effects of NO

predominate, whereas at higher concentrations (>1µM) the indirect effects prevail. Indirect 

effects of NO usually accompany the induction of NOS-2 and include 

Nitrosations: when formally NO+ is added to an amine, thiol or hydroxy aromatic group and 

H+ is released. 

Nitrations: when NO2
+ is formally added to a molecule and H+ is released. 

Due to its phenolic nature, tyrosine becomes a preferred target for nitrations. Nitrotyrosine 

formation has been demonstrated by immunohistochemical staining in numerous human 

diseases however only a relatively small number of proteins appear to be nitrated in vivo.

Although peroxynitrite was thought to be the major nitrating agent in vivo, peroxynitrite-

independent tyrosine-nitrations exist and include the peroxidatic activation of nitrite. 

NO is indeed also susceptible for autoxidation according to the equation: 
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2 NO + O2   2 NO2 (Ford 1993) 

forming two molecules of nitrogen dioxide, a potent oxidant involved in the regulation of 

prostanoid biosynthesis. In aqueous aerobic solutions NO2 is further converted to yield 

nitrite, however at the concentrations of NO released in vivo this third order kinetics becomes 

an extremely slow reaction under physiological conditions. While for a saturated 2mM NO

solution under aerobic conditions a half-life time of approximately 1s was calculated, NO

levels around 5nM, which were found sufficient for smooth muscle relaxation in the 

vasculature, exerted a t1/2 of nearly 70h (Beckman 1996; Malinski 1993). The information 

NO encodes therefore depends on its local concentration which implies that the molecule 

must be rapidly removed to prevent saturation. In higher vertebrates this is mainly 

accomplished by its interaction with oxyhemoglobin in red blood cells (Doyle 1981). 

Intracellular levels of NO can also be regulated by superoxide ( O2
-) since both radicals 

combine in an almost diffusion-controlled reaction to form peroxynitrite (k= 6.7*109/Ms;

-22kcal/mol) (Huie 1993). Dismutation of O2
- by superoxide dismutases (SODs) was 

observed with k= 107/Ms which is 2-3 orders of magnitude slower than the reaction with NO

and allows to conclude the formation of peroxynitrite as soon as NO and O2
- are available 

(Cudd 1982; Rigo 1975). The large Gibbs energy of peroxynitrite formation additionally 

makes the reaction nearly irreversible.  

In contrast to the highly diffusible NO, O2
- cannot easily pass biological membranes. Since 

basal amounts of O2
- are formed even under resting conditions by accidental electron transfer 

in the mitochondrial respiratory chain, the radical must be detoxified in the compartment in 

which it is generated. This task is performed by cellular SODs (MnSOD, Cu/ZnSOD) (Beyer 

1991) which not only protect from destructive oxygen-derived toxicants but also allow the 

cell to utilize the remaining low levels of intracellular O2
- as an adjustable redoxregulator 

(Ullrich 2000).



1. Introduction 29

11..1100.. TThhee BBiioocchheemmiiccaall BBaassiiss ffoorr LLPPSS--IInndduucceedd

EEnnddootthheelliiaall DDyyssffuunnccttiioonn

Prostacyclin together with NO are generally accepted today as key regulators of vascular 

homeostasis and integrity. In several previous publications of our group, substantial evidence 

has emerged that vascular endothelial cells of atherosclerotic lesions, after ischemia-

reperfusion or exposure to endotoxin demonstrated nitration of PGI2 synthase which was 

found to be accompanied by an inhibition of the enzyme and impaired relaxation of the vessel 

in response to angiotensin II stimulation (Zou 1999). Nitration of PGI2 synthase was found 

mediated by peroxynitrite, originating from the interaction of nitric oxide ( NO) and 

superoxide ( O2
-) (Zou 1996). In endothelial cells, NOS-3 (eNOS) is the major source of NO

production both under physiological and pathophysiological conditions. Superoxide however 

can originate from different sources following activation of the cell. Besides the assembly of 

the NADPH-oxidase complex, conversion of xanthine-dehydrogenase to xanthine-oxidase 

was reported to contribute essentially to the increased O2
- release observed (Bachschmid 

2003). In parallel, electron efflux from the mitochondrial electron transport chain and so-

called “uncoupling” of NO synthases must also be taken into account.  

Nitrations by peroxynitrite were observed in many proteins, however concentrations between 

100µM and 1mM were usually required for such findings. In contrast, nitration of PGI2

synthase was detected at peroxynitrite levels of around 50-100nM which can be formed in 

activated cells (Zou 1997; Schmidt 2003). Interestingly, PGI2 synthase was elaborated as the 

only nitrated protein in endothelial cells incubated with bolus additions of peroxynitrite in the 

nanomolar range. The requirement of such low concentrations can only be explained by the 

heme nature of the enzyme whose metal ions allow a kinetically preferred pathway leading to 

a ferryl species and nitrogen dioxide ( NO2) which is assumed to subsequently nitrate a Tyr-
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radical. It was further elucidated that the corresponding tyrosine residue (Y 430, bovine 

sequence) is localized near the active site in PGI2 synthase. Since nitration maximally 

diminished PGI2 release by roughly 80% but was never found capable to completely 

downregulate catalysis, a sterical inhibition by the nitro group seems the most plausible 

explanation. Despite its structural and mechanistic similarities, TxA2 synthase was not found 

inhibited under comparable pathophysiological situations. Taken together, in the antagonistic 

interplay between PGI2 and TxA2, TxA2 represents the activated state in response to different 

stimuli whereas PGI2 as the major counterplayer represents the mediator of the resting state. 

Formation of PGI2 requires pro-reductive cellular conditions to prevent nitration and 

inhibition of PGI2 synthase by peroxynitrite while TxA2 synthesis is not markedly affected by 

such conditions (Salmon 1978; Tate 1984). Not only that PGI2 release is inhibited by elevated 

levels of peroxynitrite, PGH2 which is still formed under such circumstances was elaborated 

to bind and activate the TxA2 (TP) -receptor on vascular smooth muscle cells (Mais 1985; 

Ogletree 1985). 

The shift from a high cellular antioxidant potential to pro-oxidative conditions therefore not 

only prevents PGI2 formation but additionally promotes a TxA2-like response by releasing 

elevated amounts of PGH2. Furthermore, the signal transduction capacity of the TP receptor 

was described to be increased by the oxidation of vicinal dithiols to disulfides under oxidative 

conditions (Dángelo 1996; Dorn 1990) favoring a shift from PGI2 towards the actions of its 

antagonists.
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Figure 1.9. Tyrosine-nitration of prostacyclin (PGI2) synthase is catalyzed by the heme prosthetic group. The presence of a 

transition metal allows an energetically preferred pathway which leads to a ferry species (Fe4+=O) and nitrogen dioxide 

( NO2). Generation of the tyrosyl radical is catalyzed by the heme intermediary complex and subsequently reacts with the 

NO2 radical to form nitrotyrosine. Adapted from Ullrich 2001.

The vascular system was chosen as a well described system to exemplify the basic principles 

in the interaction of the NO/ O2
- couple with prostanoid biosynthesis. These regulatory 

mechanisms indeed apply also for other cell systems and can be regarded as a general 

mechanism how redoxregulation can affect prostanoid-mediated physiological and 

pathophysiological responses of cells, tissues and entire organs. 
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11..1111.. TThhee VVaassccuullaattuurree iinn SSeeppssiiss

11..1111..11.. TThhee PPhhyyssiioollooggiiccaall SSiittuuaattiioonn

Under physiological conditions, the endothelium functions as the regulator of local vascular 

tone. It exerts antiadhesive, antiaggregatory and vasodilatory properties which are mainly 

maintained by a basal release of prostacyclin (PGI2) and nitric oxide ( NO) (Vallance 1995; 

Vane 1990). Both endothelial mediators evoke vasorelaxation of adjacent smooth muscle cells 

of the tunica media (Furchgott 1980; Palmer 1987). The highly diffusible NO activates 

intracellular soluble guanylyl cyclase in neighboring cells yielding elevated intracellular 

levels of cGMP (Ignarro 1991) while PGI2 binds to its corresponding receptor (IP) on the 

surface of smooth muscle cells resulting in the activation of adenylyl cyclase (Nakagawa 

1994; Gorman 1979; Tateson 1977). Both cGMP and cAMP result in decreased intracellular 

Ca2+ levels and therefore cause smooth muscle relaxation. Low levels of TxA2 which are 

formed even in non-activated platelets serve as the major counterplayer of PGI2 under resting 

conditions. This equilibrium favors a tightly closed endothelium and disaggregation of 

platelets without adhesion of white blood cells passing with the blood stream. It becomes out 

of balance under pathophysiological conditions like endotoxemia, ischemia-reperfusion or 

diabetes (Curzen 1994; Hink 2001; Cosentino 1997; Buttery 1996; Beckman 1994). Such 

conditions are associated with a highly elevated production of O2
- from xanthine oxidase, 

NADPH oxidase, mitochondria or uncoupled NO-synthases leading to an efficient trapping of 

NO.
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11..1111..22.. EEnnddootthheelliiaall CCeellll AAccttiivvaattiioonn

The endothelium can be regarded as a vital part of the host´s immune system. It orchestrates a 

complex series of events enabling leukocytes a directed movement from the blood to the site 

of an infection. For these purposes the endothelium has to alter from a resting to an 

“activated” state which is accompanied by a partial loss of its regulatory properties. This well

known clinical observation can now be explained on the molecular level by previous findings 

of our group. The initial event in the conversion from a resting to an activated state is an 

increased intracellular formation of O2
- leading to the following three events: 

First, NO released by activated NOS-3 is trapped by its reaction with O2
- resulting in the 

formation of peroxynitrite. Peroxynitrite was demonstrated to effectively nitrate and 

inactivate PGI2 synthase at concentrations of only 50nM in a heme-thiolate catalyzed 
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mechanism. As a consequence of PGI2 synthase nitration, an effective reduction of 

endothelial PGI2 formation is observed. Since PGHS-1 is constantly active under such 

conditions, PGH2 formation is maintained but fails to serve as substrate for the inhibited PGI2

synthase. Therefore, as a third effect, unconverted PGH2 accumulates and binds to the 

thromboxane (TP) receptor on smooth muscle cells exerting the same vasoconstricting 

properties as TxA2 does.

Taken together, upregulation of endothelial O2
- reduces the levels of both vasodilators PGI2

and NO and additionally provokes vasoconstriction by a PGH2-mediated activation of the 

TP-receptor.

All these events can be observed within the first hour of stimulation and require no de novo

protein synthesis. As a physiological consequence, presentation of preformed P-selectin as 

well as an opening of the endothelial barrier initiates the transmigration of activated 

leukocytes. These conditions, which are characterized by vascular constriction, were defined 

by clinicans as “endothelial dysfunction”. This term is rather misleading and should be 

replaced by “endothelial cell activation” since all the processes are involved in the host 

immune response and fulfill beneficial functions. In contrast, clinicans are aware of the fact 

that for instance after inflammatory states or in some cases after vaccination, the vascular 

endothelium exerts a reduced responsiveness to agonists for several weeks. This state is 

sometimes designated as “endothelial stunning” (Bhagat 1996; Vallance 1997), however in 

this case the term “endothelial dysfunction” should be favored.  

To further clarify the events during endothelial cell activation we would like to separate the 

procedures in the activated vasculature into two phases. “Phase I” occurs within the first hour 

of activation and requires no de novo protein synthesis. “Phase II” is initiated after roughly 

2h and includes the induction of early immediate genes like ICAM´s and VCAM´s or PGHS-

2 and NOS-2. Phase II is not limited to the endothelium and also includes the vascular smooth 

muscle which is the major subject of this thesis.  



2. Materials and Methods 35

22.. MMaatteerriiaallss aanndd MMeetthhooddss

22..11.. MMaatteerriiaallss

SSmmooootthh mmuussccllee eexxppeerriimmeennttss::

Aspirin, LPS (E. coli; Serotype 026:B26), IL-1 , TNF- , glutathione (GSH), hematin, 

hypoxanthine and glutathione-peroxidase were from Sigma, St. Louis, USA. DuP-697, SC-

560, purified PGHS-2 and Spermine-NONOate were from Cayman Chemicals, Ann Arbor, 

USA. SIN-1 was purchased from Calbiochem/Merck, Darmstadt, Germany. 14C-AA

(0.1mCi/ml) from ARC, St. Louis, MO, USA. Catalase from Roche Diagnostics, Mannheim, 

Germany. M199, FCS, penicillin, streptomycin and collagenase Type CLS were from 

Biochrom, Berlin, Germany. 

MMaaccrroopphhaaggee eexxppeerriimmeennttss::

Arachidonic acid, purified PGHS-2, NDGA and Spermine-NONOate were obtained from 

Cayman Chemicals Co. (Ann Arbor, MI, USA). SIN-1, MPO and catalase were purchased 

from Calbiochem-Novabiochem (Schwalbach, Germany). Allopurinol, gliotoxin, protein A & 

G sepharose, DMP, pronase and LPS (E. coli; Serotype 026:B26) were purchased from Sigma 

(St. Louis, MO, USA). AMT was a product of Alexis Biochemicals (San Diego, USA). Anti-

PGHS-2 and anti-NOS-2 monoclonal antibodies were from Transduction Laboratories 

(Lexington, KY, USA) and the monoclonal and polyclonal antibodies against 3-nitrotyrosine 

were from HBT (Uden, The Netherlands) and Upstate Biotechnology (Lake Placid, USA). 

The secondary antibody GAM-POX (goat anti mouse, HRP-labeled) was obtained from 

Pierce Biotechnology (Rockford, IL, USA). Cell culture medium DMEM and the additions 

FCS, penicillin, streptomycin and amphotericin B were supplied by Biochrom AG (Berlin, 

Germany). Thin layer chromatography plates were purchased from Merck (Darmstadt, 
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Germany) and 14C-arachidonic acid from American Radiolabeled Chemicals (St. Louis, MO, 

USA).

22..22.. SSmmooootthh MMuussccllee CCeellll CCuullttuurree

BBoovviinnee ssmmooootthh mmuussccllee cceellllss::

Primary cultures of bovine aortic smooth muscle cells (SMC) were obtained by collagenase 

digestion (Type CLS) of endothelium-denuded aortic media strips. Cells were grown in 

M199-medium supplemented with 10% FCS and 100U/ml penicillin/streptomycin.

Experiments were performed with cells of passage 1, maintained in a 37°C humidified

incubator in an atmosphere of 95% air and 5% CO2.

Representative staining of smooth muscle cell actin in bovine smooth muscle cells which is routinely performed

for the detection of contamination with other cell types. (400 fold magnification)
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For all experiments, primary cultures of bovine aortic SMC in passage 1 were used. With 

higher passages the amount of PGI2-synthase decreased whereas the content of PGHS-2 

increased probably due to serum stimulation. Therefore cells were incubated without serum 

for 24h prior to experiments. For a single experiment, cells from the same batch were used. 

Differences in the total amount of 6-keto-PGF1  detected between different experiments can 

originate from differences in total cell numbers since shape and growth pattern of SMC does 

not allow reliable counts. 

HHuummaann,, aanndd rraatt ssmmooootthh mmuussccllee cceellllss::

In pre-studies whole endothelium-denuded aortic segments from rats and segments of human 

arteria mammaria and vena saphena were incubated with LPS, however such incubations were 

lacking sufficient oxygen supply when incubated for several hours. Therefore primary 

cultures of human and rat aortic smooth muscle cells (SMC) were obtained by collagenase 

digestion (Type CLS; Biochrom, Berlin, Germany) of endothelium-denuded aortic vessel 

segments. Cells were grown in M199-medium (Biochrom, Berlin, Germany) supplemented 

with 10% FCS and 100U/ml penicillin/streptomycin. SMC were allowed to rest in serum-free 

medium 24 h prior to experiments which were performed with cells of passage 3-4. During 

passage, SMCs were pooled to achieve identical cell numbers since shape and growth pattern 

of the cells made it difficult to obtain reliable counts for standardization. SMCs were utilized 

for experiments when confluence was reached. This method allowed a comparison between 

different species.
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22..33.. PPrreeppaarraattiioonn ooff RRaatt AAllvveeoollaarr MMaaccrroopphhaaggeess

Male Wistar rats (400-500g, ex-breeder) were anesthetized by inhalation of Isofluran (Essex, 

Munich, Germany), lungs were excised and lavaged 3-times with sterile ice-cold 0.9% NaCl 

solution (Braun, Melsungen, Germany). Cells were pooled, resuspended in RPMI 1640 

medium containing 10% FCS, 100U/ml Pen/Strep and plated at 5*106 cells/dish in 4ml 

medium. After incubation for 4h at 37°C in a humidified atmosphere of 5% CO2, medium was 

changed and the cells were allowed to rest overnight since the procedure of isolation turned 

out as sufficient for the induction and nitration of PGHS-2. Animal housing and treatment was 

conducted in accordance with the German Institutional Animal Care and Use Committee. 

22..44.. WWeesstteerrnn--BBlloott AAnnaallyyssiiss

Proteins were separated electrophoretically by 8% SDS-PAGE and then transferred to 

nitrocellulose membranes (HybondTM-C extra, Amersham, GB) by semidry blotting. The 

membrane was blocked for 2h in 5% milk-powder. It was then incubated with the primary 

antibodies for 2h 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 ECL 

Western blot system (Interchim, Montlucon, France). Anti-PGHS-2, anti-NOS-2 and anti-

SMC-actin monoclonal antibodies were purchased from Transduction Laboratories, 

Lexington, USA. Anti-PGI2-synthase polyclonal antibody was a kind gift from Prof. Tanabe, 

Osaka, Japan. 



2. Materials and Methods 39

22..55.. QQuuaannttiittaattiivvee PPCCRR AAnnaallyyssiiss

Total RNA isolation was performed according to the guanidine isothiocyanate/phenol method 

described in the manufacturers instructions (Peqlab, Erlangen, Germany). For reverse 

transcription, murine leukemia virus reverse transcriptase (Superscript, Invitrogen, California, 

USA) and oligo dT15 primers (Promega, Mannheim, Germany) were used. The reaction was 

performed at 42 °C for 60 min. PCR amplification was carried out in a LightCyclerTM

Instrument (Roche Diagnostics, Mannheim, Germany) using the PGHS-1 specific primer: 5´-

GAC GAG CAG CTC TTC CAG AC-3´; and the antisense primer: 5´-GGC GAT GCG GTT 

GCG TAC TGG-3´; For PGHS-2 specific sense primer: 5´-ATC TTT GGG GAG ACC ATG 

GTA GA-3´ and antisense-primer: 5´-ACT GAA TTG AGG CAG TGT TGA TG-3´; For 

bovine/human NOS-2 sense-primer: 5´-GGC TGG CGG GCG AGG CGT TTC-3´ and anti-

sense primer: 5´-GCT GCT TCA GGG TGG GGG CCA-3´; For rat NOS-2 sense-primer: 5´-

AGT GTC AGT GGC TTC CAG CTC-3´ and anti-sense primer: 5´-AGT GTC AGT GGC 

TTC CAG CTC-3´; For human/bovine GAPDH sense primer: 5´-ACC CTC AAG ATT GTC 

AGC AAT GC-3´ and anti-sense primer 5´-GTC GTC ATA AGT CCC TCC ACG AT-3´; 

For rat GAPDH sense primer: 5´-TCC ATG ACC GTT GTC AGC AAT GC-3´ and anti-

sense primer: 5´-GTG GTC ATT AGC CCT TCC ACG AT-3´. Settings were used as follows: 

Denaturation at 95 °C for 15 s, annealing at 65 °C for 5 s, amplification at 72 °C for 19 s. 50 

cycles were run before the reaction was stopped. Amplification was followed online, its 

crossing-points were used for evaluation. After PCR, a melting curve analysis for checking 

primer specificity was carried out. GAPDH served for standardization. 
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Representative standard curve analysis for PGHS-2. The quantitative information in a PCR reaction comes

from those cycles with a logarithmic growth between background and the plateau. The higher the number of 

template copies in the reaction mix is, the earlier the log-linear phase is reached. For all RT-PCR experiments in 

this work SYBR Green I was used, which binds to the minor groove of dsDNA. In the unbound state of ssDNA, 

SYBR Green I has a lower fluorescence. As the amount of dsDNA increases , the fluorescence increases

proportionally. For the standard curve demonstrated above, a PGHS-2 amplificate of a previous reaction was 

used in a 10-fold serial dilution and the amplification of this series was monitored. With decreasing template

copy number, the curves are shifted to increasingly higher cycle numbers (top). The crossing points were used

for calculation of a standard curve (bottom).
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After the PCR, a melting curve analysis was performed ranging from 65°C to 95°C. When the Tm of the PGHS-

2 amplificate was reached (84°C), a steep decrease in fluorescence can be observed as the product denatures to 

single strands. Values in the bottom window represent the first derivation of the melting curve above. The 

fluorescence in the control sample comes from a mix of non-specific products (primer-dimers).

22..66.. PPGGHHSS AAccttiivviittyy

Purified PGHS-2 (5units/100µl) was incubated at 37°C with 5units glutathione (GSH)-

peroxidase, 0.2mM GSH, 325units/100µl catalase and 500µM phenol in 0.1M Tris-HCl pH 

8.0. 14C-AA (25µM; 100nCi/100µl) was added for 10s followed by SIN-1, Spermine-

NONOate or xanthine oxidase/hypoxanthine. The reaction was terminated after 2min by the 

addition of ethyl acetate/citric acid (2M) (30:1). The organic phase was spotted by glass 

capillaries onto silica TLC plates (Silica 60, Merck, Darmstadt, Germany) and subjected to 

chromatography in a solvent of ethyl acetate : 2,2,4-trimethylpentane : acetic acid : water (110 

: 50 : 20 : 100). Plates were exposed to a PhosphorImagerTM screen overnight. For 

quantification, a PhosphorImagerTM system from Molecular Dynamics (Sunnyval, CA, USA) 

was used. Quantification was performed by the detection of total PGHS metabolites relative 
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to unmetabolized 14C-AA by utilizing “ImageQuant”TM software. One unit of PGHS-2 is 

defined as the consumption of one nmol oxygen per minute at 37°C in 0.1M Tris-HCl buffer, 

pH 8.0, containing 100µM AA, 5mM EDTA, 2mM phenol, and 1µM hematin. 

22..77.. NNOOSS AAccttiivviittyy AAssssaayy

Cells were homogenized by sonication in PBS. Samples were centrifuged at 20 000g for 20 

min. NOS activity was measured by the conversion of 14C-arginine to 14C citrulline. 20µl of 

supernatant was incubated for 30 min at 37°C with a mixture of 80µl assay buffer containing 

32.3 mM HEPES with 0.8% glycerol, 6µM FAD (Sigma), 6µM FMN (Sigma), 100µg/ml 

CaM (BioMol), 3mM DTT (Lancaster), 5µM 12C-arginine (Sigma), 5µM 14C-arginine

(Amersham) and 250µM NADPH (BioMol). After 30 min, the reaction was stopped by the 

addition of 100µl methanol. 20µl of the mixture were spotted by glass capillaries onto a silica 

TLC plate (Silica 60, Merck) and subjected to chromatography. The solvent consisted of 

ammonium hydroxide, chloroform, methanol and water in a 2 : 0.5 : 4.5 : 1 mixture. Plates 

were exposed to a PhosphorImagerTM screen overnight. For reading the screen, a 

PhosphorImagerTM system from Molecular Dynamics, USA was used, quantification was 

performed by using “ImageQuant”TM software. 
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22..88.. MMeeaassuurreemmeenntt ooff PPrroossttaannooiiddss aanndd NNOO--PPrroodduuccttss

iinn CCeellll CCuullttuurree SSuuppeerrnnaattaannttss

6-keto-PGF1 , the stable hydrolysis product of PGI2, was determined by using commercially 

available EIA-kits (Assay Designs, Ann Arbor, MI, USA) according to the manufacturer´s 

instructions. During passage, cells for a single experiment were pooled to achieve identical 

cell numbers since shape and growth pattern of the cells made it difficult to obtain reliable 

counts for standardization. Therefore, prostanoid release was not presented in absolute 

concentrations but as relative amounts standardized to a basal value in each single 

experiment. This method allowed comparison between different experiments. Nitrite (NO2 )

as the stable oxidation product of NO formation was measured by the Griess assay. Briefly, 

30µl 12.5µM sulfanilamide and 30µl 6M HCl were mixed with a 300µl sample at room 

temperature and incubated for 5min. Absorbance was measured before and after the addition 

of 25µl N-(1-naphthyl)ethylenediamide (12.5µM) at 560nm using a microtiter plate reader. 

Nitrite concentrations were calculated from a NaNO2 standard curve in the range of 0.5-

50µM. Nitrate was quantified after conversion to nitrite by nitrate reductase (Roche, 

Mannheim, Germany) prior to the Griess reaction. 
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22..99.. IImmmmuunnoopprreecciippiittaattiioonn

To prepare covalent protein G/antibody complexes, 40 µg of PGHS-2 antibody was added to 

1 ml of protein G sepharose beads and incubated at room temperature for 2 h. The beads were 

washed with phosphate buffer (0.2 M NaH2PO4, pH 7.5), 6 mg/ml DMP (approximately 40 

mM) were added and the mixture was incubated for 2 h at room temperature. Beads were 

washed with 0.2 M ethanolamine (pH 8.2) and incubated in this buffer for further 2 h. Finally 

they were washed with PBS, before being resuspended in PBS/0.05 % Na-azide for further 

use.

For immunoprecipitation, whole cell lysates were incubated with 50 µl of protein A sepharose 

beads in a 1.5 ml tube for 1 h. Beads and membrane fraction were removed by centrifugation 

for 25 min at 12000g. The supernatant was incubated with 100µl of antibody/ protein G-

complex at 4°C overnight. Beads were sedimented and washed with PBST. PBST was 

removed, samples were mixed with 40 µl Laemmli buffer containing 5% 2-mercaptoethanol 

and boiled for 5 min. 100 µl of the antibody / protein G complex were run as a control. 

Samples were allowed to cool to room temperature and subjected to SDS-PAGE and Western 

blot as described. 

22..1100.. HHPPLLCC AAnnaallyyssiiss ooff PPrrootteeiinn--bboouunndd 33--NNTT

For nitration, purified PGHS-2 was incubated as descibed above. Inhibitors (aspirin 200 µM; 

diclophenac 10, 100 µM; NDGA 10 µM; KCN 1mM; phenol 50, 200µM) were added before 

initiating the nitration and incubated for 1 h. The reaction was terminated by adding digestion 

solution (phosphate buffer containing 1 mM calcium, 5% acetonitrile, 2 mg/ml pronase). 

After 24 h cells were harvested in PBS and lysed. After pronase digestion (24 h, 37°C) 

samples were evaporated to dryness and resuspended in HPLC buffer. 
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The nitrite content of the cell culture medium was routinely determined to exclude any 

influence of the PGHS inhibitors on the induction of NOS-2. 

Samples were analyzed by using a HPLC system (Jasco) equipped with a ternary low pressure 

gradient system and a variable-wavelenght UV detector. Separation was achieved by a 

Nucleosil column (125/4.6; 100-3-C18 Macherey-Nagel, Düren, Germany), isocratically 

eluted with potassium phosphate buffer (50 mM, pH 7.4) containing 3% acetonitrile at a flow 

rate of 0.8 ml/min. 3-nitrotyrosine was identified by spiking the samples with authentic 

nitrotyrosine and by reduction of nitrotyrosine with sodium dithionite. Concentrations were 

calculated by integration of the peak area and comparison with a standard curve of authentic 

3-nitrotyrosine. In addition, HPLC-Electrochemical Detection (ECD) analysis was used with 

an ESA (Bedford, MA, USA) Coulochem II detector. 3-nitrotyrosine was separated on a C18

Nucleosil-100-5 250x4.6 reversed phase column from Macherey-Nagel (Düren, Germany) by 

isocratic elution with 10 % (v/v) methanol in phosphate buffer pH 6.0 at a flow rate of 0.8 

ml/min and detected at a potential of +825 mV. 

22..1111.. GGCC--MMSS

Purified PGHS-2 was incubated with 10 µM nitrite and 20 µM H2O2 for 10 min at 37°C. 

Briefly, sample extracts were spiked with deuterated internal standards. Prostaglandins and 

isoprostanes were extracted by 3 volumes ethyl acetate and solvent was removed. The 

methoxime was obtained through reaction with an O-methylhydroxylamine hydrochloride-

acetate buffer. After acidification to pH 3.5, prostanoid derivatives were extracted and the 

pentafluorobenzylesters were formed. Samples were purified by TLC and two broad zones 

with Rv 0.03-0.39 and 0.4-0.8 were eluted. After evaporation of the organic layers, 

trimethylsilyl ethers were prepared by reaction with bis(trimethylsilyl)-trifluoroacetamide and 

thereafter subjected to GC/MS/MS analysis.
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A Finnigan MAT TSQ700 GC/MS/MS equipped with a Varian 3400 gas chromatograph and 

a CTC A200S autosampler were employed. Gas chromatography of prostanoid derivatives 

was carried out on a J&W DB-1 (20m, 0.25mm i.d., 0.25 m film thickness) capillary column 

(Analyt, Mühlheim, Germany) in the splitless mode. Products gained from zone 1 were 

analyzed for PGE2, TxB2, 6-keto-PGF1 , PGF2 , and isoprostanes, products from zone 2 for 

PGD2. For the quantification of PGF2 , and isoprostanes, P-3 (CH3)3SiOH - daughter ions 

(m/z=299) were used. 

22..1122.. SSttaattiissttiiccaall AAnnaallyyssiiss

Results were expressed as means SD and were compared by one-way analysis of variance 

(ANOVA) using P< 0.05 as the significance level. 
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33.. AAiimmss ooff tthhee SSttuuddyy

Previous publications of our group demonstrated tyrosine (Tyr)-nitration and inhibition of 

prostacyclin (PGI2)-synthase in LPS-exposed endothelial cells. Since the endothelium is 

regarded as a major source of systemic PGI2 production, one could assume a declined release 

in patients undergoing endotoxemia or septic shock. In contrast, several in vivo observations 

in animals and man indicated a significant upregulation of plasma 6-keto-PGF1  levels (the 

stable hydrolysis product of PGI2) under septic conditions. The present study was initiated by 

this discrepancy and sought to solve the following questions:

1. Can vascular smooth muscle cells (SMC) be activated to produce high amounts of 

PGI2 as found in the plasma of septic patients under conditions of a dysfunctional 

endothelium. Smooth muscle was reported as a rich source of PGI2 synthase but is 

nearly devoid of prostaglandin endoperoxide H2 synthase (PGHS) activity. This raises 

the question whether PGHS-2 could be induced to provide the constitutively expressed 

PGI2 synthase with substrate. 

2. If vascular SMC essentially contribute to PGI2 formation, the problem arises why 

PGI2-synthase becomes nitrated and inhibited in vascular endothelial cells exposed to 

LPS whereas the same treatment even elevates PGI2 formation in SMC. To further 

elaborate this discrepancy, the impact of endogenously formed as well as exogenously 

added peroxynitrite on the formation of PGI2 by SMC will be investigated in the 

second part of this thesis. 
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3. A widely used model to study the effects of endotoxemia is the rat. However, from 

several in vivo and in vitro studies, distinct discrepancies between rodents and man 

with respect to the release of PGI2 and NO by vascular cells seem to exist. Therefore, 

it was investigated whether species-dependent variations in the induction pattern of 

inducible PGHS-2 and NOS-2 in vascular SMC of man, cattle and rat exposed to LPS 

exist.

4. Since PGHS catalyzes the rate-limiting step in prostanoid biosynthesis, a 

posttranslational control affecting its activity would have fundamental impact on 

prostanoid formation during several pathophysiological events. A variety of reports in 

literature indicated that Tyr-nitrations can be observed by the peroxidatic activation of 

inorganic nitrite catalyzed by myeloperoxidase. As catalysis of PGHS includes a 

peroxidase activity, it is hypothesized that in the presence of elevated intracellular 

levels of nitrite which may originate mainly from the induction of NOS-2, the 

concomitantly induced PGHS-2 could become inhibited by an autocatalytic activation 

of nitrite and the subsequent nitration of the enzyme. As a model system which is 

known to induce both PGHS-2 and NOS-2 in response to LPS, RAW 264.7 

macrophages were chosen for the mechanistic studies on PGHS-2 nitration. 

5. To elaborate a physiological role of nitrite-dependent PGHS-2 nitration and inhibition, 

rat alveolar macrophages were investigated. These cells are largely involved in 

orchestrating the inflammatory response in the lung by releasing bronchioconstrictive 

thromboxane A2 in a PGHS-2-dependent manner. An autocatalytic inhibition of 

PGHS-2 could therefore represent a potent endogenous mechanism to terminate the 

inflammatory cascade in the lung and is investigated in the last part of this work. 
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44.. RReessuullttss aanndd DDiissccuussssiioonnss

44..11.. PPrroossttaaccyycclliinn RReelleeaassee bbyy LLPPSS EExxppoosseedd

VVaassccuullaarr SSmmooootthh MMuussccllee CCeellllss

IInnttrroodduuccttiioonn

Since the discovery of prostaglandin endoperoxide H2 synthase-2 (PGHS-2) as the 

inflammation-induced isoform of prostaglandin H synthase (O´Bannion 1991; Simmons 

1993), it has become a preferred pharmacological target resulting in a new generation of non-

steroidal anti-inflammatory drugs (NSAIDs) (Kurumbail 1996; Vane 1998). These 

compounds were developed to avoid the interference with the physiological PGHS-1-

dependent prostaglandin actions in gastroprotection and hence are supposed to avoid such 

adverse effects on normal cellular regulation (Masferrer 1994; Warner 1999). However, 

PGHS-2 can also be involved in physiological processes or may counterregulate 

pathophysiological conditions by prostacyclin (PGI2) or prostaglandin E2 (PGE2) formation

(Morita 2002; Parente 2003). Likewise, both PGHS-2 deficient mice as well as PGI2 and 

PGI2-receptor knock outs showed deficencies in kidney development (Harris 1994; Cheng 

2002). Thus it appears that some physiological processes with beneficial actions of PGI2 seem 

to depend on the presence of PGHS-2 (Brock 1999). 

Concerning the vascular system, each cyclooxygenase isoform has a clearly defined role: 

Under physiological conditions, a balanced equilibrium between prothrombotic mediators like 

platelet-derived thromboxane A2 (TxA2) and antithrombotic mediators like PGI2 released by 
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the endothelium exists (Scheme 4.1/A) (Vane 2002). Under these circumstances, both 

eicosanoids originate from a PGHS-1 dependent pathway, because it was found that 

endothelial PGI2 synthase is coupled to PGHS-1 whereas PGHS-2 was not detectable (Liou

2000). PGHS-2 can be induced in the endothelium by shear stress and cytokines like tumor 

necrosis factor-  (TNF- ) or interleukin-1  (IL-1 ) at the site of infections (Ristimäki 1994) 

or it can be present in atherosclerotic plaques (Schonbeck 1999). A shift of PGI2 formation 

from PGHS-1 to PGHS-2 (Caughey 2001) has led to some cautionary notes that endothelial 

PGI2 synthesis under such conditions could be influenced by PGHS-2 inhibitors (Mukherjee

2002). The resulting prothrombotic conditions could explain the outcome of the Vioxx 

Gastrointestinal Outcomes Research (VIGOR) (Bombardier 2000) clinical trial showing 

fivefold higher incidences of myocardial infarction with the selective PGHS-2 inhibitor 

rofecoxib as compared with the unspecific inhibitor naproxen for patients at risk (Wright 

2002). The Celecoxib Long-term Arthritis Safety Study (CLASS) (Silverstein 2000) has 

revealed a similar tendency which has stimulated a discussion on the molecular basis of such 

adverse effects (Wright 2002; Bing 2002).  

One explanation is the uninhibited PGHS-1 dependent TxA2 formation in platelets which tips 

the balance towards a prothrombotic state (Mukherjee 2001). Another one could be the 

inhibition of PGHS-2-dependent PGI2 formation in the endothelium. However, previous work 

in our laboratory has established that at an early stage of the inflammatory response seen with 

endotoxin (LPS) in bovine coronary arteries, PGI2 synthesis was strongly impaired by 

nitration of endothelial PGI2 synthase after ~ 1h of endotoxin exposure (Zou 1996). The 

inhibition was initiated by increased superoxide production leading to an imbalance of three 

mediators: In the beginning of Phase I vasodilating NO is trapped by its almost diffusion-

limited reaction with O2
- to form peroxynitrite (Koppenol 1992). In a subsequent step, 

peroxynitrite was shown to nitrate and inactivate PGI2 synthase (Zou 1999). Finally, the 

remaining prostaglandin endoperoxide H2 (PGH2) can activate the TxA2/PGH2 receptor (TP) 
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on smooth muscle cells, leading to a sustained vasospasm (Scheme 4.1/B) (Mais 1985). Thus, 

under such conditions, PGI2 synthesis should be impaired.  

However patients in endotoxic shock release high amounts of 6-keto-PGF1  which then may 

have originated from non-endothelial sources (Halushka 1985; Eldor 1981). In contrast to 

high amounts of PGI2 synthase, PGHS-activity was found low in smooth muscle of 

unstimulated vessels (DeWitt 1983). Our laboratory has previously confirmed by isolation and 

immunohistochemistry the smooth muscle layer as a rich source of PGI2 synthase (Zou 1996; 

Zou 1999) and it could be hypothesized that PGHS-2 induction may provide PGH2 as a 

substrate for this otherwise silent pool of enzyme as suggested earlier (Ullrich 2001).

RReessuullttss

PPrroossttaaggllaannddiinn ssyynntthheessiiss aanndd iinndduuccttiioonn ooff PPGGHHSS--22

In pre-studies whole endothelium-denuded bovine aortic segments were incubated with LPS 

(10µg/ml) for 8h resulting in an increase of 6-keto-PGF1  in the supernatant measured 

together with an increase of PGHS-2 protein levels (data not shown). Such ex vivo 

incubations however were lacking a sufficient supply of oxygen to the tissue and thus only 

could give qualitative results. Therefore primary smooth muscle cell cultures were prepared 

from this tissue and used from passage 1 since with higher passages the amount of PGI2

synthase decreased and the content of PGHS-2 increased; the latter probably due to stress 

effects (Neubert 1997). In order to study the effect of inflammatory conditions on the PGHS-

pathway, we therefore used passage 1 for all further experiments. When such confluent cells 

were exposed to 10ng/ml IL-1  or TNF- , a 2-3-fold increase in PGI2 production (measured 

as 6-keto-PGF1 ) over controls were monitored in the supernatant whereas incubation with 
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LPS resulted in a massive increase of about 300 fold (Table 4.1) reaching values of up to 

30ng/ml after 8 h. For comparison, the levels of PGE2 were increased only 3-5 fold for all 

three stimuli.

Table 4.1. Comparison of different proinflammatory stimuli on prostaglandin release. Confluent cultures of smooth

muscle cells were treated with IL-1  (10ng/ml), TNF-  (10ng/ml) or LPS (10µg/ml) for the time periods indicated. 

Accumulation of prostanoid release was measured by EIA. Formation of 6-keto-PGF1  and PGE2 were standardized to values

at t=0. 6-keto-PGF1  level was 100pg/ml, PGE2 level was 200pg/ml at t=0 and defined as 100% . Release of 6-keto-PGF1

into serum-free medium increased only moderately when IL-1  or TNF-  were used as stimuli compared with the high 

increase by LPS. In contrast, PGE2 release shows no specificity for one of the three different stimuli. Data are expressed as

mean  SD of four separate experiments. P< 0.05 vs. t=0. 

Fig. 4.1.1A shows PGI2 release by smooth muscle cells with and without addition of LPS 

after increasing incubation times. Values without LPS cannot be distinguished from the 

abscissa, excluding significant formation of PGI2 under resting conditions. Since the observed 

6-keto-PGF1  concentrations represent accumulated metabolites over time, they could have 

been subject to considerable degradation activity. Therefore, in a second set of experiments, at 

the indicated time points medium was removed and discarded, cells were washed and then 

newly stimulated with LPS for 30 min in order to assess biosynthesis of PGI2 directly from
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the given time point after LPS (Fig. 4.1.1B). As a result, qualitatively the same time course as 

in Fig. 4.1.1A was observed. TxB2 levels were also analyzed but were undetectable over the 

whole time period (data not shown). 



4.1. Results and Discussion 54

Fig. 4.1.2A+B show the induction of PGHS-2 on both the protein and mRNA level. The 

dramatic increase of PGI2 after exposure to LPS correlated with the increase in PGHS-2 

protein as indicated by Western blotting. PGHS-2 protein became visible after 3h LPS 

incubation time when probed with a monoclonal antibody. The staining intensified at 5 to 6h 

after LPS addition and reproducibly decreased from 8 to 12h (Fig. 4.1.2A). At the mRNA

level,
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PGHS-2 increased with a maximum at 4h and then rapidly decreased to a steady-state level 

with approximately a 50-fold PGHS-2-mRNA content compared with the levels of 

unstimulated cells. PGHS-2 protein expression therefore followed its mRNA with a delay of

about 1h as could be expected (Fig. 4.1.2B). PGHS-1 mRNA as measured by RT-PCR 

showed no significant alteration following stimulation with LPS (note the different scales; 

Fig. 4.1.2C). PGHS-1 protein was under detection limit with the antibodies used.

Fig. 4.1.3A illustrates accumulation of PGE2 with and without stimulation by LPS. Compared

with the formation of approximately 30ng/ml PGI2 after an incubation period of 12h, release 

of nearly 1ng/ml PGE2 was relatively weak. Interestingly, levels of PGE2 already present in 

the medium even declined without LPS, suggesting an increased degradation over time as was 

separately shown by incubation of smooth muscle cells with 14C-labeled PGE2 (data not 

shown). Therefore, to minimize a potential degradation of PGE2, the medium was removed at 

given time points after initiation of LPS treatment and cells were treated with both LPS and
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A23187 (10-5M) for 30 min. (Fig. 4.1.3B). Interestingly, relative formation of PGE2 did not 

change over time. Even within the first two hours, in which PGI2 showed nearly no new 

synthesis, PGE2 formation remained at the same level as in progressed stages. 

EEffffeeccttss ooff PPGGHHSS iinnhhiibbiittoorrss

The aim of our work consisted in the proof and biochemical confirmation that PGI2 synthesis 

in inflammation is PGHS-2 dependent and therefore should be suppressed by specific PGHS-

2 inhibitors. The unspecific PGHS inhibitor acetylsalicylic acid (aspirin) blocked release of 

PGI2 even at relatively low concentrations (10µM). The IC50 values for ovine PGHS-1 and –2 

were 0.75 and 1.25µM respectively (Kalgutkar 1998). PGE2 was only partially suppressed at 

10µM aspirin but was also effectively blocked at higher levels (Fig. 4.1.4A). In agreement 

with literature data (Sengupta 1999), 6-keto-PGF1  production was completely inhibited at 

10nM by the PGHS-2 specific inhibitor DuP-697 with an IC50 of 2.1nM, whereas PGE2 levels 

remained at about one third (Fig.4.1.4B). The PGHS-1 specific inhibitor SC-560 with an IC50

of 9nM for PGHS-1 (Smith 1998) revealed no consistent inhibition of PGI2 while PGE2 was 

reduced by roughly 25% (Fig. 4.1.4C). To this point, we have shown that release of PGI2 by 

smooth muscle cells completely depends on expression of PGHS-2 whereas PGE2 formation 

seems to involve different PGHS isoforms.  
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NNOO ffoorrmmaattiioonn bbyy ssmmooootthh mmuussccllee cceellllss

In previous work, we have shown that under inflammatory conditions, endothelial PGI2

synthase was nitrated and inactivated by peroxynitrite in early stages of inflammation (~1h 

LPS incubation). Since our data now show an abundant generation of PGI2 by smooth muscle

cells, we assayed formation of NO as a potential precursor of peroxynitrite generation. NOS 

activity assay (Fig. 4.1.5A) showed no change in the activity of NO synthases in bovine 
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smooth muscle cells. Accumulated nitrite levels as indicator for NO formation did not exceed 

0.5µM after 12h of incubation with LPS (Fig. 4.1.5B). This indicates a constant and not 

induced activity over time. For comparison, plasma levels can easily reach 5-10µM in 

infected tissue after NOS-2 induction (Ersoy 2002). On the other hand, gradual increase of 

iNOS mRNA levels (Fig. 4.1.5C) were observed but it should be noted that the induction 

detected was low compared to PGHS-2 (Fig. 4.1.2B) and to the induction of iNOS in 

mesangial cells (Zou 1998).
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DDiissccuussssiioonn

Purpose of this study was to examine the contribution of the tunica media smooth muscle to 

the formation of vasoactive mediators during septic shock. The results refer to a situation of 

endotoxemia where LPS levels above the microgramme level per ml are acting on the vessel 

wall (Deitch 1998; Schultz 2002). As we have shown previously, such conditions cause 

endothelial dysfunction with a loss of NO and PGI2 by the superoxide-triggered formation of 

peroxynitrite and its inhibiting effect on PGI2 synthase (Zou 1996; Zou 1999). In connection 

with endothelial dysfunction usually an opening of the endothelial barrier (Vallance 1997; 

Berman 1993) or even a partial destruction of the endothelium occurs which will directly 

expose smooth muscle cells to endotoxin like in the Shwartzman reaction, where detached 

endothelial cells can be observed (Maeda 1995; Gaynor 1970). In contrast, smooth muscle 

cells in culture reacted strongly to LPS, but did not undergo cell death as endothelial cells do. 

We herein provide a biochemical basis for the hypothesis proposed by Bishop-Bailey (Bishop-

Bailey 1999) that LPS-triggered PGHS-2 induction could initiate PGI2 synthesis from smooth 

muscle which then together with NO from NOS-2 induction could replace the function of the 

intact endothelium (Vane 1994; Stoclet 1999). However, our results point to a more 

sophisticated regulation of vessel function in developing septic shock. In agreement with 

earlier data on cytokine effects on rat smooth muscle cells (Rimarachin 1994), TNF-  and IL-

1  caused a only minor and equal increase in both PGI2 and PGE2 synthesis together with 

PGHS-2 induction after about 3h with further increase up to 8h. High levels of PGI2 synthase 

were present constitutively in smooth muscle cells of passage 1. But this resting pool became 

activated only when PGHS-2 was expressed. With LPS as a strong proinflammatory stimulus, 

our results clearly differed from those with cytokines since the observed PGI2 synthesis 

became much more pronounced by LPS and was strongly suppressed by low concentrations 
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of a specific PGHS-2 inhibitor. This suggested a tighter coupling of PGI2 synthase with 

PGHS-2 in contrast to PGE2 synthesis. Thus, LPS exerted a selective effect on PGI2 release 

compared to TNF-  and IL-1  which enhanced both prostaglandins but only moderately. A 

comparison of the time courses for PGHS-2 induction and activity reveals a significant 

difference of about 2-3h with regard to the maxima. Since all our data can be interpreted in 

terms of a tight coupling of PGHS-2 and PGI2 synthase which has been found located to the 

caveolae, there may be a posttranslational process involved for directing the newly 

synthesized PGHS-2 to the constitutively present PGI2 synthase in the caveolar compartment. 

Another new and unexpected result was the virtually absent release of NO as measured by 

both the activity of NO synthases and by the formation of nitrite in the time frame 

investigated. Neither NO or nitrite in such concentrations will affect the PGHS-pathway, 

only with 20 fold higher levels (nitrite > 10µM) inhibitory effects were observed 

(Bachschmid; unpublished results). Usually iNOS protein follows PGHS-2 induction with a 

delay of 1-2h. We argue that the absence of NO may be a reason why PGI2 synthase did not 

undergo massive nitration as reported for LPS-exposed mesangial cells (Zou 1998). Otherwise 

this could have caused inactivation of the enzyme and would have antagonized the beneficial 

actions of PGI2 with regard to vasorelaxation, inhibition of platelet aggregation or suppression 

of SMC proliferation. The observation that SMC upon LPS exposure synthesize extracellular 

Cu/Zn-SOD (Oury 1996) may be an additional factor that prevents sufficient peroxynitrite 

formation from NO and O2
- (Beckman 1996). Since it had been reported that PGI2 can block 

NOS-2 induction in a macrophage cell line (Marotta 1992), the mechanism of NOS-2 

suppression may be linked to a rise of cAMP formation which suppresses PGHS-2 induction. 

Due to the thickness of the smooth muscle layer compared to the endothelium, the output of 

PGI2 after PGHS-2 induction became massive and could explain the high 6-keto-PGF1  serum 
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levels of shock patients and their extreme hypotension (Halushka 1985). In literature, most of 

such studies were performed with rats, in which NO dominates as a vasodilator (Sirsjo 1994). 

As mentioned before, the relative contributions of PGI2 and NO to hypotension may vary and 

be species-dependent. Human coronary arteries with this respect may be closer to bovine 

vessels whereas rat seems to rely more on NO as a counterregulator to endothelial 

dysfunction (Griffiths 1995; Knowles 1994). 

The most relevant result of our study for practical medicine could be that PGI2 synthesis in 

SMC is completely abolished by specific PGHS-2 inhibitors which on one hand could 

ameliorate the extreme hypotension in shock but eventually could become lethal due to 

hemorrhagic events. A different situation arises with drugs like aspirin directing 

unmetabolized arachidonic acid into alternative counterregulatory directions like the so-called 

“aspirin-triggered lipoxin” pathway (Fierro 2001; Serhan 1997). Since aspirin additionally 

blocks PGHS-1, the risk of infarction by platelet aggregation would also be reduced (Catella-

Lawson 2001). Due to the different molecular inhibition mechanism of the specific PGHS-2 

inhibitors such alternative pathways may not become evoked.  

The unusual behavior of PGE2 formation under the influence of LPS was rather unexpected. 

In contrast to PGI2, there was no significant increase in PGE2 after LPS exposure but rather 

accumulation of PGE2 from a constant activity. The PGHS-2 inhibitor used blocked about 

70% of the activity but even higher concentrations could not bring it down further (Fig. 

4.1.4B). A similar behavior was also described in a recent report of Uracz et al. (Uracz 2002). 

In this case, PGE2 synthesis showed an unusual inhibition pattern with acetaminophen being 

most active. Ongoing investigations are concerned with the properties of the PGHS enzyme 

and the PGE2 synthase isoform possibly coupled to it (Chandrasekharan 2002). 

The strong action of LPS on smooth muscle may essentially be due to a direct interaction after 

the endothelium is disrupted, since the endothelial barrier would otherwise limit access of 

LPS and other PGHS-2 inducing factors from which serum is another example. It also 
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corresponds to the situation after removal of the endothelium by a balloon catheter (Connolly

2002). Obviously, the LPS levels determine whether endothelial cells are dying or convert to 

an activated state. The latter would correspond to a normal inflammatory response of the 

endothelium as elicited by cytokines and characterized also by P-selectin release from the 

Weibel-Palade bodies (Davenpeck 1994). At this stage of endothelial dysfunction without 

execution of cell death, it is not yet known how much PGI2 formation in the endothelium is 

coupled to PGHS-2 induction and what the effects of PGHS-2 inhibitors would be. It is 

therefore suggested that the cytokine-dependent action on the vessel is a reversible response 

and also elicited by low LPS levels whereas the high levels applied here correspond to 

endotoxemia with progression to shock leading to a much stronger output of PGI2 from 

smooth muscle. This sequence of events is depicted in Scheme 4.1: 
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Scheme 4.1. Vascular smooth muscle in the development of septic shock.

Under physiological conditions, the endothelium maintains an equilibrium of vascular tone by a basal formation

of eNOS derived NO and PGHS-1 derived PGI2 among a variety of other mediators.

Exposure to endotoxin leads to an activation of the endothelium. Increased formation of O2
- traps NO to form

peroxynitrite which in turn nitrates and inactivates prostacyclin synthase. The lack of NO and PGI2 favors 

vasoconstriction which is further triggered by the activation of the TxA2/PGH2 receptor. This Phase I of 

endothelial activation (1-2 h after LPS) is followed by the induction of PGHS-2 leading to PGI2 synthesis in 

smooth muscle and vessel relaxation (Phase II). 

High concentrations of endotoxin present during sepsis may lead to a loss of endothelial barrier integrity or even

complete loss of the endothelium. Exposure of the smooth muscle layer to LPS and cytokines results in the

induction of PGHS-2 and PGI2 release to provide antiaggregatory and antiadhesive properties.

NOS= NO-synthase; PGHS= prostaglandin endoperoxide synthase; PGI2= prostacyclin; PGH2= prostaglandin

H2; PGIS= prostacyclin synthase; IP= prostacyclin receptor; TP= PGH2/TxA2 receptor; ONOO-= peroxynitrite.
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44..22.. PPeerrooxxyynniittrriittee PPrroovviiddeess tthhee PPeerrooxxiiddee TToonnee ffoorr

PPGGHHSS--22 DDeeppeennddeenntt PPrroossttaaccyycclliinn SSyynntthheessiiss iinn

VVaassccuullaarr SSmmooootthh MMuussccllee CCeellllss

IInnttrroodduuccttiioonn

Prostaglandin endoperoxide H2 synthase (PGHS) catalyzes the committed step in the 

synthesis of prostanoids and constitutes of two heme-dependent catalytic functions. First, 

the cyclooxygenase activity catalyzes the cyclization of arachidonate to 15-hydroperoxy-

prostaglandin-9,11,-endoperoxide (PGG2) which in a second reaction is reduced by the 

peroxidase activity to the 15-hydroxy derivative (PGH2) (Smith 2000; Vane 1998). PGHS 

exists as at least two isoenzymes from which PGHS-1 is expressed constitutively (Hemler 

1976; Miyamoto 1976) whereas PGHS-2 belongs to the family of early immediate genes 

and is induced by cytokines or endotoxin (lipopolysaccharide, LPS) (Fu 1990; O´Banion 

1991; Rimarachin 1994). Initiation of the PGHS reaction requires a peroxide (Smith 1972) 

to convert the resting ferric enzyme into its active form in which the ferric heme together 

with a neighboring Tyr-residue are converted to a ferryl species and a Tyr-radical (Dietz 

1988; Landino 1997). The latter abstracts a hydrogen atom from arachidonate at C-13 

which starts the cyclization to PGG2 under incorporation of two molecules of dioxygen 

(Tsai 1995). The peroxidase site of PGHS then transfers two electrons to PGG2 in an as 

yet ill-defined fashion to finally yield PGH2. During catalysis the Tyr-radical is 
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regenerated and hence the enzyme in principle would require only one initial activation 

but since side-reactions, resulting from the cellular reductive potential, can abort radical 

formation, a permanent low level of peroxides is required to preserve activity over time 

(Capdevila 1995; Margalit 1998). It was of interest to find the endogenous “peroxide 

tone” different for the two isoenzymes with 21nM for PGHS-1 and only 2nM for PGHS-2 

(Kulmacz 1995). The chemical basis of this difference has been elucidated by the seminal 

work of Kulmacz et al., but only speculations exist for its physiological significance. One 

is that dependent on the peroxide tone only PGHS-2 could be activated and PGHS-1-

dependent prostanoid formation would follow only when the cellular peroxide levels 

increase by tenfold in a given cell (Kulmacz 1998; Reddy 1997; Kuwata 1998). Since 

peroxide levels could limit PGHS turnover, the peroxide tone is therefore one of the 

earliest examples how redoxregulation can affect prostanoid biosynthesis. Low 

intracellular peroxide levels are characteristic for resting cells and are maintained by 

cellular peroxidases together with the cellular reductive potential (Sies 1997; Nordberg 

2001). Which peroxides form the peroxide tone under cellular conditions was not known 

but H2O2, PGG2 or other arachidonate hydroperoxides were considered as likely 

candidates to initiate the cyclization and provide the tone as the reaction proceeds (Smith 

2000; Vane 1998; Marshall 1987).

In the past we have studied prostacyclin (PGI2) biosynthesis in the endothelium which is 

regarded to be mainly dependent on PGHS-1 (Stanfield 2001). Under influence of a strong 

inflammatory stimulus like LPS, inhibition of PGI2 synthesis was observed to be caused 

by the nitration of a Tyr-residue at the active site of PGI2-synthase (Zou 1997). Inhibition 

of the constitutive endothelial NO-synthase (NOS-3) as well as trapping of O2
- prevented 

nitration indicating formation of peroxynitrite as the nitrating agent (Zou 1996; 

Bachschmid 2003). From bolus additions of peroxynitrite, half-inhibition of 6-keto-PGF1

formation as the stable PGI2 hydrolysis product occurred at 50nM with the purified 
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enzyme (Zou 1997; Zou 1996; Schmidt 2003). This nitration of PGI2-synthase represents 

an early and essential step in endothelial cell activation which is a hallmark of various 

vascular pathophysiological states (Zou 1999a; Zou 1999b).

The apparent discrepancy that in septic patients high 6-keto-PGF1  levels were observed 

(Halushka 1985) could be solved by the finding of a high output of PGI2 from LPS-treated 

bovine aortic smooth muscle cells (SMC). This synthesis strictly depends on the induction 

of PGHS-2 which exclusively provides PGH2 to the constitutively present PGI2-synthase

and could counterregulate the observed vasoconstriction resulting from an impaired 

endothelial PGI2 synthesis (Schildknecht 2004). To our surprise, no nitration of PGI2-

synthase in stimulated SMC was observed even not by the exogenous addition of SIN-1 as 

a peroxynitrite generating compound.  

In the present investigation, when trying to find a mechanistic explanation of this 

unexpected behavior, we even noticed an increase of PGI2 synthesis after addition of SIN-

1. We found evidence that peroxynitrite acted by increasing the peroxide tone for PGHS-2 

which was estimated being at only half-saturating levels. Of even more importance was 

the finding that the basal peroxide tone in LPS-treated SMC required simultaneous 

generation of low levels of NO and O2
- providing peroxynitrite for the endogenous 

peroxide tone. Literature is divided with respect to whether NO activates (Davidge 1995; 

Salvemini 1993) or inhibits (Doni 1988; Upmacis 1999) prostaglandin biosynthesis. The 

proposed model which includes both NO and O2
- in the regulation of PGHS activity may 

serve to explain a variety of such reports concerning the interaction of the NO-synthase 

with the PGHS-pathway. 
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RReessuullttss

The optimal conditions for PGHS-2 induction and PGI2 synthesis in SMC had been 

established previously (Schildknecht 2004). The standard assay used 5h LPS (10µg/ml) 

stimulated cells which after washing were again incubated with LPS and different agents 

for another 60min. It should be mentioned that the formation of 6-keto-PGF1  proceeded 

linearly with time which appears quite remarkable in view of the known autoinactivation 

(Song 2001; Egan 1976) of PGHS and the instability of PGI2 synthase in the presence of 

oxidants (Moncada 1976; Weaver 2001). The latter refers in particular to the high 

sensitivity against peroxynitrite which leads to nitration of an active site-located Tyr-

residue and inhibition of activity as reported in endothelial cells (Bachschmid 2003; Zou 

1999). However, unlike in endothelial cells, only a very low generation of nitrite as a 

stable oxidation product of NO or nitrate originating from the formation of peroxynitrite 

was detected in SMC. When SIN-1 as a peroxynitrite-generating compound was added at 

increasing concentrations, the activity of PGI2 formation was not inhibited but even 

increased by almost 100% compared to controls (Figure 4.2.1A). Western blots probed 

with 3-nitrotyrosine antibodies did not indicate any nitration of the enzyme even at the 

highest concentrations (1mM SIN-1) (not shown). In contrast incubation with Spermine-

NONOate, a pure NO-donor, caused a concentration-dependent decrease in PGI2

synthesis (Figure 4.2.1B). This excluded NO and favored peroxynitrite as the activating 

principle. To exclude an impact of SIN-1 or Spermine-NONOate on PGHS-2 expression, 

cells were treated as described and PGHS-2 mRNA was detected by quantitative PCR. 

Under the conditions employed, PGHS-2 mRNA was not affected by SIN-1 or Spermine-

NONOate. NO was suggested to directly interact with the Tyr-radical of activated PGHS-

2 (Gunther 1997). However, NO-levels of around 1mM were required which excludes a 

significance of this reaction for biological systems (Tsai 1994). For peroxynitrite it was 
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known from the work of Landino et al. (Landino 1996) that it can stimulate PGHS-1 

activity by providing the peroxide tone for generating the Tyr-radical at the active site as 

reported for H2O2 or arachidonic acid peroxides. 
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Therefore H2O2 was added to the cells resulting also in a stimulation of activity by 

roughly 100% (Figure 4.2.1C). This strenghened the hypothesis that in whole cells the 

peroxide tone was limiting and could be saturated by further additions of peroxides.

The assumption of peroxynitrite as an efficient physiological peroxide tone provider was 

then verified for purified PGHS-2 using 14C-AA as a substrate and measuring the total 

amount of PGHS metabolites. To avoid activation of purified PGHS-2 by contaminating 

peroxides, glutathione and glutathione-peroxidase were added. Under such conditions 

SIN-1 caused a fourfold increase in a concentration-dependent manner (Figure 4.2.2A). 

Due to the inhibitory action of glutathione peroxidase/glutathione, activation of purified 

PGHS-2 required higher concentrations of SIN-1 compared with SMC. Using the isolated 

PGHS-2 enzyme, the peroxide tone was then provided by separate generation of O2
- and 

NO with constant 10mU/ml xanthine oxidase, 100µM hypoxanthine and increasing 

concentrations (0-1mM) of the NO-donor Spermine-NONOate (Figure 4.2.2B). The 

activity changed in a bell-shaped curve indicating that an excess of NO could lower 

peroxynitrite levels. The complementary experiment with a fixed NO release (100µM 

Spermine-NONOate) and variable O2
- generation caused the same stimulatory and then 

inhibitory effect (Figure 4.2.2C). Kinetic calculations on the rates of the respective NO

and O2
- formation under the buffer conditions employed confirmed that the maximal 

stimulation occurred at about equal rates of NO and O2
- generation (100µM Spermine-

NONOate + 10mU/ml xanthine oxidase  1.5nmolml-1min-1 respectively).
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Thus, the data with isolated PGHS-2 isozyme supported the response of cellular PGHS-2 

to peroxynitrite in LPS-treated SMC. Further proof for a suppressive effect of NO on 

peroxynitrite levels could be obtained by a coincubation of SMC with 100µM SIN-1 and 

increasing concentrations (0-1mM) of the NO-donor Spermine-NONOate (Figure 

4.2.3A). These data are consistent with an oxidation of NO by peroxynitrite and could be 

an explanation for the results in Figure 4.2.1B with the implication that the endogenous 

peroxide tone in LPS-treated SMC is provided by peroxynitrite from a simultaneous

generation of endogenous NO and O2
-.
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The same experiment was performed with purified PGHS-2 (Figure 4.2.3B) and 

qualitatively let to the same results. This new and exciting hypothesis was further tested 

by the addition of L-NAME as an effective inhibitor of NO-synthases (Figure 4.2.4A). 

There was a distinct inhibition of PGI2-synthesis and by employing polyethylene-glycol-

superoxide dismutase (PEG-SOD) as a membrane-permeable form of SOD, a similar

decrease in activity was found (Figure 4.2.4B). The spin-trap 4-oxo-TEMPO which is 

active in converting O2
- to H2O2 had the same effect (not shown). Uric acid is a quite 

selective reactant for peroxynitrite and caused a concentration-dependent suppression of 

6-keto-PGF1  formation (Figure 4.2.4C).
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It was also intended to identify the NOS-isozyme for NO-generation. It is one of the 

characteristics of LPS-treated bovine SMC that the induction of PGHS-2 is accompanied 

by only a very weak induction of NOS-2. NOS-3 was not present but in literature SMC 

were reported to contain NOS-1 and a µ-splice variant of NOS-1 (Schwarz 1999; Brophy 

2000). In view of the very low formation of nitrite close to the detection limit in 

accordance to reports in literature, (0.2µM over 10h) no conclusive experiments on the 

contribution of either one of these enzymes were successful. With regard to the O2
-

source it is well known that LPS can activate cellular oxidases such as NADPH-oxidases, 

xanthine oxidase, or mitochondria. Apocynin had been proposed as a selective inhibitor of 

NADPH-oxidase and indeed proved to be concentration-dependent inhibitory (Figure 

4.2.4D). These results altogether allow the conclusion that peroxynitrite serves as the 

dominating endogenous provider of the peroxide tone in LPS-treated SMC. A possible 

involvement of cGMP on 6-keto-PGF1  formation could be excluded on the basis of no 

detected effects of 8-bromo-cGMP on 6-keto-PGF1  formation. Also PGHS-2 mRNA and 

protein expression remained constant over the 60min incubated with the different 

components.  
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DDiissccuussssiioonn

The results demonstrated in this work provide a mechanistic explanation for the 

previously observed differences in PGI2-biosynthesis between native endothelial and LPS-

treated vascular smooth muscle cells (Bachschmid 2003; Schildknecht 2004). 

Peroxynitrite readily caused inhibition of PGI2-synthase by Tyr-nitration in endothelial 

cells whereas in SMC rather a doubling of PGI2 release was observed in presence of the 

NO and O2
- forming compound SIN-1. Since H2O2 was able to cause the same increase 

one can conclude the peroxide tone as the affected parameter in the modulation of PGHS-

2 activity. Thus, not only the LPS-dependent expression of PGHS-2 acts as a regulator of 

PGI2 output but also the posttranslational regulation via the peroxide tone turned out to 

control this release. Being at half-maximal saturation the peroxide tone is set at optimal 

conditions to allow regulation in both directions.

This finding was rather unexpected due to the reported extremely low saturation of PGHS-

2 with peroxides at already 2nM in contrast to that for PGHS-1 with 21nM (Kulmacz 

1995). Working at half-saturation implies that in bovine SMC PGHS-2 is exposed to 

peroxide levels of around 1nM which allows to conclude on a high peroxidase activity in 

these cells. GSH-dependent peroxidases as well as the intrinsic peroxidase of PGHS-2 

could contribute to keep the intracellular levels of peroxynitrite, H2O2 or PGG2 at the low 

nanomolar level. 1mM SIN-1 equals a peroxynitrite generation of roughly 100nM/sec 

with a t1/2 of 1sec for peroxynitrite. On this background it becomes understandable that 

peroxynitrite generation even at 1mM SIN-1 does not lead to a nitration of PGI2-synthase

for which bolus additions of 50nM are required for half-inhibition (Zou 1997; Zou 1996). 

Our data also allow to conclude that PGG2 or other arachidonic acid hydroperoxides as 

products of the PGHS-2 reaction do not contribute essentially to the peroxide tone and 



4.2. Results and Discussion 75

hence must be either readily reduced or not able to compete with arachidonic acid for 

binding at the active site of PGHS-2.

The second novel finding also came unexpected when the inhibition of PGI2 formation by 

L-NAME, PEG-SOD, uric acid and apocynin clearly indicated the generation of 

peroxynitrite as a provider of the endogenous peroxide tone. This must be derived from an 

equal rate of NO and O2
- formation since additional NO as well as O2

- caused a 

decrease in PGI2 formation in accordance with the known chemistry of peroxynitrite 

(Jourd´heuil 2001; Daiber 2002; Goldstein 2000): 

1) NO + O2
-   ONOO-

2) ONOO- + H+   ONOOH (pK 6.6) 

3) ONOOH + NO NO2 + NO2
- + H+

4) ONOOH + O2
-   O2 + OH- + NO2

That this chemistry is valid also under conditions of low levels of peroxynitrite generated 

by SIN-1 in presence of glutathione and glutathione peroxidase was shown with isolated 

PGHS-2. It remains to be investigated how a coordinated NO and O2
- production to yield 

peroxynitrite is balanced out in the cells.

Since the required levels of both radicals seem to be extremely low, the enzymatic sources 

for both are difficult to assess. We had previously ruled out that NOS-2 is induced to a 

significant extent however basal levels of NOS-2 mRNA were present (Schildknecht 

2004). NOS-3 also was not detectable but according to literature the µ-splice variant of 

NOS-1 could be constitutively expressed (Schwarz 1999; Brophy 2000; Boulanger 1998). 

As judged from the accumulating nitrite/nitrate levels only minimal NOS activity seems to 

be present (Zehetgruber 1993). With regard to the source of O2
- the inhibitory effect of 

apocynin would point to NADPH-oxidase which has been detected in SMC (Griendling 

2000). The addition of PEG-SOD (Figure 4.2.4B) resulted in a decline of 6-keto-PGF1
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formation. It could be expected that H2O2 originating from the SOD activity would 

increase the peroxide tone and 6-keto-PGF1  release. In Figure 4.2.1C however we have 

demonstrated that H2O2 concentrations in the micromolar range were necessary to evoke 

such an increase whereas H2O2 levels originating from dismutation of endogenously 

formed O2
- can be expected in the low nanomolar range. At present, the conditions of the 

generation of the endogenous “peroxynitrite tone” require further studies also with respect



4.2. Results and Discussion 77

to the localization and compartmentation of the enzymes involved (Spisni 2001; Sato 

2004; Liou 2001). It also should be emphasized that SMC can aquire NOS-2 after about 

24h of LPS-exposure with still unknown effects on PGI2-synthesis. In case of LPS-treated 

rat mesangial cells, a high induction of NOS-2 indeed causes partial nitration of PGI2-

synthase (Zou 1998). In summary, a sophisticated mechanism of PGHS-2 regulation in 

LPS-induced SMC evolves for which our main findings are incorporated in a model based 

on the work of Kulmacz et al. (Figure 4.2.5) (van der Dink 2002; Chen 1999; Lu 1999; 

Kulmacz 1994; Tsai 2000; Tsai 1999).  

With reference to the tenfold lower peroxide tone required for PGHS-2 compared to 

PGHS-1 (Kulmacz 1995) it becomes obvious that nitration of PGI2-synthase is unlikely to 

occur in SMC since about 50nM peroxynitrite was found as the IC50 value for the nitration 

of isolated PGI2-synthase (Zou 1997; Zou 1996). If, however, PGHS-1 would operate with 

a peroxynitrite-provided peroxide tone (21nM at saturation) even at half-saturation partial 

nitration of PGI2-synthase could be reached. It was beyond the aims of this study to 

identify the peroxide tone in endothelial cells, but peroxynitrite also is a likely candidate 

and half-saturation may also apply as can be concluded from a rise in PGI2-release under 

oxidative stress conditions (Matthews 1995). This would then be in agreement with the 

observed nitration of endothelial PGI2-synthase under LPS-treatment. Meanwhile, 

experiments with redox cyclers applied to LPS-exposed SMC have succeeded in a 

nitration of PGI2-synthase (Zimmerling, unpublished) in accordance with the assumption 

of a strong peroxidase activity in these cells. Also PGHS-2 profits from such high 

activities of cellular peroxidases since an autocatalytic oxidative self-inactivation (Markey 

1987; Wu 1999; Song 2001; Egan 1976) seems to be suppressed in SMC as judged from 

the linear release of PGI2 over time (Schildknecht 2004).  
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In view of such strictly and elegantly regulated PGI2-synthesis the physiological role of 

PGI2 release deserves a second consideration. In endothelial cells the regulation seems to 

rely mainly on the nitration of PGI2-synthase which can be achieved by LPS-triggered 

O2
- generation since an endogenous NOS-3 activity is present (Bachschmid 2003). After 

O2
- has caused endothelial dysfunction by eliminating NO and PGI2 release, the 

subsequent PGHS-2 induction allows SMC to counteract by massive PGI2 synthesis (Wu 

1999; Schildknecht 2004). In order to guarantee a sustained release, the redox milieu 

seems to be optimally adjusted for PGHS-2 and PGI2-synthase activity. It has to be noted 

that this regulation of vascular tone in sepsis is species dependent and applies for the 

bovine and human vasculature whereas in SMC of the rat mainly NO instead of PGI2 is 

released (Schildknecht 2005). 

In summary, the conditions in LPS-exposed bovine SMC appear to be optimized for 

PGHS-2 dependent sustained PGI2 synthesis in the progressive stages of sepsis. The 

unsaturated peroxide tone allows immediate regulation at the PGHS-2 level in addition to 

the up and downregulation of the PGHS-2 protein. The low peroxide requirement of 

PGHS-2 together with an efficient peroxide-reducing capacity of SMC are prerequisite for 

an undisturbed PGI2 releasing function of SMC under inflammatory conditions. 

Conflicting reports in literature on stimulating or inhibiting interactions of NO with the 

PGHS pathway may now find new mechanistic interpretations by these novel findings.  
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44..33.. EEnnddoottooxxiinn EElliicciittss NNiittrriicc OOxxiiddee RReelleeaassee iinn RRaatt

bbuutt PPrroossttaaccyycclliinn SSyynntthheessiiss iinn HHuummaann aanndd BBoovviinnee

VVaassccuullaarr SSmmooootthh MMuussccllee CCeellllss

IInnttrroodduuccttiioonn

Septic shock is associated with an imbalance of the finely tuned homeostatic network in the 

vasculature (Bone 1991; Wort 1999). Understanding of the biochemical events occuring in 

sepsis is essential for a rational pharmacological treatment and hence animal and cellular 

models are being investigated to study the sequence of events from the first inflammatory 

responses to endothelial dysfunction and finally death which still occurs in a high percentage 

of patients (Parrillo 1993; Vallance 1997; Martin 1991). The rat model has been intensively 

used for many studies although the higher resistance of rats and their lower mortality upon 

endotoxin (lipopolysaccharide, LPS) exposure is well known (Schultz 2002).

Bovine vascular endothelial cells under resting conditions release basal amounts of 

prostacyclin (PGI2) and nitric oxide ( NO) which both exert anti-aggregatory, anti-adhesive 

and vasodilatory properties (Noll 1998; Furchgott 1980; Moncada 1979). Exposure to LPS 

results in increased endothelial superoxide ( O2
-) formation which interacts with NO in a 

nearly diffusion-limited reaction to form peroxynitrite (Bachschmid 2003; Huie 1993). This 

reactive intermediate was found capable to inhibit endothelial PGI2-synthase by nitration of a 

tyrosine-residue near the active site (Zou 1997; Schmidt 2003). An upregulation of O2
-

therefore inhibits the release of both vasodilators PGI2 and NO. Since endothelial 
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prostaglandin endoperoxide synthase-1 (PGHS-1) which supplies PGI2-synthase with 

substrate remains active under such conditions, 15-hydroxy-prostaglandin 9,11 endoperoxide 

(PGH2) is still produced and can activate the thromboxane A2 (TxA2)/ PGH2 receptor on 

vascular smooth muscle cells resulting in additional vasoconstriction (Mais 1985; Ogletree 

1985). These events which require no de novo protein synthesis can be observed within the 

first hour of stimulation and prepare the stage for leukocyte adhesion and emigration (Gumina 

1997). A second phase in the activation of the vasculature is initiated after roughly 2h and 

involves the induction of early immediate genes in vascular smooth muscle cells. Under such 

conditions, PGHS-2 was observed upregulated in bovine aortic smooth muscle cells (SMC) to 

supply the so far dormant constitutive PGI2 synthase with substrate (Schildknecht 2004). It 

was further deduced that this PGHS-2-dependent PGI2 generation vitally contributes to the 

highly elevated 6-keto-PGF1  levels and the extreme hypotension observed in patients with 

septic shock syndromes (Halushka 1985).  

Notably, no significant nitration of PGI2 synthase was observed in these bovine SMC which 

was explained by the lack of NOS-2 induction in this tissue. This appeared to be at variance 

with reports of intense NOS-2 induction in the rat aorta (Fries 2003; Rees 1990) and led us to 

investigate potential differences in the response of rat and bovine aortic SMC towards LPS. In 

order to compare with the situation in humans we included SMC from human aortic segments. 

As an essential result it was verified that rat aortic SMC responded to LPS by an elevated 

output of NO as a consequence of NOS-2 induction whereas human and bovine SMC 

responded mainly by a PGHS-2 dependent PGI2 release and only marginal formation of NO.
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RReessuullttss

Smooth muscle cells from rat, bovine and human aortae were cultivated and used from

passage 1-3. As described earlier, LPS addition (10µg/ml) to bovine SMC caused a rapid
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increase of prostaglandin endoperoxide synthase-2 (PGHS-2) mRNA after 3h followed by a 

steady decline until 24h after LPS exposure (Fig. 4.3.1A).
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Primary SMC from human aortic segments showed the same time course, whereas cells from

rat aortae were lacking significant PGHS-2 induction in the time frame investigated. For 

PGHS-2 protein the western blots indicated qualitatively the same trend (Fig. 4.3.1B) with a 

slightly earlier peak at 6h for human cells and at about 12h for bovine cells. For rat SMC only 

a small band appeared after 6h which remained low at 12h and 24h. For NOS-2 mRNA and 
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protein mass the induction pattern between the three species was just reverse: a rapid NOS-2 

mRNA increase after 6h (Fig. 4.3.2A) with a parallel expression of NOS-2 protein (Fig. 

4.3.2B) in rat SMC and no detectable staining in western blots for human and bovine NOS-2 

although the sensitivity of the antibody was in the same range (data not shown). When

measuring enzymatic activities of PGHS, the conversion of 14C-arachidonate did not result in 

any significant values in the first 3h after LPS treatment in line with the absence of PGHS-2
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(Fig.4.3.1B). Human and bovine SMC greatly increased this conversion of 14C-arachidonate

to prostanoids after 6h which decreased at 12h and 24h (Fig. 4.3.3A). As an apparent 

discrepancy, the activity of 6-keto-PGF1  formation increased from 3-24h continuously (Fig. 

4.3.3B) at variance with the declining total PGHS activity from 6 to 24h. This interesting 

observation seems to be connected with a different time-dependent coupling of PGHS-2 to 

PGI2 synthase but was not further investigated in the context of the present study. In 

agreement with the data in Fig. 4.3.1, rat SMC did not display significant upregulation of 

cyclooxygenase activities but elevated NOS-activity after 3h and maintained an about 4-fold 

increase between 6 and 24h (Fig. 4.3.4A). As a consequence, nitrite accumulated about 6-fold 

in rat SMC over 24h whereas human and bovine SMC showed a basal activity which led to 

only modest nitrite levels after 24h (Fig. 4.3.4B). It should be taken into account that such 

levels arise from a constant basic activity and hence the steady increase with time results from 

an unchanged basal NOS activity.
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DDiissccuussssiioonn

Knowledge of the biochemical events in developing sepsis and septic shock is crucial for a 

therapeutic approach of this still highly lethal pathophysiological situation. Sepsis and its 

associated syndromes is accompanied by severe hypotension which mainly arises from an 

PGI2 or NO-mediated elevation of intracellular cAMP or cGMP in vascular smooth muscle 

cells and the subsequent downregulation of free Ca2+ (Wort 1999; Furchgott 1983). Since in 

progressive stages of endotoxin exposure the vascular endothelium becomes dysfunctional 

and fails to serve as a regulator of vessel tone (Wort 1999), autocrine stimulation of the 

smooth muscle mainly accounts for the extreme hypotension observed under these conditions. 

Several studies described in literature were performed with rats as the model of choice, 

however our results revealed dramatic species-specific differences in the response of vascular 

smooth muscle cells to LPS. In contrast to human and bovine SMC, cells from the rat 

responded by the distinct induction of NOS-2 and only moderate elevation of PGHS-2. 

Although NO in principal can replace PGI2 and vice versa, there was obviously no combined 

action of these two mediators in the smooth muscle within a species in contrast to the 

situation in the endothelium which was demonstrated to release NO and PGI2 synchronously 

(Akarasereenont 1995a; Akarasereenont 1995b). Furthermore it appears rather unusual that 

the early immediate genes PGHS-2 and NOS-2 are not induced in parallel since both depend 

on NF- B signaling (Xie 1994; Lin 2004). With respect to the biochemical events leading to 

endothelial dysfunction, the species-dependent exclusive release however could be regarded 

as an effective mechanism to allow a sustained autocrine dilation of the smooth muscle in 

response to prolonged endotoxin exposure. In endothelial cells, proinflammatory stimuli like 

angiotensin II or LPS cause an elevation of O2
- formation which interacts with NO to form 

peroxynitrite (Bachschmid 2003). In the following step, peroxynitrite nitrates and inhibits 
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endothelial PGI2-synthase and therefore the release of both NO and PGI2 becomes inhibited. 

Interestingly in bovine SMC exposed to LPS up to 24h no nitration and inhibition of PGI2-

synthase was observed (Schildknecht 2004). This can be explained partially by the higher 

antioxidative capacity of SMC compared with endothelial cells, but the most intriguing 

explanation for this lack of inhibition may arise from the observed lack of significant NO

formation since O2
- generation is also upregulated in SMC in response to LPS (Patterson 

1999). In rat mesangial cells for example, induction of both NOS-2 and PGHS-2 was detected 

and about half of PGI2-synthase became nitrated and inhibited under such conditions (Zou 

1998). It has to be noted that the mutual exclusion in smooth muscle cells is limited to the 

time window between 2 and 24h. Stimulation of rat aortic vessel for more than 24h revealed 

induction of PGHS-2 (Bishop-Bailey 1997) whereas bovine and human SMC in later stages 

demonstrated an upregulation of NOS-2 (unpublished). It could be speculated that in humans 

the late induction of NOS-2 may provide a mechanism to guarantee anti-thrombotic and 

dilatory properties up to roughly 24h of vascular activation. A rise of NO could then facilitate 

nitration of PGI2-synthase and yield the pro-aggregatory and vasoconstrictive state observed 

in the final stages of septic shock patients. In contrast, rat SMC responded mainly by the 

induction of NOS-2. The resistance of NOS-2 against oxidative stress e.g. by peroxynitrite is 

much higher ( 10µM) (Pasquet 1996) compared with PGI2-synthase ( 50nM) (Schmidt 

2003). PGI2-synthase is also more vulnerable against certain fatty acid hydroperoxides which 

may arise during oxidative stress conditions (Weaver 2001). This difference may contribute to 

the known higher resistance of rats against bacterial infections compared with other species 

and should be considered when data obtained in the rat model are transferred to the situation 

in humans.  
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44..44.. AAuuttooccaattaallyyttiicc TTyyrroossiinnee NNiittrraattiioonn ooff

PPrroossttaaggllaannddiinn EEnnddooppeerrooxxiiddee SSyynntthhaassee--22 iinn

LLPPSS--SSttiimmuullaatteedd RRAAWW 226644..77 MMaaccrroopphhaaggeess

IInnttrroodduuccttiioonn

Activated macrophages release large quantities of prostanoids as well as nitric oxide ( NO)

and superoxide ( O2
-) (Stuehr 1985; Rosen 1995). Next to their role in the innate immune 

system (Linares 2001) these radicals may also interact with the prostanoid pathway on 

different levels. Such interactions range from the regulation of mRNA and protein expression 

(Perkins 1999; Habib 1997) to posttranslational modifications of the enzymes involved in the 

prostanoid biosynthetic pathway (Goodwin 1999).

The key enzymatic step in prostanoid biosynthesis is catalyzed by prostaglandin endoperoxide 

H2 synthase (PGHS). While the constitutively expressed PGHS-1 maintains house-keeping 

functions at various sites of the body, PGHS-2 is usually induced in response to 

pathophysiological stimuli like endotoxin (lipopolysaccharide, LPS) cytokines or mechanical 

stress (Vane 1998; Smith 2000).  

Both isoenzymes of PGHS possess two distinct but interconnected catalytic sites, the 

cyclooxygenase domain located in a hydrophobic channel near the core of the enzyme and a 

peroxidase domain located close to the surface (Picot 1994). Both domains share a single 

heme prosthetic group which initially reacts with a peroxide like H2O2 or peroxynitrite to 

yield a ferryl species (Fe4+=O PPIX) and a tyrosyl radical (Tyr385 in PGHS-1; Tyr371 in 

PGHS-2) (Dietz 1988; Kulmacz 1994; Ogino 1978; Shimokawa 1990; Tsai 2000). This 
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initiation and maintenance of the PGHS catalytic cycle by peroxides is summarized by the 

term “peroxide tone” (Cleland 1984). The tyrosyl radical then initiates the cyclooxygenase 

reaction by abstracting a hydrogen atom at C13 of arachidonic acid. The resulting 

arachidonate radical subsequently reacts with a first molecule of O2 to form a C9-C11 

endoperoxide bond and with a second molecule of O2 to form the 15-hydroperoxy-

endoperoxide PGG2 which is reduced by the peroxidase activity to finally yield PGH2. PGH2

can then be further converted by downstream synthases to PGE2, PGD2, prostacyclin (PGI2),

PGF2  or thromboxane A2 (TxA2).

Nitric oxide ( NO) activates guanylyl cyclase but also represents the precursor for a variety of 

reactive nitrogen species (Grisham 1999). It can react with O2
- in a nearly diffusion-limited 

reaction to form peroxynitrite (ONOO-) (Huie 1993). Its acid form (ONOOH) can easily 

decompose to the highly reactive oxidants NO2 and OH. In absence of other paramagnetic 

species or when present excessively, NO can also undergo autoxidation with O2 yielding 

nitrite (NO2
-) as the stable end product (Ford 1993). In healthy subjects, plasma NO2

- levels 

can be detected between 0.5-3µM whereas in septic patients plasma levels of more than 50µM 

were observed which originate mainly as a consequence of NO-synthase-2 (NOS-2) induction 

in various cell types (Mitaka 2003; Ersoy 2002; Chauhan 2003).

Several reports have indicated an increase of nitrated tyrosine residues (3-NT) in cells, tissues 

and organs exposed to severe stress conditions (Ischiropoulos 1998; Bian 1999; Fries 2003) 

but examples for physiological or pathophysiological roles are scarce and difficult to 

approach experimentally. For prostacyclin (PGI2)-synthase nitration and inhibition by 

peroxynitrite has been described in association with endotoxemia, ischemia-reperfusion, 

atherosclerosis and diabetes (Bachschmid 2003; Zou 1999a; Zou 1999b; Zou 2002). Another 

reported example for a regulatory role of Tyr-nitration is manganese superoxide dismutase 

(Mn-SOD) (Pittman 2002; MacMillan-Crow 1999). Doubts had been raised in literature about 
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the ability of physiological levels of peroxynitrite in the low micromolar range to perform 

Tyr-nitrations (Pfeiffer 2001a; Pfeiffer 2001b; Espey 2002; Pfeiffer 1998) but such criticisms 

do not consider the role of metal centers during catalysis which certainly applies for PGI2-

synthase and other heme proteins and possibly also for Mn-SOD (Cassina 2000; Alayash 

1998; Daiber 2000). 

An alternative pathway leading to Tyr-nitration can be observed with nitrite in the presence of 

peroxidatic and pseudo-peroxidatic activities as exemplified by myeloperoxidase (MPO) 

(Baldus 2002; Sampson 1998) or myoglobin (Bourassa 2001; Kilinc 2001; Herold 2001). 

MPO has been associated with host defence mechanisms of activated granulocytes. It uses 

H2O2 to oxidize its primary substrate chloride to generate the highly reactive hypochlorous 

acid but can alternatively also oxidize NO2
- to yield the NO2 radical (Eiserich 1998). 

Recently the MPO-mechanism was proposed for Tyr-nitration of unidentified proteins in 

LPS-stimulated macrophages (Pfeiffer 2001a; Pfeiffer 2001b; Eiserich 1998). The presence of 

MPO, nitrite and H2O2 in these cells and an inhibition of the nitration process by catalase was 

taken as an argument that this nitration proceeded through an activation of nitrite by MPO and 

endogenous peroxides. In contrast, Galinanes and coworkers (Galinanes 2002) demonstrated 

that the MPO mechanism does not account for Tyr-nitration in human leukocytes. Thus, the 

issue of nitrite as a physiological nitrating agent is still open for speculation. 

During our work on PGI2-synthase nitration we noticed a dominating Tyr-nitrated band at 

about 72 kDa in LPS-stimulated RAW 264.7 macrophages. We herein demonstrate this 

protein as prostaglandin endoperoxide synthase-2 (PGHS-2) and provide evidence that its 

nitration in vitro originates mainly from an autocatalytic activation of nitrite by the intrinsic 

peroxidase activity of PGHS-2. Thus, at least for stimulated macrophages the nitrite/peroxide-

driven nitration pathway seems to depend mostly on the heme containing active site of PGHS-

2 and not on the catalytic action of MPO. 
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RReessuullttss

Exposure of RAW 264.7 macrophages to 10µg/ml lipopolysaccharide (LPS) resulted in a 

time-dependent induction of PGHS-2 (Figure 4.4.1A). When such blots were stripped and 

incubated with an anti-3-nitrotyrosine (3-NT) antibody, a main positive band at around 72kDa 

was observed suggesting the nitration of PGHS-2 after 10h with a maximum at 16h. The 

increase of 3-NT between 10 and 16h was further confirmed by GC-MS analysis of a total 

hydrolysate of RAW 264.7 macrophages (not shown). In order to verify a specific nitration of 

PGHS-2, immunoprecipitation with an anti-3-NT antibody followed by western-blotting and 

incubation with an anti-PGHS-2 antibody confirmed the observed nitrated band as PGHS-2 

(Figure 4.4.1B). The reversed experiment failed because of insufficient precipitation with the 

available PGHS-2 antibody. Total PGHS activity of cell homogenates was detected by the 

conversion of 14C-labeled arachidonate (Figure 4.4.1C). PGHS activity increased with time 

until a maximum at 10h was reached. From 12-16h, in spite of high PGHS-2 protein 

expression, PGHS activity rapidly declined.

The presence of 3-NT in PGHS-2 implies the activity of NO-synthases in stimulated RAW 

264.7 macrophages. Inducible NOS-2 was not detectable without stimulation but was clearly 

upregulated between 4-10h followed by a decline between 12-16h (Figure 4.4.2A). Nitrite 

accumulation as indicator for total NOS activity paralleled NOS-2 protein expression with a 

significant increase between 6-10h followed by a reduced increment from 12-16h (Figure 

4.4.2B). Thus nitrite release closely followed NOS-2 expression.
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Without LPS, no significant basal release of NO was detected which indicates NOS-2 as the 

major source of NO in LPS-treated RAW 264.7 macrophages.
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Since PGHS-2-nitration was initiated when maximal NOS-2 activity was already 

transgressed, it seems rather plausible that the stable end product nitrite, but not the short-

lived NO or peroxynitrite, mainly accounts for the observed inhibition of the enzyme. To 

exclude a possible involvement of MPO present in the cells, these conclusions were further 

substantiated by experiments with isolated PGHS-2. 
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Figure 4.4.3A demonstrates the nitration of isolated PGHS-2 by NO2
-/H2O2 in the absence or 

presence of MPO. Surprisingly, without MPO 3-NT was massively formed in PGHS-2 up to a 

molar ratio of 2 whereas in the presence of MPO 3-NT-formation was only about half 

yielding a molar ratio of about 1:1. These observations support a peroxidatic activation of 

nitrite by the intrinsic peroxidase activity of PGHS-2. Not only H2O2 but also the primary
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PGHS-2 product 15-hydroperoxy-prostaglandin endoperoxide (PGG2) formed by the 

cyclooxygenase activity of the PGHS enzyme is supposed to provide the peroxide tone. 

Blocking the cyclooxygenase function by aspirin or diclofenac and also a 1mM concentration 

of the heme-ligand KCN as well as the phenolic antioxidant NDGA caused an inhibition of 

PGHS-2-nitration (Fig. 4.4.3B). This underlines the role of the heme active site of PGHS-2 

for the activation of nitrite to result in Tyr-nitration. To better compare the efficacy of nitrite 

as a Tyr-nitrating agent for PGHS-2 against NO and peroxynitrite, the activity of purified 

enzyme was determined after an incubation with NO2
-, the NO-releasing compound

Spermine-NONOate or the peroxynitrite-generating compound SIN-1 for 15min (Figure 

4.4.4). Both NO2
- and SIN-1 demonstrated a dose-dependent inhibition whereas incubation 

with Spermine-NONOate resulted only in a moderate inhibition at high concentrations of 

NO.
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Since autoxidation of NO could occur under the conditions employed, inhibition at 100µM 

Spermine-NONOate may have indirectly occurred via formation of NO2
-. It was puzzling to 

find NO2
- alone sufficient for PGHS-2 inhibition but catalase released both the inhibition as 

well as 3-NT formation thus indicating the presence of low levels of H2O2 formed by 

autoxidation. This would be in agreement with the low levels of peroxides (2nM) as the 

saturating peroxide tone for PGHS-2. According to these results, the simplest interpretation 

would be a competitive reaction of nitrite and arachidonate with the ferryl-Tyr-radical enzyme

intermediate. This assumption could be verified by preincubation with unlabeled AA for 1min

followed by 1min NO2
- or vice versa (Figure 4.4.5). Preincubation of purified PGHS-2 with 

AA prevented the enzyme from nitration by NO2
-. In contrast, when PGHS-2 was incubated 

with NO2
- first, a dose-dependent inhibition could be observed.
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To confirm that nitration of PGHS-2 by nitrite can also be observed under cellular conditions, 

RAW 264.7 macrophages were stimulated with LPS in the presence of the NOS-inhibitors 

AMT or L-NMMA. This experiment however lead to a significant inhibition of PGHS-2 

expression in the LPS-stimulated RAW 264.7 macrophages by the NOS-inhibitors. Although 

an involvement of NO-synthesis in the induction process for PGHS-2 represents an 

interesting new aspect of interactions between the NO and the prostanoid pathway, this topic 

was not further studied here. Therefore, homogenates of RAW 264.7 macrophages treated 

with LPS for 5h for PGHS-2 induction were supplied with increasing levels of nitrite and 

analyzed for PGHS-2 nitration. A Tyr-nitration of PGHS-2 could be achieved at 10µM
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nitrite which was further enhanced at 100µM nitrite (Figure 4.4.6A). PGHS-2 activity 

declined only to about 50% which can be explained by the presence of cellular free 

arachidonate that could have protected the enzyme from higher inhibition (Figure 4.4.6B). 

DDiissccuussssiioonn

The present study was initiated by the observation that long-term exposure of RAW 264.7 

macrophages to LPS resulted in Tyr-nitration of a 72kDa protein, which by 

immunoprecipitation with anti-3-NT antibodies yielded PGHS-2 as the main nitrated protein. 

Nitration of PGHS-2 had already been reported for the LPS-stimulated cell line J774.A1 

(Clancy 2000) and positive staining for 3-NT was also demonstrated in LPS-stimulated RAW 

264.7 macrophages however the nitrated proteins were not identified (Pfeiffer 2001a; Pfeiffer 

2001b).

The observations of this work clearify several issues on the interaction of the NO-pathway

with prostanoid biosynthesis. Tyr-nitrations can be a consequence of peroxynitrite formation 

which requires the simultaneous generation of NO and O2
-. Since peroxynitrite is unstable 

and only formed transiently, nitrite as the stable end product of NO synthesis was reported to 

be utilized by the myeloperoxidase/H2O2 pathway to cause nitrations at Tyr-residues (Baldus 

2002; Sampson 1998; Gaut 2002). This appears as an unspecific oxidation mechanism during 

phagocytosis or autodestructive processes in tissues while regulatory functions have not yet 

been found associated with this pathway. As the main novel finding, we herein provide 

evidence that PGHS-2 is autocatalytically inactivated in the presence of nitrite by a heme-

catalyzed formation of the NO2 radical which subsequently nitrates and inactivates the 
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enzyme. In accordance with literature (Kulmacz 1995), the peroxide requirements for PGHS-

2 were detected very low since no additions of peroxides were necessary for the peroxidatic 

activation of NO2
- and catalase was inhibitory. In the absence of arachidonate, nitrite levels of 

around 10µM were sufficient for the nitration of PGHS-2. However, in the presence of 

arachidonate the inhibition was effectively suppressed thus allowing to conclude a rather 

simple mechanism of nitrite activation as depicted in Figure 4.4.7. Since peroxides generate a
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Tyr-radical at the active site-located Tyr371 it is very likely, although still not proven, that this 

residue becomes nitrated by combination with the NO2 radical (Hsi 1994; Tsai 1998). From 

this mechanism a new interpretation of related data in literature could be derived. First, the 

reported nitration of this Tyr371-residue by high concentrations of NO (1-2mM) (Gunther 

1997; Goodwin 1998; Tsai 1994) under aerobic conditions could follow the suggested 

pathway since nitrite readily forms from NO and dioxygen. This would also apply for the 

detection of nitrated PGHS-2 in LPS/IFN- / NO -treated J774.A1 macrophages (Clancy 

2000). Second, the observed increase of 3-NT in LPS-stimulated RAW 264.7 macrophages 

could be assumed to originate from a self-catalyzed nitration of PGHS-2 without involvement 

of MPO. There is no doubt that PGHS-2 can also be nitrated by peroxynitrite, but from earlier 

data indicating peroxynitrite levels of more than 100µM as necessary for an inhibition (Zou 

1997) as well as from the time course of NOS-2 induction and PGHS-2 inhibition found in 

this work, nitrite as the precursor of the Tyr-nitrating process appears as a rather convincing 

alternative explanation.

A physiological function of nitrite as a regulator of prostanoid formation however still 

remains a matter of speculation. A strong activation of macrophages for massive induction of 

NOS-2 is certainly required to generate sufficient amounts of NO. This can be converted to 

nitrite by several pathways and will accumulate with time until it reaches concentrations that 

allow the self-catalyzed nitration of PGHS-2. Since this process was found to be competitive 

with arachidonate-oxygenation, the levels of nitrite have to rise well above the threshold of 

10µM as detected for isolated PGHS-2. Indeed, levels as high as 50-80µM have been 

measured in inflamed tissue and more than 70µM can accumulate in the supernatants of LPS-

stimulated macrophages. If at the resolution of the inflammatory phase a decline of 

phospholipase A2 activity would lower the levels of free arachidonate, a synergistic effect 

would arise for a rapid inhibition of prostanoid formation. The requirement for a high output 



4.4. Results and Discussion 101

of NO may limit the significance of PGHS-nitration to the PGHS-2 isoform which usually is 

associated with NOS-2 induction. PGHS-1 can become nitrated by peroxynitrite (Deeb 2002; 

Boulos 2000) and also by nitrite (unpublished), but under physiological conditions the levels 

of NO from NOS-1 or NOS-3 activity could be regarded as too low for an effective 

inhibition.

In summary, our data support an autocatalytic inhibition of PGHS-2 mediated by the 

peroxidatic generation of a NO2 radical which subsequently nitrates an essential Tyr residue 

at the active site of the enzyme. 
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44..55.. NNiittrraattiioonn ooff PPGGHHSS--22 IInnhhiibbiittss PPrroossttaannooiidd RReelleeaassee

iinn RRaatt AAllvveeoollaarr MMaaccrroopphhaaggeess

IInnttrroodduuccttiioonn

Alveolar macrophages (AM) represent the first line of defence against various inhaled 

particles adhering to the alveolar epithelial surface (Laskin 1995; Lombry 2004). As part of 

the innate immune system AM are involved in the initiation and maintenance of the bronchial 

inflammatory cascade releasing various proinflammatory mediators like reactive oxygen 

species ( O2
-, H2O2, OH), reactive nitrogen species ( NO, ONOO-, NO2) and eicosanoids 

like thromboxane A2 (TxA2), PGE2, PGD2 or leukotrienes (Wizemann 1994; Pendino 1993; 

Nathan 1987; Suzuki 1993; Steudel 1997). Formation of such mediators is usually terminated 

after removal of the pathogen, but when AM are excessively or continuously activated, 

pathophysiological situations like pneumonia, asthma, COPD or pulmonary hypertension can 

be provoked (Uhlig 1996; Steinberg 1994; Maddox 2002; Barnes 2003). Endotoxin 

(lipopolysaccharide, LPS) serves as a model for such severe challenges and triggers a plethora 

of responses which include the release of bronchioconstrictive TxA2 by AM (Uhlig 1996; 

Bannerman 1999). PGE2 is also formed and can either counteract or synergize this action 

depending on the local distribution of PGE2-receptor subtypes (Breyer 2001). Hence 

macrophage-derived prostanoids contribute essentially to the physiological and 

pathophysiological response of the lung.

Prostanoids originate from the prostaglandin endoperoxide H2 synthase (PGHS) pathway 

(Smith 1972; Vane 1971). The constitutively expressed PGHS-1 maintains housekeeping 

functions at various sites like the stomach, vascular endothelial cells or platelets whereas the 
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inducible PGHS-2 is mainly expressed under pathophysiological conditions like 

atherosclerosis, ischemia-reperfusion or endotoxemia (Hirata 1997; Langenbach 1995; Liou 

2000; Schildknecht 2004; Schonbeck 1999; Domoki 1999). Lung AM constitute a basal 

PGHS-1 activity but can rapidly upregulate PGHS-2 in response to inflammatory mediators or 

mechanical stimulation (O´Sullivan 1992; Hempel 1994; Ermert 2000). Both isoenzymes of 

PGHS possess two interconnected catalytic sites, a cyclooxygenase- and a peroxidase domain 

which together share a single heme prosthetic group (Dietz 1988; Picot 1994; Kulmacz 1994).  

Regulation of PGHS-activity seems to be governed by a complex interaction between reactive 

nitrogen- and oxygen species, however no clear-cut picture on the mechanism has emerged so 

far (Goodwin 1999). A direct interaction of NO with isolated PGHS enzyme has been found 

inhibitory (Gunther 1997; Goodwin 1998), however the high concentrations required (1-

2mM) exclude a biological significance of this reaction (Tsai 1994). NO has also been 

reported to enhance or inhibit PGHS-2 expression, though these interactions on the 

transcriptional and translational level appear highly specific for the respective cell type 

(Habib 1997; Tetsuka 1996). Peroxynitrite, originating from the nearly diffusion-limited 

reaction of NO with superoxide ( O2
-) was alternatively suggested as a nitrating species for 

the two PGHS-isoenzymes (Deeb 2002). However, for nitration and inhibition of purified 

PGHS-2, bolus additions of 100µM peroxynitrite were required thus ruling out peroxynitrite 

as a nitrating species (Zou 1997). In contrast, endogenously formed levels even resulted in a 

stimulation of PGHS activity (Landino 1996). This phenomenon was explained by the 

requirement of peroxides for the initiation and maintenance of the PGHS enzymatic turnover 

and known by the term “peroxide tone”. For PGHS-2 the peroxide requirements were 

reported as low as 2nM whereas PGHS-1 needed about 10-fold higher levels (21nM) 

(Kulmacz 1995). Nitration of PGHS-2 in LPS-stimulated J774.A1 macrophages has been 

demonstrated (Clancy 2000) and could be explained by our recent observation of a nitrite-
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dependent Tyr-nitration and inhibition of PGHS-2 arising from an autocatalytic activation of 

nitrite by the intrinsic peroxidase activity of PGHS-2 (see chapter 4.4).

This new mechanism on the regulation of PGHS-2 was tested in our present investigations 

with emphasis on three questions: i) can PGHS-2-nitration be observed in LPS-treated rat 

AM, ii) is this reaction mediated by peroxynitrite or by nitrite, iii) could PGHS-2-nitration 

represent a regulatory mechanism for the release of TxA2 and PGE2 in LPS-treated AM. For 

all three questions positive answers could be obtained by the experimental data presented in 

this work. 
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RReessuullttss

Induction of NOS-2 and PGHS-2 in rat alveolar macrophages 

Exposure of resting rat AM to LPS (10µg/ml) resulted in the appearance of NOS-2 mRNA

after 4h followed by an exponential decline until 24h (Fig. 4.5.1A). NOS-2 protein followed 

its corresponding mRNA but with a considerable delay of 4-8h exhibiting an expression 

plateau between 12-16h (Fig. 4.5.1B). Nitrite as a stable product of NO accumulated with 

time and its levels closely matched with the increase of NOS-2 protein expression (Fig. 

4.5.1C).
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For PGHS-2-induction the time course for mRNA transcription with a late maximum at 16h 

appears rather unusual for the expression of an early immediate gene and was followed by a 

rapid decrease to almost zero levels at 24h (Fig. 4.5.2A). PGHS-2 protein closely followed its 

mRNA and demonstrated maximal expression between 12-16h (Fig. 4.5.2B). TxA2-synthase

protein expression was unaltered over the investigated time period. To test a possible 

inhibition of TxA2-synthase, homogenates of cells incubated with LPS for 0h and 16h were 

treated with 1mM aspirin to inhibit endogenous formation of PGH2 and then were incubated 

with exogenous PGH2 for 3min. TxB2 formation was measured by EIA resulting in no 

alteration of TxB2 formation (not shown).
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Self- inhibition of prostanoid formation by nitration of PGHS-2 

When rat AM were exposed to LPS (10µg/ml) for various time intervals, a time-dependent

accumulation of both TxB2 and PGE2 was observed in the supernatants (Fig. 4.5.3). Between 

12-24h no significant additional formation of either TxB2 or PGE2 occurred although PGHS-2 

protein was still highly expressed (see Fig. 4.5.2B). Hence it could be assumed that PGHS-2 

after 12h of LPS exposure had become inactive.

To directly assess PGHS activity in AM exposed to LPS for various time periods, cell lysates 

were incubated with 14C-arachidonate in order to follow the total prostanoid pattern. PGHS 

activity demonstrated a peak after 8h of LPS incubation with a subsequent decline between 

12-24h to levels of unstimulated cells (Fig. 4.5.4A). This regression coincided with the lack of 

additional TxB2 and PGE2 synthesis between 12-24h as shown in Fig. 4.5.3, but was in 

contrast with the observation of maximal PGHS-2-expression after 16h (Fig. 4.5.2B) 

indicating a posttranscriptional inhibition of PGHS-2. 
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When 3-nitrotyrosine (3-NT) was probed with a commercially available anti-3-nitrotyrosine 

(3-NT) antibody at the protein level, a major nitrated double-band previously identified as 

PGHS-2 appeared, indicating a markedly elevated Tyr-nitration of PGHS-2 between 12-24h 

(Fig. 4.5.4B). Hence nitration paralleled the inhibition of PGHS-2 activity (Fig. 4.5.4A) and 

the inhibited release of TxB2 and PGE2 (Fig. 4.5.3). To establish PGHS-2 over PGHS-1 as the 

dominating contributor to the entire PGHS activity detected in cell homogenates, the PGHS-2 

specific inhibitor DuP-697 and its effect in relation to the PGHS-isoform unspecific inhibitor 

aspirin was verified (Fig. 4.5.4C).

In order to exclude a reported impact of the PGHS inhibitors on PGHS-2 expression, cells 

were treated with LPS for 8h to allow induction of PGHS-2 and then the homogenates were 
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incubated with the inhibitors. Aspirin at 1mM resulted in the expected inhibition of more than 

80%, a similar extent was also reached with 100nM of the PGHS-2-selecticve inhibitor DuP-

697 (Fig.4.5.4C). 

Inhibition of NO synthesis promotes prostanoid formation 

To prove the hypothesis that Tyr-nitration of PGHS-2 is the reason for an inhibition of the 

enzyme, AM were incubated with LPS and different concentrations (0-100µM) of the NOS-
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inhibitor L-NMMA for 20h. Release of nitrite as the stable end product of NO-formation was 

concentration-dependently inhibited (Fig. 4.5.5A). In contrast, release of TxB2 was elevated 

5-fold and PGE2 release increased 2.5-fold (Fig. 4.5.5B).

To test whether this increased prostanoid release accounts for a reduced inhibition of PGHS-

2, total PGHS activity in AM lysates was evaluated and showed an increase of PGHS activity 

with increasing inhibition of NO-synthesis (Fig. 4.5.5C). Reciprocal to the rise in PGHS 

activity,
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PGHS-2-nitration gradually declined indicating that Tyr-nitration of PGHS-2 is accompanied 

by an inhibition of the enzyme. Under the conditions employed, PGHS-2 protein expression 

was not affected by the NOS inhibitor (Fig. 4.5.5D). Since L-NMMA has a relatively high 

IC50 of 6µM (murine NOS-2), the NOS-2-selective inhibitor AMT (0-100µM) with an IC50 of 

4.2nM (murine macrophages) was added together with LPS for 20h. As expected, nitrite 

formation was inhibited more effectively in agreement with NOS-2 as the major source of 

NO in LPS-exposed AM (Fig. 4.5.6). TxB2 release was elevated 4-fold at already 1µM AMT 

and was only slightly enhanced by a further increase of the inhibitor. It was puzzling to 

observe that for PGE2 the increase was much lower for which several reasons may exist like 

different kinetics of the corresponding synthases or different localizations of the interacting 

enzymes. However, blocking of NOS-2 reverted the inhibition of PGHS-2 which was 

definitely proven by the correlated decrease of nitration.

DDiissccuussssiioonn

In the present study we examined the previously described Tyr-nitration and auto-inhibition 

of PGHS-2 by nitrite as a regulatory mechanism terminating the release of TxA2 and PGE2 in 

LPS-stimulated rat AM. Optimized conditions for PGHS-2 induction in these cells were 

selected in order to obtain prostanoid release mainly through PGHS-2. In literature some 

reports indicate the involvement of PGHS-1 in AM stimulated with LPS immediately after 

isolation (Wilborn 1995). By allowing to rest overnight, we observed a distinct preference of 

PGHS-2 activity over PGHS-1 in providing substrate for prostanoid synthesis. Thus, as 

clearly indicated by the high extent of inhibition by DuP-697, most of the prostanoid 

formation under the conditions employed in this work depends on the presence of newly 
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synthesized PGHS-2. It should be noted that the results from Fig. 4.5.3, 4.5.5 and 4.5.6 

indicate quantitative differences for TxA2 and PGE2 in terms of induction by LPS and 

inhibition by NO-products. This could be explained by a different coupling between the two 

PGHS-isoforms and the corresponding isomerases. Such differences are known but were not 

in the focus of the present investigation. For rat AM the results presented here clearly 

demonstrate an inhibition of TxA2 and PGE2 release which coincided with a sudden onset of 

Tyr-nitration and inhibition of PGHS-2. Blocking NO-synthesis released the inhibition 

without affecting PGHS-2 protein expression under the conditions employed. This strongly 

points to a negative posttranslational regulation of PGHS-2-dependent TxA2 and PGE2

formation and raises the question which NO-derived species mainly accounts for the nitration 

and inhibition observed. A direct interaction of NO with PGHS-2 was reported in vitro 

(Gunther 1997; Goodwin 1998), however the unphysiological high levels (1-2mM) nearly 

exclude a biological significance of this reaction (Tsai 1994). Due to its Tyr-radical and 

heme-catalyzed reaction mechanism, another likely candidate for the nitration of PGHS-2 

could be peroxynitrite. In fact, isolated PGHS-2 in the absence of arachidonate can easily be 

nitrated by peroxynitrite. However, the presence of arachidonate, which reflects the situation 

in activated macrophages, potently prevents from such an inhibition (Thomas 2002) and bolus 

additions of at least 100µM peroxynitrite were reported necessary for the inhibition of PGHS-

2 (Zou 1997). Furthermore, in the presence of arachidonate, intracellular peroxynitrite levels 

not only failed to inhibit, but even stimulated PGHS-2 activity. Inhibition of intracellular 

peroxynitrite-formation in LPS-stimulated AM by an antioxidant or a spin-trap was 

demonstrated to inhibit the release of PGE2 (Hempel 1994). This effect can be explained by 

the necessity of peroxides for the initiation and maintenance of the PGHS catalytic cycle 

(Buckley 1991). Interestingly, the peroxide tone of PGHS-1 (21nM) was discovered 10-fold 

higher than that of PGHS-2 (2nM) (Kulmacz 1995). As a consequence, the high intracellular 

reductive potential together with the higher peroxide tone of PGHS-1 would prevent from an 
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uncontrolled prostanoid formation by the constitutively expressed PGHS-1. Following 

stimulation of a cell, peroxynitrite was found a potent intracellular activator of the newly 

synthesized PGHS-2 (Landino 1996) which would be favored against PGHS-1 due to its 

lower requirement for peroxides. All these observations together would exclude peroxynitrite 

as the major nitrating species and leave nitrite as the likely candidate for the nitration of 

PGHS-2.

In a previously published work in RAW 264.7 macrophages (Bachschmid), the intrinsic 

peroxidase activity of PGHS-2 was found sufficient for a one-electron oxidation of nitrite to 

yield the highly reactive NO2 radical. It was hypothesized that NO2 would subsequently 

interact with the Tyr radical formed during PGHS catalysis (Tyr385 in PGHS-1; Tyr371 in 

PGHS-2) to form nitrotyrosine. This agrees with reports on Tyr-nitration in LPS-stimulated 

RAW 264.7 macrophages in which nitrite was regarded to support nitration of not further 

identified proteins (Pfeiffer 2001a; Pfeiffer 2001b). Due to the discovery of PGHS-2 as the 

major nitrated protein in the same cellular system, we assume the intrinsic peroxidase activity 

of PGHS-2 and not the catalytic action of myeloperoxidase (Sampson 1998) as mainly 

responsible for the peroxidatic activation of nitrite and the subsequent nitration and inhibition 

of PGHS-2. 

Data obtained with isolated PGHS-2 indicated nitrite levels of at least 10µM as necessary for 

the observed inhibition (Bachschmid). Since the interaction of nitrite with PGHS-2 occurs in 

competition with arachidonate, the inhibitory levels of intracellular nitrite will vary and can 

be expected lower when phospholipase A2 activity also declines as has been shown to occur 

between 12 and 24h in stimulated peritoneal macrophages (Naraba 1998). While exogenous 

nitrite concentration-dependently inhibited PGHS activity when added to cell homogenates, it 

was ineffective when added to intact cells (unpublished). This indicates an effective export of 

nitrite and therefore implies a direct control of PGHS-2 nitration by the intracellular NOS-2 

activity. The nearly parallel expression of NOS-2 and PGHS-2-nitration as shown in Fig. 
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4.5.1B and 4.5.4B further support this hypothesis. The physiological significance of this 

regulation by NOS-2 activity becomes obvious when the extreme delay of NOS-2 protein 

expression compared with that of PGHS-2 is taken into account (Sunil 2002). While the time 

course of PGHS-2 mRNA and protein expression develop almost in parallel, there is an 

unusual wide time lag of about 8-12h between the maxima of NOS-2-mRNA and -protein 

expression. This delay opens a time window of about 8h in which prostanoid synthesis can 

proceed. The mechanism causing this delay is not known but a concomitant expression of 

NOS-2 and PGHS-2 would have abolished prostanoid formation already at a much earlier 

time point.  

In conclusion, our data suggest a nitrite-dependent autocatalytic inhibition of PGHS-2-derived 

TxA2 formation in LPS-exposed rat AM. It has to be noted that this mechanism is certainly 

limited to cell types expressing high amounts of NOS-2. For instance, LPS-exposed vascular 

smooth muscle cells that exert only little generation of NO demonstrated no significant 

inhibition of PGHS-2-dependent prostacyclin synthesis (Schildknecht 2004). For the 

constitutive PGHS-1 a similar mechanism seems to exist (unpublished) but should be without 

physiological importance since the required nitrite levels are not reached under non-

inflammatory conditions in the absence of NOS-2. Since TxA2 is a potent bronchioconstrictor, 

a self-inhibition of its synthesis by AM appears as a beneficial process and makes nitrite an 

endogenous PGHS-2 inhibitor for terminating the inflammatory response in the lung. The 

question remains whether this endogenous inhibition coincides with phospholipase A2

inactivation or whether the unmetabolized arachidonate is channeled into other pathways like 

the formation of leukotrienes, lipoxins or 15-HPETE.  
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55.. GGeenneerraall DDiissccuussssiioonn

The following chapters correspond to the five publications in which experimental details and 

results can be found. In addition to the respective discussion sections in each of these 

chapters, the following general discussion emphasises on the general relevance of these 

findings for biology and medicine and provide a molecular explanation for events in the 

vasculature associated with massive inflammation. The two novel concepts of peroxynitrite as 

cellular activator of PGHS and the autocatalytic nitration and inhibition of PGHS by nitrite 

allow new insights into the regulation of the PGHS catalytic cycle and ask for a new 

interpretation of literature data with respect to the interaction of the NOS and the PGHS 

pathways.

5.1. Prostacyclin Synthesis by Vascular Smooth Muscle Cells. 

In recent years the elaborate work of Fitzgerald (McAdam 1999, FitzGerald 2004) has 

uncovered the vascular endothelium as a major source of systemic prostacyclin (PGI2)

formation under normal conditions. Prostacyclin exerts vasodilatory, anti-aggregatory and 

anti-adhesive properties and therefore becomes a central regulator of vascular homeostasis 

(Noll 1998, Furchgott 1980, Moncada 1978). Patients in sepsis or septic shock suffer from 

severe systemic hypotension. Several in vivo studies clearly indicated that plasma levels of 6-

keto-PGF1 , the stable hydrolysis product of PGI2, are highly elevated in these patients 

(Halushka 1985). These findings would lead to the suggestion that under conditions of 

systemic endotoxin exposure, the endothelium would mainly account for the increased 

formation of  PGI2.
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However, studies performed during the last decade by our group clearly indicated that 

endothelial PGI2-synthase becomes inactivated under several pathophysiological conditions 

like endotoxemia, ischemia-reperfusion, diabetes or atherosclerosis (Zou 1996, 1997, 1999). 

Inactivation of PGI2-synthase is mediated by peroxynitrite, originating from the diffusion-

limited interaction of NO and O2
-. Peroxynitrite nitrates a tyrosine residue near the active 

site catalyzed by the heme prosthetic group of the P450-enzyme PGI2-synthase. This explains 

that already at concentrations of only 50nM of authentic peroxynitrite, nitration and inhibition 

can be observed (Zou 1997). These findings opened the question where the observed high 

levels of plasma 6-keto-PGF1  in septic individuals are originating from. A first hint was 

given by a work of Smith and DeWitt published in the early 1980´s which demonstrates 

vascular smooth muscle cells as a rich source of PGI2-synthase. Surprisingly, under 

physiological conditions it lacks any significant prostaglandin endoperoxide H2 synthase 

(PGHS) activity (DeWitt 1983) and a plausible answer to the question on a physiological 

function of this “silent pool” of PGI2-synthase could not be given yet. Based on these findings 

together with the discovery of an inducible isoform of PGHS in the early 1990´s (PGHS-2), 

the work presented herein was initiated by the hypothesis that smooth muscle cells (SMC) 

could be involved in the systemic formation of PGI2 in septic patients.

The current thesis now provides a conclusive model which introduces the LPS-exposed 

vascular smooth muscle as a potent source of PGI2 and therefore combines the contradictory 

observations mentioned above. The observed high output of PGI2 in response to LPS is 

achieved by an induction of PGHS-2 which provides the constitutively expressed PGI2-

synthase with substrate (Schildknecht 2004). These findings allow to postulate vascular 

smooth muscle as an alternative regulator of vascular integrity under conditions of a 

functionally impaired endothelium.  
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For a better understanding of the complexity of events in the LPS-exposed vasculature, we 

propose two phases of vascular activation which provide a molecular explanation for the 

clinical observations of severe hypotension in septic patients. 

“Phase I” which requires no de novo protein synthesis occurs within the first hour of LPS 

exposure and is limited to the endothelium. In this phase, production of endothelial O2
- is 

upregulated which reacts with endothelial NO to form peroxynitrite (Bachschmid 2003). 

Peroxynitrite subsequently nitrates and inactivates endothelial PGI2-synthase. Therefore, the 

increase of endothelial O2
- formation not only reduces the levels of free NO which exerts 

similar biological properties as PGI2, but also limits PGI2 release by triggering the 

peroxynitrite-mediated inhibition of its synthase. As a result of the reduced availability of 

PGI2 and NO, proaggregatory, proadhesive and vasoconstrictive conditions prevail. 

Furthermore, endothelial PGHS activity is increased by the peroxide tone while PGI2-

synthase as the major recipient of PGH2 is inhibited under these conditions resulting in the 

release of PGH2. This can either bind to the TxA2/PGH2 receptor on smooth muscle cells or 

platelets to cause additional vasoconstriction and platelet aggregation (Mais 1985, Ogletree 

1985) and/or it can be converted to PGE2 by PGE2-synthase localized on SMCs (Soler 2000). 

PGE2 is essentially involved in the host´s immune response by triggering the expression of 

preformed P-selectin on the surface of endothelial cells thus enabling the trapping and 

“rolling” of leukocytes (Hailer 2000). This transmigration of activated leukocytes from the 

blood to the site of an infection would follow at the end of “Phase I” by a gating of the 

endothelial barrier. Thus, the switch which is performed during “Phase I” from conditions of 

vascular homeostasis to a functionally impaired endothelium must not be regarded as a 

dysfunctional process, but should rather be seen as one of the first stages in the complex series 

of events enabling leukocytes to migrate from the blood to the sites of infection. While Phase 

I is usually characterized by a hypertensive state, clinicans are more familiar with the opposite 

phenotype of severe hypotension in septic patients. These events are summarized as “Phase
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II” of vascular activation which is initiated after about 2h of endotoxin challenge and includes 

the expression of early immediate genes like ICAMs or VCAMs on the surface of endothelial 

cells as well as the induction of PGHS-2 and NOS-2. Access of circulating endotoxin to the 

smooth muscle layers of septic individuals would be achieved by a leaky endothelial barrier, 

an increased transendothelial shuttling and in some cases even by a local detachment of 

endothelial cells (Gaynor 1970, Maeda 1995). The high output of PGI2 by SMC in “Phase II” 

not only compensates the lack of endothelial PGI2 and NO release but also couteracts the 

PGH2-mediated activation of the TxA2/PGH2 receptor cascade. Since this PGI2 release by 

SMC nearly completely depends on the induction of PGHS-2, this enzyme could represent a 

promising target for the treatment of severe hypotension in septic shock.  

Stimulated by the assumption of a “good” PGHS-1 and a “bad” PGHS-2, several PGHS-2-

specific inhibitors were developed during the past decade. By the end of 2004, the public 

became aware of long-term side effects of such pharmaceuticals like Vioxx which were 

mostly used in the treatment of rheumatoid arthritis patients. These side effects definitely 

came not as a surprise since several studies had clearly demonstrated that PGHS-2 is vitally 

involved in PGI2 formation by the endothelium and other physiological processes even in 

healthy subjects (McAdam 1999). It could be speculated that PGHS-2 is surely not equally 

expressed throughout the body´s endothelium but should be found at distinct sites of the 

vasculature exposed to increased shear forces (Okahara 1998). Deduced from the fact that 

administration of PGHS-2-specific inhibitors to healthy subjects exerts no detrimental side-

effects, it appears that the pharmacological inhibition of PGHS-2-dependent PGI2 formation 

in endothelial cells under normal conditions is effectively counterregulated either by an 

increased involvement of PGHS-1 or by an elevated release of NO. In contrast, two 

independent clinical trials (VIGOR, CLASS) (Bombardier 2000, Silverstein 2000) 

demonstrated that patients at higher risk like chronic vascular or coronary disorders exhibit a 

significantly higher incidence of myocardial infarction when receiving PGHS-2-specific 
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inhibitors compared with classical NSAIDs. This indicates that under such conditions, the 

induction of PGHS-2 in response to pathological stimuli may be involved as a 

counterregulatory mechanism. 

Based on the current findings, the treatment of patients in acute sepsis with PGHS-2 inhibitors 

could represent a useful tool to correct the severe hypotension. However, since the PGHS-2-

dependent release of PGI2 by SMC has to be regarded as a beneficial process as elaborated in 

this work, a total blockade of PGHS-2 should be avoided and only a precisely monitored 

partial inhibition appears to be an advisable strategy for clinicans.

Another interesting question that arises from the data presented in this thesis and previously 

published results of our group is why PGI2-synthase becomes nitrated and inhibited in LPS-

exposed endothelial cells while the same treatment causes a sustained release of high amounts 

of PGI2 by SMC. One essential feature that prevents peroxynitrite-mediated nitration of PGI2-

synthase in SMC is a lack of NOS-2 induction within the time frame investigated in human 

and bovine cells (Schildknecht 2004). This limits intracellular peroxynitrite formation just by 

a limited availability of NO. The second important parameter that distinguishes endothelial 

and smooth muscle cells seems to be a higher antioxidative capacity of SMC that would keep 

intracellular levels of peroxynitrite very low. This potential can be maintained by the action of 

glutathione/glutathione peroxidase, low weight antioxidant molecules like vitamins C and E, 

lipoic acid, but also by peroxiredoxins which are capable to directly reduce peroxides as well 

as by glutaredoxins which were reported to reduce glutathionylated proteins (Nordberg 2001). 

The results presented in this work mainly cover the time between 2-24h of LPS-exposure. 

Preliminary data of timely extended LPS challenges however demonstrate a biphasic 

induction pattern of PGHS-2. A first peak was detected after roughly 4-6h, followed by a 

subsequent decline of both mRNA and protein expression and a second peak between 48-72h 
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Vascular LPS model of Septic Shock. In “Phase I” which proceeds within the first hour of LPS exposure, an increase in endothelial 

superoxide ( O2
-) production causes endothelial activation. O2

- reacts with NO to form peroxynitrite (ONOO-) which subsequently nitrates

endothelial PGI2-synthase. PGH2, which is released under these conditions, binds to the TxA2/PGH2 (TP) receptor on smooth muscle cells 

(SMC) and evokes vasocontraction. In “Phase II”, prostaglandin endoperoxide H2 synthase-2 (PGHS-2) is induced in SMC and supplies the 

constitutively expressed PGI2-synthase with substrate. PGI2 activates its (IP) receptor in an autocrine manner to evoke vasorelaxation. This 

systemic vasodilation is a characteristic feature of sepsis and septic shock. Preliminary data indicate an induction of NOS-2 in human and 

bovine SMC after 24h of endotoxin exposure. It can be speculated that this increased availability of NO could be a prerequisite to terminate

“Phase II” and would lead to a third phase in the LPS-challenged vasculature. The following increase of NO would either lead to a recovery 

of endothelial function or, if O2
- levels are still high, to elevated intracellular levels of ONOO- which could nitrate and inactivate PGI2-

synthase (PGIS) in SMC. The subsequent rise of unmetabolized PGH2 would then lead to vasocontraction, platelet aggregation and vessel 

collapse.
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of LPS exposure. Interestingly, in such progressive stages of endotoxin exposure, bovine 

SMC also revealed an induction of NOS-2 which was suppressed within the first 24h. It could 

be speculated that under such conditions (LPS >48h) PGHS-2 would again be highly active to 

provide the PGI2-precursor PGH2. The induction of NOS-2 together with a declined 

antioxidative capacity of the smooth muscle cell could then favor nitration and inactivation of 

PGI2-synthase. Since such oxidative conditions would support PGHS-2 activity by an increase 

of the peroxide tone, the levels of unmetabolized PGH2 would rise and could activate the 

TxA2/PGH2-receptor (Saussy 1986) on the surface of SMC and platelets to evoke systemic 

vasoconstriction and aggregation. Such speculative events in the vascular smooth muscle 

could essentially contribute to the high mortality of patients undergoing severe sepsis. This 

scenario however represents a hypothesis at the time of writing and is part of further 

investigations.

5.2  Peroxynitrite Provides the Cellular Peroxide Tone for PGHS-2 

During the work on PGI2 release by bovine SMC it turned out that within the first 24h of 

LPS-incubation no inhibition of PGI2-synthase could be observed. This rather came as a 

surprise, since the same treatment causes nitration of PGI2-synthase by peroxynitrite in 

endothelial cells. One explanation for the lack of endogenous generation of peroxynitrite 

sufficient for the inactivation of PGI2-synthase was the absence of NOS-2 induction in human 

and bovine SMC under the conditions employed. As proof of principle, we therefore added 

the peroxynitrite-generating compound SIN-1 and expected a concentration-dependent 

decline of PGI2 formation. However, SIN-1 in concentrations up to 1mM, which corresponds 

to a peroxynitrite generation of approximately 100nM/sec (t1/2=1sec) (Frein, unpublished), not 
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only failed to nitrate PGI2-synthase in SMC but even stimulated PGI2 formation. This posed 

the following two questions: 

First, how does peroxynitrite cause a concentration-dependent increase of PGI2 release, and 

second, how do SMC prevent PGI2 synthase from inhibition by exogenously added 

peroxynitrite ? 

It has been described in literature that both isolated PGHS-1 and PGHS-2 require the presence 

of peroxides for the initiation of their catalytic cycle. According to the so-called “branched 

chain” reaction mechanism, which today is a generally accepted model to explain PGHS 

catalysis, the peroxide initially reacts with the resting ferric enzyme to form an oxoferryl 

species (Fe4+=O PPIX) and a tyrosyl radical (Dietz 1988, Karthein 1988). Formation of this 

radical is essential since it reacts with the substrate arachidonate to initiate the 

cyclooxygenase reaction. The following cycles are then activated in an autocatalytic manner 

by newly generated PGG2. According to this model which was established with purified 

enzyme, a single activation of PGHS by a peroxide should be sufficient for a sustained 

enzymatic turnover (see Introduction Fig. 1.5). Within a cell however, a potent antioxidant 

system usually keeps the levels of peroxides very low. 

It was demonstrated in this work that among a variety of different candidates, peroxynitrite 

turned out as one of the most potent cellular activators of PGHS-2. Interestingly, the peroxide 

tone for isolated PGHS-2 was reported in literature as 10-fold lower (2nM) than that of 

PGHS-1 (21nM) (Kulmacz 1995). The findings of the present work revealed that exogenously 

added peroxynitrite can nearly double PGI2 output by SMC which indicates that the 

intracellular peroxide tone works at half-saturating levels of around 1nM peroxynitrite. As an 

essential physiological consequence, such low levels of intracellular formed peroxynitrite are 

insufficient to nitrate and inactivate PGI2 synthase which requires concentrations of at least 

50nM. Peroxynitrite formed either endogenously or by exogenous addition seems to be tightly 

controlled by a powerful antioxidant capacity of the cell which effectively protects PGI2-
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synthase from inactivation. Therefore, vascular smooth muscle can be regarded as a cell type 

optimized for the sustained release of PGI2 to counteract a functionally impaired endothelium 

under severe pathophysiological conditions.

Several reports on the interaction of the PGHS and the NOS pathway exist in literature, 

however no clear-cut picture has emerged so far. Most of these studies are only of limited 

significance since attention is limited on the impact of NO on PGHS activity alone. 

In contrast, the concept of peroxynitrite as activator of PGHS includes both NO and O2
- as

regulatory elements. Formation of NO and O2
- is highly cell-type specific and with our 

proposed model, most of the sometimes diverging observations in literature can be 

satisfactorily explained. Interestingly, in vascular SMC the endogenous generation of NO

and O2
- appeared to occur in a nearly 1:1 ratio. This is of particular importance since with an 

excess of either NO or O2
- an increased decomposition of peroxynitrite can be observed 

(Jourd´heuil 2001). Formation of NO and O2
- by different independent enzymes in a precise 

1:1 ratio however appears rather unlikely. Instead it could be speculated that O2
- represents a 

regulator of endogenous NO formation. In SMC, NOS-1 can be assumed as mainly 

responsible for the formation of the low levels of NO observed (Brophy 2000). In contrast to 

NOS-2 and NOS-3, Stuehr et al. have shown that NOS-1 exerts a unique mechanistic feature 

that distinguishes it from the other two isoforms (Stuehr 2004). During catalysis, NOS-1 

predominantly occurs in the [FeII NO] form which arises from [FeIII NO] as part of a futile 

cycle. One could speculate that under cellular conditions O2
- would directly combine with 

NO of the [FeIII NO] complex to form peroxynitrite. This interaction would not only 

stimulate NO synthesis by reverting the enzyme back to the free [FeIII] state ready for 

initiating a new catalytic cycle, but could also explain the observed endogenous 1:1 ratio of 

NO and O2
-.
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Formation of O2
- for generating intracellular peroxynitrite would therefore become a key 

element in the regulation of prostanoid biosynthesis in SMC.  

This finely tuned redox environment, which is required for the sustained release of PGI2 by 

SMC, is most likely not provided within the entire cytoplasm but only in distinct cellular 

compartments. In recent years, attention has been focused on the so-called caveolae, small 

plasma invaginations involved in a variety of cellular signal transduction pathways. One 

might speculate that the finely tuned conditions for PGHS-2-dependent PGI2 release are 

limited to such cellular compartments which could harbor both the enzymes involved in 

prostanoid biosynthesis as well as NO and O2
- generating systems. This assumption is 

supported by literature data indicating a colocalization of PGHS-2 and caveolin-1 (Liou 2001) 

as well as PGI2-synthase and caveolin-1 (Spisni 2001) in human fibroblasts and endothelial 

cells respectively. Interestingly, NOS-1 was also reported to be closely localized to the 

caveolae and exists in an inactive state when associated with the caveolin-1 multi-complex 

(Liu 1996). Following stimulation of a cell, it regains enzymatic activity by dissociating from 

caveolin-1 but remains in close vicinity to the vesicle. Taken together, the assumption that 

PGI2 biosynthesis in SMC occurs mainly in caveolae would not only support the precisely 

defined conditions necessary for the formation of PGI2, but would also favor its release into 

the extracellular space.

Ongoing work of our laboratory emphasises on a possible involvement of the concept of 

peroxide tone in the PGHS-1-dependent formation of thromboxane A2 (TxA2) in human 

platelets. Deduced from preliminary studies, peroxynitrite also appears to play an essential 

role in the regulation of PGHS-1 activity in this system. As already mentioned, the peroxide 

requirement of PGHS-1 is about 10-fold higher than that of PGHS-2. This implies that 

intracellular levels of peroxynitrite can also be expected higher when compared with SMC. In 

contrast to PGI2-synthase, TxA2-synthase demonstrates a higher resistance against oxidative 
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inactivation and should not be inhibited by the higher concentrations of peroxynitrite 

necessary for PGHS-1 activation in platelets.

5.3. Mutual Formation of either PGI2 or NO by Vascular Smooth 

Muscle Cells from Different Species 

The studies mentioned in the previous chapters were performed with primary cultures of 

bovine aortic SMC. It was elaborated that one factor that prevents nitration of PGI2-synthase

in these cells is the absence of NOS-2 induction in the time frame investigated. In view of 

several reports in literature performed with rat SMC which clearly indicated an upregulation 

of NOS-2, SMC from rat, cattle and man were compared with respect to their induction 

pattern of PGHS-2 and NOS-2 in response to endotoxin. In human and bovine SMC, no 

significant induction of NOS-2 was observed within 24h of LPS exposure. Instead, PGI2 was 

released in a PGHS-2 dependent manner. In contrast, rat SMC significantly upregulated NOS-

2 while only little induction of PGHS-2 and PGI2 formation was detected. In all three species, 

the response of the vascular smooth muscle to LPS represents an alternative mechanism to 

couterregulate a functional impaired endothelium. PGI2 and NO evoke similar physiological 

properties like vasorelaxation or platelet disaggregation. Previous work of our group indicated 

a high sensitivity of PGI2-synthase to oxidative inactivation (Zou 1996, 1997). It was 

demonstrated in this work that in bovine SMC such an inhibition of PGI2-synthase is 

effectively prevented by different mechanisms at least within the first 24h of LPS incubation. 

Within this time frame, the physiological consequence of a severe systemic hypotension is 

nearly the same in man, cattle and rat. The interesting question however is what happens in 

later stages of endotoxin exposure. As already mentioned, in such progressive stages NOS-2 
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induction was also observed in bovine SMC. The subsequent elevation of NO formation 

represents a prerequisite for increased intracellular peroxynitrite levels. Nitration of PGI2-

synthase occurs at peroxynitrite concentrations of already 50nM (Zou 1997) whereas 

inhibition of NOS activity by peroxynitrite requires concentrations between 10-20µM and 

occurs mainly due to oxidation of the NOS cofactor BH4 (Pasquet 1996; Patel 2002). 

Therefore, it could be speculated that the well-known higher resistance of rats to endotoxin 

could at least in part be explained by a main focus on the NOS pathway and its higher 

resistance against oxidative inactivation. Since the rat is a widely used model for studying the 

sepsis syndrome, the observed species-dependent differences have to be considered when 

such data are extrapolated to the situation in man.  

5.4. Nitration of PGHS-2 by Nitrite 

During studies on PGI2-synthase nitration in RAW 264.7 macrophages a protein band of 

around 70kDa was positively stained by anti-3-nitrotyrosine antibodies and later identified as 

PGHS-2. Since peroxynitrite was elaborated as an activator and not inhibitor of PGHS-2, an 

alternative mechanism of nitration came into the center of our research. In literature the 

peroxidatic activation of inorganic nitrite was proposed as an alternative process leading to 

biological tyrosine nitrations (Baldus 2002, Sampson 1998). In vivo this reaction is mainly 

performed by activated granulocytes which secrete high myeloperoxidase activities.  

As a novel finding of this work, both cellular and isolated PGHS-2 were detected to be 

nitrated and inhibited by nitrite in an autocatalytic manner under involvement of the heme-

prosthetic group. The proposed mechanism is likely to arise only in cell systems which 

concomitantly express PGHS-2 and NOS-2 like in LPS-stimulated RAW 264.7 macrophages. 

However, since preliminary data on long-term LPS-challenges of SMC (>48h) indicated an 
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upregulation of NOS-2, one could speculate on a possible involvement of this mechanism also 

in SMC in progressive stages of endotoxic shock. In has to be considered that an induction of 

NOS-2 in SMC would first lead to intracellular peroxynitrite levels sufficient for the 

inhibition of PGI2-synthase. The subsequent release of PGH2 would lead to vasoconstriction 

and platelet aggregation. Therefore, a possible nitration of PGHS-2 by nitrite could represent 

a mechanism to terminate the inflammatory response, however it remains highly elusive 

whether nitrite levels in the high micromolar range can actually be formed in the vasculature. 

Another important aspect in the interaction of the PGHS-2 enzyme with nitrite is the 

availability of its substrate arachidonate. While in the presence of arachidonate nitrite levels 

of around 10µM were established as sufficient for the autocatalytic nitration of isolated 

PGHS-2, preincubation with arachidonate effectively prevented from such a nitration. This 

implies a competitive behavior of arachidonate and nitrite for the one-electron oxidation 

occuring during the PGHS catalytic cycle.

This competitive behavior could exert fundamental consequences for PGHS-2 activity in 

whole cells. Since nitrite can easily accumulate within a cell, activity of phospholipase A2

(PLA2) would become a central regulator of PGHS-2 nitration. A reduction in PLA2 activity 

would therefore not only limit prostanoid biosynthesis by a reduced supply with the substrate 

arachidonate, but could also prone PGHS for a rapid autocatalytic nitration and inactivation. 

Cell systems like macrophages potently induce both PGHS-2 and NOS-2 in response to 

endotoxin challenge. Our proposed mechanism would allow a time window of around 8h in 

which PGHS-2-dependent prostanoid biosynthesis could proceed without significant 

interference with the NO-synthase pathway. After this time, highly elevated intracellular 

nitrite levels could rapidly lead to the inactivation of PGHS-2 as soon as PLA2 activity is 

reduced. A rapid breakdown of prostanoid release by the nitration of PGHS-2 could hereby 

represent a new general endogenous feedback mechanism to terminate the inflammatory 
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response. This has to be considered when a pharmacological intervention by NOS-2 specific 

inhibitors in the treatment of septic shock is discussed. 

Preliminary data obtained with isolated PGHS-1 indicated that the proposed mechanism 

applies for both PGHS isoforms. However, nitrite levels in the micromolar range are usually 

only achieved by the induction of NOS-2 in response to a pathological stimulus. Since under 

these conditions PGHS-2 dominates, nitration of PGHS-1 as a regulatory mechanism seems of 

minor physiological importance. 

Besides the presented posttranslational modifications of the enzymes involved in prostanoid 

biosynthesis, NO and its derivatives are also likely to affect gene- and protein expression of 

PGHS-2. During the work with RAW 264.7 macrophages it turned out that inhibition of 

endogenous NO-synthesis markedly reduced PGHS-2 protein expression (unpublished). 

According to literature, Tyr-nitration of I -B by peroxynitrite and the subsequent 

translocation of NF- B into the nucleus could account for the observed change in PGHS-2 

expression (Matata 2002). In addition, exogenously added NO was shown to result in a 

superinduction of PGHS-2 in a AP-1 converged manner (von Knethen 2000). At least for 

LPS-stimulated RAW 264.7 macrophages, peroxynitrite could therefore be regarded as also 

involved in the regulation of gene expression by interfering with the NF- B pathway. Since 

these effects were not observed in rat alveolar macrophages and literature also reveals no 

clear-cut answer, the interaction of NO-derived species with PGHS-2 mRNA and protein 

expression appears as a highly cell-type specific interaction.
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5.5. Nitration of PGHS-2 in Alveolar Macrophages. 

The autocatalytic nitration and inhibition of PGHS-2 by nitrite represents a novel 

posttranslational modification with fundamental impact on prostanoid biosynthesis in cell 

types which distinctly induce NOS-2. Since the lung is one of the first organs affected in 

sepsis, we tested whether the novel concept of nitrite-dependent nitration of PGHS-2 also 

applies in LPS-challenged rat alveolar macrophages. The potent bronchioconstrictor 

thromboxane A2 (TxA2) was identified as the major prostanoid formed in a PGHS-2-

dependent manner while the observed accumulation of nitrite nearly exclusively depended on 

the induction of NOS-2. Inhibition of NO-formation in ex-vivo alveolar macrophages 

released the observed nitration and inhibition of PGHS-2-dependent TxA2 generation. With 

respect to the situation in alveolar macrophages, the use of NOS-2 specific inhibitors could 

therefore indeed be useful to inhibit an exaggerated release of NO, though it has to be 

considered that at the same time an endogenous regulatory mechanism terminating the release 

of bronchioconstrictive TxA2 is also inhibited. In progressive stages of LPS-exposure to lung 

macrophages the ongoing release of TxA2 may therefore outcompete the beneficial effects of 

an inhibited NO synthesis. It has to be reminded that also in the lung species dependent 

variations seem to exist. As observed in vascular SMC, alveolar macrophages from rats 

explicitly induce NOS-2 in response to LPS whereas unpublished observations indicate a far 

less pronounced formation of NO in cells obtained from humans (personal communication L. 

Wollin, F. Gantner). 
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5.6. Conclusions 

The present work has highlighted two novel mechanisms involved in the regulation of 

prostanoid biosynthesis by the NO-synthase pathway. The key element affected by these 

interactions is prostaglandin endoperoxide H2 synthase-2 (PGHS-2, COX-2) which is 

modulated by derivatives of nitric oxide ( NO) in different ways. 

1) Peroxynitrite, originating from the interaction of NO and O2
- was demonstrated to 

activate PGHS-2 turnover in SMC by serving as a potent provider of the intracellular 

peroxide tone. Concentrations in the low nanomolar range were elaborated as 

sufficient for an activation of PGHS-2.

2) Nitrite, as the end product of NO, was demonstrated to inhibit PGHS-2 by a self-

catalyzed nitration of the enzyme in the presence of low peroxide levels. Nitrite 

concentrations above 10 micromolar were necessary to observe this inhibition which 

was competitive with arachidonate.  

Since the two mechanisms are highly dependent on the intracellular concentrations of NO

and O2
-, both interactions could in principle be observed within the same cell, however in a 

strictly defined sequence of events.

Human and bovine SMC upon exposure to LPS demonstrated only little formation of NO.

These cells appear optimized for a sustained release of prostacyclin (PGI2) by allowing 

intracellular peroxynitrite levels in the low nanomolar range sufficient for the activation of 

PGHS-2, but inadequate for the nitration and inhibition of PGI2-synthase.

This is in contrast to the situation in LPS-exposed macrophages which release high amounts 

of NO by the induction of NOS-2. The peroxynitrite-mediated peroxide tone is therefore not 
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limiting PGHS-2 activity in these cells. However, nitrite levels in the range of 20-60µM can 

easily be reached which was found sufficient for an autocatalytic inhibition of PGHS-2. 

Based on these new concepts, we not only can explain the events associated with LPS action 

on the vasculature, but also several diverging observations in literature on the interaction 

between the NOS and the PGHS pathways. 
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66.. SSuummmmaarryy

According to the aims of this thesis, the following results were obtained and published in five 

separate papers: 

1. Induction of PGHS-2 

- It was elaborated that vascular smooth muscle cells upon exposure to LPS induce PGHS-2 

which supplies the constitutively expressed PGI2-synthase with substrate. The corresponding 

PGI2 release compensates the loss of endothelial PGI2, caused by nitration in the first phase of 

LPS action, and the vasospasm elicited by endothelial PGH2.

- PGI2-synthase demonstrates no nitration and inhibition in smooth muscle cells which could 

be explained by the lack of NOS-2 induction and a high peroxidase activity.

2. Involvement of the “Peroxide Tone” 

- Addition of the peroxynitrite-releasing compound SIN-1 resulted in a concentration-

dependent upregulation of PGI2 release.

- Peroxynitrite levels formed endogenously by smooth muscle cells were found sufficient for 

providing the peroxide tone for PGHS-2 but inadequate to nitrate and inhibit PGI2-synthase.

- Endogenous formation of NO or O2
-, which together form peroxynitrite, was detected to 

occur in a nearly 1:1 ratio. Inhibition of either one radical resulted in a declined release of 

PGI2.
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3. Species-dependent Mutual Induction of PGHS-2 or NOS-2 

- Human and bovine vascular smooth muscle cells mainly induce PGHS-2 in response to LPS 

thus enabling the release of PGI2.

- In rat smooth muscle cells only a minimal induction of PGHS-2 was observed while NOS-2 

was significantly upregulated to release NO. Thus, rat vascular tissue is not an inflammatory 

model for human sepsis. 

4. Nitration of PGHS-2 by Nitrite. 

- LPS-challenged macrophages demonstrated induction of both PGHS-2 and NOS-2. 

Accumulated nitrite was found to be activated competitively to arachidonate by the heme 

catalytic site in presence of nanomolar peroxide levels. 

- Nitration of PGHS-2 was catalyzed by the intrinsic peroxidase activity of PGHS-2. 

5. Physiological Relevance of PGHS-2 Nitration 

- Rat alveolar macrophages mainly release thromboxane A2 in response to LPS which is 

nearly exclusively dependent on the induction of PGHS-2.

- Elevated levels of nitrite resulted in an autocatalytic inhibition of PGHS-2 and therefore 

terminate thromboxane A2 formation. 
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77.. ZZuussaammmmeennffaassssuunngg

Neuere Arbeiten von Fitzgerald et al. haben gezeigt, daß das Gefäßendothel maßgeblich an 

der Freisetzung von Prostacyclin (PGI2) in gesunden Probanden beteiligt ist. Klinische 

Befunde deuten darauf hin, daß die Plasmaspiegel an 6-keto-PGF1 , dem stabilen 

Hydrolyseprodukt von PGI2, in septischen Patienten stark erhöht sind. Dies würde zunächst 

auf eine gesteigerte Freisetzung von PGI2 durch das Gefäßendothel hindeuten, jedoch haben 

frühere Arbeiten unserer Gruppe eine deutliche Nitrierung und Hemmung der endothelialen 

PGI2-Synthase unter diesen Bedingungen dargelegt. 

Frühere Beobachtungen durch Smith und DeWitt haben darauf hingewiesen, daß der 

vaskuläre Glattmuskel eine starke Expression der PGI2-Synthase aufzeigt, jedoch im ruhenden 

Zustand nur eine marginale Cyclooxygenaseaktivität besitzt. 

Als Ausgangspunkt für die vorliegende Arbeit ergab sich hieraus die Hypothese wonach der 

vaskuläre Glattmuskel durch die Induktion der Prostaglandin Endoperoxide H2 Synthase 

(PGHS-2) zur beobachteten Produktion von PGI2 beiträgt. 

Die Ergebnisse dieser Arbeit können unter folgenden Teilaspekten diskutiert werden: 

1. Induktion der PGHS-2 und PGI2-Freisetzung durch Glattmuskelzellen. 

2. Die Rolle des „Peroxid Tonus“ für die PGHS-2-abhängige PGI2 Produktion.

3. Spezies-Unterschiede in der Induktion von PGHS-2 und NO-Synthase-2 (NOS-2). 

4. Nitrierung und Inhibition der PGHS-2 durch Nitrit in RAW 264.7 Makrophagen. 

5. Physiologische Bedeutung der PGHS-2-Nitrierung in Alveolarmakrophagen. 
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Die wichtigsten Ergebnisse sind wie folgt zusammengefasst: 

1. Induktion der PGHS-2 

- Die konstitutiv exprimierte PGI2-Synthase wird durch die Endotoxin-

stimulierte Induktion der PGHS-2 in einen funktionell aktiven Zustand 

überführt. Der vaskuläre Glattmuskel kann somit durch die Freisetzung von 

PGI2 die Regulation der Gefäßhomeostase unter Bedingungen eines in seiner 

Funktion gestörten Endothels übernehmen.  

- Aufgrund der nur sehr geringen Expression der NOS-2 und eines hohen 

zellulären Redoxpotentials findet im Glattmuskel keine Nitrierung der PGI2-

Synthase statt.

2. Die Rolle des „Peroxid Tonus“ 

- Die Zugabe von Peroxynitrit-freisetzenden Substanzen wie SIN-1 führt in 

Glattmuskelzellen zu einer gesteigerten Produktion von PGI2.

- Peroxynitrit konnte als einer der potentesten endogenen Aktivatoren der 

PGHS-2 ausgemacht werden.  

- Die intrazellulär gebildeten Spiegel von Peroxynitrit erlauben eine Aktivierung 

der PGHS-2, sind jedoch für eine Nitrierung der PGI2-Synthase nicht 

ausreichend.

- Die endogene Freisetzung von NO und O2
-, welche zur Bildung von 

Peroxynitrit führt, verläuft nahezu im Verhältnis 1:1, wobei die Hemmung von 

NO oder O2
- in einer reduzierten Freisetzung von PGI2 resultiert. 
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3. Speziesabhängige Unterschiede in der Induktion von PGHS-2 oder NOS-2 

- Vaskuläre Glattmuskelzellen des Menschen und des Rindes induzieren nach 

Behandlung mit LPS nahezu ausschließlich PGHS-2 und setzen dadurch PGI2

frei.

- Im Gegensatz dazu kann bei der Ratte nur eine marginale Expression der 

PGHS-2 beobachtet werden, wohingegen hier eine signifikante Induktion der 

NOS-2 und eine gesteigerte Freisetzung von NO zu beobachten ist. 

4. Nitrierung der PGHS-2 durch Nitrit 

- In LPS-behandelten RAW 264.7 Makrophagen kann sowohl eine Induktion der 

PGHS-2 als auch der NOS-2 gezeigt werden. 

- Die endogene Peroxidaseaktivität der PGHS-2 kann in einem autokatalytischen 

Mechanismus zur Aktivierung von Nitrit und einer sich daran anschließenden 

Nitrierung und Hemmung der PGHS-2 führen. 

5. Physiologische Bedeutung der PGHS-2-Nitrierung 

- Alveolarmakrophagen der Ratte setzen nach Stimulation mit LPS 

Thromboxane A2 (TxA2) frei, dessen Produktion nahezu ausschließlich an die 

Induktion der PGHS-2 gekoppelt ist 

- Ein Anstieg der Nitritkonzentration führt zur autokatalytischen Nitrierung der 

PGHS-2 und somit zur Hemmung der TxA2-Freisetzung.
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